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Abstract 15 

Haematococcus pluvialis is a green algae with the great potential to generate natural 16 

astaxanthin. In the current study, dynamic models have been proposed to simulate effects of 17 

light intensity, light attenuation, temperature and nitrogen quota on cell growth and 18 

astaxanthin production in both suspended and attached photobioreactors, which to the best of 19 

our knowledge has not been addressed before. Based on the current models, optimal 20 

temperatures for algal growth and astaxanthin accumulation are identified. Cell absorption is 21 

found to be the primary factor causing light attenuation in the suspended reactor. In this 22 

reactor, astaxanthin accumulation is limited by the low local light intensity due to light 23 

attenuation during the initial operation period, but almost independent from that once it is 24 

close to the maximum value. Compared to the suspended reactor, light attenuation in the 25 

attached reactor is much reduced and biomass growth is remarkably enhanced, which 26 

suggests the attached reactor is a better choice if the process aims for biomass cultivation. 27 

However, the well-mixed culture in the suspended reactor can push most cells toward 28 

astaxanthin production; while the attached reactor has the potential to prevent the 29 

accumulation of astaxanthin in the bottom algae. Therefore, the suspended photobioreactor 30 

should be selected if the process target is astaxanthin production. 31 

 32 

Keywords: astaxanthin; dynamic simulation; light attenuation; temperature; suspended 33 

photobioreactor; attached photobioreactor. 34 
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1. Introduction 36 

Astaxanthin (3,3’-dihydroxy-β, β-carotene-4,4’-dione) is a high-value carotenoid pigment 37 

with wide applications in the cosmetic, pharmaceutical, and food industries [1], [2]. It is 38 

considered as a promising bioproduct for future commercialisation due to its high antioxidant 39 

activity and significant impact on animal pigmentation [3]. Although synthetic astaxanthin 40 

dominates the current commercial market and has achieved a profit of $200M per year, the 41 

huge demand of natural astaxanthin is still an open challenge at present [4]. To fill the gap, 42 

green alga Haematococcus pluvialis has been chosen as the best candidate for astaxanthin 43 

production because of its high astaxanthin content (up to 5%), and several companies have 44 

been set up to produce natural astaxanthin from this species [5], [6]. 45 

 46 

Extensive research has been conducted to determine the optimal operating conditions for 47 

astaxanthin production. High irradiance, high temperature, oxidative stress, and 48 

nitrogen-deprivation have been found to significantly stimulate the accumulation of 49 

astaxanthin, while these operating conditions are not favourable for H. pluvialis growth [2], 50 

[7]–[10]. To enhance the productivity of astaxanthin, a two-stage cultivation method is 51 

widely used. The first stage aims to cultivate algae in conditions where cells grow fast and 52 

remain green with the presence of a nitrogen source in the culture; in the second stage 53 

(induction stage), cells are subjected to a nitrogen-deprived culture for the induction of 54 

astaxanthin. Because of the accumulation of astaxanthin, cells in the second stage usually 55 

turn to be red [1], [2], [11]. 56 

 57 
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Although there are extensive laboratory measurements for the system, much less effort has 58 

been focused on the modelling of these stages. Dynamic simulation is an effective tool to 59 

determine the optimal operating conditions for both laboratory scale and industrial scale 60 

astaxanthin production processes. In particular, the induction stage where cells stop growing 61 

and astaxanthin commences to accumulate is very difficult to model due to the complicated 62 

metabolic mechanisms involved. Although a few researchers constructed dynamic models to 63 

simulate this process [1], [12]–[16], these models have severe limitations which restrict their 64 

applicability.  65 

 66 

First, as the experiments in these publications show a very distinct astaxanthin accumulation 67 

tendency led by the different operating conditions [12], [14], [16], these models can only be 68 

used to simulate specific processes whose operating conditions are similar. Second, these 69 

models only consider the effect of one factor (light intensity or nutrient concentration) on cell 70 

growth and astaxanthin production, but do not include other factors such as temperature and 71 

intracellular nutrient concentration [1], [13], [14]. Furthermore, none of these works [1], 72 

[12]–[16] decouple the two cultivation stages into separate models, although the operating 73 

conditions and performance of these stages are quite different.  For this, it is reasonable to 74 

consider that these models may not simulate the induction stage with a high accuracy. 75 

 76 

Therefore, to simulate accurately the dynamic process of the induction stage, the current 77 

study aims to construct rigorous models including the effects of temperature, light intensity, 78 

light attenuation and nitrogen-deficiency on algal growth and astaxanthin accumulation, 79 
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which to the best of our knowledge has not been explored. Different reactor types, including 80 

both suspended reactor and attached reactor are considered in the current work. The complex 81 

relation between astaxanthin accumulation and algal growth has also been comprehensively 82 

summarised in this work and will be introduced in next section. 83 

 84 

2. Experiment setup and Model Construction 85 

2.1 Experiments setup 86 

Two types of photobioreactor (PBR), the suspended PBR (shown in Figure 1(a)) and the 87 

attached PBR (shown in Figure 1(b)), have been chosen to process the induction stage in our 88 

previous experimental work [4], [11]. The suspended PBR is a 1 L column reactor with 89 

height of 26 cm and diameter of 7 cm. Light is provided from one side of the reactor. For the 90 

attached reactor, a microfiltration membrane (diameter of 33 ± 0.5 cm) was used to form an 91 

algal film and then placed onto a gauze which was vertically located in a medium reservoir. 92 

Illumination is also provided from one side of the reactor. 93 

 94 
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  95 

Figure 1: Photobioreactors used in the current study. (a) suspended PBR; (b) attached PBR. 96 

 97 

The current work aims to contribute rigorous models capable of accurately simulating the 98 

different cell growth and astaxanthin accumulation trends presented in both previous 99 

publications and current experiments. As a potential reason why there are quite different 100 

experimental observations between these works is attributed to the selection of different H. 101 

pluvialis strains [4], [12], [14], in the current study two different H. pluvialis strains, H. 102 

pluvialis NIES-144 and H. pluvialis ZY-18, are used in our experimental research and 103 

cultivated in different operating conditions for model construction. 104 

 105 

H. pluvialis NIES-144 was used to test the effect of initial biomass concentration on cell 106 

growth and astaxanthin production in both suspended reactor and attached reactor. Incident 107 
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light intensity and temperature in these experiments were fixed at 150 μmolm-2s-1 and 25 ̊C, 108 

respectively. H. pluvialis ZY-18 was mainly used to test the effect of temperature on algal 109 

growth and astaxanthin accumulation. Incident light intensity in these experiments was fixed 110 

at 250 μmolm-2s-1. In order to demonstrate the predictability of the current models, two 111 

additional experiments were carried out under different operating conditions, and will be 112 

introduced in Section 3.3. All of the experiments were replicated three times. Details of 113 

experiment design and information of strains can be found in our previously published 114 

studies [4], [11]. 115 

 116 

2.2 Model construction 117 

Two dynamic models, Model 1 and Model 2, have been proposed in the current study and are 118 

presented through Equations (1)-(3) and Equations (4)-(6), respectively. The two models are 119 

constructed based on different kinetic mechanism assumptions. Both of the models are used 120 

to simulate biomass growth and astaxanthin accumulation in both the attached PBR and the 121 

suspended PBR. To guarantee a dynamic model capable of accurately simulating both algal 122 

growth and astaxanthin production under different operating conditions, the following 123 

characteristics were integrated: 124 

1. The accumulation of astaxanthin and the growth of biomass are dependent on the 125 

intracellular nitrogen quota; 126 

2. Biomass growth rate may increase rapidly at the beginning and then slow down; 127 

3. Biomass decay can be found after cells stop growing; 128 

4. Astaxanthin accumulation rate increases initially and then slows down; 129 
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5. A maximum astaxanthin content exists in cells; 130 

6. It is not necessary for the astaxanthin accumulation rate to have the same tendency as 131 

that of the biomass growth rate, which means astaxanthin can stop accumulating either 132 

much earlier or much later than the termination of biomass growth; 133 

7. A slight decrease of astaxanthin content can be observed after the accumulation of 134 

astaxanthin; 135 

8. Both astaxanthin accumulation rate and biomass growth rate are dependent on the 136 

culture temperature and light intensity. 137 

All of these characteristics are summarised from previous publications and will be introduced 138 

in detail in later sections. Both models are derived from the Droop model and the 139 

Luedeking-Piret model [17], [18]. 140 

 141 

Dynamic model 1: 142 

𝑑𝑋

𝑑𝑡
= (1 −

𝑘𝑞

𝑞
) ∙

𝐼

𝐼 + 𝑘𝑠
∙ [𝐴 ∙ e−

𝐸𝑎
𝑅∙𝑇 − 𝐵 ∙ e−

𝐸𝑏
𝑅∙𝑇] ∙ 𝑋 − 𝜇𝑑 ∙ 𝑋2                                                    (1) 143 

𝑑𝑞

𝑑𝑡
= − (1 −

𝑘𝑞

𝑞
) ∙

𝐼

𝐼 + 𝑘𝑠
∙ [𝐴 ∙ e−

𝐸𝑎
𝑅∙𝑇 − 𝐵 ∙ e−

𝐸𝑏
𝑅∙𝑇] ∙ 𝑞                                                                   (2) 144 

𝑑𝑤

𝑑𝑡
= [𝑏 + (1 −

𝑘𝑞𝑤

𝑞
)] ∙

𝑘𝑞𝑤

𝑞
∙ (1 −

𝑤

𝑤max
) ∙

𝐼

𝐼 + 𝑘𝑠𝑤
∙ [𝐴𝑤 ∙ e−

𝐸𝑎𝑤
𝑅∙𝑇 − 𝐵𝑤 ∙ e−

𝐸𝑏𝑤
𝑅∙𝑇 ]                (3) 145 

 146 

Dynamic model 2: 147 

𝑑𝑋

𝑑𝑡
= (1 −

𝑘𝑞

𝑞
) ∙

𝑘𝑞

𝑞
∙

𝐼

𝐼 + 𝑘𝑠
∙ [𝐴 ∙ e−

𝐸𝑎
𝑅∙𝑇 − 𝐵 ∙ e−

𝐸𝑏
𝑅∙𝑇] ∙ 𝑋 − 𝜇𝑑 ∙ 𝑋2                                            (4) 148 

𝑑𝑞

𝑑𝑡
= − (1 −

𝑘𝑞

𝑞
) ∙

𝐼

𝐼 + 𝑘𝑠
∙ [𝐴 ∙ e−

𝐸𝑎
𝑅∙𝑇 − 𝐵 ∙ e−

𝐸𝑏
𝑅∙𝑇] ∙ 𝑘𝑞                                                                 (5) 149 

𝑑𝑤

𝑑𝑡
= [𝑏 + (1 −

𝑘𝑞𝑤

𝑞
)] ∙

𝑘𝑞𝑤

𝑞
∙ (1 −

𝑤

𝑤max
) ∙

𝐼

𝐼 + 𝑘𝑠𝑤
∙ [𝐴𝑤 ∙ e−

𝐸𝑎𝑤
𝑅∙𝑇 − 𝐵𝑤 ∙ e−

𝐸𝑏𝑤
𝑅∙𝑇 ]                (6) 150 

where 𝑋  is biomass concentration; 𝑞  is normalised nitrogen quota; 𝑘𝑞  and 𝑘𝑞𝑤   are 151 
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normalised minimum nitrogen quota for cell growth and astaxanthin production, respectively; 152 

𝐼  is local light intensity; 𝑘𝑠  and 𝑘𝑠𝑤  are light saturation terms for cell growth and 153 

astaxanthin production, respectively; 𝐴 and 𝐵  are pre-exponential coefficients; 𝐸𝑎  and 154 

𝐸𝑎,𝑤 are activation energy for cell growth and astaxanthin accumulation, respectively; 𝑤 is 155 

astaxanthin content; 𝑤max is maximum astaxanthin content; 𝜇𝑑  is cell decay rate; 𝑏 is 156 

growth non-associated coefficient for astaxanthin production. 157 

 158 

2.2.1 Nitrogen quota (intracellular nitrogen concentration) 159 

In this section, characteristics 1--7 from the above itemised list, and the design of both 160 

models will be explained in detail. The nitrogen quota is the ratio of intracellular nitrogen 161 

element weight to dry cell weight, which is used to represent the intracellular nitrogen 162 

concentration in cells. As the culture in the current study is nitrogen-free, nitrogen quota in 163 

cells is lower than that in a nitrogen-sufficient culture. Since the nitrogen quota was not 164 

measured in the present study, a normalised nitrogen quota is used to replace the absolute 165 

value of nitrogen quota and is defined as the ratio of nitrogen quota between the current 166 

culture and the nitrogen-sufficient culture [17]. 167 

 168 

In a nitrogen-deprived culture, the photosynthetic electron transport chain in H. pluvialis is 169 

heavily damaged due to the significant reduction of cytochrome b6/f complex. In order to 170 

prevent cells being over-reduced by photosynthesis, the astaxanthin sysnthesis and plastid 171 

terminal oxidase-mediated electron transport pathways are stimulated, with the activities of 172 

these pathways being enhanced by the extent of cell nitrogen-deficiency [19], [20]. 173 
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Meanwhile, due to the decreased activity of the starch generation pathway, cell growth rate is 174 

also affected [21]. As the transcription of essential enzymes involved in these processes 175 

requires the participation of nitrogen, both astaxanthin accumulation and cell growth will 176 

eventually cease once the intracellular nitrogen concentration drops to its minimum value 177 

(characteristics 1 and 4).  178 

 179 

For biomass growth rate, the effect of the nitrogen quota is more complicated. Although most 180 

of previous work found that biomass growth rate generally decreases with the decreasing 181 

nitrogen quota in suspended PBRs [3], [11], [22], [23] have shown recently that H. pluvialis 182 

growth rate may increase in the initial cultivation period in an outdoor PBR. This 183 

phenomenon, is apparently observed in our very recent work [4] where H. pluvialis was 184 

cultivated in another reactor type, the attached PBR, and biomass growth rate is found to 185 

continuously increase in a nitrogen-free culture for 12 days (characteristic 2).  186 

 187 

To consider this fact, in the current work two different models are composed and will be 188 

compared later. In Model 1 (Equation (1)), the term (1 −
𝑘𝑞

𝑞
) represents the decrease of 189 

biomass growth rate due to the aggravated extent of nitrogen-deficiency. This equation 190 

assumes that the increase of biomass growth rate is led by the increasing biomass 191 

concentration (𝑋), rather than the extent of nitrogen-deficiency. In Model 2 (Equation (4)), 192 

the term 
𝑘𝑞

𝑞
, whose value increases with the decreasing nitrogen quota (𝑞), is embedded with 193 

the assumption that the enhancement in biomass growth rate is also led by 194 

nitrogen-deficiency. Furthermore, since biomass decay has been observed in previous 195 
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publications [7], [22]–[24], another term, 𝜇𝑑 ∙ 𝑋2, is added in both equations to take biomass 196 

decay into account [17] (characteristic 3). 197 

 198 

For astaxanthin, as its synthesis is enhanced by the extent of nitrogen-deficiency initially and 199 

depressed after the nitrogen quota is significantly reduced, the accumulation rate increases 200 

initially and then slows down in the process [3], [4], [23]. Therefore, in Equations (3) and (6) 201 

the term 
𝑘𝑞𝑤

𝑞
 is used to represent the extent of nitrogen-deficiency, and the term [𝑏 +202 

(1 −
𝑘𝑞𝑤

𝑞
)] is used to represent the decrease of astaxanthin accumulation rate caused by 203 

nitrogen-deficiency since this term decreases with the decreasing 𝑞 . As a maximum 204 

astaxanthin content has been observed in previous studies [11], [23], [25], in the current 205 

models the term (1 −
𝑤

𝑤max
) is included in Equations (3) and (6) to ensure the astaxanthin 206 

content cannot exceed the maximum value (characteristic 5). 207 

 208 

Finally, [𝑏 + (1 −
𝑘𝑞𝑤

𝑞
)] in Equations (3) and (6) is also used to simulate the fact that 209 

astaxanthin accumulation rate does not necessarily show the same tendency with biomass 210 

growth rate, as astaxanthin may stop accumulating either much earlier or much later than the 211 

termination of biomass growth at different operating conditions [3], [4], [14]. In this term, 𝑏 212 

represents the growth non-associated accumulation rate and (1 −
𝑘𝑞𝑤

𝑞
) represents the growth 213 

associated accumulation rate. If astaxcanthin stops being generated before the termination of 214 

cell growth, 𝑘𝑞𝑤 > 𝑘𝑞  and 𝑏 = 0 . If astaxanthin continues accumulating after the 215 

termination of biomass growth, 𝑏 > 0 and 𝑘𝑞𝑤 < 𝑘𝑞 (characteristic 6).  216 

 217 
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More specifically, this term is also capable of simulating the slight decrease of astaxanthin at 218 

the end of the process, as observed in recently published work[11], [23]. In this case, once 𝑞 219 

drops lower than 𝑘𝑞𝑤, (1 −
𝑘𝑞𝑤

𝑞
) will be negative and astaxanthin accumulation rate will be 220 

negative if 𝑏 is lower than the absolute value of (1 −
𝑘𝑞𝑤

𝑞
) (characteristic 7). 221 

 222 

2.2.2 Light intensity 223 

In Sections 2.2.2 and 2.2.3, characteristic 8 will be explained in detail. 224 

 225 

2.2.2.1 Simulation of light intensity effects 226 

Light intensity significantly affects both biomass growth and astaxanthin accumulation rates 227 

[1], [9]. In general, the effect of light intensity on cell growth can be described by the Aiba 228 

model as in Equation (7) [26]. In our experiments, as the incident light intensities in both 229 

suspended reactor and attached reactor are not higher than 250 μmolm-2s-1 where 230 

photo-inhibition is not observed [4], the photo-inhibition term in the Aiba model is neglected. 231 

𝜇 = 𝜇max ∙
𝐼

𝐼 + 𝑘𝑠 +
𝐼2

𝑘𝑖

                                                                                                                         (7) 232 

𝜇max represents the maximum specific growth rate, 𝐼 represents the light intensity, 𝑘𝑠 233 

represents the light saturation coefficient and 𝑘𝑖 represents the photo-inhibition coefficient. 234 

 235 

2.2.2.2 Light attenuation in suspended reactor 236 

It is notable that the illumination cells experience in the reactor is not the same with the 237 

incident light intensity due to light attenuation. With the existence of light attenuation, local 238 

light distribution in a photobioreactor is in general non-uniform and much lower than incident 239 
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light intensity. In suspended reactors, recent research found that light attenuation is mainly 240 

caused by bubble reflection and microorganism absorption [27], [28]. Although in theory 241 

microorganism scattering can also contribute to light attenuation, its effect has been 242 

demonstrated to be negligible by previous research and thus not included in this study 243 

[29][27].  244 

 245 

Extensive research has been conducted to explore light attenuation in flat plate PBRs [30]–246 

[32], for which Equation (8) is mainly used to estimate the local light intensity [32]. For 247 

column PBRs, previous research also proposed some light transmission models [33], [34], 248 

with most being very complicated and making the dynamic model parameter estimation 249 

procedure difficult to carry out. 250 

 251 

As the current model consists of highly non-linear differential equations, its parameter 252 

estimation has been demonstrated to be difficult, as advanced discretisation and optimisation 253 

methods have to applied and significant computational cost will be introduced [35], [36]. 254 

Therefore, in order to ensure the accurate calculation of the current parameter estimation 255 

procedure, Equation (8) is selected to reduce the current model complexity. 256 

𝐼 = 𝐼0 ∙ Exp [− (
3𝛼𝑔

𝑑𝑏
+ 𝛼 ∙ 𝑋) ∙ 𝑧]                                                                                                     (8) 257 

𝐼 is the local light intensity, 𝐼0 is the incident light intensity, 𝛼𝑔 is the bubble volume 258 

fraction, 𝑑𝑏 is the bubble average diameter, 𝛼 is the algal absorption coefficient, 𝑧 is the 259 

distance the light travels through the reactor. 260 

 261 
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In the present research, a column PBR was selected in our experiments and illumination was 262 

only provided from one side of the 1 L reactor (height: 26 cm, diameter: 7 cm). Air was 263 

pumped into the suspended reactor for H. pluvialis photo-autotrophic growth, so that both 264 

bubble reflection and algal absorption have to be included. In order to estimate the local light 265 

intensity inside the reactor, some simplification was applied in the current study. In particular, 266 

as suggested by a recent publication [37], it is assumed that the current reactor is a flat plate 267 

PBR with a square bottom surface. The square area is the same with the circle area, which 268 

means the length of the square is 6.20 cm. As both bubble average diameter and bubble 269 

volume fraction are in general estimated based on computational fluid dynamics whilst these 270 

parameters are kept constant in the current experiment, 
3𝛼𝑔

𝑑𝑏
 in Equation (8) is replaced by 𝑘𝑙 271 

for the convenience of future parameter estimation procedure. Hence, Equation (8) can be 272 

re-written as Equation (9). 273 

𝐼 = 𝐼0 ∙ Exp[−(𝑘𝑙 + 𝛼 ∙ 𝑋) ∙ 𝑧]                                                                                                            (9) 274 

 275 

2.2.2.3 Light attenuation in attached reactor 276 

For attached PBRs or biofilms, the study of light attenuation has received little attention. 277 

Although biomass generally only grows from hundreds of microns to several millimeters, 278 

severe light attenuation has been observed and reported in recent studies [38]–[40]. To 279 

include this factor in the present simulation it is assumed that algae only grow along the 280 

direction perpendicular to the reactor surface, towards the light source. Based on the current 281 

assumption, biomass density (𝜌𝑋) on the cross section through the light transmission direction 282 

is constant, because cells predominantly grow along this way. As a result, the algal absorption 283 
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coefficient on each cross section is the same. Therefore, local light intensity in an attached 284 

reactor can be calculated by Eq. (10). 285 

𝐼 = 𝐼0 ∙ Exp[−𝛽′ ∙ ℎ]                                                                                                                           (10) 286 

where 𝛽′ is algal absorption coefficient, ℎ is biofilm thickness from the top (exposure) 287 

surface to the research surface. 288 

 289 

The weight of biofilm (𝑚) with a thickness of ℎ is calculated as 𝑚 = ℎ ∙ 𝜌𝑋 ∙ 𝑆, where 𝑆 is 290 

the biofilm surface area. In general, biomass concentration (𝑋) in attached reactors is 291 

represented by gm-2 (𝑋 =
𝑚

𝑆
), therefore Equation (10) can be re-written as Equation (11) 292 

below.  293 

𝐼 = 𝐼0 ∙ Exp[−𝛽′ ∙ ℎ] = 𝐼0 ∙ Exp [−𝛽′ ∙
𝑋

𝜌𝑋
] = 𝐼0 ∙ Exp[−𝛽 ∙ 𝑋]                                                (11) 294 

where 𝛽 is the biomass concentration based algal absorption coefficient. 295 

 296 

2.2.2.4 Simplification of spatial dimension 297 

The current models include both spatial variations due to light attenuation, and temporal 298 

variations as the processing considered is dynamic. To eliminate the spatial variation, two 299 

methods have been proposed recently. The first one is to replace local light intensities by an 300 

average light intensity which is calculated by Equation (12) in a suspended reactor, and by 301 

Equation (13) in an attached reactor. The second method is to use the average biomass growth 302 

rate, which turns out to be equivalent to calculation of the average value of (
𝐼

𝐼+𝑘𝑠
) since it is 303 

the only spatially varying term. Equations (14) and (15) show the average value of this term 304 

in suspended reactors and attached reactors, respectively. 305 
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𝐼𝑎𝑣𝑒 = 𝐼0 ∙
1 − e−(𝑘𝑙+𝛼∙𝑋)∙𝐿

(𝑘𝑙 + 𝛼 ∙ 𝑋) ∙ 𝐿
                                                                                                                (12) 306 

𝐼𝑎𝑣𝑒 = 𝐼0 ∙
1 − e−𝛽∙𝑋∙𝐿

𝛽 ∙ 𝑋 ∙ 𝐿
                                                                                                                        (13) 307 

(
𝐼

𝐼 + 𝑘𝑠
)

𝑎𝑣𝑒

=
ln[𝐼0 + 𝑘𝑠] − ln[𝐼0 ∙ (−𝐿 ∙ (𝑘𝑙 + 𝛼 ∙ 𝑋)) + 𝑘𝑠]

𝐿 ∙ (𝑘𝑙 + 𝛼 ∙ 𝑋)
                                                 (14) 308 

(
𝐼

𝐼 + 𝑘𝑠
)

𝑎𝑣𝑒

=
ln[𝐼0 + 𝑘𝑠] − ln[𝐼0 ∙ (−𝐿 ∙ 𝛽 ∙ 𝑋) + 𝑘𝑠]

𝐿 ∙ 𝛽 ∙ 𝑋
                                                              (15) 309 

 310 

In most of the previous studies [1], [12], [41], the first method is widely selected simply due 311 

to its convenience for parameter estimation. Although some researchers recently used the 312 

second method and found that it shows high agreement with experimental results [10], [42], 313 

none of them compared the accuracy of the two methods. To explore which method is more 314 

accurate and suitable for further studies, both simplifications are selected and compared in the 315 

present study. 316 

 317 

2.2.3 Temperature 318 

Temperature is also found to influence remarkably the rate of cell growth, cell decay and 319 

bioproduct accumulation An optimal temperature exists to facilitate microbial biomass 320 

growth and bioproduct synthesis [9], [13]. The Arrhenius equation has been widely used to 321 

describe the effects of temperature on both biomass growth and bioproduct production [43]–322 

[45], and is shown in Equation (16). 323 

𝜇 = 𝐴 ∙ e−
𝐸𝑎
𝑅∙𝑇 − 𝐵 ∙ e−

𝐸𝑏
𝑅∙𝑇                                                                                                                    (16) 324 

where 𝐸𝐴  is the activation energy of cell growth or bioproduct production, 𝐸𝐵  is the 325 
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inactivation energy of cell growth or bioproduct production, and 𝐴  and 𝐵  are 326 

pre-exponential factors. 327 

 328 

As previous research [1], [3], [41] has demonstrated,  the favourable range of temperature 329 

and light intensity for H. pluvialis growth and astaxanthin accumulation may be different, 330 

hence in our model construction parameters in both the Aiba model and Arrhenius equation 331 

for biomass growth and astaxanthin generation are not assumed necessarily to be the same. 332 

 333 

2.3 Parameter estimation process 334 

To estimate the parameters that best described the models presented in this work a nonlinear 335 

programming problem (NLP) was formulated. The original system was discretised through 336 

orthogonal collocation. Orthogonal collocation is a highly robust discretisation strategy, as it 337 

needs relatively few finite elements and is stable even when confronted with stiff systems 338 

[46], [47]. The computational implementation of this work was done in a Python-based 339 

optimisation environment [48]. IPOPT [49], an interior point optimiser, was used as a solver 340 

to find the optimal solution for the resulting NLP. 341 

 342 

3 Results and discussion 343 

3.1 Parameters in H. pluvialis ZY-18 models 344 

For H. pluvialis ZY-18, only the suspended reactor was used in our experimental work. Table 345 

1 shows the parameters in Model 1 based on average light intensity. As biomass decay rate is 346 

also dependent on temperature, 𝜇𝑑 has different values at different temperatures. Since the 347 
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current research does not focus on the relation between 𝜇𝑑 and temperature, values of 𝜇𝑑 at 348 

different temperatures are simply presented in Table 1. Figure 2 shows the comparison 349 

between Model 1 simulation results and experimental results. 350 

 351 

Table 1: Parameters in average light intensity based Model 1 (H. pluvialis ZY-18) 352 

Parameter Value Parameter Value 

𝑘𝑞  0.151 𝜇𝑑,28, Lhr-1g-1 0.0096 

𝑘𝑠, μmolm-2s-1 300.0 𝑘𝑞𝑤  0.202 

𝐸𝑎, kJmol-1 30.38 𝑏  0.126 

𝐸𝑏, kJmol-1 465.17 𝑤max  3.80 

𝐴, hr-1 3.35105 𝑘𝑠𝑤, μmolm-2s-1 150.0 

𝐵, hr-1 8.031079 𝐴𝑤, hr-1 1.281014 

𝜇𝑑,8, Lhr-1g-1 0.0413 𝐵𝑤, hr-1 3.731042 

𝜇𝑑,13, Lhr-1g-1 0.0425 𝐸𝑎𝑤, kJmol-1 73.69 

𝜇𝑑,18, Lhr-1g-1 0.0287 𝐸𝑏𝑤, kJmol-1 239.96 

𝜇𝑑,23, Lhr-1g-1 0.0236 𝛼, m2g-1 0.050 

𝑘𝑙, m
-1 0.0   

 353 
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 354 

 355 

Figure 2: Comparison of experimental results and simulation results of average light intensity 356 

based Model 1 (H. pluvialis ZY-18). Thick solid line: simulation results at 8 ̊C, dotted line: 357 

simulation results at 13 C̊, dot-dashed line: simulation results at 18 ̊C, dashed line: 23 ̊C, thin 358 

solid line: 28 ̊C. Filled square: experimental results of 8 ̊C, unfilled square: experimental 359 

results at 13 ̊C, filled circle: 18 ̊C, filled triangle: 23 ̊C, unfilled diamond: 28 ̊C. 360 

 361 

From Figure 2, it can be seen that the model is capable of capturing accurately the trends of 362 

both biomass growth and astaxanthin accumulation. The comparison between Model 1 and 363 

Model 2 (average light intensity based) shows that they have very similar behaviour, which 364 

means that both can be selected for further work. By comparing the results of the average 365 

light intensity based model and the average growth rate based model, it is concluded that both 366 

simplification strategies show very similar behaviour and are close to the experimental data. 367 
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Therefore, these two strategies are both acceptable for future study. 368 

 369 

It is notable that bubble scattering coefficient (𝑘𝑙) is estimated to be zero in Table 1. 370 

Although previous research demonstrated that bubble scattering may play an important role 371 

causing light attenuation in a low biomass concentration culture [32], [50], its zero value 372 

calculated through the current parameter estimation procedure indicates that its effect on light 373 

attenuation is negligible compared to that of cell absorption in the current study. This 374 

conclusion is also consistent with recent studies which found that light attenuation is 375 

predominantly led by cell absorption instead of bubble scattering for cyanobacterial 376 

biohydrogen and C-phycocyanin production [37], [51]. 377 

 378 

3.2 Parameters in H. pluvialis NIES-144 models 379 

For H. pluvialis NIES-144, both the suspended reactor and the attached reactor were used in 380 

this work. Temperature was fixed at 25 ̊C. The Arrhenius equation is reduced to a constant in 381 

both models, and represented as 𝜇𝑋 and 𝜇𝑤, for biomass growth and astaxanthin production, 382 

respectively. Table 2 shows the parameters in Model 1 based on average light intensity for 383 

the simulation of the suspended reactor. Figure 3 shows the comparison of Model 1 with the 384 

experimental results. It is also found that both the average light intensity based model and the 385 

average growth rate based model have very similar behaviour. 386 

 387 

Table 2: Parameters in average light intensity based Model 1 (H. pluvialis NIES-144) 388 

Parameter Value Parameter Value 
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𝑘𝑞  0.302 𝜇𝑑, Lhr-1g-1 0.0414 

𝑘𝑠, μmolm-2s-1 300.0 𝑘𝑞𝑤  0.0505 

𝜇𝑋, hr-1 0.697 𝑏  2.96104 

𝜇𝑤, hr-1 1.0210-4 𝑤max  3.80 

𝛼, m2g-1 0.050 𝑘𝑠𝑤, μmolm-2s-1 150.0 

𝑘𝑙, m
-1 0.0   

 389 

 390 

 391 

Figure 3: Simulation results of average light intensity based Model 1 (H. pluvialis NIES-144). 392 

(a): biomass concentration at different days, (b)-(d): astaxanthin accumulation during the 393 

process. Solid line and square: initial biomass concentration is 0.183 gL-1, dashed line and 394 

triangle: initial biomass concentration 0.370 gL-1, dot-dashed line and diamond: initial 395 

biomass concentration is 0.736 gL-1. Lines are simulation results and points are experimental 396 
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measurements. 397 

 398 

However, Model 2 fails to capture accurately the H. pluvialis NIES-144 photo-fermentation 399 

process in the suspended reactor because the growth phase was significantly extended. As the 400 

difference between Model 1 and Model 2 is whether nitrogen-deficiency can stimulate the 401 

biomass growth, the current research finds that in a suspended reactor, nitrogen-deficiency 402 

does not remarkably increase the biomass growth rate of algae, and actually leads to a 403 

decreasing biomass growth rate right from the beginning of the process. 404 

 405 

A completely different conclusion is found when simulating the H. pluvialis NIES-144 406 

photo-fermentation process in the attached reactor. Table 3 shows the parameters in Model 2 407 

based on average light intensity for the simulation of the attached reactor. Figure 4 shows the 408 

comparison of Model 2 simulation results and experimental measurements. From Figure 4, it 409 

is found that the experimentally observed tendency is accurately captured by Model 2. 410 

However, Model 1 does not fit the experimental data very well, as its simulation results 411 

apparently reduce the algal growth period. Hence, it is concluded that in the attached reactor 412 

nitrogen-deficiency does enhance biomass growth rate at the beginning and then limits cell 413 

growth at the end. Both the average light intensity based model, and the average growth rate 414 

based model, show very similar results as mentioned earlier. 415 

 416 

Table 3: Parameters in average light intensity based Model 2 (H. pluvialis NIES-144) 417 

Parameter Value Parameter Value 
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𝑘𝑞  0.165 𝜇𝑑, Lhr-1g-1 8.5410-4 

𝑘𝑠, μmolm-2s-1 20.0 𝑘𝑞𝑤  0.47 

𝜇𝑋, hr-1 0.783 𝑏  1.30 

𝜇𝑤, hr-1 0.434 𝑤max  7.0 

𝛽, m2g-1 0.0547 𝑘𝑠𝑤, μmolm-2s-1 300.0 

 418 

 419 

Figure 4: Simulation results of average light intensity based Model 2 (H. pluvialis NIES-144). 420 

Solid line and square: initial biomass concentration is 10.0 gm-2, dashed line and triangle: 421 

initial biomass concentration 20.0 gm-2, dot-dashed line and diamond: initial biomass 422 

concentration is 40.0 gm-2. 423 

 424 

3.3 Model predictability 425 

To identify the predictability of current models for different H. pluvialis strains astaxanthin 426 

production process, two additional experiments were carried out. The first experiment 427 

(Experiment 1) has the initial biomass concentration of 0.35 g L-1, with incident light 428 

intensity of 150 μmolm-2s-1 and temperature of 25 ̊C. The strain used in this experiment is H. 429 

pluvialis NIES-144. The second experiment (Experiment 2) has the initial biomass 430 
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concentration of 0.3 g L-1, with incident light intensity of 250 μmolm-2s-1 and temperature of 431 

28 ̊C. The strain selected in the experiment is H. pluvialis ZY-18. Figure 5 shows the 432 

comparison between the current model simulation results and experimental data. From the 433 

figure, it can be concluded that the current models can accurately predict the dynamic 434 

performance of green algal astaxanthin production process with different operating conditions. 435 

Thus the model predictability is verified. 436 

 437 

 438 

Figure 5: Comparison of experimental results and simulation results of average light intensity 439 

based Model 1. Thick solid line: simulation results, points: experimental data. (a) and (b): 440 

biomass concentration and astaxanthin content in Experiment 1, respectively. (c) and (d): 441 

biomass concentration and astaxanthin content in Experiment 2, respectively. 442 

 443 

3.4 Temperature effects 444 
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Figure 6 presents the effects of temperature on both algal growth and astaxanthin production 445 

rate (activity), which are estimated based on Equation (16). From Figure 6, it can be seen that 446 

the optimal temperature for both algal growth and astaxanthin accumulation is 27 ̊C (300 K). 447 

Activities of enzymes for cell growth and bioproduct synthesis increase rapidly with the 448 

increasing temperature when it is lower than the optimal value, and then dramatically 449 

decrease if the temperature exceeds its optimal value. For example, algae almost stop 450 

growing once the temperature is higher than 31 ̊C, with the production of astaxanthin also 451 

ceasing beyond this temperature. At a higher temperature (33 ̊C), recent research found that a 452 

rapid cell decay phase with a significant reduction of astaxanthin content can be observed 453 

only two days after the beginning of the astaxanthin induction process [11]. The narrow range 454 

of suitable temperature values for algal growth and astaxanthin synthesis indicates that it is 455 

essential to control precisely the culture temperature in this bioprocess. 456 

 457 

 458 

Figure 6: Effects of temperature on biomass growth and astaxanthin synthesis rate (activity). 459 

(a) effect of temperature on biomass growth rate; (b) effect of temperature on astaxanthin 460 

synthesis rate. 461 

 462 
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3.5 Light attenuation effects 463 

In general, light attenuation is mainly caused by bubble reflection in low cell density cultures, 464 

and by algal absorption in high cell density cultures. Although in the current suspended 465 

reactor bubbles could be apparently observed, the simulation results show that bubble 466 

reflection for both H. pluvialis species is negligible as the term representing this factor (𝑘𝑙) is 467 

estimated to be almost zero. Therefore, the primary factor causing light attenuation is algal 468 

absorption. To explore whether light attenuation is severe in the current suspended reactor, 469 

Figure 7 shows the local light intensity and cell growth rate at different biomass 470 

concentrations. 471 

 472 

 473 

 474 

Figure 7: Light attenuation effects on biomass growth and astaxanthin accumulation. (a)-(c): 475 

Local light intensity (μmolm-2s-1), local biomass growth rate (gL-1hr-1) and local 476 
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astaxanthin accumulation rate (gg-1hr-1) of H. pluvialis ZY-18 at 28 ̊C in the suspended 477 

reactor. The incident light intensity is 250μmolm-2s-1 and the reactor equivalent thickness is 478 

0.062 m. The exposure surface corresponds to the front surface (x-axis 0.0 m). Solid line: 479 

biomass concentration 0.4 gL-1, dashed line: biomass concentration 1.0 gL-1, dot-dashed line: 480 

biomass concentration 1.8 gL-1. (d): Average light intensity (μmolm-2s-1) at different biomass 481 

concentration of H. pluvialis NIES-144 at 25 ̊C in the attached reactor. The incident light 482 

intensity is 150μmolm-2s-1. 483 

 484 

From Figure 7(a), it is found that light attenuation is always severe even at the initial 485 

experimental period where biomass concentration is dilute (0.4 gL-1). Local light intensity at 486 

the back surface of the reactor is reduced by 71.1%. At a higher biomass concentration (1.0 487 

gL-1), cell absorption is more significant and local illumination is almost reduced to 10 488 

μmolm-2s-1 at the back surface. More than half of the reactor volume is subjected to the severe 489 

photo-limitation. Eventually, at the final cultivation period where cell density increases to 1.8 490 

gL-1, light cannot even pass through the whole volume of the current PBR, with most of the 491 

reactor volume being in the dark zone. 492 

 493 

Because of the light attenuation effects, local cell growth rate in the PBR almost decreases to 494 

zero at the back surface when biomass concentration is 1.0 gL-1 (Figure 7(b)). In the final 495 

operation period, the algal growth rate is even lower than the algal decay rate in most of the 496 

reactor volume, because the low illumination cannot facilitate cell photo-autotrophic growth. 497 

Hence, biomass growth rate in the light zone is totally offset by its decay rate in the dark zone, 498 
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and the overall growth rate reduces to zero.  499 

 500 

In terms of astaxanthin accumulation, two different factors contribute to the decrease of the 501 

astaxanthin accumulation rate. In the initial period, when cell density increases from 0.4 gL-1 to 502 

1.0 gL-1, light attenuation is shown to be the primary factor limiting astaxanthin production. 503 

This is explained by the fact that the local astaxanthin accumulation rate in the reactor decreases 504 

with the decreasing local illumination along the light transmission direction (Fig. 7(c)), and 505 

astaxanthin content is still much lower (2.58%)  than its maximum content (3.80%) [11]. 506 

However in the final operation period, as astaxanthin content is almost saturated (3.49% when 507 

biomass concentration is 1.8 gL-1) the metabolic pathway of astaxanthin production is 508 

terminated. Hence, light attenuation is not important for astaxanthin production since the 509 

production rate is almost zero regardless of the local illumination intensity (Figure 7(c)). 510 

 511 

In the case of the attached reactor, as there is no bubble pumping through the biofilm, light 512 

attenuation is purely induced by cell absorption. This is very different to what was found in the 513 

suspended reactor, with light attenuation in the attached reactor is significantly reduced. For 514 

example, the average light intensity in the attached reactor is 77.0% of the incident light 515 

intensity when biomass concentration is 10 gm-2, while at this biomass concentration (0.18 516 

gL-1, equivalent to 10 gm-2) the average light intensity in the current suspended reactor is only 517 

48.5% of the incident light intensity. Therefore, the current attached reactor is found to enhance 518 

both biomass growth and astaxanthin accumulation rates due to its better light permeation. 519 

 520 
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However, average light intensity in the attached reactor also decreases rapidly with increasing 521 

biomass concentration (Figure 7(d)). The average light intensity is reduced to 50% of the 522 

incident light intensity when biomass concentration is 30 gm-2, and to 20% of incident light 523 

intensity when biomass concentration reaches 80 gm-2. Contrary to the case of the suspended 524 

reactor where cells are well mixed, cells in the attached reactor are fixed and those in the bottom 525 

of the biofilm always receive much less illumination compared to those on the top.  526 

 527 

Because of the severe light attenuation caused by high biomass concentration, it is quite 528 

possible that cells in the bottom cannot receive enough light to stimulate the accumulation of 529 

astaxanthin. In fact, recent research [5] has found that in an attached reactor, similar to the 530 

currently considered reactor, cells located in the upper layer of the biofilm turn red while those 531 

in the bottom layer still remain green during the astaxanthin accumulation process. This 532 

observation proves the current simulation hypothesis that the severe light attenuation in an 533 

attached reactor may reduce astaxanthin production for the bottom cells.  534 

 535 

Overall, in a suspended reactor, light attenuation is always significant and limits biomass 536 

growth. The accumulation of astaxanthin is initially limited by the low local light intensity due 537 

to light attenuation, but eventually it becomes independent of it as its content approaches to the 538 

maximum value. Although the attached reactor can provide a betters local light distribution and 539 

facilitate biomass growth, it can also prevent the accumulation of astaxanthin in the bottom 540 

layer algae, and the separation between red cells and green cells in a biofilm is also difficult to 541 

conduct in practice. 542 
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 543 

4 Conclusion 544 

In the present study, two dynamic models have been constructed to simulate the growth of H. 545 

pluvialis and the associated astaxanthin production in a nitrogen-deprived culture, 546 

considering both attached and suspended photobioreactors.  547 

 548 

To the best of our knowledge, this is the first ever attempt that the effects of light attenuation, 549 

temperature and nitrogen quota on cell growth and astaxanthin accumulation be included in 550 

unified models. By comparing the simulation results obtained with our experimental 551 

measurements, the accuracy of the current models is verified. Specifically, it is found that 552 

Model 1 is more accurate to simulate the astaxanthin accumulation process in a suspended 553 

reactor, while Model 2 is suitable for the simulation of this process in an attached reactor.  554 

 555 

Using either an average light intensity or an average cell growth rate, to render the model 556 

one-dimensional, has been found to be a very accurate model simplification approach. Based 557 

on the current models proposed, the optimal temperature for both algal growth and 558 

astaxanthin accumulation has been determined.  559 

 560 

Light attenuation in the suspended reactor is found to be mainly due to cell absorption, and 561 

primarily limits astaxanthin accumulation when astaxanthin concentration is much lower than 562 

its maximum value. When the astaxanthin content approaches to its maximum value, the 563 

effect of light attenuation on astaxanthin production becomes negligible.  564 
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 565 

Because of the reduced light attenuation in the attached reactor, biomass growth is much 566 

facilitated by this reactor type. However, a suspended reactor is still a better choice than an 567 

attached reactor for astaxanthin production, as in this reactor type most cells can be induced 568 

for astaxanthin accumulation. 569 

 570 

In terms of future work, as the accumulation of astaxanthin may affect the cell absorption 571 

cross-section, the effect of its intracellular concentration on light attenuation will also be 572 

included in the current model to improve the model accuracy. In addition, as the reason why 573 

the effect of nitrogen-deficiency on cell growth is different between the two types of 574 

photobioreactors are still unclear, further metabolic kinetics studies will be addressed to 575 

clarify this observation. 576 

 577 
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