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Cyanobacteria can grow using inorganic substrates, such as CO2 from industrial sources and nutrients from
wastewaters, and therefore are promisingmicroorganisms to produce polyhydroxybutyrate in a cleaner circular
context. However, this biotechnological production is highly challenging because it involves different interlinked
reactions that are affected by environmental conditions, which hinders process optimization. In this study a new
biokinetic mechanistic model using novel experimental approaches was developed to optimize
polyhydroxybutyrate (PHB) and glycogen production. The model includes, for the first time, the production of
glycogen and its conversion into PHB, which has been found as the main pathway to produce PHB. Model was
successfully (r2: 0.6–0.99) calibrated and validated with experimental data from photobioreactors inoculated
with Synechocystis sp. The developed model was used to determine suitable initial conditions for a lab scale
batch reactor (6.4 mgN·L−1 and 2 mgP·L−1) and a new configuration for the continuous industrial production
of PHB was proposed and optimized using this tool. The maximum productivity (5.1 mgPHB·L−1·d−1) and the
optimal configuration and operation of the serial reactors to produce PHB in an industrial scale was achieved
using a hydraulic retention time of 4 days in the growth reactor. Then, this reactor daily fed 20 batch accumula-
tion reactors, whichwere discharged after 20 days. The optimal influent nutrients concentrations for this config-
urationwas found to be 50mgN·L−1 and 10mgP·L−1. Results found in this study show the necessity to optimize
biopolymers production with Cyanobacteria considering environmental conditions, and demonstrated the po-
tential of this model as a tool to increase PHB productivity.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Accumulation of non-biodegradable plastics in the environment is of
worldwide concern. To fight this problem, new restrictions banning the
use of plastics are appearing. Indeed, in 2018, the European commission
banned several plastic products (Carpine et al., 2020). Disposal of these
plastics is also complicated, as they are barely degraded in landfills, in-
cineration produce toxic by-products and recycling is time consuming
and changes polymer properties, which hinders their further utilization
(Carpine et al., 2020). An alternative material to beat these problems is
the use of bioplastics. Polyhydroxybutyrate (PHB) is one of the most
promising commercially produced bioplastics, whose production is ex-
pected to quadruple in the following years (Zhang et al., 2019). How-
ever, its production costs are still high compared to petroleum-based
polymers (Costa et al., 2019). Cyanobacteria are of particular interest
as PHB producers, because of their capacity to grow using inorganic
substrates that could come from wastewater (Arias et al., 2020)
and to mitigate CO2 emissions (Abed et al., 2009; Zhang et al.,
2019). Process optimization is not trivial because phototrophic PHB
production involves different metabolic interlinked pathways
which are regulated by multiple environmental factors (Arias et al.,
2018; Drosg et al., 2015). PHB are accumulated in Cyanobacteria
only during nutrients (N and/or P) limitation periods. In these condi-
tions, Cyanobacteria redirect the excess of carbon to internal carbon
reserve polymers, such as glycogen and PHB. Therefore, PHB produc-
tion is usually done in two-steps; first, they grow in nutrients replete
medium and second, they are exposed to nutrient limitation. Be-
tween those two steps, biomass separation is required to replace
the medium by a nutrient limited one (Drosg et al., 2015;
Kamravamanesh et al., 2019). At full scale operations, this interme-
diate separation might considerably increase the production costs,
which will hinder scalation of the process. Therefore, establishing a
self-limiting one-step cultivation process is essential to reach an ef-
ficient process (Drosg et al., 2015; Kamravamanesh et al., 2019). To
do that, enough nutrients should be provided for the cells to grow,
and at the same time, cells should have finished these nutrients
when they reach the stationary growth phase. The amount of nutri-
ents that should be provided is not universal; it depends on several
environmental factors, such as light and reactor design.

Mathematical models can be useful tools for process optimization
and to increase process efficiency. There are several models on PHB
production with heterotrophic organisms (Carucci et al., 2001;
Gujer et al., 1999; Kaelin et al., 2009; Lai et al., 2013; Mulchandani
et al., 1989). However, only one deals with phototrophic accumula-
tion of PHB with the strain Synechocystis PCC6803 (Carpine et al.,
2

2018). This model assumes two types of cells: growing cells and
PHB producing cells. Cell growth was modelled following the
Droop formulation (Droop, 1973), while nutrients uptake were sim-
ulated by a Monod type kinetic. The formation rate of PHB producing
cells depended on the initial nitrate concentration, and the PHB pro-
duction rate was described as a linear relation with the CO2 concen-
tration. pH and temperature effects were not considered in this
model, as well as the glycogen accumulation and conversion to
PHB, which has been recently demonstrated to be the major source
of carbon for PHB production in Cyanobacteria (Dutt and
Srivastava, 2018; Kamravamanesh et al., 2018; Koch et al., 2019).

In the present study, recent research advances were included in a
new improved kinetic model for bioplastics production with
Cyanobacteria. This model includes for the first time, the process of gly-
cogen synthesis and further conversion to PHB. Following the idea pro-
posed by Ryu et al. (2018), the proposed model considers that cells are
composed by 3 essential components: active biomass, PHB and glyco-
gen. Active biomass can grow using inorganic carbon, but also using
the internal carbon storage compounds (i.e. PHB and glycogen). On
the other side, PHB and glycogen can be generated by uptaking the ex-
cess of inorganic carbon, and additionally PHB can also be formed from
glycogen conversion. Similar to previous models (Carpine et al., 2018;
Ryu et al., 2018), macronutrients (NO3

−, NH4
+, PO4

3− and inorganic
C) assimilation and utilization rates were consumed following a Droop
equation. However, in the present model, in contrast with the model
by Carpine et al. (2018), NH4

+ utilization was also included. This prop-
erty allows ourmodel to predict Cyanobacteria growth and PHBproduc-
tion, not only using BG-11 growthmedia, but alsowith other cultivation
media containing ammonia as nitrogen source. The effect of significant
environmental factors, which were not considered in previous models,
such as temperature and pH, were also included (see Table S1 for
model comparison with previous models).

Experimental data for model calibration and validation were ob-
tained from 3 L photobioreactors with Synechocystis sp. monoculture.
Parameter sensitivity analysis was also carried out with the aim to as-
sess the most relevant parameters on biomass, PHB and glycogen pro-
duction. Eventually, the calibrated model was used for process
optimization in two different scenarios: 1) to optimize initial N and P
concentrations to maximize the PHB productivity in the 3 L reactors.
2) to assess the best operation strategy and nutrients supply of a pro-
posed configuration to produce PHB at an industrial scale. The over-
all aim of this work is to create a reliable tool, that will help to
optimize the PHB and glycogen production process with
Cyanobacteria considering the light and nutrients availability and re-
actor design.
2. Materials and methods

2.1. Model description

2.1.1. Conceptual model
Fig. 1 shows a general schematic representation of the model, which is made up by 14 processes describing nutrients uptake,

Cyanobacteria growth, lysis and endogenous respiration, PHB production, glycogen production, conversion of glycogen to PHB and gas
transfer to the air.

Cyanobacteria can grow using dissolved inorganic carbon (DIC), glycogen (Gly) or PHB. To grow on DIC cells need to receive light. On the other
hand, light is not needed for cells to grow on Glycogen or PHB, although, these reactions are inhibited by the presence of inorganic carbon. Cells can
only uptake inorganic carbon in the form of CO2 and bicarbonate (HCO3

−) (Markou et al., 2014). Finally, biomass lysis releases cell internal compo-
nents (PHB, glycogen, and cell structures) to themedium generatingNH4

+, CO2 and P. Additionally, inorganic carbon excess can be stored as glycogen
and PHB, which will be a readily available source of carbon when DIC is not available. Photosynthetic synthesis of PHB and glycogen can only occur
when there is anunbalance in nitrogen andphosphorus. Eventually, as suggested bymany authors (Dutt and Srivastava, 2018; Kamravamanesh et al.,
2018; Koch et al., 2019; Rueda et al., 2020a), PHB can be synthetized by the degradation of glycogen. Dissolved oxygen and CO2 are gradually trans-
ferred from the culture to the air. As a result of Cyanobacteria photosynthesis, protons (H+) are consumed, resulting in a pH increase. This increase
produces a change in the chemical equilibriums of inorganic carbon and phosphorus species.



Fig. 1.General simplified schematic representation of the conceptualmodel showing themain processes and species considered. Arrows represent processes. Species in triangles are gases
and the ones inside circles are soluble species.
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2.1.2. Model processes
The structure of thismodelwas inspired on previous Activated SludgeModels (ASM) (Gujer et al., 1999). Detailedmathematical description of the

processes can be found in Table 1. Process parameters and stoichiometric coefficients used in the model equations are listed in Supplementary ma-
terials Tables S3 and S6 respectively.

Mathematical expressions used in this study are based in the Droopmodel which allows predicting the growth under substrate limitation (Zhang
et al., 2015). In the Droop model the intracellular concentration of nutrients is based on a nutrient quota (Q), which is defined as the mass ratio
between nutrients and biomass (Zhang et al., 2015).

pH and temperature are also considered. Following the work by Solimeno et al., 2019 cardinal equations for pH and temperature are included to
represent the inhibitory effects of growing at not optimal pH and temperature (Eqs. (1) and (2)). pHmin, Tmin and pHmax and Tmax represent the lower
Table 1
Mathematical description of model processes.

Process No. Rate

Cyanobacteria growth

Cyanobacteria growth on Ci 1 ρ1 ¼ φ pHð Þ � φ Tð Þ � μxm � QN
qN, ;max ;

� �
� QP

qP, ;max ;

� �
� QCi

qCi, ;max ;

� �
� Iav
KSIþIav � X

Cyanobacteria growth on glycogen 2 ρ2 ¼ φ pHð Þ � φ Tð Þ � μxm � 1− QCi
qCi, ;max ;

� �
� QN

qN, ;max ;

� �
� QP

qP, ;max ;

� �
� %gly
Kglyþ%gly � X

Cyanobacteria growth on PHB 3 ρ3 ¼ φ pHð Þ � φ Tð Þ � μxm � 1− QCi
qCi, ;max ;

� �
� QN

qN, ;max ;

� �
� QP

qP, ;max ;

� �
� %PHB
KPHBþPHB � X

Lysis 4 ρ4 = klysis · X2

Endogenous respiration 5 ρ5 ¼ kresp � O2½ �
O2½ �þKO2

� X

Nutrients uptake

Ammonia uptake 6 ρ6 ¼ φ pHð Þ � φ Tð Þ � kNH4 � NHþ
4½ �

KNþ NHþ
4½ � � 1− QN

qN, ;max ;

� �
� X

Nitrate uptake 7 ρ7 ¼ φ pHð Þ � φ Tð Þ � kNO3 � NO−
3½ �

NO−
3½ �þKN

� KiN

KiNþ NHþ
4½ � � 1− QN

qN, ;max ;

� �
� X

Phosphate uptake 8 ρ8 ¼ φ pHð Þ � φ Tð Þ � kPO4 � PO3−
4½ �

PO3−
4½ �þK

PO3−
4

� 1− QP
qP, ;max ;

� �
� X

IC uptake 9 ρ9 ¼ φ pHð Þ � φ Tð Þ � kIC � CO2½ �þ HCO−
3½ �

CO2½ �þ HCO−
3½ �þKCi

� 1− QCi
qCi, ;max ;

� �
� X

PHB and glycogen accumulation

Glycogen production 10 ρ10 ¼ φ pHð Þ � φ Tð Þ � kC2Gly � KGly
IN

QNþKGly
IN

� KGly
IP

QPþKGly
IP

� QCi
qCi, ;max ;

� �
� 1− %gly

glymax

� �
� X

PHB production 11 ρ11 ¼ φ pHð Þ � φ Tð Þ � kC2PHB � KPHB
IN

QNþKPHB
IN

� KPHB
IP

QPþKPHB
IP

� QCi
qCi, ;max ;

� �
� 1− %PHB

PHBmax

� �
� X

Glycogen conversion to PHB 12 ρ12 ¼ φ pHð Þ � φ Tð Þ � kGly2PHB � KPHB
IN

QNþKGly
IN

� KPHB
IP

QPþKGly
IP

· gly½ �
Kglyþ gly½ � � X

Gas transfer to air

CO2 transfer to the air 13 ρ20 = Ka
CO2 · (CO2

WAT − [CO2])
O2 transfer to the air 14 ρ21 = Ka

O2 · (O2
WAT − [O2])

3
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andhigher limits for pH and temperature atwhich Cyanobacteria can grow. Outside of this range all processes rates are 0. On the other hand, cardinal
function becomes maximum at pHopt and Topt.

φ pHð Þ ¼ pH−pHmaxð Þ � pH−pHminð Þ2

pHopt−pHmin

� �
� pHopt−pHmin

� �
� pH−pHopt
� �

− pHopt−pHmax

� �
� pHopt þ pHmin−2pH
� �h i ð1Þ

φ Tð Þ ¼ T−Ti; max
� � � T−Ti; min

� �2
Topt−Tmin
� � � Topt−Tmin

� � � T−Topt
� �

− Topt−Tmax
� � � Topt þ Tmin−2T

� �� � ð2Þ

- Cyanobacteria growth (process 1–3, Table 1): Cyanobacteria can grow using three different carbon substrates; inorganic carbon (process 1),
glycogen (process 2) and PHB (process 3). Cyanobacteria growth is also influenced by other parameters, such as nutrients concentrations and
light. Factors influencing Cyanobacterial growth are multiplied by the maximum specific velocity to obtain the actual growing velocity.

μ ¼ μmax � f QNð Þ � f QPð Þ � f QCð Þ � f Ið Þ ð3Þ

The effect of nutrients (N, P, C) f(Qi) on cell growth is expressed by themodified Droopmodel. Similarly towhatwas done by Ryu et al., 2018 the f
(Qi) factor was calculated as:

f Q ið Þ ¼ Qi

qi,max
ð4Þ

where Qi (gi·gX−1) is the actual quota, defined as the intracellular concentration of nutrient “i” divided by the biomass concentration. And qi, max

(gi·gX−1) is the maximum quota obtained at maximum growth.
When there is not inorganic carbon available, Cyanobacteria grow using PHB and glycogen. This growth velocity depends on glycogen and PHB

content. Their effect is defined by a Monod-type equation (Table 1).
Eventually, cells need light to grow using inorganic carbon. Similarly to what was done by Carpine et al., 2018, the effect of light is defined by a

Monod type equation (Eq. (5)).

f Ið Þ ¼ Iav
KSI þ Iav

ð5Þ

where Iav in μmol photons·m−2·s−1 is the average light intensity and KSI in μmol photons·m−2·s−1 is the half saturation constant of light intensity.
Iav can be estimated in a simplified way by the Lambert-Beer law for light distribution (Eq. (6)).

Iav ¼ I0
σ � L � X � 1−e−σ �L�X� � ð6Þ

where I0 is the incident light intensity in μmol photons·m−2·s−1, σ inm2·g−1 is the extinction coefficient and L the culture depth. In this case L is the
reactor radius and σ is assumed to be 0.37 m2·g−1 (Carpine et al., 2018).

- Cyanobacteria lysis (process 4, Table 1): Similar to what was done by Zhang et al., 2015, Cyanobacteria decay follows a second order reaction
with respect to biomass concentration. Decay is, thus, proportional to a specific velocity lysis coefficient (klysis) and to the square of cell concen-
tration (Zhang et al., 2015). Lysis releases cell components to the environment in form of ammonia, phosphorus, DIC and inert particulate matter
(XI).

- Cyanobacteria endogenous respiration (process 5, Table 1): this process is modelled by a specific respiration coefficient (kresp) and a Monod factor
which considers the oxygen as a limiting factor. Endogenous respiration produces CO2 and inert particulate matter (XI).

- Nutrients uptake (process 6–9, Table 1): These processes were described byMonod type equations, where the maximum uptake rates are down-
regulated by the corresponding internal quota (Bougaran et al., 2010). Ammonium and nitrate are both considered in this model, although,
ammonium is preferred by microalgae (Markou et al., 2014). To represent this, an inhibitory term is introduced in nitrate uptake (process 7,
Table 1).

- Photosynthetic production of PHB and glycogen (process 10–11, Table 1): PHB and glycogen production rates are proportional to f(QIC) and to a spe-
cific production rate constant. Moreover, PHB and glycogen production are downregulated by the presence of nitrogen and phosphorus (Arias
et al., 2018; Kamravamanesh et al., 2019). To represent this, similarly to what was done by Bekirogullari et al., 2018, inhibition factors for N
and P are used.

- Conversion of glycogen to PHB (process 12, Table 1): This process is proportional to the conversion rate constant, and it is considered that until
there is not enough glycogen accumulated in the cell, this process is not occurring. To represent this, a Monod type kinetic is used.

- Gas transference to air (process 13–14, Table 1): The transfer of CO2 and O2 to the air and conversely are based in the Henry's law:

ρi ¼ Ka,i � SWAT
i −Si

� �
ð7Þ

where i is the chemical species (CO2 or O2). SiWAT is the saturation concentration of gas inwater in g·m−3.Ka, i is the overallmass transfer coefficient of
the gas in d−1 and Si is the actual concentration in g·m−3.
4
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- Chemical Equilibrium and pH:Acid-based equilibria are considered in order to predict the pHof the system and the different nutrient species in the
medium. The pH prediction was done by expressing the concentrations of all ionic species in solution as a function of the H+ concentration and
the equilibrium constants. Doing so, a nonlinear equation with H+ as the only unknown was obtained.

To solve the set of differential equations of this model, first this nonlinear equation, should be solved to calculate the H+ concentration.
Then, the dissociation equilibriums are corrected and the pH is calculated. This pH value is the input of the next time step to solve the
ODEs (ordinary differential equations). More details about the pH model can be found in Supplementary materials (Eqs. (1)–(4) and
Table S9).

2.1.3. Model components
1. Active Biomass, X (gX·m−3): Part of the biomasswhich is responsible formetabolic activity and cell division. The sumof active biomass, PHB and

glycogen are the volatile suspended solids (VSS).
2. Ammonium, NH4

+ (gN·m−3): The culture medium used for our experiments (BG-11) has no ammonium, however, it can be produced through
endogenous respiration and Cyanobacteria lysis.

3. Nitrate, NO3
− (gN·m−3): Nitrate is assimilated by Cyanobacteria during the regeneration of intracellular nitrogen quota.

4. Phosphorus, Ptot (gP·m−3): Phosphorus is the sumof all the different chemical species involved (H3PO4, H2PO4
−, HPO4

2−, PO4
3−). The relative pro-

portion of these species change with pH. Organic phosphorus is not considered in this model.
5. Inorganic carbon, DIC (gC·m−3): Different inorganic carbon species (CO2, HCO3

−, CO3
2−), which change in concentration depending on chemical

equilibria. Inorganic carbon is assimilated by Cyanobacteria only as CO2 and/or HCO3
−. DIC is produced through endogenous respiration and

Cyanobacteria lysis, and can be transferred to/from the air.
6. Oxygen, O2 (gO2·m−3): Concentration of oxygen in water. Oxygen is produced or consumed in almost all the processes (except ammo-

nia uptake and CO2 transfer to the air). Its consumption or production is calculated from continuity equations as done in Dosta Parras
(2007).

7. Nitrogen quota, QN (gN·gX−1): intracellular nitrogen quota is a term described in the Droop model (Droop, 1973) that represents the substrate
stored per unit of Cyanobacteria active biomass. This nutrient quotamay be further available for cell growth, even after nutrients dissolved in the
growth media are depleted.

8. Phosphorus quota, QP (gP·gX−1): intracellular phosphorus is the ratio of internal phosphorus per unit of Cyanobacteria active biomass.
9. Carbon quota, QC (gC·gX−1): intracellular carbon is the ratio of internal carbon per unit of Cyanobacteria active biomass.

10. Glycogen, Gly (gGlucose·m−3): Glycogen is a carbon reserve in Cyanobacteria cells. It can be synthetized from inorganic carbon and is used as a
carbon source for biomass growth and PHB synthesis. It is also degraded by cell lysis and endogenous respiration. The glycogen content is calcu-
lated as:

%Gly ¼ Gly½ �
½VSS� � 100 ð8Þ

11. Polyhydroxybutyrate, PHB (gPHB·m−3): PHB is another carbon storage compound. It can be synthetized from inorganic carbon and from glyco-
gen. It is used as a carbon source for biomass growth. However, due to the interrupted tricarboxylic acid cycle of Cyanobacteria, PHB cannot be
used as efficiently as glycogen (Drosg et al., 2015). PHB can also be degraded by cell lysis and endogenous respiration. The PHB content is calcu-
lated as follows:

%PHB ¼ PHB½ �
½VSS� � 100 ð9Þ

12. Inert particulate matter, XI (gTSS·m−3): Inert particulate matter is generated by biomass lysis and endogenous respiration (Gujer et al., 1999;
Solimeno et al., 2017), and therefore includes dead cells and other organic detritus.

2.1.4. Stoichiometric and parameter values
Stoichiometric matrix and parameter values used in this model are presented in Tables S2 and S5 in Supplementary Materials. Mathematical ex-

pression of each of the stoichiometric is shown in Table S7 in Supplementary Materials. From this information the reaction rate of each component
can be calculated as follows (Eq. (10)):

ri ¼ ∑ni
i¼1∑

nj
j¼1νi,j � ρj ð10Þ

where i is the number of model component and j the number of process. ρj is the reaction rate in mg·L−1·d−1 and νi, j the stoichiometric coefficient
(Solimeno et al., 2017). Moreover, for each process the continuity equationmust be fulfilled. Eq. (11) shows the general expression of the continuity
equation for a process j and an element c.

∑ni
i¼1∑

nj
j¼1νi,j � ic,i ¼ 0 ð11Þ

whereνi, j is the stoichiometric coefficient for component i and process j, and ic, i is the conversion factor of a component i to its elemental elements (C,
N, P, O) (Table S8) (Dosta Parras, 2007).
5
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2.2. Model calibration and sensitivity analysis

The model described in the previous section was implemented in COMSOLMultiphysics™ v.5.4. A 0-Dimension interface and the Reaction Engi-
neering module with a semi-batch reactor were used to represent the experimental reactor.

Themodel was calibrated using authors' previously published data (see Table S10 and Fig. S2) (Rueda et al., 2020a). In these cultures, a monocul-
ture of Synechocystis sp., was grown in column photobioreactors made of polymethacrylate with a diameter of 11 cm and a working volume of 2.5 L
(Table 2). Three different culturing phases with different DIC concentrations were applied in this reactor (growing phase, a feast and famine phase
and a feast phase). These experiments were done in duplicate.

27 parameters from the 48 parameters implemented in themodel were calibrated, and the rest were obtained from previous studies as indicated
in Table S3. Calibration procedure was done as follows (Brun et al., 2002); first, in order to assess which parameters had a greater influence on the
model, a sensitivity analysis was done. To do this, the mean square root (msqr) of the sensitivity function for each model variable was calculated as
follows (Eq. (12)):

δmsqr
j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
�∑ni

i¼1∑
nj
j¼1

θþ20%
i,j −θ−20%

i,j

2 � Δp

 !2
vuut ð12Þ

where θi, j+20% and θi, j−20% in mg·L−1, are the simulation results for a particular variable of interest (j) at a time i, when the value of the parameter p
increased or decreased a 20%.Δp is the change produced in each parameter, in this case, a 20% of the parameter's values, andN is the number of values
considered.

Parameters with higher sensitivity were calibrated by tuning its value and comparing the simulation results with the experimental data set. For
each of the tried values and for each of the parameters calibrated, the squared correlation coefficient (r2) (Eq. (13)) and the normalized root mean
square error (NRMSQE) (Eq. (14)) were calculated to assess the accuracy of the calibration. The values of the parameters were chosen to minimize
the NRSQE and maximize r2. NRSQE and r2 are calculated as:

r2 ¼ 1−
∑ni

i¼1∑
nj
j¼1 yi,j−θi,j
� �2

∑ni
i¼1∑

nj
j¼1 yi,j−yj
� �2 ð13Þ

NRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ni

i¼1∑
nj
j¼1

yi,j−θi,jð Þ2
N

r
y

ð14Þ

where θi, j inmg·L−1 represents the values of themodel for a particular variable of interest (j). yi, j inmg·L−1 is the experimental value of a particular
variable of interest (j) at a particular experimental time (i). yj in mg·L−1 is the mean value of the experimental data. And N is the number of exper-
imental values.

Eventually, once the model was calibrated, the endpoint sensitivity analysis was carried out to assess the soundness of the model. Similarly to
what was done by Carpine et al., 2018, the impact on cell concentration, PHB and glycogen at the endpoint (45 days) for a modification of a ±20%
in the model parameters was determined. Hence, the endpoint sensitivity for each parameter can be calculated as:

δþ20%
p ¼ θþ20%

end,j −θend,j
θend,j

� 100 ð15Þ

δ−20%
p ¼ θ−20%

end,j −θend,j
θend,j

� 100 ð16Þ

where δp+20% and δp−20% in% are the sensitivity of a parameterpwhen this parameterwas increasedor decreased a 20% respectively. θend, j+20% and θend, j−20% in
mg·L−1 are the result of the model at the endpoint (45 days) for a particular variable of interest (j), which can be PHB, glycogen or VSS, when the
studied parameter is increased or decreased a 20% respectively. θend, j is the model value at endpoint (45 days) for a particular variable of interest
(j), when no changes are done over any of the parameters. This methodology was used to present the sensitivity results, since it is really simple
and understandable.
Table 2
Photobioreactor (PBR) characteristics, culturing conditions and culture medium composition of the datasets used for calibration (Cal) and validation (Val-1 and Val-2).

Data
set

PBR characteristics Initial conditions Ref

PBR
volume (L)

Culture radius
(cm)

Light intensity
(μmolPAR·m−2·s−1)

pH control Agitation NO3
−

(mgN·L−1)
P
(mgP·L−1)

DIC
(mgC·L−1)

QP QN QC

Cal 2.5 5.5 37 (15 h·d−1) Yes (HCl + CO2) Magnetic stirrer 63a 4.9 121b 0.0046 0.099 0.58
(Rueda et al.,
2020a)

Val-1 3 5.75 102 (15 h·d−1) Yes (HCl) Magnetic stirrer 122 7c 272 0.007 0.11 0.23 This study
Val-2 3 5.75 102 (15 h·d−1) Yes (HCl + CO2) Magnetic stirrer 108 4.8 118d 0.009 0.14 0.34 This study

a 10 mgN·L−1 were supplemented at day 20.
b Added in a feast-famine regime from day 31 to 38 and maintained at 120 mgC·L−1 afterwards.
c Addition of 6 mgP·L−1 at day 4 and 1 mgP·L−1 at day 10.
d Maintained at 120 mgC·L−1 after day 29.

6



E. Rueda and J. García Science of the Total Environment 800 (2021) 149561
2.3. Model validation

Data for model validation were obtained from duplicate experiments conducted ad hoc for the purposes of this study. Two different data sets
(with duplicate reactors in each) were used from a monoculture of Synechocystis sp. in a 3 L column photobioreactors, with a radius of 5.75 cm.
Light was provided with cool white LEDs placed at a distance of 20 cm from the reactor and warm white LED strips rolled up around the reactor.
This illumination provided an average light intensity of 102 μmol PAR·m−2·s−1 during 15 h per day. In the first data set, pH was regulated with
HCl additions. In the second data set CO2 injections were used to control the pH until day 10. From day 10 to 29 HCl was used to control the pH in
order to reduce the concentration of DIC. Experimental results can be found in Tables S11 and S12.

The first data set was used to validate nutrient consumption and growth rate, while the second data set was used to validate PHB (Table 2).

2.4. Model applications

Two cases of studywere used to determine optimal operation conditions tomaximize PHB production. The first case study was conducted to de-
termine the optimal initial concentration of nutrients (N and P) to attain a one step cultivation and improve PHB productivity in a batch lab scale
reactor. Optimal conditions were determined for a column photobioreactor with a radius of 5.75 cm and illuminated with a light intensity of 102
μmol PAR·m−2·s−1. In this case, pH was controlled by means of CO2 additions and DIC concentration was kept constant. To determine the optimal
concentrations of nutrients several combinations of initial N and P were tried. For each combination PHB productivity at every time step was calcu-
lated and the maximum productivity was selected. Afterwards, the maximum productivity of each combination was compared to determine which
combination had the best productivity.

In the second case study, the continuous production of PHBwas optimized. Nutrient limitation is one of the most important factors to produce a
high amount of PHB. Therefore, to produce PHB in a continuousway, the best strategy is to use reactors in series. In the first reactor Cyanobacteria are
grown and nutrients are consumed. Then, the outflow of the first reactor is fed to a second semi-batch reactor were PHB and glycogen are accumu-
lated. After certain hydraulic retention time (HRT2) the second reactor is discharged. The outflow of the first reactor should be fed every day to a dif-
ferent accumulation tank in order to allow the culture reach nutrients limitation and thus, the accumulation of the biopolymers. In order to have a
continuous production of PHB several accumulation reactors should be used (N° of accumulation reactors = HRT2). The volume needed for each
of the accumulation reactors is equal to the amount discharged in 1 day from the growing tank:

V2 ¼ _Q1 L � d−1
� �

� 1 day ð17Þ

where V2 is the volume of each of the accumulation reactors, Q1 is the outlet flowrate of the growth reactor. Fig. 2 shows and schematic representa-
tion of the proposed configuration for the continuous production of PHB.

In this second case study, the best concentration of nutrients in the influent and the optimal hydraulic retention times (HRT1 and HRT2) of the
growth and accumulation reactors to maximize the system productivity were determined for a column photobioreactors with a radius of 5.75 cm.
The light was considered to be solar irradiation in Barcelona (Spain) in August (https://re.jrc.ec.europa.eu/pvg_tools/es/#DR). In this case study,
pH was controlled bymeans of CO2 additions and DIC concentration was kept constant at 120 mgC·L−1. To determine the optimal operation condi-
tions to maximize PHB productivity, several N and P inlet concentrations and several HRT1 and HRT2 were tried. For each combination, PHB produc-
tivity was calculated as follows:

Productivity ¼ PHBOUT
2 � _Q1

V1 þ V2 � N�accumulation tanks
ð18Þ

where PHB2OUT is the PHB inmg·L−1 concentration in the outlet of the accumulation reactor. _Q1 in L·d−1 is the volumetric flow rate and V1 and V2 in L
are the volume of the growth reactor and the volume of each accumulation reactor respectively.

2.5. Analytical methods

Samples from photobioreactors were periodically analyzed for biomass, nutrients and PHB and glycogen content. pHwas continuouslymeasured
online in each PBR, by an online sensor (HI1001, HANNA instruments, Italy) placed inside the reactor. pHwas kept at an optimum level (7–9) by the
action of a pH controller (HI 8711, HANNA instruments, Italy), which activated a peristaltic pump or an electro valve to add HCl or CO2 respectively.

DIC was measured by a C/N analyzer (C/N analyzer 2005, Analytikjena, Germany). NO3
− and PO4

3− were measured by the colorimetric methods
described in Standard Methods (methodologies 4500-NO3− and 4500-PE) (APHA et al., 2012). Soluble alkalinity M and P were measured by a pho-
tometric kit from Lovibond (Tintometer, Amesbury, UK). Alkalinity was related to DIC with the following equation:

DIC mg � L−1
� �

¼ H2CO3 mg � L−1
� �

þ HCO3
− mg � L−1
� �

þ CO3
−2 mg � L−1
� �

¼ Alkalinity−M−Alkalinity−P ð19Þ

To measure the soluble components, samples were filtrated through a 1–3 μm pore glass microfiber filter. Total suspended solids (TSS) and vol-
atile suspended solids (VSS) weremeasured following the gravimetric methods described in StandardMethods (methodology 2540 D) (APHA et al.,
2012).

To analyze PHB and glycogen, samples were frozen at−80 °C and freeze dried at−110 °C, 0.049 hPa (Scanvac, Denmark). PHB and glycogen ex-
traction and analysis were done as described in Rueda et al. (2020a, 2020b). In few words, PHB was extracted by digesting 2–3 mg of freeze-dried
sample in acidified MeOH and CHCl3. After digestion 0.5 mL of water were added to the samples to separate solvents by density. PHB will remain
in the CHCl3 phase. PHB was determined by means of gas chromatography (GC) (7820A, Agilent Technologies, USA). Glycogen extraction was
done by following the methodology of Lanham et al. (2012) (Lanham et al., 2012) and concentration was measured by the phenol‑sulfuric acid
method described in Dubois et al. (1956).
7
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Fig. 2. Reactor configuration for the continuous production of PHB.
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3. Results and discussion

3.1. Model calibration

Calibration was done by using lab scale photobioreactors inoculated
with a Synechocystis sp. monoculture as explained in Rueda et al.
(2020a, 2020b). Fig. 3 shows a comparison of experimental and simu-
lated results, which points out that the model successfully reproduced
the experimental results. Indeed, high values of r2 and low NRMSE
were observed for most of the variables (Table 3). The variables with
higher correlations were NO3

− and DIC. Results indicate that light was
the variable that most limited the growth rate. Average light in the cul-
ture decreased from 20 to 5 μmol photons·m−2·s−1 (Fig. 3.H). The cal-
ibrated half saturation constant for irradiance was 300 μmol
photons·m−2·s−1 (Table S3), what indicates that this culture was,
from the very beginning, highly limited by light. Indeed, only by the ef-
fect of light limitation, the culture was growing between a 95–98%
slower than its maximum velocity. The calibrated half saturation con-
stant for irradiance found in this study was higher than the one found
by Carpine et al., 2018 (9 μmol photons·m−2·s−1). Nevertheless, simi-
lar values were found in other studies. For instance, Straka and
Rittmann, 2017 found a half maximum light absorption coefficient of
380 μmol photons·m−2·s−1 for Synechocystis sp. PCC 6803 growing
in a 370 mL reactor and Saldarriaga et al., 2020, found a value of
368.52 μmol photons·m−2·s−1 for a consortia of microalgae isolated
from landfill leachate growing in a bubble column reactor with 9 cm di-
ameter. These differences can be explained by different light acclima-
tion of the cultures.

PHBwas also predictedwith a high accuracy (r2 of 0.89 and aNRMSE
of 19%). In the case of glycogen, although the accuracy is not really high,
model predicted the general tendency of experimental results (NRMSE
of 41% and r2 of 0.36). In fact, the model reproduced the glycogen de-
crease during the feast-famine period to compensate the lack of DIC.
More experimental research on glycogen production is needed in
order to improve the accuracy of this model to predict glycogen
accumulation.
8

If the ability to reproduce experimental data of this model is com-
pared with the previous model, it is observed, that slightly lower r2

values are obtained here. For instance, Carpine et al., 2018, found r2

values higher than 0.8 in all the studied variables (almost in all the
cases higher than 0.9). On the contrary in the present study, only NO3

−

and DIC consumption were predicted with r2 higher than 0.9
(Table 3). Although r2 is lower than in previousmodel, it can be reason-
ably considered that our model can properly predict experimental data,
as r2 is enough high in almost all the cases. It should also be noted that
this is a model not based on regression analysis, so although r2 is the
most extended coefficient to determine the model prediction capacity,
other variables such as the comparison of the estimated values with
the observed values would be more appropriate (Von Sperling et al.,
2020). Here, NRMSQE is in general low, which also demonstrates the
model goodness.

Model results show that PHB photosynthetic production (process
11) was the one with higher production rate, from all PHB produc-
tion processes, which indicates that DIC was the main source of car-
bon for the produced PHB. However, by the end of the experiment
glycogen conversion to PHB (process 12), became gradually more
important. In fact, by the end of the experiment 45% of the PHB was
produced by means of glycogen conversion. These results indicate
that glycogen conversion to PHB becomes more important as cells
are kept under nutrient limitation, although DIC still remains the
main source to produce PHB. Similar results have been recently
found by Dutt and Srivastava, 2018, who observed, by labelling the
bicarbonate added in the medium, that only a 26% of the PHB pro-
duced during starvation was generated by inorganic carbon fixation.
Other authors also demonstrated the importance of glycogen con-
version for the PHB production. For instance, Troschl et al., 2018 con-
cluded that PHB in Cyanobacteria are produced in three different
phases; 1) biomass productionwith fresh nutrients, 2) photoautotro-
phic production of PHB, 3) intracellular conversion of glycogen to
PHB. Koch et al., 2019, demonstrated by impairing some genes re-
lated with the synthesis of glycogen, that PHB is mainly produced
form the glycogen pool in order to ensure a long-term survival of



Fig. 3. Time evolution of VSS (A), NO3
− (B), PO4

3− (C), DIC (D), %glycogen (E), %PHB (F), intracellular nutrients quota (G) and average light (H). Points represent the mean value and
standard deviation obtained in Rueda et al. (2020a) by two equal monocultures of Synechocystis sp. Lines represent the model results. These results were used for model calibration.
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the cells and to prepare them for a quick response as soon as nutri-
ents are available again. These authors found that glycogen catabolic
routes that generate higher amounts of ATP while other metabolites
for biosynthetic purposes are preferred for PHB synthesis (Koch
et al., 2019).
9

3.2. Model sensitivity

Fig. 4 shows the endpoint sensitivity for VSS, glycogen and PHB.
All the sensitivities were always under 15%, meaning that a change
of a 20% in any of the parameters will imply a modification of VSS,



Table 3
Squared correlation coefficient (r2) and normalized root mean square error (NRMSQE) between simulation and experimental data. Cal is calibration and Val-1 and Val-2 are the two ex-
periments used for validation.

Data set VSS NO3
− PO4

3− DIC PHB Gly

r2 NRMSE r2 NRMSE r2 NRMSE r2 NRMSE r2 NRMSE r2 NRMSE

Cal 0.87 20% 0.97 20% 0.86 27% 0.97 18% 0.89 19% 0.36 41%
Val-1 0.88 12% 0.99 3% 0.92 19% 0.93 27% – – – –
Val-2 0.62 23% 0.95 14% 0.87 23% 0.99 4% 0.57 29% – –
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glycogen or PHB lower than a 15%. This trend suggests a high model
soundness.

The parameters that most affected VSS were the cell lysis (klysis), the
photosynthetic glycogen production rate (kC2Gly) and the maximum %
of glycogen in the cell (Glymax). In the case of glycogen all the parame-
ters had a sensitivity <10%. The photosynthetic glycogen production
rate (kC2Gly) and the maximum % glycogen in the cell (Glymax) were
the ones with a higher sensitivity. Note that the parameters related
with glycogen were the ones that most affected VSS. This is related to
the fact that VSS are formed by active biomass (X), glycogen and PHB.
And glycogen was almost a 40% of the VSS weight, by the end of the
experiment.

The parameters that most affected PHB, were photosynthetic PHB
production rate (kC2PHB), the nitrogen inhibition constant for PHB for-
mation (KiN

PHB) and the cell lysis (klysis). Results show a strong negative
correlation between cellular lysis and PHB production. This is explained
by the fact that a lower cellular lysis is related to a higher growth rate,
which implies a higher nutrient consumption andmore nutrient limita-
tion. Results found here are in accordance with what was found by
Carpine et al., 2018, which observed an adverse effect of μmax in PHB
production which was attributed to cellular lysis.

3.3. Model validation

Biomass (VSS) observed in the experiments used for validation was
higher than in the calibration. This increase is related to light availabil-
ity, which was almost 3 times the one in calibration experiments
(Table 3). Despite the higher growth rate, PHB accumulated was similar
to the one obtained during calibration. This is explained by the fact that
Fig. 4.Model sensitivity at the endpoint (day 45) for VSS (A), glycogen (B) and PHB (C). Light ba
the parameters in a 20%.
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during experiments done to validate this model, a higher concentration
of nitrogen was added to the culture. Therefore, although cell growth
and nutrients consumption rateswere higher, the higher initial concen-
tration of nutrients hindered the PHB production. These observations
highlight the necessity of optimizing the initial concentrations of nutri-
ents considering the environmental conditions.

Simulation resultsmatched, in general, experimental data (Fig. 5). In
the case of VSS (Fig. 5. A) the error of the simulations of the second val-
idation data set was higher than in calibration (Table 3). Model
underpredicted the VSS concentration during the growth phase, al-
though similar results were reached for the stationary phase. Nutrients
consumption fitted very well the experimental data sets (r2 > 0.87 for
PO4

3− and r2 > 0.9 for NO3
− and DIC). The error of simulated PHB slightly

increasedwith respect to the calibration results (r2= 0.57 andNRMS=
29%).

3.4. Study cases

3.4.1. Case 1: optimization of initial nutrients concentration in batch lab
scale reactor for maximal PHB production

Simulation results highlight the crucial role of initial nutrient con-
centrations. Nevertheless, to attain a scalable process it is essential to
achieve a high concentration of PHB with the minimum amount of
time. For this reason, in this section optimization of the initial concen-
trations of N and P was done in order to attain the maximum PHB pro-
ductivity. Fig. 6 shows the PHB productivity as a function of different
initial concentrations of N and P. The optimal productivitywas obtained
at low concentration of N (between 5 and23mgN·L−1) and at relatively
low concentration of P (between 1 and 5 mgP·L−1). Maximum
rs indicate the decrease of the parameters in a−20% and dark bars indicate the increase of



Fig. 5.Time evolution of VSS (A), NO3
− (B), PO4

3− (C), DIC (D) and% PHB. Points represent themean value and standarddeviation obtained experimentally in amonoculture of Synechocystis
sp. Lines represent the model results. These results were used for validation.
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productivity (2.3 mgPHB·L−1·d−1) was obtained with a N and P con-
centration of 6.4 mgN·L−1 and 2mgP·L−1, respectively. This productiv-
ity would be reached after 50 days of experiment and the PHB content
would be 13.2%dcw. Note that the optimal N:P ratio was approximately
7 (molar basis), which is lower than the Redfield ratio (N:P ratio =
15) (Redfield, 1958). These results indicate that a slight limitation of N
and a moderate excess of P stimulated PHB production. This is in accor-
dance with previous observations (Dutt and Srivastava, 2018;
Kamravamanesh et al., 2019). For instance, Kamravamanesh et al.,
2019 observed that P is required for glycogen synthesis. Indeed, they
observed that small pulses of P boosted glycogen accumulation. On
the other hand, Dutt and Srivastava, 2018 observed that PHB is mainly
formed by intracellular carbon recycling. Hence, a higher initial
11
concentration of P may cause an increase in the production of glycogen.
Once P is finished, PHB will be produced from glycogen to deliver en-
ergy and NADH (Kamravamanesh et al., 2019). Regarding productivity,
it should be noticed that although this optimization improved produc-
tivity from less than 0,1 mgPHB·L−1·d−1 (experimental data), to 2.3
mgPHB·L−1·d−1, the productivity is still lower than the obtained in
other studies. For instance, Carpine et al. (2018), obtained approxi-
mately 6,4 mgPHB·L−1·d−1 and Kamravamanesh et al. (2017, 2018)
obtained a maximum productivity of 59 mgPHB·L−1·d−1 and 101
mgPHB·L−1·d−1 respectively, with a wild strain. These differences
can be attributed to the highest light availability of these studies,
which allow them to reach higher biomass concentrations. Further-
more, strains' differences can also affect the PHB productivity.



Fig. 6. Surface plot (A) and contour plot (B) of the PHB productivity related with the initial concentrations of N and P. Yellow colour represents the maximum PHB productivity and blue
colour the lower. (For interpretation of colour in this figure legend, the reader is referred to the web version of this article.)
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3.4.2. Case 2: optimization of continuous PHB production with
Cyanobacteria

In this study, it is hypothesized that PHB could be produced contin-
uously using reactors in series. First, a big reactor is used to grow bio-
mass and consume nutrients. Then, the effluent of the first reactor is
introduced into a set of semi-batch accumulation reactors where PHB
and glycogen are accumulated. In this case study the operation condi-
tions (nutrient loading and hydraulic retention time) of the growth re-
actor and the accumulation reactors are optimized to maximize PHB
productivity.

Fig. 7 shows a schematic representation of the optimal operation
conditions found. The optimal nutrients concentration in the influent
of growth reactor were found to be 50 mgN·L−1 and 10 mgP·L−1, and
the optimal hydraulic retention time (HRT1) was 4 days. With this
HRT, nutrients were partially consumed (effluent concentrations of 15
mgN·L−1 and 7 mgP·L−1) and 235 mgVSS·L−1 were achieved. The
Fig. 7. Schematic representation of the optimal c
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optimal HRT of the accumulation reactors was 20 days. This means
that the effluent of the growing reactor (1/4 of its volume) is used to
completelyfill one of the 20 accumulation reactors, after 20 days this ac-
cumulation reactor is discharged and the PHB is recovered. The model
predicted that with this configuration a productivity of 5.1
mgPHB·L−1·d−1 will be achieved and an effluent with a biomass con-
centration of 1.4 gVSS·L−1with a 9%dcw of PHBwill be produced. Similar
configurations also gave similar productivities (productivity >4
mgPHB·L−1·d−1, see Table S13). To achieve this high productivity
HRT1 should be between 4 and 15 days, and the HRT2 should be be-
tween 18 and 20 days. Influent nitrogen concentration should be be-
tween 30 and 56 mgN·L−1 and phosphorus between 8.3 and 15
mgP·L−1. More details about the best configurations obtained after
the optimization can be found in Table S13. Short HRT1 in the growth re-
actor and long HRT2 in the accumulation reactors seem to be the best
strategy to increase the PHB productivity. Note that a higher PHB
onfiguration for PHB continuous production.
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concentration was obtained when larger HRT1 were used (see
Table S13). However, the higher flow rate obtained when shorter
HRT1 were applied increased the PHB productivity and compensate
for the decrease in PHB concentration. Nevertheless, the downstream
production costs should be considered to finally decide which is the
best PHB production strategy.

There are only few studies regarding PHB production at pilot scale
andwith continuous reactors, which hinders the discussion of these re-
sults (Yashavanth et al., 2021). Troschl et al. (2018) found a maximum
productivity of 8.5 mgPHB·L−1·d−1, in a 200 L tubular pilot reactor op-
erated in semi-continuous conditions. A lower productivity was ob-
tained in previous author's work (0,1 mgPHB·L−1·d−1) in a semi-
continuous demonstrative plant (3 reactors of 11m3 each) fed with ag-
ricultural run-off and with a mixed Cyanobacteria dominated culture
(Rueda et al., 2020b). Results found in this work, are within the same
magnitude that the ones found by Troschl et al. (2018) and 50 times
higher than the ones previously found by the authors (Rueda et al.,
2020b). Different productivities may be obtained with different strains,
thus, themodel should be calibrated for each individual strain,what can
be done using laboratory scale results for each individual case. There-
fore, this model can serve as a tool to optimize industrial scale produc-
tion before scaling up. Furthermore, it allows trying different reactor
configurations, which may help in the decision-making process.

4. Conclusions

In this study PHB and glycogen photosynthetic production processes
were studied and optimized by using a new kinetic model tool. The
model was successfully calibrated and validated for a monoculture of
Synechocystis sp. (r2 between 0.6 and 0.99). It was also observed that
theparameters thatmost affected PHBproductionwere cell lysis and ni-
trogen inhibition constants. During model validation, it was observed
that although cell growth and nutrients consumption rates were higher
due to higher light intensity than in calibration experiments, the higher
initial concentration of nutrients hindered the PHB production. These
highlight the importance to optimize reactor operation conditions con-
sidering environmental factors. The developed model was used to opti-
mize the initial nutrients concentration for a one-step laboratory
reactor, which were found to be 6.4 mgN·L−1 and 2 mgP·L−1. Further-
more, a new reactor configuration to produce PHB in a continuous in-
dustrial scale was proposed. The optimal operation conditions for this
configuration were found to be a hydraulic retention time of 4 days in
the growth reactor, and a hydraulic retention time of 20 days in the ac-
cumulation reactors. Optimal nutrients concentration at growth reactor
influent were 50 mgN·L−1 and 10 mgP·L−1. With this configuration a
productivity of 5.1 mgPHB·L−1·d−1 was achieved.

The model presented in this study improves previous model about
PHB production with Cyanobacteria, creating a more generalist tool,
useful for any environmental condition and growth media. Moreover,
this model introduces the most recent discoveries about PHB produc-
tion with Cyanobacteria, such as the relevance of glycogen to produce
PHB.

Considering the environmental pollution problems generated by the
use of conventional plastics, new biodegradable materials produced
with a lowenvironmental impact are essential. However, biological pro-
cesses need for the cleaner production of this bioplastics are complex,
and usually difficult to optimize and scale up. The proposed model is
as a useful tool to increase PHB productivity and successfully design
and scale up PHB production with Cyanobacteria under different envi-
ronmental situations and reactor configurations.
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