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Kinetic modeling of Chlorella vulgaris cultivation in pig waste:
effect of solar irradiation
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ABSTRACT

There is an exponential increase in hog farms around the world to meet the

increasing demand for protein, resulting in a significant amount of hog wastewater.

Within the biological treatments, to address this problem, the -cultivation of

microalgae has gained importance in recent years, since its growth requires low-

cost substrates and can be effective for obtaining compounds with high added
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value. The objective of this work is to obtain a kinetic model of a mixotrophic
culture of Chlorella vulgaris in open-air pig waste that considers the effect of solar
irradiation. As a result of the investigation, a kinetic model is obtained to describe
the symbiotic growth of the microalgae and the Chlorella vulgaris bacterium in an
open-air culture system that uses pig waste as the only source of carbon and
nutrients. The model obtained makes it possible to predict the maximum
concentrations of the mixed biomass considering the effect of accumulated solar
radiation during the day. The optimum value of solar irradiation is 5209 W/m?h, at
which 11 gl-1 of biomass are obtained. The validation of the model showed a
99,2% correlation between the observations and the predictions for variable solar
irradiation conditions, indicating a good performance in practice.

Keywords: kinetic modeling; biological treatment; open culture system.

RESUMEN

Existe un aumento exponencial de granjas porcinas en todo el mundo para
satisfacer la creciente demanda de proteinas, lo que resulta en una cantidad
significativa de aguas residuales porcinas. Dentro de los tratamientos bioldgicos,
para dar situacion a esta problemética, el cultivo de microalgas ha cobrado
importancia en los ultimos afios, dado que su crecimiento requiere sustratos de
bajo costo y puede ser efectivo para la obtencion de compuestos de alto valor
agregado. El objetivo de este trabajo es obtener un modelo cinético de un cultivo
mixotréfico de Chlorella vulgaris en residuales porcinos a cielo abierto que
considere el efecto de la irradiacion solar. Como resultado de la investigacion se
obtiene un modelo cinético para describir el crecimiento simbiético de la microalga
y la bacteria Chlorella vulgaris en un sistema de cultivo a cielo abierto que utiliza
residuos porcinos como unica fuente de carbono y nutrientes. El modelo obtenido
permite predecir las concentraciones maximas de la biomasa mixta considerando
el efecto de la radiacién solar acumulada en el dia. El valor éptimo de irradiacién
solar es de 5209 W/m2h, al que se obtienen 11 gL™ de biomasa. La validacién del

modelo mostré una correlacion del 99,2 % entre las observaciones y las
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predicciones para condiciones variables de irradiacion solar, indicando un buen
desempefio en la practica.
Palabras clave: modelado cinético; tratamiento bioldgico; sistema de cultivo

abierto.
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Introduction

The wastewater from swine farm is generated from the pig excreta as well as the
water used to clean the hog housing sheds. Thus, the wastewater generated in rich
in ammonia content from the urine of the hogs, and the manure contributes to the
high chemical/biological oxygen demand. Studies on small scale pig farms in
china, the leading pork producer in the world, indicated the generation of about
1300 t wastewater per year per pig farm, including manure, urine and washing
wastewater. Proper treatment of the waste generated and safe environmental
disposal is an integral part of the farms since swine wastewater is highly toxic.™”

In Cuba, in 2010 swine production alone accounted for 225 000 t. Many production
farms have inefficient systems for residual water treatment thus causing a negative
impact on the environment. As a result of their contribution with organic matter,
nitrogen, and phosphorus, new means and methods are required for treatment and
less aggressive disposal into the environment.

To date, conventional physico-chemical and biological treatment methods are
widely used for the treatment of wastewater. However, the efficient operation of

these systems requires substantial operation and maintenance costs, and the
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application of novel technologies for the treatment and disposal of
sludge/residues.®

Nowadays biological wastewater treatment methods have attracted the attention of
workers throughout the world and have helped in developing efficient and low-cost
waste treatment systems. These techniques involve the application of anaerobic or
aerobic processes to biologically breakdown the organic pollutant present in the
industrial wastewater.®

Microalgal biotechnology has gained importance in recent years since its growth
requires low-cost substrates and can be effective in obtaining compounds with high
added value. In general, microalgae are cultivated in wastewater for
carbohydrates, lipids and proteins that are mainly focused on the production of fuel
and animal feed. However, microalgae are known to produce high-value bioactive
compounds, which can have different pharmaceutical and cosmetic applications.
They have the potential to reduce greenhouse gases (GHG), especially carbon
dioxide emissions and the ability to assimilate nitrogen and phosphorus from
wastewater. 6.7

The significant factors that influence the occurrence and accumulation of algal
blooms in surface waters are light, temperature, and nutrient concentrations. In
favorable conditions, algae and bacteria show symbiotic relationships that remove
nutrients from the aquatic environment and remain in ecological balance without
supplemental aeration. ©

Kinetic models are an indispensable tool for the study of microalgae productivity.
These not only provide a basis for the design of the reactor, but also for the
improvement of processes through facilitating the exploration of various
environmental and operating conditions.®*® The kinetic model is utilized to
describe dynamic cell growth in a black-box profile because it models relationships
on the basis of input (e.g., nutrients, light intensity, and temperature) and output
(e.g., biomass and product concentrations) coefficients. It is a valid tool to increase
the productivity of target products by optimizing the environmental and culture

conditions. 40
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In review by “P 26 kinetic models are reported in microalgae, 14 of them consider
the intensity of light as the only nutrient, which are often applied on a laboratory
scale, but not to a real system with different species."“? Developed a kinetic model
that considers the effect of light intensity and dissolved inorganic carbon applying
the Verhulst logistic model but the culture conditions differ from that of this study.

In general, the developed and validated models refer to a single species, when in
reality the cropping systems can contain several species, mainly in open systems.
Therefore, developing a model that takes into account the relationship between
microalgae and bacteria better represents the open-pit system.

The objective of this work is to obtain a kinetic model of a mixotrophic culture of
Chlorella vulgaris in porcine opencast residuals that considers the effect of solar

irradiation.

Materials and methods

Microorganism and general conditions of experimentation
The investigations were carried out at the Solar Energy Research Center (CIES) of
the CITMA and the "El Brujo" Pig Combined
The cultivated species is the microalga Chlorella vulgaris, which is conserved in
the collection of microalgae of CIES at an average temperature of 25 °C.
The culture experiments were carried out in a 3500 m? thin-film photobioreactor
that is part of an integral waste treatment system located in El Brujo porcine feedlot
areas in Santiago de Cuba.®®. The experimental data were taken on sunny days
from the months of May-July between 07:00 and 16:00 h.
During the night the culture suspension is kept recirculating in a tank of 32,5 m>.
The porcine liquid residual was used as the only source of carbon and inorganic
nutrients for the cultivation of microalgae. To keep the culture volume constant,
residual is added at different time intervals. For them, the % evaporated water due

to solar irradiation is taken into account.
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The mixed cell concentration was calculated every 15 min from measurements of
sample optical density with an UV-Visible spectrophotometer (Spekol 10) at
750 nm wavelength (OD7s5). At this wavelength it is assumed that there is no

absorption by pigments and therefore is directly related to the mixed biomass.

The growth of microalgae and bacteria was calculated twice a day, at 7 and 17 h,
by counting cells with a Jenaval binocular optical microscope (in an improved
Neubauer chamber of 0,1 mm depth). ¥

Taking into account the stoichiometry of the reaction and the mass balances, the

concentrations of microalgae and bacteria are calculated every 15 min.

The solar radiation values were taken every 15 min, from the CIES actinometric

station coupled to a data acquisition system Data logger MP-110 (Japan).®

Mathematical Modeling

= .“ﬂ;nx(l - = )X (1)

dt Mo

The Verhulst logistic kinetic model ®® was used to fit the evolution of biomass
concentration. The time evolution of the mixed biomass concentration (X (t)) was

calculated by integrating equation (1), as shown in equation (2):

The initial biomass concentration is represented by X (in g L™), the maximum

specific growth rate (u,,..) and the maximum biomass concentration (X,,_.). ®.

2(g) = —KorKmay. etmart (2)
=3 . — X+ X, .eHmaxt

T
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In this way, equation (3) is established to describe the time evolution of the

concentration of microalgae and bacteria(X, +X, ).

pamax.t pbhmax.t
XEG.XE?‘J‘IEI.E 1 Xbo.Xbmﬁx.e (3)

_ et _ bmax.t
XE?‘J"I.EI XEI'J+XEE' et Xbmﬂx Xbo+Xbﬂ- et

(Xg +X,)(8) =

To obtain the mathematical model of concentration of biomass of microalgae and

bacteria (X, +X,)(t) as a function of solar irradiation it is necessary first to
establish the mathematical models of X, .. Y i... fOor microalgae, this is the

species that needs solar irradiation for its growth.

Results and discussion

Relationship between microalgae and bacteria

The analysis of the data shows the relationship between microalgae and bacteria
through equation 4. As a result of the primary modeling, the kinetic parameters of
microalgae and bacteria, maximum concentrations of microalgae and bacteria

(X max, X Bmax) @and maximum growth rates of microalgae and bacteria (4@ max, k0 mazx)

are obtained.

X _ (4)
== = 1,54 + 0,06

-
Xso

. p pa—— (5
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Homar — 0,0199 (6)
Hpmax 0.64

Adjusting the linear function lineal Y= A+B*X to the data, we obtain the relation

between the maximum concentrations and the growth rates (figure 1 and figure 2).
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Fig.1- Relationship between the maximum growth speed of microalgae and bacteria

Equation 5 shows the relationship between the maximum concentrations of
microalgae and bacteria and Equation 6 shows the relationship between the

maximum growth speed of microalgae and bacteria
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Fig.2- Relationship between the maximum growth speed of microalgae and bacteria

Mathematical modeling formulation based on solar irradiation

The behavior of the growth rate and the maximum concentration of microalgae as
a function of cumulative solar radiation is described in figure 3. This behavior is
described by the second and third order polynomial functions, where Y is the
studied response and X is the factor studied.

The values of represent the coefficient of the terms and indicate the curvature. The
quadratic model (equation 7) offers a good approximation of the true behavior of
the studied system over the dominant factor and allows to obtain the optimal solar

irradiation.

Y o= A+ B17xK + B2"X"2 (7

From the above data, the equation of maximum growth rate of microalgae as a function of

solar irradiation is obtained (equation 8)

Bamax =6 (:EZU:I:): +B1 U:,.r) —;1:] (8)
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Fig.3 - Behavior of the concentration and maximum growth rate of microalgae as a

function of cumulative solar irradiation

A correction factor is applied that allows obtaining a better adjustment of the
growth curve (equation 9). Deriving the second-degree polynomial function that
describes the maximum growth rate, the value of the optimum cumulative solar
irradiation is obtained (equations 10 and 11). The optimum accumulative solar

irradiation according to the model is 5209 W / m*h.

6 =9.81 10‘5“ ,r) -2.7-107% (9)
0

% Bl + A‘.H:_\'r.r\ 0 (10)

) 51 (11)

Xop 282

The maximum concentration of microalgae biomass (Xamax) IS determined

according to equation 12.
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Y = A+ B1*X + B2*X"2 + B3"X"3

"
f ol S »

@ﬁuzsﬂjs)-54J1)~31

i”q

The equation of maximum concentration of microalgae based on solar irradiation is
obtained:

Substituting equations (8) and (13) in (3) and equations (5) and (6), representing
the relationship between microalgae and bacteria, by the values of the parameters

then we obtain the general model, represented by equations (14), (15) y (16).

| (Xomay +2326) (CSMSX-82508
. ~ A A e Bei™ gy /8 084 \
U+ X)0) = e + — — (14)
oy = ):- I-). X, L ¢ I-—-;‘.J.‘ o KanoXrad ...X.‘. -
= - -5 -!.; = 121" . coralf®; -
Xemer=3-107{) 1) =039 ). 7) +1658{ ), /)-2-10 (15)
" f’ ¥ of : 4 of
- - vl A4 -9 ‘ A AN
Ramer =0 (=151-107( 1) +199-107( ). 1) -0.42 (16)

Model validation and prediction
To validate the effectiveness of the model, validation is carried out. First, the

specific ranges of crop parameters are established:
Initial ratio of biomass:

Substrate function: Fs=1,2+0,5
Initial ratio of biomass: (Xao/ Xno) =1, 54 £ 0, 06
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Temperature: T=29°C+7
Four runs are taken with different behaviors in solar irradiation to evaluate the

growth kinetics (figure 4)
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Fig.4- Accumulated solar radiation according to the model

Figure 5 shows the growth kinetics of microalgae and bacteria at different solar
irradiation accumulated according to the model and the experimental data. It can
be observed that the highest concentration of microalgae and bacteria are obtained
at 5624 W/m?h and those values above or below this range obtain lower
concentrations of biomass. This value is in the range of optimal solar irradiation
values (4900-5800) W / m?h obtained in the model.

Figure 6 shows the validation of the model, correlating the experimental values and

those obtained by the model. The evaluation is made taking the criterion of the

obtained correlation coefficient (R?).
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Fig.5- Growth kinetics of microalgae and bacteria at different solar irradiation accumulated
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Fig.6 - Validacion del modelo: Correlacion entre los valores experimentales y del modelo

de concentracién de biomasa mixta (X,+Xp)

Conclusions
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The obtained model allows to predict the maximum concentrations of the mixed
biomass of chlorella vulgaris (11 gL™) considering the effect of solar radiation
accumulated in the day, which reaches its optimum value at 5209 W / mh.

The validation of the model showed a high percentage of correlation (99,2)
between the observations and the predictions, indicating a good performance in
practice for variable solar irradiation conditions.

References

1 NAGARAJAN, DILLIRANI, ADI KUSMAYADI, HONG-WEI YEN, CHENG-DI
DONG, DUU-JONG LEE, JO-SHU CHANG. Current advances in biological
swine wastewater treatment using microalgae-based processes. Bioresource
technology, 2019. 289: p. 121718. [Consultado 10 noviembre 2019]. Disponible
en: https://doi.org/10.1016/j.biortech.2019.121718.

2. BARRETO TORRELLA, SARAH I. Y HUMBERTO VALERA DE MOYA,
Estimation of Pollution Caused by Swine Production in Camaguey, Cuba.
Revista de Produccion Animal, 58-60, 2019. 31(1). ISSN 2224-7920.

3. ASFAK PATEL, A., et al. Physico-chemical and biological treatment strategies
for converting municipal wastewater and its residue to resources. Chemosphere,
2021. 282: [Consultado 20 septiembre 2022]. Disponible en:
https://doi.org/10.1016/j.chemosphere.2021.130881.

4. AMENORFENYO, D. K., HUANG, X., ZHANG, Y., ZENG, Q., ZHANG, N.,
REN, J., & HUANG, Q. (2019). Microalgae brewery wastewater treatment:
potentials, benefits and the challenges. Int. J. Environ. Res. Public Health 2019,
16(11), 1910; |[Consultado 23 septiembre 2022]. Disponible en:
https://doi.org/10.3390/ijerph16111910.

5. GONZALEZ MUNOZ, N., et al. Temperature of the mixed culture of chlorella
vulgaris to open sky: incidence in biomass concentration. Tecnologia Quimica,
2019, 39(3), 580-591.ISSN 2224 6185

235


https://doi.org/10.1016/j.chemosphere.2021.130881
https://doi.org/10.3390/ijerph16111910

6. GONZALEZ MUNOZ, N. et al. Cultivo mixto de chlorella vulgaris en un
fotobiorreactor a cielo abierto: parametros ambientales que inciden en la
variacion de temperatura. Ciencia e innovacion tecnolégica, Coedicion editorial
Academia Universitaria-Opuntia Brava.2018.ISBN 978-959-7225-34-8.

7. ALFARO VIVES, O.G. y colaboradores Cinética de Chlorella vulgaris y
bacterias en residuales porcino a cielo abierto. Ciencia e innovacion
tecnoldgica. Coedicion editorial Academia Universitaria-Opuntia Brava. 2018.
ISBN 978-959-7225-34-8.

8. SUNQOJ, S., HAMMED, A., IGATHINATHANE, C., ESHKABILOV, S., &
SIMSEK, H. Identification, quantification, and growth profiling of eight different
microalgae species using image analysis. Algal Research, 2021. 60: p. 102487.
[Consultado 13 noviembre 2022]. Disponible en:
https://www.sciencedirect.com/journal/algalresearchDOI:10.1016/j.algal.2021.10
2487.

9. GARCIA-GOZALBES, C. C. y colaboradores. Cinéticas de crecimiento y
consumo de nutrientes de microalgas en aguas residuales urbanas con
diferentes niveles de tratamiento. Tecnologia y ciencias del agua, 2015. 6(1):
p. 49-68. [Consultado 20 noviembre 2020]. Disponible en:
https://dialnet.unirioja.es/ejemplar/543909

10. SUN, HAN, et al. Powerful tools for productivity improvements in microalgal
production. Renewable and Sustainable Energy Reviews, 2021. 152: p. 111609.
[Consultado 23 septiembre 2022]. Disponible en:
https://doi.org/10.1016/j.rser.2021.111609

11. LEE, E., et al, Growth kinetic models for microalgae cultivation: A review.
Algal research, 2015. 12: p. 497-512. [Consultado 23 septiembre 2022].
Disponible en: https://doi.org/10.1016/j.algal.2015.10.004

12. CHANG, H. X., HUANG, Y., FU, Q., LIAO, Q., & ZHU, X. Kinetic
characteristics and modeling of microalgae Chlorella vulgaris growth and CO2
biofixation considering the coupled effects of light intensity and dissolved

inorganic carbon. Bioresource technology, 2016. 206: p. 231-238. [Consultado

236


http://dx.doi.org/10.1016/j.algal.2021.102487
http://dx.doi.org/10.1016/j.algal.2021.102487
https://dialnet.unirioja.es/ejemplar/543909
https://doi.org/10.1016/j.rser.2021.111609
https://doi.org/10.1016/j.algal.2015.10.004

20 septiembre 2022]. Disponible en:
https://doi.org/10.1016/j.biortech.2016.01.087

13. ALFARO-VIVES, O.G., et al., Modelo dinamico de un fotobiorreactor de
capa fina, utilizado para el cultivo de la microalga Chlorella sp. y bacterias en
aguas residuales de alta carga organica. Tecnologia Quimica, 2017. 37(1): p.
79-93. ISSN 2224 6185

14. MARTINEZ GARCIA, L. Eliminacion de CO, con microalgas autoctonas.
Tesis Doctoral, Instituto de Recursos Naturales, Universidad de Leon, Leon.
Espafia, 2008.

15. VOGELS, MAURICE, et al. Cerny. 1975. P. F. Verhulst's “notice sur la
loique la populations suit dans son accroissement” from correspondence
mathematique et physique. Ghent, X, 1838. Journal of Biological Physics 3:
183-92. [Consultado 20 septiembre 2022]. Disponible en:
http://dx.doi.org/10.1007/BF02309004.

Conflicts of interest

The authors declare that there are not conflicts of interest

Author’s contribution

Niela Gonzéalez Mufioz: perform calculations, model preparation, article writing.

Orlando Gines Alfaro Vives: project administration, Conceptualization, Sampling.

Harold Crespo Sariol: analysis of results.

Luis Miguel Casafl Gonzalez: data processing.

Rosa Maria Pérez Silva: review, supervision.

237


https://doi.org/10.1016/j.biortech.2016.01.087
http://dx.doi.org/10.1007/BF02309004

