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A B S T R A C T   

Microalgae have been exploited for food, biofuels, animal feed and pharmaceutical products over the last few 
decades. The microalgae biotechnology has grown and diversified significantly, despite these developments the 
number of commercially available products are still limited and thus there is a significant need to increase the 
production. Modeling and optimization are used to simulate the behavior of the studied problems and provide a 
basis for selecting optimum input settings that optimize the outputs. This paper investigates the effect of the 
beijerinck solution (BS), phosphate solution (PS) and hunter trace (HT) with different four levels (values) on the 
biomass productivity (BP), lutein productivity (LP) and total chlorophyll (TC) in microalgae Chlorella pyr-
enoidosa. A closer look at the effect of each level of the input factors on the output factors is given. Various 
modeling techniques, such as the spline model and Gaussian Kriging model, are investigated to recommend the 
optimal models for describing the relationships between the input factors and each output factor. The validation 
and efficiency of the recommended models are studied from various points of view. Based on the recommended 
models, the predicted values of the BP, LP and TC are given for all the possible level-combinations (conditions) of 
the BS, PS and HT and the best (optimal) level-combinations of the BS, PS and HT that maximize the BP, LP and 
TC are recommended.   

1. Introduction 

Microalgae have been exploited for food, biofuels, animal feed and 
pharmaceutical products over the last few decades [1,2]. The micro-
algae biotechnology has grown and diversified significantly, despite 
these developments the number of commercially available products are 
still limited. There is still a significant demand in the global market 
margin to improve the economic yield for large-scale lutein production 
[3], since the marigold based lutein production is still much lower than 
the growth rate and biomass yield and it serves as the dominant source 
nowadays [4]. However, microalgae are often too low for the com-
mercial viability of lutein production. Various cultivation strategies to 
increase lutein content and lutein productivity in microalgae species 
have been developed [5,6]. However, these efforts still cannot meet 
requirements for commercial production. 

Moreover, some microalgae deal with the rising irradiance, pH, 

temperatures, and nitrate comprise of photosynthetic pigments content 
increased [7,8]. However, the correlation under different conditions of 
phosphate and trace metals is still unclear. In order to improve the 
commercial viability of lutein and its related products, it is necessary to 
improve the culture efficiency of microalgae, emphasizing the cell 
growth rate and the content of microalgae lutein. One possibility of 
increasing the lutein content in algae is exposing them to environmental 
stress (called lutein triggering) before microalgae harvesting and 
pigment extraction. Lutein triggering may involve algae nutrient 
deprivation (e.g., starvation of nitrogen), altering the light exposure, 
heat shock, osmotic pressure, chemical stress, or radiation [9]. Recently, 
some microalgae culture strategies have been used to enhance biomass 
and value target metabolites yield and the best of our knowledge; 
however, minimal efforts have yet been made to evaluate the in-
teractions between different nutrients culture mediums. 

This paper investigates the optimization of the culture condition for 
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the biomass, chlorophyll, and lutein productivity in microalgae Chlorella 
pyrenoidosa using statistical modeling. This paper investigates the effect 
of the beijerinck solution (BS), phosphate solution (PS) and hunter trace 
(HT) with different four levels (values) on the biomass productivity (BP), 
lutein productivity (LP) and total chlorophyll (TC) in microalgae 
Chlorella pyrenoidosa. Various perspectives data analysis techniques are 
used for providing a closer look at the potential relationships among 
these factors. Various modeling techniques (linear, polynomial, spline 
and Kriging) are tested to present the optimal models that can be used to 
describe the relationships among these factors. The performances of the 
recommended models are studied via various statistical perspectives. 
The simulations of validation and quality of the microalgae and different 
nutrients models in order to explore the algae growth on concentrations 
for all the possible level-combinations (conditions) of the BS, PS, and HT 
are given. The best level-combinations that maximize the BP, LP, and TC 
are investigated. For clarity, we relegate all the tables and figures to 
appendix A and appendix B. 

2. Materials and methods 

2.1. Chemical 

Lutein HPLC standard purchased from Shanghai yuan ye Bio- 
Technology Co., Ltd. All other chemicals and solvents were of analyt-
ical grade purchased from Sigma-Aldrich Co. LLC. 

2.2. Culture strain and pre-culture conditions 

The green alga, Chlorella pyrenoidosa, used in this study was isolated 
from the local pond in Zhuhai, China was maintained in TAP medium, 
which was shaken at 120 rpm under the axenic condition at 30 ◦C, pH 
7.5, and a light intensity of 4000 lux (light/dark period: 16:8) for 3–4 
days. Next, the microalga cells at the stationary growth phase were 
harvested by centrifugation at 5000 rpm for 5 min, and cells were 
collected and washed two times with sterile deionized water [10]. For 
the experiments, seed cultures of Chlorella pyrenoidosa cells were grown 
alteration in TAP medium concentrations that were modified to obtain 
different values (levels) of the BS, PS and HT under the same conditions 
as the above until late exponential phase were used in the study. For all 
the experiments, algal cells were cultivated in a culture flask for 8 days 
to the late exponential growth phase, then transferred into under dark 
conditions for 18 h and incubated at 30 ◦C with orbital shaking 
120 rpm/min for triggering. Three biological replicates were used for 
each experiment to reduce the effect of random error. A control exper-
iment was also conducted under similar conditions, but without any 
triggering. We showed detailed growth conditions for all the above ex-
periments in Table B1. 

2.3. Determination of the cell growth 

The biomass concentration of the microalgal strain was determined 
by measuring the optical density at a wavelength of 680 nm with UV/Vis 
spectrophotometer. It converted the OD680 values to dry cell weight 
(DCW) via a proper calibration between OD680 values and DCW. A 
strong linear relationship withR2 = 0.9989 between the OD680 and 
DCW is given as follows 

DCW= 11.952(OD680) − 0.12986.

The growth rate of the microalgal culture is calculated according to 
Liang et al. [11] by the following equation 

The  growth  rate  of  microalgal  culture=
ln(optical  density  of  the  OD680)

ln(cultivation  time  by  day)
.

The TC is evaluated by measuring the absorbance of the methanol 
extract at 652 nm and 665.2 nm and calculated according to Porra [12] 

as follows  

TC yield (mg/L) = 22.12 (methanol extract at 652) + 2.71(methanol extract at 
665.2)                                                                                                  

and 

TC  content  (mg / g)=
chlorophyll  yield  (mg/l)

biomass  yield  (g/l)
.

The composition of lutein content is determined using HPLC (Agilent 
Technologies, USA) according to the procedures described previously by 
Shi et al., [13]. A linear regression of the chromatographic peak area on 
the concentration of the standard lutein is taken, and a liner regression 
equation with R2 = 0.9976 is given as follows 

The  concentration of  the  lutein  = 0.0806

+ 0.0091(the  peak  area  value).

Each solution is measured three replicated times and the average was 
taken. Finally, let 

Plutein =
lutein  yield

total  chlorophyll  yield 
.

The lutein content and productivity of the Plutein are calculated, 
respectively as follows 

lutein  content  of  Plutein =
concentration  of  lutein ×  total  volume

DCW  

and 

lutein  productivity  of  Plutein =
microalgae  biomass × Plutein

working  volume × cultivation  time
.

2.4. Experimental design strategy 

Table B1 gives the levels and actual values of the used three factors 
tested in the experimental design. Four different values of the BS, PS and 
HT are used, namely a normal level denoted by (N), a low level denoted 
by (L), a medium level denoted by (M) and a high level denoted by (H). 
The best experiment for this scenario is a full factorial experiment whose 
design consists of three factors, each with four levels, and whose runs 
(experimental conditions) take on all the possible combinations of the 
four levels across all the three factors, i.e. n = 64. A full factorial 
experiment delivers better information about the experiment under 
study and permits the researcher to estimate all possible input variables 
(factors) effects on the response variables (cf. [14]). Because the 
required number of experiments grows exponentially with a several 
factors and number of levels, full factorial experiments are often too 
difficult to use for real-life projects (cf. [15]). A fractional factorial 
experiment reduces efforts by using a fraction of a full factorial experi-
ment in terms of the number of experiments (runs) and resources (cf. 
[16]). In this study, only 10 level-combinations (runs or experimental 
conditions) from all the possible 64 level-combinations are selected. The 
experiment is performed three times at all the selected 10 
level-combinations. The experimental design strategy for this study is 
given in Table A1. For the selection of some optimal level-combinations 
from all the possible level-combinations that provide valuable infor-
mation about the experiment, the reader can refer to some recent simple 
techniques in Elsawah [17,18,19] and Elsawah et al. [20]. 

3. Data analysis and discussions 

When microalgae culture stress conditions increase, the production 
of a particularly valuable compound, such as lipids, proteins, and pig-
ments, increases. Biomass and the target compound’s particular 
metabolite are the most relevant parameters that have been thought 
about carefully [21]. Nutrient limitation is one of the most important 

B. Balaji Prasath et al.                                                                                                                                                                                                                         



Journal of Agriculture and Food Research 5 (2021) 100163

3

key regulators for triggering high valuable compound’s synthesis in 
microalgal cells. Macro and micronutrients are essential components in 
the medium for sustainable growth and development of microalgae cells 
[22]. This study has the following three stages: (i) we adapted a cells 
cultivated in photoautotrophically to log phase, (ii) then we transferred 
it into a heterotrophic under dark conditions strategy to cultivate 
Chlorella pyrenoidosa and (iii) finally we examined the nutrient modi-
fication replacement (cf. [23]). This section gives the basic information 
about the nutrients input and productivity output variables (factors) in 
our experiment, investigates the behaviors of these factors, and high-
lights the potential relationships among them. This section has the 
following three significant points of view: (i) descriptive statistics of 
each factor, (ii) correlations among these factors, and (iii) analysis of 
variance (ANOVA) to investigate the significant effects of independent 
factors and their levels on the dependent factors. 

3.1. Descriptive statistics for input and output factors 

Descriptive statistics is a statistical methodology to analyze the 
experimental observed data that helps to describe, show and summarize 
the data meaningfully. In this regard, the statistics, such as minimum, 
maximum, mean, standard deviation, of the output factors (BP, LP, and 
TC) for the levels of all the input factors (BS, PS, and TH) are given in 
Table A2 and Figure A1 gives the box and means plots of these factors. 
From Table A2 and Figure A1, we get:  

• The normal level (50) and low level (25) of the input factor BS give 
the maximum and minimum means of the output factors BP, LP, and 
TC, respectively. The means of the output factors BP, LP, and TC 
under BS = 50 are varying significantly from their means under 
BS = 25.  

• The normal level (1) and high level (3) of the input factor HT give the 
minimum and maximum means of the output factors BP, LP, and TC, 
respectively. The means of the output factors BP, LP, and TC under 
HT = 3 are varying significantly from their means under HT = 1.  

• The high level (25.5) of the input factor PS gives the minimum means 
of the output factors BP and TC. The normal level (8.5) of the PS gives 
the minimum and maximum means of the LP and TC, respectively. 
The medium level (17) and the low level (4.25) of the PS gives the 
maximum means of the LP and BP, respectively. The means of the 
output factors BP, LP, and TC are not varying significantly from each 
other under different values of the PS.  

• The means of the BP, LP, and TC based on the four levels of the BS 
have significant differences. The means of the BP and TC based on 
the four levels of the PS have significant differences. However, the 
means of the LP based on the four levels of the PS have no significant 
differences, and the means of the BP, LP, and TC based on the four 
levels of the HT have no significant differences. 

Moreover, an in-depth look at the behaviors of the experimental 
factors can be investigated by using box plots of all the 8 level- 
combinations (experimental conditions) of the two-interaction and the 
10 level-combinations of three-interaction among the four levels of the 
input factors BS, PS, and HT based on the output factors BP, TC and LP 
(cf. Figures B1 and B2). Table A3 displays the maximum biomass pro-
ductivity, lutein productivity, total chlorophyll, and specific growth rate 
for all the 10 level-combinations of the three-interaction among the four 
levels of the BS, PS, and HT. 

From Table A3 and Figures B1 and B2, we get the following discus-
sions about the highest outputs:  

• The level-combination among the normal level (50) of the BS, the 
normal level (8.5) of the PS and the high level (3) of the HT gives the 
highest outputs of the BP (0.58 ± 0.03 g/L/d), the LP 
(3.43 ± 0.75 mg/L/d) and the TC (23.64 ± 2.83 mg/L) among all the 
used 10 level-combinations (cf. Exp-10 in Table A1).  

• The level-combinations among the high level (3) of the HT and any 
level of the BS and PS give the highest outputs of the BP, LP, and TC 
among all the 8 two-interaction level-combinations and the 10 three- 
interaction level-combinations. It is worth mentioning that, previous 
reports [24,25] indicated that a higher concentration of the trace 
metal leads to retard the growth of microalgae and significantly 
affected lutein production. 

• The photoautotrophic-heterotrophic culture of the Chlorella pyr-
enoidosa strain with a 3% of the HT ratio could achieve a higher 
biomass, specific growth rate, and lutein production under 30 ◦C. 
This is to maybe known factor trace primary metal component of 
photosystem II and a key factor for the light-harvesting complex. 
Then, the light energy is driven by photochemical reactions to 
generate NADPH, and ATP led to extremely high chlorophyll yield 
and high lutein productivity. As lutein was a carotenoid and its 
production enhanced under abiotic stress conditions, higher lutein 
accumulation occurs.  

• The total accumulated lutein production achieved in this study is 
higher than that obtained with the BS and PS combinations. Hence, 
the use of higher HT medium replacement in continuous cultivation 
is preferred for the growth of the Chlorella pyrenoidosa to achieve 
the best biomass and lutein productivities. Thus, the medium com-
bination could be further adjusted to obtain higher lutein content.  

• The best lutein productivity (3.43 ± 0.75 mg/L/d) obtained from our 
operation is higher than most reported values (cf. [26,27]). This 
performance is better than most of the previously reported values. 

From Table A3 and Figures B1 and B2, we get the following discus-
sions about the lowest outputs:  

• The level-combination among the low level (25) of the BS, the 
normal level (8.5) of the PS and the normal level (1) of the HT has the 
lowest outputs of the BP (0.18 ± 0.01 g/L/d), the LP 
(0.70 ± 0.16 mg/L/d), and the TC (5.33 ± 0.26 mg/L) among all the 
10 three-interaction level-combinations (cf. Exp-2 in Table A1).  

• The level-combinations among the low level (25) of the BS and any 
level of the HT and PS have the lowest outputs of the BP, LP, and TC 
among all the 8 two-interaction level-combinations and the 10 three- 
interaction level-combinations. 

• The limitation of the nitrogen and phosphate affects the photosyn-
thesis and biomass of microalgae. It was reported that under a 
nutrient deficiency condition, the specific cellular metabolism lower 
the rate of electron transfer and, in turn, photo-oxidative damage 
was affected due to this carotenoids degrade under this circum-
stance. Therefore, their biomass content also decreased (cf. [28]). 
However, that limitation of macronutrients resulted in increased 
valuable compounds accumulation in microalgal cells (cf. [29,30]).  

• The lipid productivity increased under the phosphorus-limited 
(stress) conditions (cf. [31]). Markou et al. [32] showed that under 
phosphorus, low-stress carbohydrate content increased from 11% to 
67% in Arthrospira (Spirulina) platensis. However, our study shows 
that the lutein content increased gradually along with the BS and HT 
consumption, while the full lutein content was obtained at the higher 
concentration of the BS and the lutein content started to decrease 
under the nitrate limitation condition. Thus, it is clear that the BS 
condition was required for both cell growth and lutein accumulation.  

• Del-Campo et al. [33] reported that the nitrogen sources did not 
influence the lutein level in Muriellopsis sp. This means that the 
correlation of nitrogen source and lutein content may also be 
species-specific. The present study suggests that, under environ-
mental stresses combination of higher nitrate concentration, the 
lutein and biomass production may increase. However, compared 
with the HT triggering, we found that higher lutein and biomass 
productivity than the BS and PS (cf. Figure B2). Developing such 
strategies in the future can make the process more cost-effective. 
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3.2. Screening the potential relationships among the experimental factors 

The linear correlation coefficient (LCC) measures the strength and 
the direction of a linear relationship between two variables. Pearson 
correlation is one of the most widely used types of LCCs. Table A4 and 
Figure A2 give the Pearson correlations among all the input and output 
factors. From Table A4 and Figure A2, we get: (i) the input factors (BS, 
PS, and HT) are weakly linearly correlated with each other; (ii) the 
output factors (BP, LP, and TC) have strong positive linear correlations; 
(iii) the input factors (BS, PS, and HT) are weakly linearly correlated 
with the output factors (BP, LP, and TC); (iv) the input factor HT has the 
most vital positive linear relationship with the output factors BP, LP, and 
TC; (v) there is no guarantee that we can find a linear regression model 
to fit the relationship between the input factors and the output factors; 
(vi) the effects of the HT on biomass and lutein productivity increased 
with increasing the concentrations and the results indicated that these 
nutrients were favorable for cell growth; and (vii) the lutein content is 
weakly linearly correlated with the concentrations of the BS and PS, 
indicating low levels tended to favor intracellular lutein accumulation. 
Therefore, the optimal levels of cell growth nutrients are significantly 
differed from those for the lutein production. The cell growth nutrients 
requires a medium with a relatively high concentration of nutrients for 
cell growth, while the lutein production needs the standard levels of the 
BS and PS. 

3.3. Screening the significant effects of the input factors on the output 
factors 

Table A5 gives the three-way analysis of variance (ANOVA) for the 
input factors, BS, PS, and HT, based on the output factors, BP, LP, and 
TC. From Table A5, we can indicate that:  

• The BS has a significant effect on the BP, LP, and TC. The means of 
the BP, LP, and TC based on the four levels of the BS have significant 
differences.  

• The HT has a significant effect on the BP and TC. The HT has no 
significant effect on the LP. The means of the BP and TC based on the 
four levels of the HT have significant differences. The means of the 
LP based on the four levels of the HT have no significant differences.  

• The PS has no significant effect on the BP, LP, and TC. The means of 
the BP, LP, and TC based on the four levels of the PS have no sig-
nificant differences.  

• Regardless of the use of different sources of the HT, there was no 
significant difference in the maximal lutein content. That is, it would 
accumulate similar lutein levels under these cultivation conditions 
because of the similar sources of the HT. 

The above results are consistent with the results in Table A2 and 
Figure A1. It is worth mentioning that an input factor has a significant 
effect on an output factor does not mean all the levels of this input factor 
have significant differences among theirs means. Post hoc tests are 
designed for situations in which we have already obtained a significant 
omnibus ANOVA test with an input factor that comprises four means 
based on its four levels, and additional exploration of the differences 
among these four means is needed to provide specific information on 
which means differ significantly from each other. Tables B2, B3, and B4 
give the post hoc tests for all the input factors, BS, PS, and HT, via all the 
output factors, BP, LP, and TC. From Tables B2, B3, and B4, we have:  

• From the multiple comparisons of the LB, we get: (i) the means of the 
normal level (50) of the BS and the normal level (1) of the HT differ 
significantly from the other three levels; (ii) the means of the normal 
level (8.5) and the low level (4.25) of the PS differ significantly from 
each other; and (iii) the means of the high level (25.5) and the low 
level (4.25) of the PS differ significantly from each other.  

• From the multiple comparisons of the LP, we get: (i) the mean of the 
normal level (50) of the BS differs significantly from the other three 
levels; (ii) the means of the normal level (1) and the high level (3) of 
the HT differ significantly from each other; and (iii) the means of all 
the four levels of the PS are not significantly different from each 
other.  

• From the multiple comparisons of the TC, we get: (i) the means of the 
normal level (50) and the medium level (100) of the BS differ 
significantly from the other two levels; and (ii) the mean of the 
normal level (1) of the HT differs significantly from the other three 
levels. 

4. Modeling and optimization 

Computer experiments based on mathematical models are used 
extensively to predict the performance of complex systems because they 
are often easier, cheaper and faster to perform than physical experi-
ments. Computer experiments (meta-model) have been widely applied 
in many natural complex systems in physics, chemistry, climatology, 
astrophysics, and biology, human systems in social science, psychology, 
and economics, and engineering complex systems. For examples, 
climate models are used extensively because experimentation on an 
earth sized object is impossible, the Big Bang models are often used 
because physical experimentation is impossible, computational fluid 
dynamics model was generated to be able to visualize the fluid flow over 
a body, and Monte Carlo simulation is often used to estimate the reli-
ability of a product (cf. [34,35]). 

Let Y = f(X) = f(x1, x2, x3)be the true unknown model of our 
experiment where(x1, x2, x3)is the level-combinations of the input fac-
tors BS, PS and HT, respectively and Y is one of the output factors BP, LP 
or TC. Let Ŷ = f̂ (X) = f̂ (x1, x2, x3) be a meta-model that approximates 
the true model. How to find a good meta-model is a challenging prob-
lem. When the accurate model is unknown, the statistician G.E.P. Box 
argued, all meta-models are wrong; but some are useful. For testing the 
usefulness of the meta-models, R2 and the mean square errors (MSE) are 
the widely used measures. Since there are three replicates in our 
experiment, the lack of fit test (LOFT) (cf. [36]). will be used as well. If 
the LOFT is insignificant, the current model is acceptable as a good 
meta-model; otherwise, we should try another model. This section gives 
the corresponding meta-models for our experiment using various 
modeling techniques, such as linear regression model, polynomial 
regression model, spline model, and Kriging (spatial correlation) model. 
Readers can find more discussions on modeling methods in Fang et al. 
[37]. 

4.1. Modeling among the output factors 

From the discussion in Section 3 and Table A4, we conclude that 
there are positive strong linear relationships among the output factors, 
BP, LP and TC. Figure A3 shows that the BP is strongly linearly corre-
lated with the TC and LP. The linear model that describes this strong 
relationship has R2 = 0.81 and the following form 

BP= 0.091 + 0.053LP + 0.014TC.

However, the following polynomial model is given to increase the 
efficiency of the meta-model to R2 = 0.91 

BP= − 0.005 + 0.25LP − 0.042(LP)2
+ 0.0005(TC)2

.

For screening the validation and performance of these two models, 
Table B5 gives the observed values (OVs) from the actual experiment, 
the predicted values (PVs) from these linear and polynomial models, the 
corresponding residual values (RVs) (=OVs - PVs), and the corre-
sponding MSE to measure the efficacy of these models besides R2. 
Figure A4 gives the distributions of the OVs and PVs via the linear and 
polynomial models. The behaviors of the linear and polynomial models 
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are given in Figure A5 From Table B5 and Figures A4 and A5, we get: (i) 
these two models can fit the data well with a good performance; and (ii) 
the MSE and RVs for the polynomial model are less than those for the 
linear model. Therefore, the performance of the polynomial model is 
much better than the linear model. 

4.2. Modeling between the input factors and the corresponding output 
factors 

From the discussion in Section 3 and Table A4, we can conclude that 
there are weak linear relationships among the input factors BS, PS and 
HT and the output factors BP, LP, and TC. Therefore, there are no effi-
cient linear (or polynomial) models that can describe the relationships 
between them. Thus, spline model and Kriging model are used to find 
good meta-models with good performance. Let x(k)

1 , x(k)
2 and x(k)

3 be the 
levels of the input factors BS, PS and HT in the kthexperiment, 
respectively, 

Xtraining =

⎛

⎜
⎜
⎜
⎝

X(1)

.

.

.

X(10)

⎞

⎟
⎟
⎟
⎠

=

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

x(1)1 x(1)2 x(1)3

. . .

. . .

. . .

x(10)
1 x(10)

2 x(10)
3

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

be the training data with the 10 used level-combinations (experiments) 
of the input factors BS, PS and HT in Table A1, 

Xtesting =
(
xtesting

1 , xtesting
2 , xtesting

3
)

be the testing level-combination of the input factors BS, PS and HT, 
respectively, which we want to predict the outputs at it, Y1,Y2and Y3 be 
the predicted values of the output factors BP, LP and TC, respectively, 
and 

A+ =

{
0, when A ≤ 0,
A, when A > 0.

The spline models for the relationships between the testing level- 
combination Xtesting = (xtesting

1 , xtesting
2 , xtesting

3 ) of the input factors BS, PS 
and HT, respectively and the corresponding responsesY1(Xtesting), 
Y2(Xtesting) and Y3(Xtesting) of the output factors BP, LP and TC, respec-
tively are given as follows 

Y1
(
Xtesting) = 0.377 + 0.0096xtesting

1 − 0.0157xtesting
2 − 0.3xtesting

3

− 0.0003
(
xtesting

1 − 50
)2
+
+ 0.0026

(
xtesting

2 − 8.5
)2
+

+ 0.4753
(
xtesting

3 − 1
)2
+
+ 0.0005

(
xtesting

1 − 90
)2
+

− 0.0049
(
xtesting

2 − 15.3
)2
+
− 0.7995

(
xtesting

3 − 1.8
)2
+
,

Y2
(
Xtesting)= 1.363+ 0.0676xtesting

1 − 3.963xtesting
3 + 1.913

(
xtesting

3
)2

− 0.0014xtesting
1 xtesting

2 − 0.0017
(
xtesting

1 − 50
)2
+

+ 0.01816
(
xtesting

2 − 8.5
)2
+
− 1.51

(
xtesting

3 − 1
)2
+

+ 0.0028
(
xtesting

1 − 90
)2
+
− 0.034

(
xtesting

2 − 15.3
)2
+

and 

Y3
(
Xtesting)= 26.46 − 2.149xtesting

2 + 0.0253
(
xtesting

2
)2

− 11.59
(
xtesting

3
)2

+ 0.033xtesting
1 xtesting

2 − 0.0075
(
xtesting

1 − 50
)2
+

+ 47.266
(
xtesting

3 − 1
)2
+
+ 0.014

(
xtesting

1 − 90
)2
+

− 0.0534
(
xtesting

2 − 15.3
)2
+
− 58.98

(
xtesting

3 − 1.8
)2
+
.

However, the Kriging models are given as follows 

Y1
(
Xtesting)= 0.402 − 0.421G1 − 0.219G2 + 0.304G3 + 0.2223G4

− 0.1588G5 + 0.1806G6 + 0.1602G7 − 0.1388G8 − 0.0911G9 + 0.161G10,

Y2
(
Xtesting)= 1.966 − 7.56H1 − 1.26H2 + 2.74H3 + 4.12H4 − 0.96H5

+ 1.93H6 + 0.55H7 − 0.93H8 − 0.20H9 + 1.57H10  

and 

Y3
(
Xtesting)= 16.06 − 50.83F1 − 11.24F2 + 33.38F3 + 4.87F4 − 7.32F5

+ 35.15F6 + 6.31F7 − 0.77F8 − 17.58F9 + 7.58F10,

where for 1≤k≤10 we have 

Gk = e− 0.007(x(k)1 − xtesting
1 )

2
− 0.012(x(k)2 − xtesting

2 )
2
− 2.701(x(k)3 − xtesting

3 )
2

, 1≤ k ≤ 10  

Hk = e− 0.007(x(k)1 − xtesting
1 )

2
− 0.0084(x(k)2 − xtesting

2 )
2
− 0.439(x(k)3 − xtesting

3 )
2

, 1≤ k ≤ 10  

and 

Fk = e− 0.0012(x(k)1 − xtesting
1 )

2
− 0.0036(x(k)2 − xtesting

2 )
2
− 289.18(x(k)3 − xtesting

3 )
2

, 1≤ k ≤ 10 

For screening the validation and performance of the above models of 
the output factors BP, LP and TC, Tables B6, B7 and B8, respectively give 
the average of the OVs from the actual three replicated experiments, the 
PVs from the spline and Kriging models, the corresponding RVs, the 
corresponding MSE, and the LOFTs. From Tables B6-B8, we conclude 
that these two models can fit the data well with good performance from 
the following perspectives: (i) the MSE is very small, (ii) they have very 
small RVs, i.e., the OVs are very close to the PVs, and (iii) the LOFT is 
insignificant. 

Figures A6, A7 and A8 give a closer look at the behavior of these two 
models for the output factors BP, LP and TC, respectively. For all the 
possible 64 level-combinations of the input factors BS, PS, and HT, 
Figures A6, A7 and A8 give the PVs of the output factors BP, LP and TC, 
respectively via the spline and Kriging models. From Figures A6-A8, we 
conclude that: (i) the performance of the Kriging model is much better 
than the performance of the spline model, and (ii) the PVs of the output 
factors BP, LP and TC for all the possible 64 level-combinations via the 
Kriging models have comprised the expected logic range of the OVs of 
the output factors BP, LP and TC. Therefore, we highly recommend the 
Kriging model to describe the relationships between the input factors BS, 
PS, and HT and all the corresponding output factors. 

One the other hand, the polynomial models and their performance of 
the output factors LP and TC are given in Tables B7 and B8. From 
Tables B7 and B8, we conclude that the polynomial model cannot fit the 
data well from the following perspectives: (i) the MSE and RVs are 
significant, i.e., the OVs and the PVs are not close, and (ii) the LOFT is 
significant. 

4.3. Optimization of the output factors 

The best and worst conditions that maximize and minimize the 
output factors BP, LP, and TC are given in Tables B6, B7, and B8, 
respectively. For increasing the productivity on the BP, a normal value 
of the BS, relatively lower value of the PS and lower concentration of the 
HT are required (i.e., BS = 50, PS = 4.25, HT = 0.5). For increasing the 
productivity of the LP and TC, the higher concentration of the HT is 
required (i.e., BS = 50, PS = 8.5, HT = 3). The worst level-combination 
that minimize the productivity of the BP, LP and TC is (BS = 25, 
PS = 8.5, HT = 1). The observation indicated that a normal level of the 
BS and lower levels of the PS and HT are enough for stimulating the 
biomass productivity, but it requires the induction of lutein and chlo-
rophyll formation under higher HT conditions (cf. Chakilam, 2012). 
Similarly, the accumulation of carotenoids by phosphate deficiency is 
reported in Kobayashi et al. (2015). Our observation also suggested that 
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a medium with the limited supply of the PS provided in the form of 
KH2PO4 and Na2HPO4 was found to stimulate the lutein production 
despite the serious hindrance of cell growth. 

5. Conclusion and future work 

In this work, suggesting the new guidelines for innovative strategy 
abiotic stressors were developed for further enhance the biomass, 
chlorophyll and lutein production from selected strain, resulting it is 
found that lutein productivity and biomass always increase with the 
increase of the HT concentration. In addition, the importance of the 
lutein is also used to enhance the color of poultry and fish, cosmetics and 
medicines can provide a good understanding of future research. In 
Summary, Chlorella pyrenoidosa was good agreement with all above 
experiments data and statistically model describing the relationship 
between the concentrations of the BS, PS and HT and the productivity of 
the BP, LP and TC. Our findings suggest that to make it a valuable tool in 

optimizing the production of the biomass, chlorophyll and lutein by 
acting on selected cultural conditions for future commercialization. 
Several network techniques will be used in the future study to improve 
the accuracy of the recommended models. 
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Appendix A  

Table A1 
Experimental design strategy for screening the factors  

Exp BS (X1)  PS (X2)  HT (X3)  BP(Y1)  LP (Y2)  TC (Y3)  

1 50(N) 8.5(N) 1(N) 0.29 1.30 10.10 
50(N) 8.5(N) 1(N) 0.50 2.51 13.42 
50(N) 8.5(N) 1(N) 0.48 2.47 13.20 

2 25(L) 8.5(N) 1(N) 0.16 0.39 5.64 
25(L) 8.5(N) 1(N) 0.17 0.81 5.06 
25(L) 8.5(N) 1(N) 0.22 0.91 5.30 

3 50(N) 4.25(L) 1(N) 0.49 2.75 13.33 
50(N) 4.25(L) 1(N) 0.50 2.27 13.81 
50(N) 4.25(L) 1(N) 0.48 2.16 12.15 

4 50(N) 8.5(N) 0.5(L) 0.56 1.96 19.72 
50(N) 8.5(N) 0.5(L) 0.60 3.88 21.89 
50(N) 8.5(N) 0.5(L) 0.56 2.08 21.19 

5 100(M) 8.5(N) 1(N) 0.28 0.99 9.49 
100(M) 8.5(N) 1(N) 0.23 0.85 8.52 
100(M) 8.5(N) 1(N) 0.22 1.18 8.25 

6 50(N) 17(M) 1(N) 0.47 2.88 13.27 
50(N) 17(M) 1(N) 0.45 2.68 13.10 
50(N) 17(M) 1(N) 0.46 2.56 12.96 

7 50(N) 8.5(N) 2(M) 0.56 1.69 22.29 
50(N) 8.5(N) 2(M) 0.59 4.10 22.89 
50(N) 8.5(N) 2(M) 0.55 1.29 21.94 

8 150(H) 8.5(N) 1(N) 0.29 1.08 16.25 
150(H) 8.5(N) 1(N) 0.23 0.92 12.95 
150(H) 8.5(N) 1(N) 0.27 1.12 15.97 

9 50(N) 25.5(H) 1(N) 0.34 1.95 10.94 
50(N) 25.5(H) 1(N) 0.41 2.73 13.36 
50(N) 25.5(H) 1(N) 0.39 3.09 12.86 

10 50(N) 8.5(N) 3(H) 0.54 2.07 19.95 
50(N) 8.5(N) 3(H) 0.58 4.68 25.25 
50(N) 8.5(N) 3(H) 0.60 3.55 25.72   

Table A2 
Descriptive statistics for the output factors BP, LP and TC based on different values of the input factors BS, PS and HT  

Con. BP LP TC 

(ml/L) Min Mean Max SD Min Mean Max SD Min Mean Max SD 

BS 
25 0.16 0.18 0.22 0.03 0.39 0.703 0.91 0.27 5.06 5.333 5.64 0.29 
50 0.29 0.49 0.60 0.08 1.2 2.689 4.68 0.87 10.10 16.81 25.72 5.11 
100 0.22 0.24 0.28 0.03 0.85 1.007 1.18 0.16 8.25 8.753 9.49 0.65 
150 0.23 0.26 0.29 0.03 0.92 1.04 1.12 0.11 12.95 15.06 16.25 1.83 
PS 
4.25 0.48 0.49 0.50 0.01 2.16 2.393 2.75 .31 12.15 13.1 13.81 .85 
8.50 0.16 0.40 0.60 0.16 0.39 1.89 4.68 1.22 5.06 15.47 25.72 6.87 
17 0.45 0.46 0.47 0.01 2.56 2.707 2.88 .16 12.96 13.11 13.27 .16 

(continued on next page) 

B. Balaji Prasath et al.                                                                                                                                                                                                                         



Journal of Agriculture and Food Research 5 (2021) 100163

7

Table A2 (continued ) 

Con. BP LP TC 

(ml/L) Min Mean Max SD Min Mean Max SD Min Mean Max SD 

25.5 0.34 0.38 0.41 0.03 1.95 2.590 3.09 .58 10.94 12.39 13.36 1.27 
HT 
0.5 0.56 0.57 0.60 0.02 1.96 2.640 3.88 1.07 19.72 20.93 21.89 1.11 
1 0.16 0.34 0.50 0.12 0.39 1.79 3.09 .86 5.06 11.42 16.25 3.27 
2 0.55 0.56 0.59 0.02 1.29 2.36 4.10 1.52 21.94 22.37 22.89 .48 
3 0.54 0.57 0.60 0.03 2.07 3.43 4.68 1.31 19.95 23.64 25.72 3.20  

Fig. A1. Box and means plots for all the input factors BS, PS and HT with the output factors BP, LP and TC   

Table A3 
Mean ± SD of the three replications of the output factors  

EXP BP SGR* TC LP L/C* 

1 0.42 ± 0.09 0.14 ± 0.03 12.24 ± 1.61 2.09 ± 0.68 0.20 ± 0.76 
2 0.18 ± 0.01 0.06 ± 0.0010 5.33 ± 0.26 0.70 ± 0.16 0.07 ± 0.01 
3 0.49 ± 0.01 0.16 ± 0.003 13.10 ± 0.76 2.39 ± 0.18 0.16 ± 0.01 
4 0.57 ± 0.02 0.19 ± 0.008 20.93 ± 0.99 2.64 ± 0.62 0.20 ± 0.04 
5 0.24 ± 0.03 0.08 ± 0.010 8.75 ± 0.58 1.01 ± 0.10 0.06 ± 0.01 
6 0.46 ± 0.01 0.15 ± 0.003 13.11 ± 0.14 2.70 ± 0.09 0.13 ± 0.003 
7 0.57 ± 0.02 0.19 ± 0.006 22.37 ± 0.43 2.36 ± 0.88 0.15 ± 0..06 
8 0.26 ± 0.03 0.09 ± 0.009 15.06 ± 1.63 1.04 ± 0.06 0.08 ± 0.004 
9 0.38 ± 0.03 0.13 ± 0.010 12.38 ± 1.14 2.59 ± 0.34 0.17 ± 0.02 
10 0.58 ± 0.03 0.19 ± 0.009 23.64 ± 2.83 3.43 ± 0.75 0.20 ± 0.05 

*SGR= Specific growth rate and L/C = the ratio of Lutein and Chlorophyll.  
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Table A4 
Correlation coefficients among all the inputs factors and the output factors  

LCCs BS PS HT BP LP TC 

BS 1      
PS − 0.1351 1     
HT − 0.1351 − 0.1351 1    
BP − 0.3738 − 0.0665 0.4015 1   
LP − 0.3474 0.2007 0.3694 0.7755 1.  
TC − 0.0136 − 0.1378 0.5734 0.8420 0.6365 1  

Fig. A2. Correlation coefficient matrix among all the input factors and output factors   

Table A5 
Analysis of the variation between BS, PS and HT  

BP LP TC 

Source SS MS F Sig. SS MS F Sig. SS MS F Sig. 

BS 0.095 0.032 15.882 0* 3.322 1.107 1.777 0.184 160.3 53.44 24.9 0* 
PS 0.020 0.007 3.412 0.037* 0.647 0.216 0.346 0.792 1.905 0.635 0.29 0.83 
HT 0.049 0.016 8.273 0.001* 3.019 1.006 1.615 0.218 239.4 79.81 37.3 0* 

* The input factor has a significant effect at the 0.05 level.  
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Fig. A3. Correlation coefficients among all the output factors  

Fig. A4. Observed BP values and predicted values via the linear and polynomial models  

Fig. A5. Linear and polynomial models among the output factors   
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Fig. A6. Predicted values of BP for all the possible 64 conditions via the spline and Kriging models  

Fig. A7. Predicted values of LP for all the possible 64 conditions via the spline and Kriging models  

Fig. A8. Predicted values of TC for all the possible 64 conditions via the spline and Kriging models  
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Appendix B

Fig. B1. Box and whiskers plots for the two-interactions among the input factors BS, PB(PS) and HT with the output factors BP, LP and TC   
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Fig. B2. Box and whiskers plots for the three-interactions among the input factors BS, PB(PS) and HT with the output factors BP, LP and TC   
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Table B1 
Levels and actual values of the used three factors tested in the experimental design  

Code Factors Normal level (N) Low level (L) = 0.5*N Medium level (M) = 2*N High level (H) = 3*N  

Beijerinck’s Solution NH4Cl g/L 8 4 16 24 
CaCl2 •2H2O g/L 1 0.5 2 3 
MgSO4 •7H2O g/L 2 1 4 6 

BS Final Concentration (ml/l) 50 25 100 150  
Phosphate Solution Na2HPO4 g/L 11.62 5.81 23.24 34.86 

KH2PO4 g/L 7.26 3.63 14.52 21.78 
PB Final Concentration (ml/l) 8.5 4.25 17 25.5 
HT Hunter’s Trace Solution (ml/l) 1 0.5 2 3   

Table B2 
Multiple comparisons for the BP based on the observed means  

(I) BS (J) BS Mean Difference (I-J) Sig. (I) PB (J) PB Mean Difference (I-J) Sig. (I) HT (J) HT Mean Difference (I-J) Sig. 

25 50 − 0.30 (*) 0 4.25 8.5 0.08 (*) 0.035 0.5 1 0.21 (*) 0 
100 -.006 0.24  17 0.03 0.550  2 0.01 0.9 
150 − 0.08 0.12  25.5 0.11 (*) 0.035  3 0 1 

50 25 0.30 (*) 0 8.5 4.25 − 0.08 (*) 0.035 1 0.5 − 0.21 (*) 0 
100 0.24 (*) 0  17 − 0.05 0.169  2 − 0.2 (*) 0 
150 0.26 (*) 0  25.5 0.028 0.459  3 − 0.21 (*) 0 

100 25 0.06 0.24 17 4.25 − 0.03 0.550 2 0.5 − 0.01 0.9 
50 − 0.46 (*) 0  8.5 0.05 0.169  1 0.2 (*) 0 
150 − 0.02 0.69  25.5 0.08 0.118  3 − 0.01 0.9 

150 25 0.08 0.12 25.5 4.25 − 0.11 (*) 0.035 3 0.5 0 1 
50 − 0.22 (*) 0  8.5 − 0.028 0.459  1 0.211 (*) 0 
100 0.02 0.60  17 − 0.08 0.118  2 0.01 0.9 

* The mean difference is significant at the 0.05 level.  

Table B3 
Multiple comparisons for the LP based on the observed means  

(I) BS (J) BS Mean Difference (I-J) Sig. (I) PB (J) PB Mean Difference (I-J) Sig. (I) HT (J) HT Mean Difference (I-J) Sig. 

25 50 − 1.7859 (*) .001 4.25 8.5 .4530 .344 0.5 1 .7822 .108 
100 -.3033 .635  17 -.3133 .623  2 .2800 .661 
150 -.3367 .598  25.5 -.1967 .758  3 -.7933 .220 

50 25 1.7859 (*) .001 8.5 4.25 -.4530 .344 1 0.5 -.7822 .108 
100 1.4826 (*) .004  17 -.7663 .115  2 -.5022 .295 
150 1.4493 (*) .005  25.5 -.6496 .179  3 − 1.5756 (*) .002 

100 25 .3033 .635 17 4.25 .3133 .623 2 0.5 -.2800 .661 
50 − 1.4826 (*) .004  8.5 .7663 .115  1 .5022 .295 
150 -.0333 .958  25.5 .1167 .855  3 − 1.0733 .101 

150 25 .3367 .598 25.5 4.25 .1967 .758 3 0.5 .7933 .220 
50 − 1.4493 (*) .005  8.5 .6496 .179  1 1.5756 (*) .002 
100 .0333 .958  17 -.1167 .855  2 1.0733 .101 

* The mean difference is significant at the 0.05 level.  

Table B4 
Multiple comparisons for the TC based on the observed means  

(I) BS (J) BS Mean Difference (I-J) Sig. (I) PB (J) PB Mean Difference (I-J) Sig. (I) HT (J) HT Mean Difference (I-J) Sig. 

25 50 − 10.47 (*) .000 4.25 8.5 − 1.6593 .083 0.5 1 9.3278 (*) .000 
100 − 3.4200 (*) .010  17 -.0133 .991  2 − 1.4400 .254 
150 − 9.7233 (*) .000  25.5 .7100 .570  3 − 2.7067 (*) .037 

50 25 10.4726 (*) .000 8.5 4.25 1.6593 .083 1 0.5 − 9.3278 (*) .000 
100 7.0526 (*) .000  17 1.6459 .085  2 − 10.77 (*) .000 
150 .7493 .423  25.5 2.3693 (*) .016  3 − 12.03 (*) .000 

100 25 3.4200 (*) .010 17 4.25 .0133 .991 2 0.5 1.44 .254 
50 − 7.0526 (*) .000  8.5 − 1.6459 .085  1 10.77 (*) .000 
150 − 6.3033 (*) .000  25.5 .7233 .563  3 − 1.2667 .314 

150 25 9.7233 (*) .000 25.5 4.25 -.7100 .570 3 0.5 2.7067 (*) .037 
50 -.7493 .423  8.5 − 2.3693 (*) .016  1 12.034 (*) .000 
100 6.3033 (*) .000  17 -.7233 .563  2 1.2667 .314 

* The mean difference is significant at the 0.05 level.  
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Table B5 
Observed values (OVs), predicted values (PVs) and the corresponding residual values (RVs) of the BP via its linear and polynomial models with LP and TC  

Model OVs BP = 0.091+ 0.053LP+ 0.014TC  BP = − 0.005+ 0.25LP − 0.042(LP)2
+ 0.0005(TC)2  

Exp PVs RVs PVs RVs 

1 0.29 0.31 − 0.016 0.3 − 0.015 
2 0.5 0.42 0.0804 0.46 0.0447 
3 0.48 0.41 0.0658 0.45 0.0292 
4 0.16 0.19 − 0.033 0.1 0.0565 
5 0.17 0.21 − 0.037 0.19 − 0.017 
6 0.22 0.22 0.0038 0.21 0.0139 
7 0.49 0.43 0.0588 0.46 0.0282 
8 0.5 0.41 0.0877 0.45 0.0521 
9 0.48 0.38 0.0976 0.42 0.0601 
10 0.56 0.48 0.0791 0.52 0.0406 
11 0.6 0.62 − 0.016 0.58 0.0242 
12 0.56 0.51 0.0515 0.56 0.0018 
13 0.28 0.28 0 0.25 0.0302 
14 0.23 0.26 − 0.029 0.22 0.0134 
15 0.22 0.27 − 0.053 0.27 − 0.05 
16 0.47 0.44 0.0327 0.46 0.0069 
17 0.45 0.42 0.0259 0.46 − 0.007 
18 0.46 0.42 0.0444 0.45 0.0085 
19 0.56 0.5 0.0566 0.54 0.016 
20 0.59 0.64 − 0.052 0.58 0.0113 
21 0.55 0.48 0.0732 0.48 0.065 
22 0.29 0.38 − 0.093 0.35 − 0.058 
23 0.23 0.33 − 0.097 0.27 − 0.045 
24 0.27 0.38 − 0.111 0.35 − 0.08 
25 0.34 0.35 − 0.014 0.39 − 0.05 
26 0.41 0.43 − 0.021 0.46 − 0.052 
27 0.39 0.44 − 0.053 0.46 − 0.068 
28 0.54 0.49 0.0499 0.53 0.007 
29 0.58 0.71 − 0.127 0.56 0.0157 
30 0.6 0.65 − 0.053 0.68 − 0.083 
R2  0.81 0.91 
MSE 0.004 0.002   

Table B6 
Screening the validation and performance of the spline and Kirging models for the BP with the input factors BS, PS and HT  

Model OVs Spline model Kriging model 

Exp PVs RVs PVs RVs 

1 0.4233 0.4233 0 0.4233 0 
2 0.1833 0.1833 0 0.1833 0 
3 0.49 0.49 0 0.49 0 
4 0.5733 0.5733 0 0.5733 0 
5 0.2433 0.2433 0 0.2433 0 
6 0.46 0.46 0 0.46 0 
7 0.5667 0.5667 0 0.5667 0 
8 0.2633 0.2633 0 0.2633 0 
9 0.38 0.38 0 0.38 0 
10 0.5733 0.5733 0 0.5733 0 
R2  1 1 
Lack of fit test 
F – 4.377E28 
P-value – 1 
Errors 
MSE 6.149E-22 2.025E-31 
Best and worst conditions 
Worst Predicted value 0.183509386629670 
The worst condition BS = 25, PS = 8.5, HT = 1  
Best Predicted value 0.576261464584786 
The best condition BS = 50, PS = 8.5,HT = 3 orBS = 50, PS = 4.25, HT = 0.5    
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Table B7 
Screening the validation and performance of the polynomial, spline and Kirging models for the LP with the input factors BS, PS and HT  

Model OVs Polynomial modelLP = 1.3+ 0.06(PS)(HT) Spline model Kriging model    

Exp  PVs RVs PVs RVs PVs RVs 

1 2.0933 1.8396 0.2537 2.0933 0 2.0933 0 
2 0.7033 1.8396 − 1.1363 0.7033 0 0.7033 0 
3 2.3933 1.5825 0.8108 2.3933 0 2.3933 0 
4 2.6400 1.5825 1.0575 2.64 0 2.64 0 
5 1.0067 1.8396 − 0.8329 1.0067 0 1.0067 0 
6 2.7067 2.3538 0.3529 2.7067 0 2.7067 0 
7 2.3600 2.3538 0.0062 2.36 0 2.36 0 
8 1.0400 1.8396 − 0.7996 1.04 0 1.04 0 
9 2.590 2.8679 − 0.2779 2.59 0 2.59 0 
10 3.433 2.8679 0.5651 3.433 0 3.433 0 
R2  0.3 1 1     
Lack of fit test 
F 3.2156 – 8.12E-29     
P-value 0.022 – 1     
Errors 
MSE 0.4986 2.408E-20 1.181E-29     
Best and worst conditions 
Worst predicted value 0.704       
The worst condition BS = 25, PS = 8.5, HT = 1        
Best predicted value 3.43220652452579       
The best condition BS = 50, PS = 8.5, HT = 3          

Table B8 
Screening the validation and performance of the polynomial, spline and Kirging models for the TC with the input factors BS, PS and HT  

Model OVs Polynomial modelTC = 11.8+ 1.43(HT)2  Spline model Kriging model    

Exp  PVs RVs PVs RVs PVs RVs 

1 12.24 13.23 − 0.99 12.24 0 12.24 0 
2 5.33 13.23 − 7.9 5.33 0 5.33 0 
3 13.097 13.23 − 0.13 13.097 0 13.097 0 
4 20.93 12.16 8.77 20.93 0 20.93 0 
5 8.753 13.23 − 4.48 8.753 0 8.753 0 
6 13.11 13.23 − 0.12 13.11 0 13.11 0 
7 22.373 17.509 4.864 22.37 0 22.37 0 
8 15.057 13.23 1.826 15.057 0 15.057 0 
9 12.387 13.23 − 0.84 12.387 0 12.387 0 
10 23.64 24.642 − 1.0015 23.64 0 23.64 0 
R2  0.4 1 1     
Lack of fit test 
F 33.11 – 1.65E-28     
P-value 6.83E-10 – 1     
Errors 
MSE 18.91 2.34E-17 8.24E-29     
Best and worst conditions 
Worst predicted value 5.397       
The worst condition BS = 25, PS = 8.5, HT = 1        
Best predicted value 23.64       
The best condition  BS = 50, PS = 8.5, HT = 3        
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