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This study simulated the production of bioethanol from mixed
microalgae to the assess economic feasibility on an industrial scale. For
the first time, the Kkinetic study of the chemical hydrolysis of mixed
microalgae was carried out using the AQUASIM software. The chemical
hydrolysis for the pretreatment of microalgae was carried out using
H2S04 (2.5%, 5%, 10% (v/v)), H3POs (2.5%, 5%, 10% (v/v)), and NaOH
(1%, 2%, 4% (v/v)) at the different biomass concentrations (25 to 100
g/L) at the temperature of 121 °Cfor 70 min. Kinetic constants were
calculated using experimental data and the AQUASIM software. It was
found that the optimum yield of sugars, which was obtained, was about
93%. From the comparison of the values of the reaction rate constant
(k), it was observed that the hydrolysis rate at 50 g/L by using H2SO4
2.5% (v/v), is higher compared to 25, 75, and 100 g/L, and the higher
reaction rate constant supports the faster hydrolysis of algal biomass.
These kinetic constants were applied in simulating the process on an
industrial scale using the SuperPro Designer software. Experimental
and simulation results showed that 3.6 g/L of bioethanol is produced
from the 9.3 g/L of glucose under optimal conditions. Also, simulation
results using the SuperPro Designer software demonstrated that
eliminating the algal biomass drying stage has the potential to save up
to 713,000 $ in operational expenses.
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1. Introduction

Due to harmful gases, the retreat of natural
glaciers, rising sea levels, global warming, and
the destruction of the ozone layer due to using

fossil fuels are harmful to this planet [1].
Currently, fossil fuels meet a significant part of
the world's fuel needs; On the other hand, we
are facing problems such as the increase in the
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price of crude oil and the decrease in fossil fuel
reserves [2]. Brazil, USA, Japan, China, and
Europe lead the production of biofuels [3].
Biofuels are categorized into three generations
based on biomass type. First-generation
biofuels are made from sugars in grains and
seeds which are unsuitable for human
consumption [4]. Second-generation biofuels
are derived from agricultural waste and non-
edible food residues, which, unlike first-
generation biofuels, do not conflict with
human food. However, this generation also
requires complex and expensive equipment
[5]. Microalgae, a valuable biomass, are
favored for third-generation biofuels because
they are easy to process, have high
polysaccharide and triglyceride contents, do
not compete with food sources, can thrive in
different environments, and can absorb CO>
[6]. Biological processes can be optimized to
enhance performance using modeling and
computer simulations, which are cost-effective
methods to study metabolic kinetics and
constants under various operating conditions,
thereby improving the operational efficiency
[7].

In the studies conducted by Li et al., dilute acid
(sulfuric acid) was mainly used for the
pretreatment of Chlorella vulgaris and
Chlamydomonas reinhardtii [8]. In this work,
the authors documented the retrieval of 0.0075
g of glucose from 1 g of Chlamydomonas
reinhardtii biomass and 0.12 g of glucose for
every gram of Chlorella vulgaris biomass.
Similarly, Nguyen et al. reported extracting
0.59 (g glucose / g biomass) (Chlamydomonas
reinhardtii) [9]. Among organic acids, formic
acid has the highest sugar production
efficiency, equal to 0.174 (g glucose / g
biomass), and the production efficiency of
0.087 of ethanol (g glucose / g biomass).

In a study by R Brunet et al., the production of
bioethanol using 40 MMgal/year of dry corn
was modeled by the Super Pro Designer

software. Through the economic analysis of
the process, it was found that implementing
heat integration resulted in a decrease in
process costs from 1.79 $/g to 1.75 $/g. [10].
Similarly, Mothi Bharath Viswanathan and
colleagues conducted an economic analysis of
the production of biofuel from the industrial
hemp (Cannabis sativa) genotype e19m96136
using the SuperPro Designer software. This
study showed that By reducing the space by
10%, the operating cost per production unit
will be reduced by 80.7%. [11]. Also, studies
have been conducted on the use of microalgae
for the production of biofuel. Sano Renato and
colleagues have analyzed the production of
biodiesel from heterotrophic microalgae. The
study assessed the production cost of biodiesel
to be 2.51 and 2.27 $ for continuous and batch
processes respectively [12]. In a similar study,
Tiago F. Lopes et al. compared the production
of biofuel from three strains of autotrophic
microalgae (Nannochloropsis sp., Dunaliella
sp., and Spirulina spray) in terms of economy
and life  cycle, and consequently,
Nannochloropsis sp was known as the most
economic species and Dunaliella sp as the
most expensive one due to the low productivity
[13].

The production of bioethanol from biomass
involves the pretreatment of the biomass,
chemical hydrolysis, and fermentation, which
have been conducted on a laboratory scale.
Kinetic constants for hydrolysis and
fermentation were determined through the
practical experience and AQUASIM (version
2.0) software. The economic feasibility was
evaluated by simulating the process on an
industrial scale with the SuperPro Designer
(version 10) software. Chemicals such as
sodium, potassium, calcium, and ammonium
hydroxide are used for the pretreatment of
microalgae. This study simulated the
production of bioethanol from mixed
microalgae to assess the economic feasibility
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on an industrial scale. For the first time, the
Kinetic study of the chemical hydrolysis of
mixed microalgae was carried out using the
AQUASIM software.  Also, this study
compares the prices of the production of
bioethanol from dry and wet algal biomasses.
It can be said that the main purpose of this
study is to reduce the operational costs and
expand the feasibility of the process on an
industrial scale.

2. Materials and methods
A mixed culture of microalgae was collected
from a freshwater source in Osku, located in
the northwest of Iran. The culture was enriched
as described in our previous study [14]. The
stock culture sample was used as a pre-culture
in the photobioreactor (PBR). A 10 L
photobioreactor was inoculated with medium
from a 1 L Erlenmeyer flask. To prepare dried
microalgae, the algae were dried in a dryer for
5 h at 80 °C and then powdered. In the tests for
the chemical hydrolysis, the microalgae
powders were individually mixed with H2SO4
(2.5%, 5%, 10% (v/v)), H3POz (2.5%, 5%,
10% (v/v)), and NaOH (1%, 2%, 4% (v/v)).
The impact of MgSO4 and CaClz, as Lewis
acids in acidic pre-treatment, on sugar yield
was also examined. Subsequently, the
resulting slurries were autoclaved at 121°C for
70 min. Following the hydrolysis, the samples
were allowed to cool to room temperature.
According to Equation 1, the carbohydrates in
the biomass are hydrolyzed into fermentable
sugars. In the chemical hydrolysis equation,
Cc, k, Cg, and K show the presence of the
concentration of the biomass, hydrolysis rate
constant, concentration of glucose, and
inhibitory constant of glucose respectively.
C,(H;0), » CeH;,04

k.Cc

rl - Kg+ Cg (1)
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The fermentation process of the chemical
hydrolysis products is carried out by
Saccharomyces cerevisiae (ATCC 7921) for
24 h. The pH of the hydrolyzed sample was
adjusted to 5.6 [14]. The Kkinetic equation of
sugar fermentation to bioethanol is according
to Equation 2. In this equation, pyax, Cg, Ksp,
K;, Eqmax, @and E are the specific growth rate,
concentration of glucose, saturation constant
of bioethanol, inhibition constant of
bioethanol, maximum concentration of
bioethanol, and concentration of bioethanol
respectively[15].

C¢Hy,04 » 0.54 CO, + 0.46 C,HO, 1, =

max - C E

—tmex T8 oy .(1—%) 2)

Ksi+ Cg + K—I
The concentrations of glucose and ethanol
were analyzed using high-performance liquid
chromatography (HPLC, RI detector) with
Eurokat H column. All experiments were
performed in duplicates. Glucose and ethanol
yields are calculated using equations 4 and 5.
Glucose Yield =

amount of glucose (g)

1
Total amount of carbohydrates (g) 00
©)
Ethanol Yiel =
amount of ethanol (g)
100 4)

Total amount of Glucose (g)

3. Modeling and simulation

3.1 Software

The AQUASIM software analyzes biological
processes by solving a series of nonlinear and
linear differential equations. In this study, the
AQUASIM software was used to create a
model for the chemical hydrolysis and
fermentation reactions [16]. Also, by using the
SuperPro Designer software, energy and mass
balance can be done in batches. In addition, the
economic evaluation and cost analysis can be
quickly executed using this software [17]. In
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this research, this software was used to
simulate the process of the hydrolysis of the
biomass into fermentable sugars and the
production of bioethanol from sugars.

3.2. Process simulation

The general schematic of the production of
bioethanol from algal biomass, including the
laboratory and simulation parts, is briefly
shown in Fig. 1.

Calculation of kinetic
constants using
experimental data

ACUASIM

Carbohydrate

T ]
& § 35 Bioethanol
® o & '
As 3
Powder
- Glucose
‘ ‘k Hvdrolysis -0 0| Fermentation
20%

\V 4

!

SuperPro Designer

Simulation using kinetic
constants calculated by
AQUASIM software

Economic analysis
of the process using
Sunernro Desioner

Figure 1. General schematic of the production of bioethanol from algal biomass.

According to Fig 1, to model and simulate the
process on an industrial scale, kinetic constants
must be calculated. Therefore, the Kinetic
constants of the hydrolysis of algal and
fermentation are calculated under different
operating conditions using experimental data
as input to the AQUASIM software.
Considering the rate equations not depending
on the reactor volume, the rate constants can
be generalized for large and industrial scales.
Therefore, the obtained constants were also
used for the industrial scale simulation by the
Superpro Designer software.

In this study, the production of bioethanol
using dry and wet microalgae has been
investigated in a batch with the assumption of

extracting 20 kg of ethanol/batch. This amount
was selected based on the research done by
Designer et al [18] .Each operation starts
sequentially after the completion of the
previous operation. The size of the equipment
is determined based on the power required for
the job. The size of the equipment is
determined based on the power required for the
job. The efficiency of the production of
bioethanol and the cost of each batch have
been thoroughly investigated and analyzed
using two different methods. In the first
method, according to Fig 2, bioethanol is
produced from dry microalgae. In the second
method, according to Fig 3, wet microalgae are
used to produce bioethanol. Microalgae were
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assumed to be gathered in large amounts from
culture ponds to simulate the industrial
procedure. In this way, the costs of the
cultivation  of  microalgae in  the
photobioreactor can be ignored. According to
Fig 2, the microalgae are sent to the equipment
(TH-101) and settled to extract the biomass
cake. Next, the biomass cake is placed in a
dryer (TDR-101) and dried in this equipment
for 5 h. the dry biomass underwent a process
of pulverization within the apparatus denoted
as (SR-101), followed by the introduction of
chemicals into the pulverized biomass through
the utilization of the mixer labeled as (MX-
101). The chemical hydrolysis of the biomass
is performed using the Kkinetic constants
obtained from the AQUASIM software in the
reactor (R-103) at a temperature of 121°C for
70 min. The Reactor (R-103) is outfitted with

a cooling system designed to lower the
temperature of the byproduct of the hydrolysis
to match ambient conditions. The stream (S-
106) contains sugars as the products of the
hydrolysis. By the mixer (MX-105), yeast is
added to the products of the hydrolysis to
ferment them into bioethanol in the equipment
(FR-101) at a temperature of 35°C and in a
duration of 24 h. the stream (S-124) contains
bioethanol as a processed product. In this
process, drying is used as a pretreatment
method. In the process of Fig 3, the biomass
drying and pulverization steps (TDR-101 and
SR-101 equipment) are omitted to reduce
process costs. Chemicals are introduced
directly into the biomass cake, and the
hydrolysis and fermentation processes are
conducted in the same manner as described in
the initial method.

S-101
5104
Bi ® b b chemical
> A = i 5-108
P-2/TH-101 biomass cake % %
Thickeni 5 g ¢
ickening 5102
P-3/TDR-11
Tray Drying ﬁG/X\
Air. ¢ S
P-4/ SR-101 S10% g w10t |
Yeast Shredding Mixing 5-1|05

hal

Air.. @———H
+] h
M facctomat]
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i
i |
OGX H B

b P » ; b ] 5-124
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Figure 2. Flowsheet of the production of bioethanol from dry microalgae.
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Figure 3. Flowsheet of the production of bioethanol from wet microalgae.

2.3 Economic analysis of the process

The income created by the production plant of
bioethanol mainly depends on the sale of
bioethanol. The price of 95% bioethanol in
2024 was 1500 $/ton [19]. In addition, despite
the low economic value of by-products (H2 and
CO2 ) due to their beneficial environmental
effects, the use of these products has also been
considered. This way, the gas produced from
this process is collected and used in various
chemical industries. Another by-product is
biomass, which can be used as animal feed and
fertilizer. However, the by-product revenue
calculation was ignored due to the low
projected revenue. Table 1 lists the prices of
consumables and the sale price of bioethanol.

Table 1.
Price list of process consumables and production
materials [19]

Materials Material price
H,SO, 120 ($/ton)
HsPO3 1000 ($/ton)
NaOH 456 ($/ton)
MgSO4 1.2 ($/ton)
CaCl, 80 ($/ton)
Yeast 1700 ($/kg)
Bioethanol (95%) 1300 ($/ton)

To calculate the costs related to equipment,
labor, energy, etc., the database of the software

is used by default. Common equipment, labor,
and energy are fixed in both cases and are
excluded in the comparison of process costs.

3. Results and discussion

3.1. Algae cultivation

As previously mentioned, the microalgae were
cultivated in a photo-bioreactor. At the end of
the cultivation of algae, the concentration of
the algal biomass was 2 g/L. Carbohydrates
make up about 20% of the total microalgae
biomass.

3.2. Kinetic study of the chemical hydrolysis
of the algal biomass

The dried algal powder was hydrolyzed using
chemical agents. The efficiency of the
extraction of sugar from microalgae in the
chemical hydrolysis also depends on various
parameters. Among the parameters affecting
the rate of the chemical hydrolysis are the
initial concentration of the algal biomass,
concentration of acid or base, and hydrolysis
temperature [20, 21]. To investigate the effect
of operating conditions on the sugar extraction
efficiency, The kinetic constants related to
Equation 1 under different operating
conditions were calculated by AQUASIM
software. Table 2 shows the values of the
Kinetic constants of the chemical hydrolysis.
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Table 2.
Value of the kinetic constant of the chemical hydrolysis.
Hydrolysis ~ The initial concentration The concentration of the _
agent of biomass g/L chemical agent k™)  Kg(glL)
25 2.5% (VIV) 9.86
5% (vIv) 9.72
10% (v/v) 10
H.SO 50 2.5% (vIV) 10.23
2o 2.5% (v/v) + 2.5% (w/w) CacCl, 9.94
2.5% (v/v) + 2.5% (w/w) MgS0, 10.02
75 2.5% (vIV) 8.15
100 2.5% (vIV) 7.94 16199
1% (vIv) 8.57
NaOH 50 2% (vIV) 8.64
4% (vIv) 8.81
2.5% (V/V) 7.07
H;PO; 50 5% (vIv) 7.65
10% (Vv/v) 7.69

3.2.1. Effects of the initial concentrations of
different algal biomasses on the extraction
of the fermentable sugars

The effect of the initial concentration algal
biomass on the chemical hydrolysis rate and
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the production of glucose using 2.5% sulfuric
acid at 121°C for 70 min was evaluated using
the SuperPro Designer software. Fig. 4 shows
the simulation and experimental results during
the chemical hydrolysis.
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Figure 4. Comparison of the predicted concentration of the sugar and the one obtained from the
experimental study as a result of chemical hydrolysis with 2.5% (v/v) sulfuric acid with the initial
concentrations of: (a) 100 g/L, (b) 75 g/L, (c) 50 g/L, and (d) 25 g/L of the biomass.

According to the simulation results, the
efficiency of the production of glucose in the
concentration of 25 (g/L) of the biomass after
70 min is higher than that of the extraction of
the same from the biomass with other
concentrations and is equal to 91.58%. Also,
the efficiency of the production of glucose in
the concentration of 50 g/L of the biomass in
70 min is equal to 93.4%, which is a relatively
high extraction rate. However, as the
concentration of the biomass increases from 50
to 75 or 100 (g/L), the extraction efficiency
decreases. Therefore, the extraction efficiency
obtained from the simulation in 60 min with
the initial concentration of 75 g/L of the
biomass is equal to 73.3%, and the same with
initial concentration of 100 g/L is equal to
58.9%.

According to Fig 4, the simulation results
agree with the experimental results [22].
According to the simulation results, the sugar
yields available at 25 and 50 g/L are close. On
the other hand, considering that with the initial
concentration of 50 g/L of the biomass, more
sugar is produced, the initial concentration of
50 g¢/L is selected as the optimal initial

concentration.  Assuming  the initial
concentration of 50 g/L of the biomass as the
optimal initial, about 9.3 g/L of sugar is
obtained from the chemical hydrolysis of the
biomass. Also, Table 2 shows that the highest
k value of 10.23 h! was obtained at H,SOs
(2.5% (v/v)) and the initial concentration of 50
g/L of the biomass. Therefore, the highest
hydrolysis rate was achieved under this
condition. These Kkinetic results are in
agreement with our experimental observations.

3.2.2. Effects of the different concentrations
of acid and base on the extraction of the
fermentable sugars

In this section, by choosing the initial
concentration of 50 g/L of the biomass as the
optimal concentration of the substrate, the
effect of the concentration and type of
chemical agents on the sugar extraction
efficiency was simulated using the SuperPro
Designer software. In Figs 5 and 6, the
simulation results for the chemical hydrolysis
by sulfuric acid (5%, 10% (v/v)), sulfuric acid
2.5% (viv), 2.5% w/w MgS0O, or calcium
chloride as Lewis acid, sodium hydroxide (4%,
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2%, 1% (v/v)), and phosphoric acid (2.5%, 5%,
10% (v/v)) with a the concentration of 50 (g/L)
of the biomass at 121°C for 70 min have been
compared with the experimental results.
According to Fig 5, the simulation results are
in good agreement with the laboratory results,
which shows the appropriateness of the kinetic
model related to the chemical hydrolysis.
According to the obtained results, it can be
seen that the hydrolysis rate has a direct
relationship with the concentration of the
chemical agent used [23]. The highest
extraction efficiency is related to the mixture
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of 2.5% (v/v) sulfuric acid and 2.5% (w/w)
calcium chloride. The efficiency of extracting
sugars from microalgae with a mixture of 2.5%
(v/v) sulfuric acid and 2.5% (w/w) MgSO4 is
equal to 91%. In studies on acid hydrolysis, it
has been reported that magnesium sulfate and
calcium chloride as Lewis acids increase the
rate of the hydrolysisof the biomass [24]. Also,
Table 2 shows that the highest k value of 10.02
h? was obtained at (H2SO4 2.5% (V/V) + 2.5%
(w/w) MgSOgs ). These kinetic results are in
agreement with our experimental observations.

10 + - 100
E B4 + 80
§ 3
= <
C 64 ® Experimenal L 60 %
: %
E 4 4 w— Predcted L 40 3
- 2
¥ o
-
& 21 + 20
[
0 4t + - 0
0 20 40 B0 B8O 100
Time (min)
(b)
10 - - 100
3’ 8 + 80
= s
o x
= ® Experimental k-1
Z 6 s e 2
% >
= p 2
S 1 Predicted ta 3
p- 2
& G
o 2 {20
o
v
0 —t — 0
0 20 40 60 80 100
Time (min)
(d)

Figure 5. Comparison of the predicted concentration of the sugar and the one obtained from the
experimental study as a result of chemical hydrolysis with sulfuric acid; (a) 5%(v/v), (b)10 (v/v), (c) 2.5%
(v/v) + 2.5% wi/w calcium chloride, (d) and 2.5% (v/v) +2.5% w/w magnesium sulfate.
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The simulation results in Fig. 6 show that
sodium hydroxide releases less sugar than
sulfuric acid, which is probably due to the
degradation caused by the strong alkali
treatment. This result can be confirmed by the
comparison of the kinetic constants in Table 2 .
This result is consistent with that of the study
conducted by Miranda et al. [25]. Also, it is
clear from the results obtained in Fig. 6 that the
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amount of the extraction of sugar with sodium
hydroxide is more than the extraction with
phosphoric acid. In the studies conducted on
the acid treatment of microalgae by Kavita et
al., it was reported that the efficiency of the
sugar extraction from microalgae with
hydroxide treatment at 121°C was much
higher than that with phosphoric acid under
similar operating conditions [26].
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Figure 6. Comparison of the predicted concentration of the sugar and the one obtained from the
experimental study as a result of chemical hydrolysis with sodium hydroxide (a.2%, b.1%, ¢.4% (v/v)) and
phosphoric acid (d.5% -e.2.5% and f.10% (v/v))

3.3. Fermentation of sugars extracted from
microalgae

The Kinetic constants of the fermentation of
bioethanol from sugars extracted from
microalgae were calculated using AQUASIM.
These kinetic constants are presented in Table
3. The obtained constants are in good
agreement with the ones reported in previous
studies [27, 28].

Table 3.
Kinetic constants of the fermentation of the
products of the chemical hydrolysis

Kinetic constant Value
e (B 0.258
Kq; %) 0.78
g
K (2 352
&)
Eppa( %) 101.2

The comparison of the predicted concentration
of bioethanol and the concentration of

44

bioethanol obtained from the experimental
study as a result of chemical hydrolysis by the
SuperPro Designer software is shown in
Figure 7.

Stable conditions have been obtained after 24

h and the concentrations of ethanol and
glucose remain constant. The amount of 3.6
g/L of bioethanol is produced from mixed
microalgae. This value is in good agreement
with the value obtained from experimental
studies. The kinetic equations obtained using
the AQUASIM software model this process
well. The yield was calculated to be 0.42 g
ethanol /g glucose. The obtained results are in
good agreement with those of other published
papers [29, 30]. A study by Matthew J. Schulz
et al. showed that the acid hydrolysis of
Chlamydomonas reinhardtii microalgae with
hydrochloric acid, followed by fermentation
with Saccharomyces cerevisiae, resulted in a
yield of 0.44% g of ethanol per g of glucose
[31]
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Figure 7. Comparison of the predicted concentration of bioethanol and the concentration of bioethanol
obtained from the experimental study and the effect of chemical hydrolysis.

3.4. Economic analysis of the process

In this process, each batch takes 233.75 h, and
the whole process works for 7851.50 h/year.
The total investment required to produce
bioethanol from dried microalgae was
10,109,000, and the operating cost was
3,292,000 $/g ethanol. Also, the total
investment and operating costs required to
produce bioethanol from wet algae were equal

Table 4.

to 8016000 $ and 2579000 $/g -ethanol
respectively. Table 5 shows the results of the
economic production of bioethanol from wet
and dry microalgae. According to Table 5, the
operating costs of the production of bioethanol
from wet algae are 713,000 $ less than the
operating costs of the production of bioethanol
from dry microalgae. Therefore, the use of wet
algae is economical.

Results of the economic estimation of the production of bioethanol from dry and wet microalgae

Sugar extraction from
wet microalgae

Sugar extraction from
dry microalgae

Total Capital Investment 8016000 $ 10109000 $
Capital Investment Charged to This Project 8016000 $ 10109000 $
Operating Cost 2579000 $/g 3292000 $/g
Revenues 5000 $/yr 5000 $/yr
Batch Size 20 Kg MP* 20 Kg MP
Cost Basis Annual Rate 5.365 g MP 29.01 g MP
i : $ $
Unit Production Revenue 0.99 Ke MP 1.02 R MP

*Main Product
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4. Conclusion

In this study, the feasibility of developing the
process of the production of bioethanol from
microalgae on an industrial scale has been
studied. By comparing the laboratory and
simulation results, it has been determined that
the highest sugar extraction efficiency is
achieved by sulfuric acid with an initial
concentration of 50 g/L of the biomass. The
sugar extraction efficiency using 2.5%(v/v)
sulfuric acid was 93.4%. Also, comparing the
efficiency of different chemicals, it was found
that alkaline materials had lower hydrolysis
rates. Finally, 3.6 g/L of bioethanol was
obtained from the fermentation of hydrolysis
products under optimal conditions. Also, the
economic analysis of the production of
bioethanol on an industrial scale from dry and
wet microalgae was done. The process of
drying biomass as a treatment method
necessitates the use of extra equipment for
sedimentation, and drying the biomass. The
annual operating cost of producing bioethanol
from dried microalgae is 713,000 $ more than
the operating costs required to produce
bioethanol from dried microalgae. Therefore,
the use of wet microalgae is more affordable
due to less need for equipment.
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