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Process simulation of bioethanol production from brown algae
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Abstract: Steady state ethanol production from brown algae (Saccharina japonica) based on 100,000
ton/year dry feed was simulated using Aspen Plus V7.3 software. Different process units including
saccharification, fermentation and purification were modeled based on experimental works obtained from
literature. Acid thermal hydrolysis using H,SO, and simultaneous saccharification and fermentation (SSF)
were used and modeled in this simulation. Distillation columns along with molecular sieves were used to
recover ethanol from the raw fermentation broth to produce 99.5% ethanol. This simulation is the first
attempt in literature to evaluate large-scale production of ethanol from macroalgae and allows its economic

analysis.
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1. INTRODUCTION

Biofuels are gaining increased public and scientific attention,
driven by factors such as oil price spikes, the need for
increased energy security, and concern over greenhouse gas
emissions from fossil fuels. It can be obtained from
renewable sources containing starch, sugar, or cellulose, such
as potatoes, corn, corn cobs and stalks, grains, and wood. One
of main problems with using crops or woods as feedstock is
that they will affect directly crop prices and will result in
destruction of forests. Therefore, seaweed or macroalgae as a
solution for this problem has been introduced recently. Some
of advantages in using seaweed as feedstock include simple
cultivation and possible productiveness. It also has easier
manufacturing process (No lignin removal) with a higher
CO, fixation ability.

These advantages motivated researchers to report substantial
amounts of experimental works showing possibility of
production of ethanol from seaweed. But there is no large
scale simulations developed yet to examine possibility of
industrialization of the process. On the other hand, it is
impossible to explore all the important features and variables
of such a process via experimental investigations alone.
Computer simulation is an invaluable tool for the analysis,
design, and economic evaluation of the individual process
units, and for comparing and optimizing various process
alternatives. Computer simulations naturally cannot replace
experimental studies, but are more of a tool used in the
planning and evaluation of the experiments.

Brown algae as a seaweed is evolutionarily diverse and
abundant in the world’s oceans and coastal waters. The
seaweed industry has an estimated total annual value of 5.5 to
6 billion US$, with 7.5 to 8 million tons of naturally grown
and cultivated seaweed harvested worldwide. Seaweed is
mainly used in food products for human consumption, which
generates approximately 5 billion US$ per year, with the
remainder used for production of extracted hydrocolloids,
fertilizers, and animal feed additives (Adams et al., 2009;
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McHugh et al., 2003). Brown seaweed has a high content of
casily degradable carbohydrates, making it a potential
substrate for the production of liquid fuels. The carbohydrates
of brown seaweed are mainly composed of alginate,
laminaran, mannitol, fucoidan and cellulose in small amounts
(Horn et al., 2000).

Alginate is the major structural component of the brown algal
cell wall, and mainly consists of B-D-Mannuronic acid and o-
L-Guluronic acid units. In a wide range of industrial
applications, alginates are essential compounds as thickening,
gelling or stabilizing agents (McHugh, 1987). Laminaran is a
linear polysaccharide of B-(1,3)-D-glucose in which the chain
terminates with D-mannitol with low levels of branching at
B-(1, 6)- glycosidic linkages (Horn et al., 2000; Myklestad S.,
1987).

Mannitol, a sugar alcohol derived from mannose, is also one
of the main sugar components of brown seaweed. Mannitol,
produced by photosynthesis, is universally found in brown
algae and can account for 20-30% dw(dry weight) in some
Laminaria species (Horn et al, 2000). Mannitol exhibits
hydrating and antioxidant properties used in numerous
cosmetic and pharmaceutical applications (Iwamoto et al,
2005). Mannitol is not readily fermented. It is oxidised to
fructose by mannitol dehydrogenase, a reaction that generates
NADH. Regeneration of NAD+ requires oxygen (active
electron transport chain) or transhydrogenase, which converts
NADH to NADPH. Thus, many microorganisms are not able
to carry out strictly anaerobic fermentation of mannitol (Van
Dijken et al., 1986)

Fucoidan, the sulphated polysaccharide containing substantial
percentages of 1-fucose and sulphate ester groups, are
constituents of brown algae (Patankar et al., 1993). In spite of
the many studies attempting to determine the fine structure of
the fucoidan, only few examples of regularity were found.
Linkages, branching, sulphate positions and composition of
monosaccharaides are strongly differing, and thus, the
relationship between structure and biological activity is not
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established so far (Ponce et al., 2003). The elucidation of the
structure is not concluded yet, and thus, the algae cannot be
grouped by their fucoidan structure.

2. PROCESS SIMULATION

For simulation, Aspen Plus® v7.3 software (Aspen
Technology Inc. Cambridge, Massachusetts, USA) was used
for this work. The procedures for process simulation mainly
involve: defining chemical components, selecting the
thermodynamic model, choosing proper operating units and
setting up input conditions (flow rate, temperature, pressure,
etc.). As shown in figure 1, the ethanol production process
that we simulated consists of three major units, feed
pretreatment, simultaneous saccharification and fermentation
(SSF), and finally purification. The non-random two-liquid
model (NRTL) property calculation method was selected. In
next sections feed composition, assumed conversions for this
simulation and three units of simulation will be explained. It
is important to note at the outset that algal biofuel technology
is still at the lab-scale or at the very early pilot stage of
development. This study attempts to simulate an ethanol
production plant from brown algae based on current state of
art technology available for ethanol production. As such it is
possible that some operating conditions and conversions may
need to be revised based on future developments in algal
biofuel production.
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Fig. 1. A simplified process flow diagram for ethanol
production.

2.1 Feed composition

Generally, the chemical composition of brown algae varies
considerably between species, throughout the year and
between habitats. Brown algae exposed to seasonal changes
usually accumulate mannitol and laminaran in the light
season (spring to autumn), and consume these storage
carbohydrates in the dark season (Haug et al., 1954). The
composition and proximate analysis of several seaweeds is
listed in Table 1(Jang et al., 2011).

The composition that assumed in this simulation is given in
table 2. The first column is the averaged composition and
second column is the composition that we used in our
simulation. This data is based on literature data and averaged
between several brown algae (John et al., 1998; Horn S. G.,
2000a; Rioux et al., 2007; Jang et al., 2011). With a main
focus on Saccharina japonica which is widely cultivated in
Korea, China and Japan.

Fucoidan also can have different structures in different algae
(Rioux et al, 2007). Zhang et al. find the chemical
composition of fucoidan in Laminaria japonica as follows:
total sugar content 48%, fucose content 28%, and sulphate
content 29%. Neutral monosaccharide analysis by Gas-liquid
chromatography showed that fucose and galactose are present
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in fucoidan with their molar ratio being 1.0:0.24. Molecular
weight was determined to be 189,000 (Zhang et al., 2005).

Since exact structure of fucoidan was not known, we decided
to distribute its composition equally between ash and
laminaran, because parts of fucoidan sugar are galactose and
fucose which produce the same amount of ethanol as
Glucose. Also half of the fucoidan will remain unreacted and
solid which we considered as ash. This would be a good
assumption for this simulation.

Table 1. Compositions of various seaweeds
Composition (%, w/w)
Seaweed Crude | Crude | Crude Total
. . carbohydrate
protein | lipid ash (fiber)
Saccharina |, ¢ 1.6 | 21.8 | 66.0(6.3)
japonica
Sargassum
fulvellum 19.9 0.5 351 44.5 (3.5)
Undaria
pinnatifida 18.3 1.8 28.0 52.0 (3.6)
Hizikia 13.9 04 | 266 | 59.0(4.2)
fusiforme
Enteromor | 5, ¢ 1.8 | 292 | 3744
pha linza
Gelidium | ¢ 5 00 | 74 | 744(11.6)
amansii

However, the total amount of fucoidan is very small
compared to other structural carbohydrates of brown algae
and it will not affect the economy of process greatly.

Table 2. Brown algae composition

Component Base of design | Used in simulation
Dry wt % Dry wt %

Ash 23.63 25.48

Algin 27.78 27.78

Laminaran 16.67 18.52

Mannitol 14.81 14.81
Fucoidan 3.7 -
Cellulose 6 6

Protein 7.41 7.41

2.2 Conversion rates

There are numerous studies and experimental works in the
field of saccharification and fermentation of brown algae
along with problems to use them as a reference for
simulation. Each study uses a specific type of brown algae
that belongs to different geographical locations. Therefore,
amount of the conversions reported for one type of algae
cannot necessarily be applied to other types. For example
alginate degredation may be seriously affected by
polyphenols and divalent metal ions present in the tissue
during anaerobic digestion of brown seaweeds which is in
different amounts between different algae (Moen et al.,
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1997). Also, using different types of enzymes, bacteria, or
microorganisms can compound complexity of the problem.

Another problem is to find out conversion rates for every
component entering the reaction. There is no experimental
work that reports a conversion rate of each component in the
mixture unless one specific component is used for
experiment. For example Horn et al. (2000c) have done some
experiments on conversion of mannitol to ethanol. They
showed that under oxygen-limiting conditions, the bacteria
can grew and produce ethanol in a synthetic mannitol
medium with a yield of 0.38 g ethanol (g mannitol)™. Table 3
gives a summary of conversion rates for saccharification and
fermentation of brown algae. In this study to find conversion
rates for every single component, some back calculations
performed using litreture data.

Table 3. Saccharification and fermentation
conversion rates from literature data.

. Saccharification Fermentation
Ref. Material Yield Yield (Ethanol)
Jang et Laminaria 69.1% 33.3%
al., 2011 japonica e theoretical yield
Geetal., Laminaran 277.5 ma/ 41.2%
2011 | & Mannitol = mefe theoretical yield
Moen et Alginate 50-87% of
al., 1997a & alginate
Laminaria
Horn et hvperborea 0.43
al., 2000b yp g/g substrate
extracts
synthetic 0.38
aflozrg Oe(;c mannitol g ethanol/g
’ medium mannitol
Wargacki Laminaria 0.281kg
et al. voni ethanol/kg dry
2012 Japomica seaweed
Horn et Glucose 0.4
al.. 2000c and - g/g(glucose +
’ mannitol mannitol)
Humbird
etal., Cellulose 91 % 95%
2011

Conversion rates considered in this simulation are shown in
table 4. These numbers is a percentage of the theoretical
yield. For example, the statement “95% conversion of
glucose to ethanol” means that 95% of the glucose in the
system was consumed in the following reaction:

Glucose — 2 Ethanol + 2 CO,

Which has a theoretical yield of 0.51 g ethanol / g glucose.
These data obtained from back calculations and averaging
based on data from literature mentioned before.
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Table 4. Conversion rates used in simulation

Saccharification
Ethanol
Acid Enzymatic conversion
thermal Saccharific Tot.
Hydrolysis ation
Alginate 8% 50% 54% 60%
Laminaran 10% 85% 86% 95%
Cellulose 10% 95% 95% 95%
Mannitol | 95% of mannitol dissolve in water 85%

2.3 Pretreatment

The pretreatment process converts most of the carbohydrates
in the feedstock to soluble sugars (D-mannuronate, L-
guluronate, D-glucose and L-glucuronate) by hydrolysis
reactions. Figure 2 shows a process flow diagram of this
section. Pretreatment is carried out in two stages. The first
stage is to heat up the feed stream by adding steam and to add
H,SO, for thermal acid hydrolysis. Second stage is to use
enzymes for saccharification and then SSF. The best
condition reported for acid hydrolysis is 10% (w/v) seaweed
slurry, 40 mM H,SO, at 121° C and enzymatic SSF (Choi et
al., 2007; Jang et al., 2011). At these conditions, total yield of
the Saccharification is 75% of total carbohydrates.
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Fig. 2. A process flow diagram of pretreatment section.

Two steam flow rate adjusters were used in preheater and
reactor to reach 121°C temperature. Water adjuster was used
to maintain a 10% (w/v) solid ratio at pretreatment reactor
inlet stream. Hydrolysis reactions are catalysed using dilute
sulphuric acid and heat from steam. H,SO, design spec was
used to maintain H,SO,4 concentration at 40 mM in the slurry.
Conversion rates of thermal acid hydrolysis given in table 4
assigned to each Carbohydrate component. Alginate convert
to its unit monomers, D-Mannuronic acid and L-Guluronic
acid with an M:G ratio of 1.35. Laminaran and cellulose also
degrades to glucose. Mannitol solubility is high and it is
assumed that 95% of the mannitol is dissolved in water. The
partially converted slurry sent off to SSF Unit.

2.4 Fermentation

In this section materials are further saccharified and
fermented to ethanol. Figure 3 gives a schematic of this
process. The slurry received from the pretreatment section is
first neutralized with Ammonia. Ammonia is selected for
neutralization instead of conventional Lime, because over
liming causes a significant amount of sugar loss in the liquor
(as much as 13%) by side reactions occurring at high pH.
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Although ammonia is considerably more expensive than
lime, the economic benefits of reduced sugar loss and
reduced capital cost make ammonia a more economical
alternative over lime (Jennings et al, 2008). The high
miscibility of ammonia also permits conditioning of the
whole hydrolysate slurry and eliminates the solid-liquid
separation steps (Humbird et al., 2011).

Fig. 3. A process flow diagram of SSF section.

The slurry received from the pretreatment section passes
through a heat exchanger to reach the 30 °C saccharification
and fermentation temperature. Before sending the slurry to
SSF reactors, slurry goes to saccharification reactors for
further saccharification. Conversion rates from the second
column of table 4 were assigned to wunsaccarified
carbohydrates in slurry. The products from these reactors
goes to SSF reactor for simultaneous saccharification and
fermentation and sugars convert to ethanol with conversion
rates given in table 4. The products from reactor go through a
flash drum. The overhead vapors contain little amounts of
ethanol and are sent to adsorption column. Bottom liquids are
sent to recovery section for ethanol purification.

2.5 Purification

The purification section separates the fermentation broth into
water, anhydrous ethanol, and solids. Distillation and
molecular sieve adsorption are used to recover ethanol from
the raw fermentation liquid and produce 99.5% ethanol.
Distillation is accomplished in two columns. The first
column, called the Water remover column, removes the
dissolved CO2 and most of the water. The second column is
called the Azeotropic column, concentrates ethanol from the
first column to a near azeotropic composition. See Figure 4
for a process overview of this area. The ethanol product
leaves the Azeotropic column and is further dehydrated to
99.5% by vapor-phase molecular sieve adsorption. During
regeneration of the molecular sieve adsorption, a low-purity
ethanol stream is generated and is recycled back to the
Azeotropic column for recovery.

The overhead stream from the Water remover column is fed
to the ethanol adsorption column along with the vent vapours
from the SSF flash drum (containing mostly CO, but also
some ethanol), to recover nearly all of the ethanol. The
adsorption column effluent is fed back to the Water remover
column.
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Fig. 4. A process flow diagram of purification section.

The Water remover column bottoms (stillage) stream
contains the unconverted insoluble and dissolved solids,
ammonium sulphate and soluble inorganic compounds from
the biomass.

3. RESULTS AND DISCUSSION

Algae can have different composition during the year. Algae
use mannitol and laminaran as food reserve during autumn
and winter. So they are very rich in carbohydrates at the
beginning of autumn and very poor in spring. In order to see
the effects of this composition variation on ethanol
production, we used two feed compositions having a 10
percent deviation in laminaran and mannitol concentrations
from the compositions given in second column of table 2.
Table 5 shows new feed compositions and the effects on
annual ethanol production. As we can see, 10% decrease in
mannitol and laminaran weight will result in 5 weight percent
less production and 5112 ton/year reduction of ethanol. In
addition, 10% increase in mannitol and laminaran weight will
cause in 2 percent more production and an annual 2332 ton
increase in total ethanol production.

Table 5. Change in composition and effect on
ethanol production

(Laminaran + Mannitol) | -10% Normal | +10%
Ash 26.36 25.48 24.66

Align 28.74 27.78 26.88
Laminaran 17.24 18.52 19.71
Mannitol 13.79 14.81 15.77

Cellulose 6.21 6 5.81

Protein 7.66 7.41 7.17

Ethanol to dry feed ratio 020 025 027

(w/w)
Annual Ethanol

Production (ton/year) 20248 25360 | 27692

4. CONCLUSIONS

In this work, ethanol production from brown algae, based on
literature data and design objectives, was simulated in aspen
plus on a 100,000 ton/year dry feed basis. Different sections
of the process including pretreatment, SSF and recovery are
simulated in this simulation. The ethanol production resulted
in a 25% w/w (ethanol/dry feed) and 25,360 ton/year ethanol
production which is comparable with the recently reported
benchmark ethanol titer derived from lignocellulosic biomass
fermentation using S. cerevisiae (Lau and Dale, 2008). This
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simulation allowed examining feed composition sensitivity
analysis. Effects of composition change were studied on
annual ethanol production. This study allows to develops
techno-economic models and use them to analyze and
optimize the economics of ethanol production plant from
seaweed.
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