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Abstract

The increasing production of plastics has raised concerns over the depletion of fossil fuels. In addition, the environmental issues
associated with the improper management of plastic waste are increasingly alarming. Therefore, there is a sharp rise of researches
conducted on one of the most promising biopolymers for the production of biodegradable plastics, which is known as polylactic
acid (PLA). Subsequently, this has led to an increased interest in the production of its monomer, lactic acid (LA). However, the
high production cost of LA has been limiting its large-scale manufacturing. The utilization of expensive raw materials and
complicated downstream processes have led to the high overall production cost of LA. This review explores the potential of 3G
feedstock, specifically macroalgae biomass, as a substrate for LA production. Then, the recent technological advancements for
LA production and the challenges currently faced in the LA industry are addressed. Lastly, the sustainability aspect of macroalgae
biomass is evaluated economically and environmentally by utilizing engineering tools such as life cycle assessment and exergy

analysis, which represent the highlights of this review paper.
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1 Introduction

Over the years, the production and consumption of plastic
have increased exponentially due to its favorable properties,
such as light-weighted, waterproof, economical, and versatile
[1]. Currently, the reported annual production capacity of
plastics worldwide has approached 350 million tons [2].
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According to Garside [3], the worldwide production of plas-
tics would triple to 1100 million tons per year by 2050 [3].
The consumption of plastics follows a “take-make-dispose”
pattern, where the single-used plastics were manufactured,
used, and discarded. The accumulation of plastic waste world-
wide creates a huge burden toward the environment.
Meanwhile, the depletion of non-renewable resources driven
by the consumption of petroleum-based plastics is also in-
creasingly alarming [1].

The urgent situation poses a threat for humanity, drawing
attention to alternative materials such as biodegradable plas-
tics from bio-based polymers to replace petroleum-based plas-
tics. Serle [4] had mentioned that the decomposition of biode-
gradable plastics could be achieved within three to six months
under specific conditions [4]. Minimal carbon is emitted dur-
ing the decomposition process since plant-based materials are
used during the manufacturing of biodegradable plastics
where the carbon is absorbed from the atmosphere during
the photosynthesis [5]. Hence, biodegradable plastics offer a
reduced carbon footprint when compared to traditional plas-
tics made from fossil fuels, mitigating the risk of climate
change (CC). Biodegradable plastic from polylactic acid
(PLA) is one of the most widely used substitutes as it has
low processing temperature, high flexibility, and high
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mechanical properties [6]. Other than that, PLA is also bio-
compatible and friendly toward the environment [6]. Due to
the increasing demand of PLA, the market demand of L-lactic
acid has also expanded as it is an essential building block for
the biopolymer. However, PLA is more costly compared to
synthetic plastics due to several challenges faced in the LA
industry [7, 8].

At present, large-scale production of LA through the fer-
mentation route is not economically feasible due to the expen-
sive carbon sources [9]. Therefore, this challenge requires
immediate action from researchers to explore a cheaper alter-
native renewable carbon source. Initially, researchers had fo-
cused their studies on edible food resources which are rich in
readily fermentable sugars [10]. However, edible feedstock
received opposition due to food security issues.
Consequently, residual waste from various sources such as
forestry and agriculture has been implemented to overcome
the food conflict and has been proven to be feasible by pro-
ducing a high yield of LA [11-14]. Even though the food
security issue was resolved, the commercialization of LA
using lignocellulosic biomass is still hindered due to its high
lignin content. Delignification is relatively energy-consuming
as a sequence of complex pre-treatment methods are involved,
leading to high production cost [15, 16]. Thus, the macroalgae
biomass is explored as another viable alternative carbon
source. Apart from the limitation in the fermentation phase,
technological breakthrough in the downstream processes of
LA is essential as the final market price and optical purity of
LA are highly dependent on the efficient separation and puri-
fication methods.

This review paper highlights the latest information on the
emergence of macroalgae biomass as a promising feedstock in
LA biorefinery, and the current challenges faced by the indus-
trial production of LA. In order to analyze the sustainability of
macroalgae biomass as a feedstock for LA production, effec-
tive engineering tools such as life cycle assessment and exergy
analysis were further discussed in this context.

1.1 Introduction of lactic acid

Lactic acid (LA) is an organic acid denoted as 2-hydroxy
propanoic acid. Typically, the chiral molecule is available as
two optical isomers, L-lactic acid and D-lactic acid [6]. An
optically inactive form known as a racemic mixture with an
equimolar (50:50) mixture of L-lactic acid and D-lactic acid
can be obtained through chemical synthesis [17]. It is sug-
gested that the physical properties of products differ in accor-
dance with the proportion of each optical isomer [8]. An in-
appropriate proportion of L-lactic acid and D-lactic acid would
lead to unpredictable properties of final products, whereas a
racemic mixture of LA produces an inactive polymer, which is
less desired for the PLA production [6]. Hence, pure enantio-
mers of LA have a higher market value when compared to the
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optically inactive form [8]. L-lactic acid tends to have the
highest demand in the PLA production and food-related in-
dustries. This is due to its rapid metabolic conversion, indicat-
ing the ease of assimilation inside the human body [17]. On
the other hand, D-lactic acid is less desirable because it often
causes disruptions on the metabolic system in the human
body, impacting human health with adverse conditions such
as acidosis and decalcification [8].

The versatility of LA provides a broad range of applica-
tions in the food, cosmetic, pharmaceutical, and chemical in-
dustries. It acts as an essential platform chemical for produc-
ing value-added products. Generally, L-lactic acid, the isomer
with higher compatibility with the human body, is preferable
for the food, pharmaceutical, cosmetic-related industries [17].
However, the pure isomers or a racemic mixture can some-
times still be needed by the chemical industry, depending on
the application. The potential applications of LA are illustrat-
ed in Fig. 1.

In the food industry, LA is utilized extensively in various
forms as food additives due to its classification as GRAS
(generally recognized as safe). It works effectively as a pH
regulator, acidulant, emulsifier, preservative, and mineral for-
tification. The addition of these food additives in processed
meat industries allows an increased shelf life and a regulated
microflora activity. Meat products are prone toward
Salmonella infection, and LA is usually used to reduce the
contamination risks with its antimicrobial properties [18].
LA is also functional as an acidulant and preservative to add
acidic taste and stabilize the microbial activity in salad dress-
ings, pickled vegetables, and beverages. LA can also be found
in confectionery as an acidulant to achieve a sourness effect on
sugar candies. Other than that, it allows the production of clear
high boiled sweets, which avoiding the occurrence of sugar
inversion [18]. As a pH regulator, it adjusts the pH level of
beer and wine during the mashing process while enhancing
their flavor [18]. At the same time, LA has the potential as a
mineral fortification in food and beverages, where it enriches
the food products with micronutrients [18].

According to Vijayakumar et al. [18], LA is well known as
the mildest form of alpha hydroxy acid (AHA), which is a
promising alternative to glycolic acid [18]. It is a potent
skincare ingredient for over-the-counter skincare products.
LA works as a chemical exfoliant which helps to remove dead
cells from the surface of the skin and stimulating skin rejuve-
nation [20]. This also renders it as a favorable active ingredi-
ent in treating acne by reducing the growth of bacteria [20].
Next, LA is also regularly used as a natural pH adjuster in
formulations [20]. It maintains the pH of products on the skin
at a low pH value to inhibit microbial and fungal infections.
Furthermore, LA at low concentration is a natural humectant
where it helps to attract moisture from the inner levels of skin
to the outer skin surface for hydration. It also helps to restore
the natural moisture factor of the skin and keeps the skin
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Fig. 1 Application of lactic acid [18, 19]

moisturized throughout the day [20]. However, it increases the
sensitivity of skin toward the sunlight upon application and
renders new cells to be more vulnerable to UV damage.

LA, as a normal constituent of blood, is also commonly
used in the pharmaceutical industry as intravenous (IV) fluids
because it has a lower implication of side effects on human
health. IV fluids allow the replenishment of the body fluids for
patients with kidney failure during the dialysis session.
Several examples of IV fluids are dialysis solutions for con-
ventional kidney machines, Ringer’s Lactate for resuscitation,
and continuous ambulant peritoneal dialysis (CAPD).
Currently, LA polymer has been given considerable attention
in biomedical applications as surgical sutures and orthopedic
implants due to its biodegradability and compatibility with the
metabolic system of the human body [8]. The antimicrobial
property of LA has been applied as a sanitizer and anti-acne
topical cream [8].

As a chemical product, LA can be made as a descaling and
cleaning agent for decalcification of coffee machines and
cleaning of washrooms and washing machines [18]. It also
works well as a neutralizer in the production of detergents
and personal care products [18]. Furthermore, it has the po-
tential as a metal sequestering agent to bind with heavy metal
ions and prevent the metals from oxidizing onto the surfaces
of hard water [18]. LA is also used as an acidulant in the
deliming process of leather to remove alkali traces and adjust
the pH prior to the tanning process [18].

LA also emerges as a good potential monomer for chemical
conversion [7]. It possesses the flexibility of undergoing a
variety of chemical conversions because of the presence of a
hydroxyl group and a carboxylic group. Numerous chemicals
such as acetaldehyde, acrylic acid, ethyl lactate, propanoic
acid, and polylactic acid (PLA) can be produced through po-
lymerization, dehydration, hydrogenation, and dehydrogena-
tion of LA. Apart from that, PLA is a promising biopolymer
for biodegradable plastics with its latest application in additive
manufacturing (AM) technology, namely 3D printing [8, 21].

PLA is regarded as one of the best choices for 3D printing
owing to its feasibility to recycle and reuse, causing no envi-
ronmental pollution [21]. It is commonly used to manufacture
biomedical components, particularly implants. As reported,
metal implants that are coated with PLA tend to have better
resistance toward corrosion [21].

In summary, the development of PLA is highlighted due to
the alarming environmental issue particularly related to the
accumulation of non-biodegradable plastic waste. It has the
potential to serve as biodegradable commodity plastics. The
developed biopolymer has favorable properties such as dura-
bility, heat-resistance, and elasticity. It provides a wide range
of applications in food packaging, trash bags, textiles, plates,
and trays. Despite the recognition of the society for the advan-
tages of biodegradable plastics, the high production cost of
LA is still hampering its commercial viability. The high ex-
penses are resulted from the fermentation and the downstream
processes of L-lactic production. This had prevented the wide-
spread adaption of bio-based plastics to replace synthetic plas-
tics made from petroleum due to the latter cheaper cost [7, 8].

1.2 Production of L-lactic acid

Recently, L-lactic acid has received tremendous attention as a
monomer to produce polylactic acid (PLA), an
environmental-friendly biopolymer for biodegradable plas-
tics. The demand for PLA had subsequently driven the world-
wide demand for L-lactic acid. Currently, the annual produc-
tion capacity of LA is around 270,000 tons [13]. Further in-
crement in the production capacity of LA was expected as
Parker [14] stated that the annual growth of the LA market
was 11.5% until 2026 [14].

LA can be manufactured industrially by using both routes,
chemical process and microbial fermentation, as summarized
in Fig. 2 [7]. For the chemical synthesis of LA, the process is
based on the hydrolysis of lactronitrile, a product formed
when hydrogen cyanide (HCN) reacts with acetaldehyde
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(CH3CHO) in the presence of a base agent. Meanwhile, am-
monium chloride is produced from the process as a by-prod-
uct. Despite the fact that the production of LA takes a shorter
time through the synthesis route, this method only produces a
racemic mixture of LA. Furthermore, this method is not ideal
for the industrial production of LA because it involves the
utilization of petrochemical resources. Increasing reliance on
non-renewable resources is not friendly toward the environ-
ment and the resources will also suffer from depletion [23].
The experts had mentioned that the production of PLA relied
on pure LA enantiomers rather than the racemic mixture of
LA due to their potential to produce high crystalline PLA
through polymerization, which is great for commercial usage.
The high optical purity of L-lactic acid and D-lactic acid enan-
tiomers can be achieved through microbial fermentation with
the appropriate microbial strains. Therefore, the microbial pro-
duction of LA has received a significant amount of attention
recently. Industrially, the production of LA derived from mi-
crobial fermentation of starch and other polysaccharides ac-
counts for over 90% of the total worldwide production [§].
The advantages of fermentation over chemical synthesis are
significantly improved environmental sustainability and a rel-
atively cheaper raw material is needed [24, 25]. It provides
opportunities to utilize raw materials such as organic waste
and renewable sources, as shown in Table 1. Additionally,
microbial fermentation is more favorable because it consumes
less energy [25, 42].

Currently, the industrial-scale LA is manufactured through
fermentation on pure sugars, which are easily available from
food crops such as potato, sugar cane, sugar beet, corn, and
cassava [16]. The utilization of pure sugar as substrates is not
economically feasible as it contributes to a significant
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proportion of LA production costs. In addition to the financial
challenge, the usage of food crops for biochemicals produc-
tion is sparking debates due to the food security issue. Thus,
the discovery of alternative renewable substrates for LA pro-
duction is urgently prioritized by researchers. Thereafter, it
was discovered that non-food crops or cellulosic materials
can also be promising raw materials for LA production.
These non-food crops and cellulosic biomass have attracted
attention because they are easily accessible, renewable, and
cheap that does not fall into the food versus fuel debate.
However, the effective utilization of cellulosic biomass was
still faced with many bottlenecks. For instance, some of the
substrates cannot be utilized directly without pre-treatment
process due to the presence of lignin or the absence of hydro-
lytic enzymes in microbial LA producers. The additional pre-
treatment is an energy-intensive process which may contribute
to the overall processing cost of LA. The expensive down-
stream processing for recovery and purification of LA is an
additional challenge to microbial fermentation.

2 Lactic acid producers

In nature, several microbes have been used for feedstock con-
sumption in microbial fermentation of LA. They can be clas-
sified into bacteria, fungi, and metabolically engineered
strains [43]. Each microbe has one or more merits over the
others, such as low nutritional requirements, enhanced yield,
and productivity, or increased optical purity of LA. The prop-
erties of microbes used for LA production are described in
Table 2.
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Table 1 Lactic acid production from different renewable resources
Substrates Microorganisms Fermentation Lactic acid Ref.
mode
Isomer C Y P (g/L  Optical purity
@@L (g h (%)
Xylo-oligosaccharides Rhizopus oryzae SHF L 34 034 0.71 - [26]
Xylo-oligosaccharides Rhizopus oryzae SSF L 603 0.6 1 - [26]
Mixed food waste Streptococcus sp. strain SSF L 58 029 2.08 - [27]
Organic fraction municipal solid B. coagulans A166 - L 61.1 094 - 98.7 [28]
waste

Banana peels and food waste Enterococcus faecium FW26 Batch - 333 084 02 - [29]
Wheat bran Sporolactobacillus inulinus YBS1-5 SHF 99.5 0.89 1.04 99.2 [30]
Wheat bran Sporolactobacillus inulinus YBS1-6 ~ Fed-batch (SSF) D 87.3 0.65 0.81 99.1 [30]
Food waste Enterococcus durans BP130 Batch - 288 0.85 024 - [31]
Sugarcane bagasse B. coagulans DSM2314 - L 704 083 1.14 - [32]
Sugarcane bagasse B. coagulans DSM ID 14-300 - L 55.99 087 1.7 99.4 [33]
Corn stover B. coagulans 1-LA 1507 Continuous - - 095 3.69 - [34]
Microalgae Lb. plantarum 23 Batch - 3419 087 457 - [35]
Microalgae Lb. plantarum 23 Fed-batch - 178.17 0.84 1.24 - [35]
Cassava bagasse Lb. rhamnosus and B. coagulans Batch (SSF) - 112.5 088 274 - [36]
Sophora flavescens residues Rhizopus oryzae Batch (SSF) - 46.78 - 0.97 - [37]
Brewers’ spent grains Lb. rhamnosus ATCC 7469 - L 48 0.87 0.96 - [38]
Corncob residue B. coagulans H-1 Batch (SSF) L 68 0.85 - - [11]
Coffee mucilage B. coagulans Batch L 40 0.77 5 99.8 [12]
Orange peel waste Lb. delbrueckii ssp. delbrueckii CECT — D - 0.88 6.72 - [39]

286
Dried distiller’s grains Lb. coryniformis subsp. torquens DSM  SSF D 279 0423 15 99.9 [40]

20004
Dried distiller’s grains Lb. coryniformis subsp. torquens DSM SHF D 24.1 0.321 1.3 99.9 [40]

20004
Wheat bran hydrolysate Lb. rhamnosus - L 15 095 246 - [41]

C concentration, Y yield, P productivity

2.1 Fungi

Among the fungal species, Rhizopus spp. is widely studied in
LA production. It involves the utilization of Rhizopus spp. in
various renewable resources, including xylo-oligosaccharides
[26], rice straw [44], cassava starch [45], and Sophora
flavescens residues [37]. This species, Rhizopus spp. consists
only /-Idh gene encoding L-LDH. Therefore, it has the ability
to produce only optically pure L-Lactic acid via fungal fer-
mentation [22, 46]. According to Thongchul [46], the LA
production by Rhizopus spp. allows direct fermentation of
various starch-rich raw materials without prior saccharifica-
tion due to its secretion of hydrolytic enzymes [22, 46, 47].
The next advantage associated with fungal fermentation is its
low nutritional requirements [22]. However, the fermentation
generally resulted in a low productivity rate, which was below
3 g/L h, possibly because of the requirement of oxygen during
fermentation and low reaction rate due to the limitation in
mass transfer [19, 22]. The fermentation also produces

undesirable by-products such as fumaric acid and ethanol
[19, 22, 46].

2.2 Yeast

Yeast has also received attention for fungal fermentation due
to its cost-effective nutrient requirements and high tolerance to
low pH levels [22, 47]. As such, the regeneration of precipi-
tated lactate can be avoided under low pH levels and reduce
the demand for neutralizing agents. However, most wild-type
yeast naturally produces low concentrations of LA. Therefore,
genetically engineered yeasts were developed to enhance LA
production. For instance, Ilmén et al. [48] found out that the
application of Candida sonorensis strain could produce 92 g/
L of L-lactic acid at a yield of 0.94 g/g glucose. Kong et al.
[42] utilized K. marxianus strain YKX071 for fermentation on
corncob residue in fed-batch simultaneous saccharification
and co-fermentation (SSCF) process to produce 103 g/L of
high optical purity of L-lactic acid (99.5%) [42].
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Table2  Comparison of lactic acid producers [19, 43]
Microbial Advantages Disadvantages
Producers
Fungi * Produces high optical ~ * Requires oxygen for
purity of L-lactic acid fermentation
» Low nutritional  Undesired by-products
requirements formation such as
* Enables direct fumaric acid and
fermentation due to ethanol
amylolytic ability * Unable to produce
D-Lactic acid
* Requires vigorous
aeration
* Low production rate
Yeast * Inexpensive nutrient * Low LA concentration
requirements
* Low pH tolerance
Bacillus spp. * Mostly thermophilic,  Requires oxygen for

enables SSF

* Low contamination risk

* Low nutritional
requirements

* Coolant water for
sterilizing purpose is
not required

« Safe to use

* High acid tolerance

fermentation

Lactic acid
bacteria (LAB)

* High nutritional
requirements

* Achieve high yield of  * Most mesophilic, lead
LA to high contamination
* Achieve high risk
productivity of LA

Escherichia coli  + Ability to convert both

pentose and hexose

» Growth range is narrow
due to pH and

sugars in temperature limitation
lignocellulosic * Production of undesired
biomass organic acids
» Amenability for genetic
modifications
Corynebacterium * Low nutritional * Production of undesired
glutamicum requirements organic acids

* Low LA production

2.3 Bacteria

The production of LA by many genera of bacteria includes the
four main microorganisms: lactic acid bacteria (LAB),
Bacillus strains, Escherichia coli, and Corynebacterium
glutamicum. Bacterial fermentation has been extensively used
for the commercial production of LA as a primary product of
the fermentation process [49].

2.3.1 Bacillus strains

Bacillus spp., especially Bacillus coagulans, has been widely
studied in microbial production of LA due to their abilities in
producing high optical purity and high yield at thermophilic
temperatures [22, 47]. Ma et al. [50] employed Bacillus
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coagulans to produce L-lactic acid with high optical purity
(> 99.5%), with a concentration of 92 g/L, yield of 0.91 g/g,
and productivity of 13.8 g/L h from corn stover hydrolysate
[50]. Bacillus spp. are Gram-positive bacteria, and the optimal
temperature for growth is 50 °C [51]. In contrast to the con-
ventional LAB, Bacillus spp. have several merits, such as the
reduction of fermentation cost by growing and producing LA
in a simple mineral salt medium with minimal nitrogen
sources [51]. The microbe can be fermented at 50 °C, which
reduces the risk of contamination since the sterilization of
fermentation medium using coolant water is not necessary
[47, 51]. Thus, this reduces the cost associated with medium
sterilization. Other than that, the usage of Bacillus spp. en-
ables the simultaneous saccharification and fermentation
(SSF) on both pentose and hexose sugars for lignocellulosic
biomass at optimum temperature [22, 47, 51]. However, the
oxygen requirement by Bacillus spp. is a disadvantage for
economical LA fermentation as it prefers aerobic growth and
anaerobic fermentation [22].

2.3.2 Lactic acid bacteria

Although the LA production through fungal fermentation and
Bacillus spp. has been attempted persistently, lactic acid bac-
teria (LAB) is still the most predominantly used LA producer.
Bacteria, in the form of LAB, is Gram-positive, anaerobic,
acid-tolerant, and aecro-tolerant. The morphology can vary
from short cocci or long rod-shaped to excrete LA as the major
anaerobic product from the fermentation of reducing sugars,
with high yield and high productivity [43, 47]. They are high-
ly adaptable in various optimal growth environments, where
some of the producers can grow in the pH range between 3.2
and 10.0 and temperature within 5 to 45 °C[8, 47, 51]. A few
strains of LAB can even survive in a harsh environment and
produce LA under higher temperature (> 45 °C) [29, 52]. A
novel thermophilic LAB strain known as Enterococcus
Sfaecium QU 50 facilitated the fermentation of LA at optimal
conditions (pH 6.5 and 50 °C), achieving optically pure L-
lactic acid (> 99.2%) [52]. Similarly, at the same temperature
of 50 °C, a thermo-alkaliphilic strain known as Enterococcus
durans BP130 was able to produce a high LA titer of 28.8 g/L
when demonstrated under the alkaline environment with the
pH-controlled at 9.0 [31].

Several of the major naturally found genera are
Lactococcus, Lactobacillus, Streptococcus, Leuconostoc,
Pediococcus, Aerococcus, Carnobacterium, Enterococcus,
Oenococcus, Tetragenococcus, Vagococcus, and Weisella
[22, 43, 46]. Among them, Lactobacilli is available abundant-
ly and comprises of approximately 80 species [43]. This spe-
cies has a good reputation in commercial-scale LA production
without affecting the health of both the consumers and the
production workers [47]. The Lactobacillus strain, which is
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a commercially viable LAB strain, has been particularly effec-
tive due to their tolerance toward high acidity conditions and
their potential to be engineered genetically for the selective
production of D- or L-lactic acid.

The conversion of fermentable sugars into LA by LAB via
different fermentation patterns can be divided into two groups:
homofermentative or heterofermentative. Homofermentative
LAB contains an aldolase enzyme where it generates LA as
the major product. This group of LAB ferments more yield of
LA because one mol of glucose can be converted into 2 mol of
LA, without generation of any by-products through Embden-
Meyerhof-Parnas (EMP) glycolytic pathway, as illustrated in
Fig. 3a [17]. Thus, homofermentative LAB is favored indus-
trially due to its high yield of LA formation and carbon-neutral
properties [8]. Several of the genera categorized under
homofermentative LAB are Lactococcus, Streptococcus,
Pediococcus, Enterococcus, and some species of
Lactobacillus [47]. In contrast to homofermentative LAB,
the maximum LA yield produced by heterofermentative
LAB only reached 0.5 g/g and 0.6 g/g with the utilization of
hexoses and pentoses, respectively [46, 47]. The production of
LA is accompanied with by-products such as ethanol, acetic
acid, and carbon dioxide (CO,), through the phosphoketolase
pathway as illustrated in Fig. 3b. Several reported genera of
heterofermentative LAB are Leuconostoc, Oenococcus, and
species of Lactobacillus [47].

In general, bacterial fermentation faces a limitation in bio-
synthetic capabilities where they cannot produce sufficient B-
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Fig. 3 Metabolic pathways of a homofermentative and b
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vitamins and amino acids [43, 51, 54]. Therefore, they only
show rapid growth when adequate vitamin B, peptides, yeast
extract, and fatty acids are supplied to the growth medium [43,
51, 54]. Furthermore, LAB tends to perform efficiently only at
lower temperatures. Thus, the sterilization of culture media
should be carried out before starting the fermentation. These
two factors had contributed to a substantial rise in the down-
stream production cost of LA. Meanwhile, the requirement of
low temperature for cell growth hampers the performance of
LAB in the simultaneous saccharification and fermentation
(SSF) process since hydrolytic enzymes tend to develop at
higher optimal temperatures for saccharification when com-
pared to LAB [47].

According to Abdel-Rahman et al. [55], most of the LAB
strains favored the neutral or slightly acidic pH ranged from
5.5 to 6.5 which increased the contamination risks [55]. They
further emphasized that the usage of the alkaline solution for
fermentation when paired with alkaliphilic LAB strains was a
promising solution to overcome this limitation. Most contam-
inant strains do not favor this alkali growth condition, whereas
the usage of alkaliphilic LAB strains can tolerate pH levels at
9.0 and above which resolves the contamination problems
during fermentation. Calabia et al. [56] found out that the
isolation of alkaliphilic Halolactibacillus halophilus could
produce 65.8 g/L of L-lactic acid in batch fermentation at pH
9.0 with a yield of 0.76 g/g [56]. Abdel-Rahman et al. [55] had
isolated alkaliphilic Psychrobacter maritimus BoMAir 5 in a
batch fermentation [55]. It showed high pH adaptation at 9.0
and produced a high LA production titer of 140.8 g/L with a
yield of 0.93-0.99 g/g glucose consumed [55]. The isolated
thermo-alkaliphilic Enterococcus faecium FW26 is capable of
producing LA yield of 0.84 g/g consumed sugars by direct
utilization of mixed lignocellulosic and food waste at pH 9.0
and 50 °C [29]. Aside from this, Hassan et al. [31] also effec-
tively obtained LA concentration of 28.8 g/L. from untreated
mixed waste through direct utilization, facilitated by
Enterococcus durans BP130 at pH 9.0 [31].

2.3.3 Escherichia coli

Escherichia coli has shown good potential in the rapid pro-
duction of LA from the metabolism of both pentose and hex-
ose sugars [47, 51]. Overall, this lactic acid producer requires
a simpler nutritional requirement for growth when compared
to the conventional LAB. Other than that, it is easy for gene
replacement into engineered E. coli strains to achieve a higher
yield of LA production [47, 51]. The major drawback of this
LA producer is the generation of undesirable organic acids (D-
lactic acid, acetic acid, succinic acid, formic acid), and ethanol
due to its carbon flux distribution [47, 51]. There are a few
reported studies on the application of engineered Escherichia
coli strains for LA production. Parra-Ramirez, Martinez, and
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Cardona [57] had evaluated the performance of a metabolical-
ly engineered Escherichia coli strain JU15 for fermentation
using Aspen Plus software to produce D-lactic acid from xy-
lose and glucose. It was reported that the strain achieved a
maximum concentration of 40 g/L with a yield of 0.6 g/g
sugars consumed [57]. Wang et al. [58] reengineered a D-lactic
acid-producing strain, Escherichia coli HBUT-D, to be fitted
for L-Lactic acid fermentation through gene replacement. The
consumption of this strain on combined wastes of molasses
and corn steep liquor achieved 97 g/L of L-lactic acid with
high optical purity of 99%, productivity of 3.17 g/L h, and a
conversion rate of 90% [57]. Both experiments demonstrated
that engineered E. coli strains can be a great approach in waste
conversion into the high concentration of LA.

2.3.4 Corynebacterium glutamicum

Corynebacterium glutamicum is a Gram-positive soil bacteri-
um that is extensively used for the industrial production of
amino acid [51]. It has several advantages, such as simple
fermentation medium, high growth rate, and predominantly
producing L-lactic acid as the main product under oxygen-
deprived conditions [22, 47, 51]. It produces combined organ-
ic acids such as L-lactic acid, succinic acid, and acetic acid
with the consumption of various sugars [59]. However, the
by-products formed during LA fermentation are disadvanta-
geous since this led to low LA yield [22].

Tsuge et al. [59] reported the use of metabolically
engineered Corynebacterium glutamicum strains to con-
sume a mixture of glucose and xylose for LA fermenta-
tion [59]. The study conducted the fermentation anaero-
bically and managed to achieve a high titer of D-lactic
acid up to 119.3 g/L with a yield of 0.79 g/g of mixed
sugar consumed after 80 h. At the same time, they
learned that the gene encoded Corynebacterium
glutamicum strains decreased the yield of by-products,
DHA, and glycerol by 74% and 24%, respectively.
Tsuge et al. [60] conducted another experiment on two
different metabolically engineered Corynebacterium
glutamicum, namely LPglc429 and LPglc402, respective-
ly for glucose fermentation into L- and D-lactic acid [60].
They found out that each strain had the ability to pro-
duce high productivity of LA without the requirement of
the nutrient-rich medium for growth. Corynebacterium
glutamicum, LPglc429 produced 212 g/L L-lactic acid,
and Corynebacterium glutamicum, LPglc402 produced
264 g/L p-lactic acid, where each of the yields was
above 95%. They successfully produced high optical pu-
rity of L- and D-lactic acid with the usage of inexpensive
mineral salts medium. Further study of metabolically
engineered Corynebacterium glutamicum strains in mini-
mizing or eliminating the production of by-products is
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highly encouraged since it has a high potential for indus-
trial LA production.

2.4 Evolution of lactic acid biorefineries

As of today, various feedstocks have been published in the
literature for the production of LA [11, 14, 41, 61, 62]. These
feedstocks can be categorized into three primary groups based
on their sources of biomass, advantages, limitations, and tech-
nological progress, as presented in Table 3.

Biorefineries can be represented as either first-generation
(1G), second-generation (2G), or third-generation (3G), de-
pending on the sources of the substrate. Currently, commer-
cialized LA in the market is mostly derived from food crops,
which are known as 1G feedstock [16]. The sources of 1G
feedstock mainly consist of food crops rich in sugar, starch,
vegetable oils, and animal fats. The carbon sources are readily
extractable for the fermentation of LA without further pre-
treatment process accompanied with maturity in conversion
technology at commercial scale. However, the use of 1G feed-
stock as LA feedstock suffers from the food versus energy
debate since food prices will increase along with the expan-
sion of the LA industry. The biomass supply for LA produc-
tion has also increased the demand for more agricultural land
for food supply [65]. This also comes with a higher overall
production cost for LA as pure carbon sources are economi-
cally unfeasible. Several studies of LA production from sug-
arcane [66], wheat bran [67], rice [68], sweet sorghum juice
[62], and cassava [45] had been published in the literature.

The drawbacks in 1G feedstock have subsequently led to
the development of 2G feedstock. In contrast to easily extract-
able carbon sources, 2G focuses on lignocellulosic biomass
such as forest and agricultural waste. Lignocellulose is primar-
ily composed of cellulose (35-45%), hemicellulose (20—
25%), and lignin (15-20%) [69]. It is rich in hexose and pen-
tose sugars, which are fermentable [70]. The usage of 2G
feedstock is effective in overcoming the food security issue
encountered in the 1G feedstock. However, it is challenging to
release fermentable sugars from lignocellulosic biomass due
to its high lignin content. Owing to the complex structure,
complicated and cost-intensive pre-treatment methods are re-
quired to remove the lignin from the lignocellulosic biomass
[15, 16]. The market of LA from lignocellulosic biomass is not
as established as 1G feedstock due to the high cost of process-
ing technologies. Even though LA from 2G feedstock is avail-
able at a commercial scale, there is still a potential for further
cost reduction following the advancement of technologies. A
few studies on LA production using lignocellulose biomass
had been reported, such as bagasse of cassava [71], orange
peel waste [14, 72], corn cob residue [11], waste cooking oil
glycerol [73], bagasse from sugar cane [74], municipal solid
waste [75], coffee mucilage [12], and coffee pulp [13].
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Table 3

Comparison among different generations of feedstock [15, 63, 64]

Feedstock Source

Advantages

Limitations

First-generation * Sugar crops (e.g., sugarcane, sugar beet)
(1G) » Animal fats (e.g., lard, chicken fat
* Vegetable oil (e.g., sunflower, rapeseed)
* Cereal crops (e.g., maize, wheat)

Second-generation ¢ Non-food crops (lignocellulosic materials,
2G) residue from agriculture, forestry, municipal
solid waste (MSW))

Third-generation ~ * Algae Biomass

* Easy conversion into LA due to high
sugar or oil content through microbial * Compete for arable land with food
fermentation

» Maturity in conversion technology

* Availability of commercial-scale
equipment

* No food security issues

* Cost-effective compared to food crops

» Abundant availability at low prices

* Availability of commercial-scale
equipment

* Growth rate of algae is high

3G) * Promising supply of biomass

* Zero content of lignin

* Easily sustained through
photosynthesis

* Food security issues

supply

* Food versus fuel debate

* Increasing food price

* Requires control of growth
conditions such as humidity and
temperature

* Cost-intensive delignification
process

» Complex reactions involved in the
delignification process

* Terrestrial plants production
competes for resources used for
food crops cultivation

* Not commercialized

* High energy consumption

* Technical hindrances from
cultivation and biomass recovery
processes

* No demand for arable land intended for e« Difficulties in scaling up from

agricultural crops
* High amount of lipid, protein, and
carbon source

laboratory scale to industrial scale
* Lack of research and technological
development

As a result of criticism received from 1G feedstock and
technological challenges associated with 2G feedstock, re-
searchers have focused their attention to the macroalgae bio-
mass known as 3G feedstock.

3 Macroalgae: sustainable feedstock for LA
3.1 Diversity of algae species

In this context, algae biomass has recently received much
attention as a 3G feedstock because of supply abundance
and sustainability. According to Abdul Latif et al. [76], a
quarter of 400,000 algae species have been discovered world-
wide [76]. Algae biomass can be categorized into macroalgae
and microalgae in accordance with its morphological features,
size, carbohydrates, and lipids content [77, 78]. In general,
microalgae produce a relatively higher lipid content, which
serves as raw material mainly for biodiesel production [79,
80]. On the other hand, macroalgae possess a high content
of carbohydrates, which are useful for the production of
alcohol-based biofuels and biochemicals [77, 78, 81, 82].
The biochemical composition of macroalgae and microalgae
is illustrated in Table 4. It shows that most macroalgae gener-
ally have a low content of protein (5-13% dry wt.) and lipids
(7-12% dry wt.), whereas most microalgae are observed to

have a relatively high protein content (30-60% dry wt.) and
high composition of lipid (10-20% dry wt.).

Macroalgae can be broadly grouped into three categories:
green algae (Chlorophyceae), brown algae (Phaeophyceae),
and red algae (Rhodophyceae). The general carbohydrate con-
tents of macroalgae is highly dependent on the species of
macroalgae strain such as green, red, and brown algae, which
ranges between 30-60%, 30-50%, and 20-30% dry weight,
respectively [77]. Since macroalgae have a variety of species,
biochemical characterization is performed using proximate
analysis after the harvesting of macroalgae [78]. There are
four main components which are necessary to be studied on
macroalgae strains, including carbohydrate, protein, lipid, and
ash content [78]. This information is required so that the
macroalgae species can be effectively utilized as carbon
sources for bioenergy and bioproducts. The carbohydrate
composition of several of the macroalgae species is presented
in Table 5.

Based on a review paper published by Gomez-Zavaglia
et al. and Renganathan and Takriff [96, 97], the following
macroalgae species made up most of the current total cultivat-
ed macroalgae: the brown algae (Laminaria japonica,
Saccharina japonica, and Undaria pinnatifida), the red algae
(Porphyra sp., Eucheuma striatum, Kappaphycus alvarezii,
and Gracilaria sp.), and green algae (Monostroma and
Enteromorpha). The population of the two species for brown
macroalgae (Laminaria japonica and Undaria pinnatifida)
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Table 4  Biochemical composition of macroalgae and microalgae (% dry weight) [76]

Algae Protein Carbohydrates ~ Lipid Algae Protein Carbohydrates ~ Lipid
Macroalgae Microalgae

Acanthophora spicifera 12.0-13.2 11.6-13.2 10.0-12.0  Anabaena cylindrica 43-56 25-30 4-7
Caulerpa cupressoides 7.43 51.75 10.97 Botryococus braunii 8-17 820 21
Caulerpa fergusonii 7.76 23.63 7.15 Chlamydomonas rheinhardii 48 17 21
Caulerpa laetevirens 8.78 56.25 8.8 Chlorella pyrenoidosa 57 26 2
Caulerpa peltata 6.41 45 11.42 Chlorella vulgaris 51-58 12-17 14-22
Caulerpa racemosa 8.78 33.75 10.63 Dunaliella bioculata 49 4 8
Caulerpa racemosa 11.8-12.5 16 9.0-10.5 Dunaliella salina 57 32 6
Caulerpa sertularioides 9.11 49.5 6.99 Euglena gracilis 39-61 14-18 14-20
Chaetomorpha aerea 10.13 31.5 8.5 Porphyridium cruentum 28-39 40-57 9-14
Chaetomorpha antennina 10.13 27 11.45 Prymnesium parvum 28-45 25-33 22-39
Chaetomorpha linoides 9.45 27 12 Scenedesmus dimorphus 8-18 21-52 1640
Cladophora fascicularis 15.53 49.5 15.7 Scenedesmus obliquus 50-56 10-17 12-14
Codium adhaerens 7.26 40.5 7.4 Scenedesmus quadricauda 47 - 1.9
Codium decorticatum 6.08 50.63 9 Spirogyra sp. 620 33-64 1121
Codium tomentosum 5.06 29.25 7.15 Spirulina maxima 60-71 13-16 6-7
Dictyosphaeria cavernosa 6 42.75 10.51 Spirulina platensis 46-63 8-14 49
Enteromorpha compressa 7.26 24.75 11.45 Synechoccus sp 63 15 11
Euchema cottonii 9-10 26 1 Tetraselmis maculata 52 15 3
Gelidium amansii 20 66 0.2

Halimeda macroloba 5.4 32.63 9.89

Hypnea valentiae 11.8-12.6 11.8-13.0 9.6-11.6

Ulva lactuca 11.4-12.6 11.6-13.2 9.6-11.4

Ulva reticulate 12.83 16.88 8.5

Valoniopsis pachynema 8.78 31.5 9.09

and three species of red algae (Eucheuma, Kappaphycus, and
Gracilaria spp.) are highly cultivated and they occupied ap-
proximately 40% of the total production capacity [97, 98].
When compared to the other two species, the production num-
ber of green algae is considered negligible [97, 98].

3.2 Comparisons between macroalgae and
lignocellulosic plants

The structural polysaccharides of macroalgae are significantly
different from those of terrestrial plants, which are composed
of cellulose, hemicellulose, and lignin. The type of principle
carbohydrates presents in each species of macroalgae,
microalgae, and lignocellulosic biomass is tabulated in
Table 6. The unique compositions in macroalgae such as
ulvan, carrageenan, agar, mannitol, fucoidan, and alginate
are generally differed according to the three macroalgae
groups and cannot be found in other microalgae and lignocel-
lulosic biomass [99]. The existence of alginate, fucoidan, and
mannitol can be found in brown macroalgae (Phaeophyta);
while carrageenan and algae can be found in red macroalgae
(Rhodophyta) [100, 101]. The green macroalgae
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(Chlorophyta) are known to contain cellulose, starch, and
mannose [101]. In contrast to the terrestrial plants, the other
two categories of macroalgae have a lower starch content and
lipid, except for green macroalgae (Chlorophyta) [15].

In terrestrial plants, lignin is an essential constituent for
structural support to provide rigidity of the plant cell wall.
Macroalgae are cultivated in marine environments and are
held up by the buoyant force of water. Hence, they do not
require the rigidity provided by lignin [15, 102]. The charac-
teristic of macroalgae having negligible lignin is an added
advantage over 2G feedstock as the complexity of the pre-
treatment process can be reduced and lower the production
cost [51, 77, 78, 103, 104]. Additionally, macroalgae does
not compete with food crops for agricultural land since
macroalgae are resistant to extreme growth conditions and
can be cultivated in a variety of water environments such as
wastewater and saline water [64, 105]. In the case where the
cultivation of macroalgae is conducted in wastewater, the
wastewater can be treated effectively along with the growth
of macroalgae biomass [104].

Meanwhile, an added merit of macroalgae biomass would
be a shorter harvesting cycle compared to terrestrial plants
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Table 5 Compositional analysis of various macroalgal strains [78]

Macroalgae strain Carbohydrate (%dw)  Protein (%dw)  Lipid (%dw)  Ash (%dw) References

Green Algae (Chlorophyta)  Ulva pertusa 59.07 £ 0.20 6.30£0.25 2.3940.10 22.84+0.39 [83]
Ulva fasciata Delile 43+45 144+22 1.83+£0 16+2.7 [84]
Enteromorpha intestinalis 42.8 31.6 13 243 [85]
Ulva lactuca 23.8+0.80 16.4 +0.14 1.0£0.23 21.5+0.29 [86]
Ulva rigida 53+1 23.4+0.51 12+£02 21.7+£1.12 [87]

Brown Algae (Phaeophyta)  Laminaria japonica 54.5+£0.09 7.40 £ 0.06 1.37+0.01 28.3+0.01 [83]
Sargassum sp. 41.81 10.25 0.75 +0.02 26.19+£0.07 [88]
Ascophyllum nodosum 44.66 5.24 2.99 18.61 [89]
Fucus serratus 26.4 £0.75 9.6 +£0.72 2.8 +0.38 18.8 £0.58 [86]
Laminaria digitata 46.6 12.9 1 26 [90]
Sargassum latifolium 20.1 57 4.2 25 [91]
Sargassum fulvellum 39.6 14 13.0 9.6 [92]

Red Algae (Rhodophyta) Gelidium amansii 71.43 £0.08 10.47 £0.05 0.74 £0.04 2.8 +£0.03 [83]
Kappaphycus alvarezii 59.58 £ 0.88 5.74 £0.89 0.75+0.22 19.70 £0.09  [93]
Gracilaria sp. 76.67 16 1.2 6.13 [94]
Kappaphycus alvarezii G11 ~ 51.6£0.3 23+03 0.2+0.1 172+ 0.1 [95]
Chondrus crispus 21.8+1.57 19.9 +0.27 0.48 +0.25 19+1.02 [86]
Palmaria palmata 39.4+1.00 229 +0.16 3.3+0.60 25.7+0.31 [86]

because of a higher photosynthetic efficiency [104]. A large
quantity of macroalgae biomass per unit area can be produced
in one harvesting cycle, ensuring an abundance of supply
[103, 104, 106]. On average, green algae has a productivity
of 7100 g/m* year compared to brown algae and red algae,
which recorded a maximum of 11,300 g/m? year [77]. The
cultivation of macroalgae biomass can also be easily sustained
through photosynthesis with light, CO,, and nutrients in the
water environments [77]. At the same time, macroalgae can
fix CO, from the atmosphere while releasing oxygen in the
process.

3.3 Opportunities for macroalgae-based biorefinery

As mentioned previously, the production of LA in the current
market is mostly derived from expensive carbohydrates cate-
gorized under 1G feedstock [16]. To resolve this concern,
researchers had taken the initiative to explore the sustainabil-
ity of macroalgae for the production of LA as it showed high
potential in biochemical conversion without compromising
the food versus fuel debate and agricultural issues.
According to Jung et al. [98], the most viable macroalgae
species at the moment for biorefinery feedstock were

Table 6 Principle carbohydrates

of algae and lignocellulosic Macroalgae Microalgae Lignocellulosic biomass
biomass [15, 98]
Green macroalgae  Red macroalgae Brown macroalgae
Polysaccharide Polysaccharide Polysaccharide Polysaccharide Polysaccharide
Mannan Carrageenan Laminarin Starch Cellulose
Ulvan Agar Mannitol Monosaccharide ~ Hemicellulose
Starch Cellulose Alginate Arabinose Lignin
Cellulose Lignin Fucoidin Fucose Starch
Monosaccharide Monosaccharide  Cellulose Galactose Monosaccharide
Glucose Glucose Monosaccharide Glucose Glucose
Mannose Galactose Glucose Mannose Xylose
Rhamnose Agarose Galactose Rhamnose
Xylose Fucose Ribose
Xylose Xylose
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Laminaria japonica, Eucheuma spp., Kappaphycus alvarezii,
Undaria pinnatifida, and Gracilaria verrucose [98]. The de-
velopment in macroalgae-based refinery technology should be
based on the exploitation of brown and red algae rather than
green algae after considering the rising market demand of
PLA and the current technology for macroalgae cultivation.

Macroalgae can be cultivated easily and potentially reach a
higher rate of production compared to other terrestrial plants
due to their higher photosynthetic rate [104]. The macroalgae-
based carbohydrates comprise mostly of cellulose and starch
with negligible lignin, which acts as a readily accessible car-
bon source for microbial fermentation of LA in the
biorefinery. Hence, due to the fast growth rate and immense
carbohydrates content, macroalgae had received the focus as
the feedstock for renewable fuels and chemicals production
[92, 107]. From previous studies, the exploitation of
macroalgae biomass was focused primarily on generating sin-
gle products, while the residual solid or liquid waste remained
unused and discarded [108]. In addition, most of the re-
searches related to macroalgae was predominantly focused
on biofuel production [82, 106, 109-112]. To the best of the
author’s current knowledge, there is no available literature in
the production of LA from macroalgae integrated
biorefineries. However, it was reported that microalgae had
been utilized in LA production at a laboratory scale and prov-
en to be feasible. As of now, there were only three published
articles proposing the conversion of LA from microalgae.

By using green microalga, Hydrodictyon reticulatum as
substrate, Nguyen et al. [113] achieved 37.11 g/L of L-lactic
acid at a yield of 0.46 g/g, and producing 1.03 g/L h with
consumption of Lactobacillus paracasei LA104 in a simulta-
neous saccharification and co-fermentation (SSCF) process.
The optical purity of L-lactic acid obtained was between
95.7 and 98%. Similarly, Nguyen et al. [114] also achieved
36.6 g/L of D-lactic acid in approximately 36 hours, from the
same substrate, Hydrodictyon reticulatum consumed by
Lactobacillus coryniformis subsp. torquens in a SSCF process
at a yield of 0.46 g/g and maximum productivity of 1.02 g/L h
[114]. Hydrodictyon reticulatum is a promising feedstock for
high optical purity D-lactic acid production since this research
shows encouraging results ranging from 95.8 to 99.6% [114].
In addition, another microalga, Nannochlorum sp. 26A4, with
40% dry weight of starch content, was successfully converted
into D-Lactic acid with a conversion rate of 70%. This fermen-
tation process occurred through an anaerobic reaction when
isolated in a dark environment [115].

3.4 Pre-treatment of macroalgae biomass
In the bioprocessing of macroalgae, an effective pre-treatment
is essential to achieve high carbohydrates hydrolysis and

thereafter a high yield of LA. During pre-treatment, the outer
cell wall of macroalgae will be broken down to release
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complex polysaccharides and further hydrolyzed into simple
reducing sugars (majorly glucose and galactose) while
avoiding the degradation of carbohydrates. Different from lig-
nocellulosic biomass, macroalgae has negligible lignin, which
simplifies the pre-treatment process to become more econom-
ical [15]. Currently, the most practiced pre-treatments of
macroalgae are physical (e.g., milling and microwave-
assisted extraction), chemical (e.g., dilute acid treatment),
and biological process (e.g., enzymatic hydrolysis).

3.4.1 Physical pre-treatment

Physical pre-treatment is one of the most effective methods
because it involves size reduction of macroalgae biomass [43,
116]. This process increases the surface area and liberates
complex sugars for better accessibility to enzymes, thereby
optimizing LA production. The physical methods can be cat-
egorized into mechanical pre-treatment and microwave-
assisted extraction.

In general, mechanical pre-treatment comprises of three
steps, which are washing, drying, and milling. Initially, the
freshly collected macroalgae biomass undergoes a washing
process using fresh water to remove salts, sand, and debris
on the surface. Next, the removal of water content is carried
out through drying to prolong the shelf life of macroalgae
biomass for the subsequent procedure [78]. The biomass can
be dried in a hot air oven or exposed to the sun. At the last
step, milling is performed to reduce the size and subjected to
sieving. Together with other pre-treatment methods, this ap-
proach can be utilized to reduce energy expenses and enhance
the overall performance of the process for substrate extraction
[117]. Although mechanical processes do not require temper-
ature as a driving force or any usage of chemicals, energy
consumption is perceived to be high [117, 118].

Microwave-assisted extraction has been used to extract
multiple compounds of interest from lignocellulose,
macroalgae, and microalgae biomass [119, 120]. This ap-
proach is based on the assistance of a short electromagnetic
spectrum with high frequencies ranging from 0.3 to 300 GHz,
where it raises the temperature to a boiling state rapidly and
causes disruption in the cells [43, 120, 121]. This method
induces the exposure of the intracellular contents available
for fermentation. The main drawback of this method is that
the generated heat might also damage the compounds which
are sensitive toward heat and not commercially viable because
it is energy-intensive [43, 120].

3.4.2 Acid and alkali hydrolysis

The chemical route is widely accepted for pre-treatment of
macroalgae biomass because it is efficient in depolymerizing
cellulose and solubilizing hemicellulose using dilute alkali or
acid treatment. Sodium hydroxide (NaOH) is mostly used in
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alkali treatment, where it facilitates the simultaneous solvation
and saponification on biomass [122]. This causes the fibres of
macroalgae to swell and enlarge in pore sizes. Substantially,
this enables the release of reducing sugars for efficient enzy-
matic hydrolysis or fermentation. The major drawback of al-
kali treatment is the requirement of large quantities of water
for desalting, where it increases the overall production cost
and wastewater generation [78].

For acidic pre-treatment, dilute sulfuric acid (H,SO,) is
applicable to all the classes of macroalgae [78, 123]. In com-
parison to other pre-treatment methods, the energy consump-
tion in acid pre-treatment is relatively low, and it delivers a
higher sugar yield [77, 124]. However, the use of dilute acid
pretreatment is restricted due to the generation of inhibitory
compounds such as furfural, 5-hydroxymethylfurfural
(HMF), levulinic acid, furfural, and caffeic acid [77, 98,
125]. The former two toxins can inhibit the activity of en-
zymes, thereby mitigating the glycolysis pathway. Levulinic
acid, which is a type of weak acid, can hinder the growth of
cells. These inhibitors can be mitigated with the addition of
sodium hydroxide for neutralization to pH 7 prior to fermen-
tation or using alternative methods such as enzymatic hydro-
lysis [77]. As discussed above, a host of factors such as acid
strength, treatment duration, amount of biomass loading, tem-
perature, and pH can affect the yield of acid hydrolysis [78,
117].

The above statement can be justified by the following stud-
ies conducted. Sudhakar et al. [126] investigated the effect of
different concentrations of H,SO, (0.1%, 0.5%, and 1%) for
hydrolysis of spent seaweed [126]. They reported that a higher
amount of total sugar can be obtained from the biomass by
increasing to 1% diluted H,SO,. There was an increment of
30% from 62.62 mg/g of total sugar obtained when 1% of
diluted H,SO,4 was used compared to 0.1%. They also found
that the biomass loading and volume of substrate loading ratio
at 4:50 displayed the maximum amount of reducing sugar
yield, which was 13.07 mg/g. The concentration greater than
this value showed a declined trend in the reducing sugar yield.
Hong et al. [127] pretreated red macroalgae, Gelidium amansii
with 1% H,SO,4 for 15 min at 111 °C. The concentration of
reducing sugar in hydrolysate was found to improve by
80.95% when the treatment temperature was raised to 131
°C [127].

3.4.3 Enzymatic hydrolysis

As aforementioned, enzymatic hydrolysis is a more effective
practice for fermentation processes. Although it has a longer
incubation period for the release of sugar as compared to acid
hydrolysis, this method is highly practiced due to the low
production of toxic inhibitory compounds as compared to acid
hydrolysis [15, 104, 128]. Meanwhile, it yields more reducing
sugars from cellulosic biomass due to the high conversion

rate. Jmel et al. and Trivedi et al. [84, 129] carried out an in-
depth study concerning enzymatic hydrolysis on macroalgae
biomass (Ulva fasciata Delile and Ulva lactuca) where cellu-
lase preparations were used to yield a high concentration of
reducing sugars, 97.5 mg/g and 206.82 mg/g, respectively
[84, 129]. However, the enzymes utilized are highly specific
in converting certain types of polysaccharides, while
macroalgae are often composed of several types of polysac-
charides [15, 117]. In addition, the application of expensive
enzymes causes this method to be not economical for
industrial-scale biomass pretreatment [117].

According to Kim et al. [130], the efficiency of saccharifi-
cation tends to improve when accompanied with mechanical
pretreatment prior to acid and enzymatic hydrolysis [130].
These methods are sometimes co-utilized on macroalgae bio-
mass for enhanced yield in fermentable sugars. From several
recent studies, macroalgae biomass was typically pretreated
using dilute acid and then followed by enzymatic hydrolysis.
Wu et al. [131] pre-treated the macroalgae biomass, 15%
(w/w) of Ulva lactuca with 4% H,SO, for 120 min at 80 °C
before proceeding with LA production in ensilage at acidic
condition (pH < 4) [131]. They observed a maximum reducing
sugar yield of 155 mg/g as a result of acid hydrolysis. The
high reducing sugar yield reflected the feasibility of ensilage
and presented encouraging pretreatment effects of acid hydro-
lysis. The importance of enzymatic hydrolysis was further
demonstrated where it resulted in a further spike in reducing
sugar yield from 155 to 198 mg/g [131]. The reducing sugar
was later consumed by Lactobacillus plantarum during fer-
mentation for 24 h and achieved a LA yield of 0.58 g/g.
Different combinations of pre-treatment methods and
macroalgae-extracted reducing sugar yield are described in
Table 7.

3.5 Lactic acid conversion technologies

Prior to the conversion of LA, macroalgae is subjected to
mechanical processing, which involves drying and reduction
in size before followed by pretreatment of biomass. Later,
saccharification is incorporated to degrade the polysaccha-
rides into reducing sugars, and finally, these substrates are
subjected to the fermentation process of LA. The saccharifi-
cation process can be combined with fermentation in the fol-
lowing sequence: (1) separate hydrolysis and fermentation
(SHF), (2) simultaneous saccharification and fermentation
(SSF), and (3) simultaneous saccharification and co-
fermentation (SSCF).

SHF is a process where hydrolysis of polysaccharides from
biomass and fermentation of reducing sugars are performed
separately in two different units along with different reaction
conditions [15]. This allows both hydrolysis and fermentation
to be performed at optimal conditions to convert reducing
sugars into LA and lowering the intake of enzymes [139].
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However, this configuration could lead to increased contami-
nation risk and unwanted inhibitory effects [139]. An in-
creased inhibitory effect indirectly resulted in rate-limiting
hydrolysis due to inhibition of cellulase activity [139]. Since
this technique requires two vessels for operation, the operating
cost may increase [43].

On the other hand, SSF aims to produce LA through poly-
saccharides’ hydrolysis and fermentation of hexoses in one-
step [139]. This step is carried out in a single reactor, where
the same reaction conditions are applied to both processes [43,
139]. SSF configuration effectively overcomes the drawbacks
in SHF by reducing the risk of contamination, inhibitory ef-
fects and decreasing the operating cost by utilizing only one
reactor [43, 139]. The main limitation of this configuration is
the failure to maintain the performance of hydrolysis and fer-
mentation under optimal conditions [43, 139]. It is relatively
difficult to maintain the optimal pH below 5 and a temperature
of about 50 °C for hydrolysis, and optimal pH between 5 and
7 at 37 to 43 °C for fermentation [43].

Even though both configurations were reported to deliver
encouraging results in LA production, SSF was shown supe-
rior to SHF from previous studies. Zhang et al. [26] reported a
L-lactic acid conversion yield of 0.34 g/g with SHF and a
higher yield of 0.6 g/g with SSF from xylo-oligosaccharides
[26]. In addition, Zaini et al. [40] studied the production of D-
lactic acid from dried distiller’s grains and also discovered a
higher D-lactic acid yield of 0.423 g/g with SSF when com-
pared to SHF [40].

Contrarily to lignocellulosic biomass, macroalgae is com-
posed of cellulose and galactan, which have the potential to be
converted into reducing sugars after the hydrolysis process.
The enzymatic hydrolysis can be performed simultaneously
with the co-fermentation of hexoses and pentoses in a SSCF
configuration [139]. This approach allows the LA producers
to commence a continuous fermentation process without sep-
arating the sugars and the involvement of sterilization [140].
This configuration poses less contamination risk and shortens
the time duration of the process while producing a higher yield
of LA [43]. SSCF is currently a highly researched area that has
yet to achieve commercialization status [140]. Similar to SSF,
the hydrolysis and fermentation are conducted simultaneously
in a single reactor, thus the difficulty in providing optimal
conditions to satisfy both processes [43].

Currently, the studies of LA production from macroalgae
biomass through SHF, SSF, and SSCF are still scarce when
compared to lignocellulosic biomass. A study by Talukder
et al. [141] had investigated the production of L-lactic acid
from lipid depleted microalgae, Nannochloropsis salina using
the SSF method [141]. The microalgae biomass was
pretreated using 5% of H,SO,4 at 120 °C for 1 h. The SSF
configuration was studied in a batch fermentation with the
addition of Lactobacillus pentosus to produce LA at optimal
conditions. The maximum yield of L-lactic acid reached 0.93
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g/g with a productivity of 0.45 g/L h. Talukder et al. [141]
discussed that low productivity might be the result of inhibitor
compounds such as furfural and HMF [141]. Nguyen et al.
[113] investigated the feasibility of L-lactic acid production
from microalgae, Hydrodictyon reticulum through the SSCF
process [113]. Lactobacillus paracasei LA104 was isolated
from traditional Korean dishes and utilized for fermentation
because it is highly tolerant toward heat and low pH [113].
Other than that, it is also tolerant toward high concentrations
of glucose and can eliminate unfavorable inhibitory effects.
The final concentration of L-lactic acid attained at optimal
conditions was 37.11 g/L, with a yield of 0.46 g/g, and a
productivity of 1.03 g/L h [113].

3.6 Separation and purification of LA

Regardless of the conversion route, the separation and purifi-
cation of LA from fermentation broth is crucial. The down-
stream processes play a significant part in the purity of LA
since the expenses of downstream processes represent half of
the overall production cost [61]. In order to achieve commer-
cially feasible LA, an efficient upstream process must be
matched with an economically and environmentally feasible
downstream separation method to remove impurities such as
cells, proteins, residual sugar, and cell metabolites present
inside the fermentation broth. Many studies had been exten-
sively reported on LA downstream processes, including pre-
cipitation, solvent extraction [142—145], various distillation
systems [74], ion exchange [12], and membrane separation
processes [146—151]. A summary of the main advantages
and disadvantages of each method is tabulated in Table 8.
Industrially, the purification of LA is mainly based on pre-
cipitation [61]. During the purification, an excess base, either
calcium carbonate or calcium hydroxide is added into the
fermentation broth to neutralize the LA produced. This step
maintains the pH of the growth media around 5 to 6 so that the
LA producers can adapt and work efficiently at pH near neu-
trality. The precipitated calcium lactates can then be easily
recovered by distillation and re-acidified using sulfuric acid
for the release of LA accompanied by the generation of gyp-
sum. The generated gypsum from this process will later be
filtered and evaporated to obtain the technical grade (22—
44%) LA [152]. However, the high optical purity of LA en-
antiomers is essential for the manufacturing of PLA to define
the physical properties of the end products [8]. For high-purity
products, the technical-grade LA will go through esterification
with methanol or ethanol to form either methyl or ethyl lactate.
The lactate salt can be recovered sequentially using distilla-
tion, hydrolysis, evaporation, and crystallization. This method
is a mature technology but the requirement for large amounts
of sulfuric acid leads to higher cost. Other than that, the puri-
fication of LA from this method is accompanied with gypsum
as a solid waste, which poses a threat from an environmental
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Table 7  Pre-treatment methods of macroalgae biomass
Macroalgae  Pre-treatment methods and conditions Reducing Ref.
strain sugar
Physical Acid Hydrolysis Enzymatic Hydrolysis yield
Brown Drying under sun and grinding (100 mesh sieve) 4% (w/v) biomass - 13.07+  [126]
seaweed loading, 1% H,SOy, 0.008
spent (121 °C, 15 min) mg/g
biomass
Gracilaria Drying (80 °C, 2.5% (w/v) HySOy, — 034 g/g [132]
manilaensis overnight) and milling (1 mm), S/L ratio (1:20) (121°C, 40 min)
Kappaphycus  Chopping and grinding (10 min), S/L ratio (1:4) 0.4 M H,SO4, (100°C, — 4.08 mg/g [133]
alvarezii 3 h)
Ascophyllum  Drying, and grinding (< 1 mm) followed by 3.13 (w/v) biomass - 127 mg/g [134]
nodosum microwave-assisted extraction S/L ratio (0.6—-6%, loading, 0.4 M
w/V) H,S0,, (150°C,
1 min)
Gelidium Drying (75 °C) 5% (w/v) biomass - 044 g/g  [135]
elegans loading, 2.5% (w/v)
H,S0y, (120°C, 40
min)
Ulva lactuca  Air drying and milling Celluclast 1.5 L (10 U/g), 900  97.50 [129]
rpm, 50 °C for 120 h mg/g
Ulva fasciata  Drying (50 °C) and grinding 2% (v/v) Cellulase, 150 rpm, 45 206.82 + [84]
Delile °C,pH 4.8 for36 h 14.96
mg/g
Ulva lactuca  Air drying and milling using centrifugal and vibratory Haliatase (30 g/L), 500 rpm, 37 0.131 g/g [136]
ball mill (screen size: 0.25 mm, 12,000 rpm; °Cfor72h
frequency: 15/s, 5 min) at ambient temperature
Gracilaria sp. Drying (60 °C), cutting and desalination 2 g biomass loading, Cellulase (53 FPU/g) and 1406+  [137]
4% H,S0y, (121 °C, (-glucosidase (30 U/g), 150 1.7
30 min) rpm, 50 °C, pH 5.0 for4 h mg/g
Floating Drying (40 °C) and milling 0.1% (w/v) HySOy, Cellulase (45 FPU/g), and 271.5 [138]
residue (121°C, 1 h) Cellobiase (55 CBU/g), 150 mg/g
from rpm, 50 °C, pH 4.8 for 48 h
seaweed
waste
Sargassum Drying (105 °C, 5 h) 10% (w/w) biomass Cellulase (50 FPU/g), and 120 mg/g  [88]
spp- loading, 4% (w/v) Cellobiase (250 CBU/g), 100

H,S0,, (115°C, 90
min)

rpm, 50 °C, pH 4.8 for 96 h

standpoint. Thereby, to date, researchers had been studying
the recovery of LA through methods such as solvent extrac-
tion [142—145], membrane separation [146—151], and emul-
sion liquid membrane [153].

Another popular method of LA purification is solvent ex-
traction. The LA is removed from the aqueous phase by the
addition of an organic solvent extractant. Afterward, the phase
loaded with LA known as the organic phase is back-extracted.
This method seems to be promising because the LA is re-
moved directly from the fermentation broth without the need
of chemicals to regulate the pH. The merit of solvent extraction
is that the process of extracting LA with the extractant and
diluent can be repeated through proper recycling. An innova-
tive hybrid process accompanied with reactive extraction has
justified the importance of repeated extraction. Lan et al. [145]
studied the efficiency of a two-step extraction incorporating

salting-out and reactive extraction for LA recovery from corn
stover hemicellulose derived-liquor [145]. This two-step hy-
brid system achieved an extraction efficiency of 89.4% after
five successive extraction cycles with back-extraction. This
recorded a slight improvement as compared to 83% obtained
from one-step extraction at optimized conditions [145]. At the
same time, this process consumes less energy to produce a
high yield of LA. Unlike purification, this method avoids the
generation of gypsum waste since the process does not involve
any calcium salts. However, solvent extraction requires expen-
sive equipment to achieve an efficient separation at high mass
transfer rate. The use of a large amount of toxic extractants
increases the additional cost to the process and might be lim-
iting the performance of the LA producers to produce LA.
Membrane-based separation technologies such as electro-
dialysis, ultrafiltration, and nanofiltration have also been
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Table 8 Comparison of different LA separation methods [25, 152]

Separation method Advantages

Disadvantages

Precipitation * Simple and easy operation

* A mature technology

Solvent/reactive extraction  * Enhanced purity

* Easy to scale up

* High yield of LA

* Continuous and quick operation
* No generation of gypsum waste

* Decrease in equipment size accompanied with lower utility cost

* Low energy consumption
* High selectivity and LA quality
* No back mixing

Membrane separation

* No direct exposure of lactic acid producers to toxic solvent

* Poor optical purity of LA

* High sulfuric acid consumption
* Generation of gypsum waste

* Time consuming filtration steps

» Toxic extractant

» Shows unfavorable distribution coefficients.

» Complex process

* Costly equipment

* Extractant needs to be regenerated by distillation
or back-extraction (stripping)

* High cost
* Fouling in membrane
* Polarization issue

» Easy integration of membranes to the fermenter

* Low environmental impact

* Low energy consumption

* High selectivity

* Lower end-product inhibition

Adsorption

Reactive Distillation * High degree of purification
* Single unit process

* High selectivity

* Less capital cost
* High transfer rate

Emulsion liquid membrane

* Fouling in membrane
* High cost
« Difficult to scale up

* High consumption of energy

» Complex process

* Corrosion due to usage of homogeneous catalyst
* Difficult to scale up

* High installation cost for equipment

« Utilization of petroleum-based organic solvents
* Poor ELM stability

Requires small volume ratio of organic to aqueous phase

* Less energy and chemicals consumption

extensively studied [146—151]. Lopez-Gomez et al. [28] re-
ported the recovery of L-lactic acid from organic fraction mu-
nicipal solid waste through a series of filtration followed by
electrodialysis [28]. They managed to reduce the content of
impurities to around 0.3 g/L, a value lower than the previously
reported studies by Olszewska-Widdrat et al. and Neu et al.
[12, 62]. Thus, a recovery percentage of 51.5% with a high
purity of L-lactic acid at 98.7% was accomplished. Lee et al.
[150] reported an integrated membrane separation process
which is inclusive of ultrafiltration and nanofiltration for the
recovery of LA from fermentation broth [150]. Both separa-
tion processes successfully separated most of the organic and
inorganic components inside the fermentation broth. The re-
covery process was later combined with ion exchange and
vacuum-assisted evaporation to remove residual salt ions fur-
ther to achieve LA with high purity (> 99.5%). Pal and Dey
[151] managed to obtain 95% pure L-lactic acid with a yield of
0.96 g/g and productivity of 12.4 g/L h using a three-stage
membrane-integrated hybrid reactor system [151]. The hybrid
system, which combined two processes, namely
microfiltration, and nanofiltration, had permitted the selective
production of L-lactic acid with repeated recycling of cells and
unconverted reducing sugars. While separation through
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membrane provides high purity of LA, the advancement in
this technology was limited due to the expensive membrane
cost, membrane fouling, and polarization issues [150].
Recently, emulsion liquid membrane (ELM) technology
was considered a new breakthrough for the recovery of LA.
Emulsion liquid membrane is a technique used to separate
solute molecules or ions using a liquid film between two mis-
cible liquid phases [25, 153]. The transport mechanism of
ELM is driven by kinetic instead of affinity in the solvent
extraction process [153]. LA will first be extracted into the
liquid membrane before being back-extracted from the mem-
brane. This technology has been confirmed as a promising LA
separation method due to its high extraction efficiency, the
requirement of a small volume ratio between organic and
aqueous phases, and large mass transfer area [25, 153].
Kumar et al. [154] managed to accomplish the extraction ef-
ficiency of LA at 96.59% at optimal conditions using ELM.
The main concern of this method is due to the usage of non-
renewable resources as organic solvent [25, 153]. In view of
the importance of sustainable development, researchers are
working progressively to search for a replacement for
petroleum-based organic solvents in ELM. With respect to
this constraint, the application of vegetable oils as the green
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solvent has been nominated as the most important develop-
ment of ELM in recent years, proven to be feasible by several
researchers [155-157].

4 Lactic acid sustainability assessment
methods

Several useful methodologies have been extensively practiced
to date to measure the efficiency and environmental sustain-
ability of a system or process, namely life cycle assessment,
techno-economic analysis, energy, and exergy analysis.

The approach of life cycle assessment can effectively eval-
uate the energy efficiency and the environmental hotspots in a
system or process [158]. It provides data-driven insights on
environmental impacts such as climate change, ecotoxicities
in terms of marine, freshwater, or terrestrial and depletion of
water or fossil resources. Thereby, future optimizations can be
made to the whole system to reduce the environmental effects
identified in a LA biorefinery.

When evaluating an energy system, energy analysis is the
most commonly used engineering tool. It considers all the
input and output energy in a boundary system to provide in-
sights into the efficiency of the system. However, the reliance
on energy analysis can be confusing since it cannot identify
how the energy in a system is transferred or converted into one
another. The sustainability of a system cannot be justified by
energy analysis solely. On the other hand, an exergy analysis
that quantifies both the quantity and quality of energy streams
is a better approach than energy analysis. Exergy analysis can
effectively discover the locations and the causes of thermody-
namic irreversibility in a system by providing a quantitative
analysis. After identification of the locations of thermodynam-
ic irreversibility, potential enhancements can be made to the
system to improve the overall system efficiency. As the
exergy efficiencies are enhanced, the sustainability of the sys-
tem can also be improved with the reduction in environmental
impacts initiated by these existing thermodynamic losses. In
general, exergy analysis provides more meaningful insights as
a method which closely resembles ideal scenarios.

4.1 Exergy analysis
4.1.1 Energy versus exergy

The first law of thermodynamics states that energy is neither
created nor destroyed but changed from one form into another.
Based on the second law of thermodynamics, the exergy does
not obey the conservation laws and tends to be destroyed
when a process is irreversible. When exergy is destroyed, this
phenomenon indicates that the quality or usefulness of the
energy is lost and is identified as exergy destruction [74].
Exergy is conserved during real processes where they are

reversible. Thus, energy differs from exergy such that energy
is a measure of only the quantity, whereas exergy may be
viewed as a measure of quality energy in a system. In other
words, exergy is a property to measure the capacity of an
energy form to do useful work. In fundamental theory, exergy
is defined as the maximum amount of work that can be ex-
tracted from a system as it is brought to equilibrium relative to
a reference environment [159-161]. The exergy will be
equaled to zero when the system properties correspond to
the reference environment that is called the dead state.

Energy analysis is mostly used to determine the thermody-
namic efficiency in processes. It is important to note that,
while the use of energy allows one to construct an energy
balance around a given process, a focus on energy analysis
alone can be misleading because it does not distinguish be-
tween heat and work. It does not provide any resourceful
information with regards to how energy is transferred or
whether the energy can be completely converted to another.
Conversely, the exergy analysis can overcome these draw-
backs from energy analysis in various energy processes.
Table 9 presents the comparison between the key properties
of energy and exergy.

4.1.2 Exergy reference environment

The evaluation of exergy concepts is with respect to a refer-
ence environment which acts as an infinite system. The spec-
ification of the concise characteristics for the reference envi-
ronment is of utmost importance. This is commonly done by
defining the temperature (7,) and pressure (P,) at 25 °C and
101.325 kPa, respectively, and the chemical composition of
the reference environment [160, 163]. The outcome of exergy
analysis is usually relative to the specified reference environ-
ment mentioned, which is modeled after the actual local envi-
ronment in most applications. When the system is in equilib-
rium with the reference environment, the exergy of a system is
denoted as zero [161]. The exergy consumption is also zero in
a reversible process [161].

4.1.3 Exergy efficiency and exergy destruction

The aforementioned energy analysis is incompetent at provid-
ing a measure of the performance of a system approaches ideal
condition [164]. Furthermore, it is insufficient in pinpointing
the factors and locations of energy losses, which causes the
performance of the system to deviate from ideal conditions
[164]. In contrast, exergy analysis tends to provide useful
insights into improving the efficiency of a process under ideal
conditions, practically overcoming the drawbacks associated
with energy analysis.

Exergy analysis is an efficient methodology based primar-
ily on the concept of irreversible production of entropy prin-
ciple from the second law of thermodynamics and the
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Table 9 Comparison between

energy and exergy [162] Energy

Exergy

Expressed in energy units
A measure of energy quantity

Based on first law of thermodynamics

Energy is always conserved and can neither be

consumed nor produced

Positive values (different from zero)
Energy analysis indicates only external losses

A correct scientific concept, yet insufficient for

engineering applications

Expressed in energy units
A measure of quality of energy
Based on the first and second laws of thermodynamics

Exergy is consumed in real processes

Positive values and equal zero at the dead state
Exergy analysis indicates internal and external losses

Correct scientific and engineering concepts and useful in
applications various processes

conservation of energy principle from the first law of thermo-
dynamics [160]. According to the exergy analysis, energy can
neither be created nor destroyed, but the energy quality can be
degraded during a process [160, 161]. The degraded energy
eventually reaches the equilibrium state with the surroundings
and cannot be used to perform tasks efficiently. Exergy anal-
ysis is a useful engineering tool which assists in improving
and optimizing designs because it is a better indicator of na-
ture, causes, and locations of thermodynamic losses in a sys-
tem when compared to energy analysis [160, 164]. It can be
applied in complex integrated systems such as biorefineries
and provide a qualitative and quantitative estimation of energy
requirements effectively and identify the thermodynamic in-
efficiencies taking place in the systems [74]. Once the ther-
modynamic inefficiencies, also known as exergy destructions,
are quantified, and located, engineering measures can be taken
to enhance the overall exergy efficiency. The exergy destruc-
tion can be minimized as the exergy efficiency increases.

4.1.4 Exergy and environmental sustainability

Exergy is closely related to sustainability. Novak [163]
commented that a reduction in exergy destruction or depletion
is crucial in improving the sustainability of a system [163]. In
this context, exergy analysis is a practical approach related to
the development of sustainability since it is instrumental in
providing insights into exergy destruction. These exergy de-
structions can cause negative impacts to the environment. By
minimizing or eliminating the source of exergy destruction,
this can boost the efficiency of the overall process and con-
tribute to reduced environmental damage. Rosen et al. [160]
suggested that the utilization of non-renewable resources as a
power source should be minimized to prevent harmful emis-
sions to the environment [160].

The relationship among sustainability, exergy efficiency,
and environmental impact is represented in Fig. 4. When the
exergy efficiency is approaching 100%, the environmental
impact is kept at minimal and the sustainability of a system
is approaching infinity as the system is experiencing the
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reversible process [160]. At this stage, the exergy is only con-
verted from one form to another without suffering from
exergy destruction. Conversely, when the exergy efficiency
is approaching 0%, the system fails to achieve sustainability
because energy resources are not utilized properly, resulting in
an increasing amount of interfaced exergy destruction to the
environment [160].

4.1.5 Exergy analysis of biomass conversion in biorefinery

For the concept of biorefinery, reducing sugar is an essential
component for the production of bioethanol and LA. In the
conversion of biomass into reducing sugars, the drying and
pretreatment process plays the role of minimizing the size of
biomass and facilitating the conversion of cellulose to reduc-
ing sugar with better accessibility to enzymes, respectively
[15]. It is reported that a significant amount of exergy is
destroyed due to the heat and mass transfer phenomena during
chemical reactions [74]. Thus, the selection of the suitable
drying and pre-treatment methods is dependent on its thermo-
dynamic performance instead of its potential yield of reducing
sugar. For a fair comparison, exergy analysis would be a use-
ful indicator of thermodynamic performance in a system [160,
164]. The following subsections outlined the research works

Environmental Impact
Sustainability

Exergy Efficiency (%)

Fig. 4 Relationships between exergy efficiency with sustainability and
environmental impact [74]
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where exergy-based analyses had been used for assessing the
bioconversion of any of the three generations feedstock.
Reported studies based on exergy aspects for developed
biorefineries are summarized in Table 10.

Ofori-Boateng and Lee [165] carried out exergy analyses
on the production of ethanol from oil palm fronds (OPFs)
based on three different pretreatment methods, which are
steam explosion, organosolv, and microbial pretreatment
method [165]. The system which employed the microbial pre-
treatment method exhibited the highest overall exergy effi-
ciency of 90.93%, followed by organosolv (90.30%), and
steam explosion (66.65%), as illustrated in Fig. 5. The exergy
destruction in the steam explosion was mainly originated from
the high-pressure steam and dryer, which involved high ener-
gy consumption. Similarly, the drying unit was also the major
contributor toward the exergy destruction in organosolv due to
the heavy heat exchange. This is because OPFs have very high
moisture content. Therefore, high energy was needed to de-
crease the moisture content to about 10%. It was recommend-
ed to employ sun drying for preliminary drying before the
actual drying in dryers as this could reduce the demand for
energy. Aside from the dryer being the hotspot for thermody-
namic losses, the heavy usage of chemicals such as ethanol
and water was also one of the underlying reasons behind the
low exergy efficiency of orgonosolv. This limitation could be
overcome with the recovery of ethanol to be reused in the
process. The generation of wastes was the main cause of ther-
modynamic losses in the microbial pretreatment method. The
conversion of these wastes into value-added products would
be advantageous toward the overall performance and environ-
mental sustainability of the system.

An exergy analysis was conducted by Silva Ortiz and de
Oliveira [166] on four different pre-treatment technologies for
the preparation of two types of lignocellulosic biomass with
different chemical compositions for the production of
bioethanol [166]. The pre-treatment methods were steam ex-
plosion (case study A), organosolv (case study B), liquid hot
water (case study C), and a combination of steam explosion
with hot water liquid (case study D). It was discovered that the
lignin-rich part of sugarcane bagasse could lead to a declined
exergy performance compared to parts with lower lignin con-
tent. Case study D showed the highest overall exergy efficien-
cy as it utilized the exergy contents from outflow of steam
explosion in hot water liquid method. The combined method
was a breakthrough and should be entitled for an economic
and environmental assessment for industrial-scale processing.
When evaluated alone, both the hot water liquid method and
steam explosion were reported to involve high pressure and
temperature. Consequently, high energy was needed which
affects its thermodynamic performance.

Modarresi et al. [167] applied exergy analysis for the quan-
tification of thermodynamic efficiencies to evaluate the mag-
nitude of irreversibility within bioethanol production

processes from straw [167]. Pinch analysis was first conduct-
ed, and the minimum hot and cold utility demands of the plant
were optimized by 40%. The exergy efficiency of the plant
after optimization was concluded to be higher than the base
case due to the effective reduction in demand for steam and
cooling water. Following the exergy analysis, it was discov-
ered that the bioethanol production process resulted in the
highest exergy efficiency. This was attributed to the useful
exergy outflow of stillage since it could be converted into
biomethane and combusted in a steam boiler for power gen-
eration. On the other hand, the combined heat and power
(CHP) process suffered from the high exergy destruction be-
cause the unit involved rapid heat losses to the surrounding
during combustion and unknown materials which were not
reacting correctly.

An exergy analysis was employed by Sanjuan-Acosta et al.
[170] to assess the production of agar from macroalgae,
Gracilaria sp. [170]. The macroalgaec was washed, dried,
and pretreated with sodium hydroxide (NaOH). This was
followed by neutralization using acid solution and heating to
obtain the diluted agar, which was later separated and purified
through evaporation from other solid sludge. The cellulose-
rich agar, when optimized with acid or alkali pretreatment,
could produce reducing sugar, which would be a favorable
carbon source for LA fermentation process [171]. The stage
with the highest exergy irreversibility (16,552 MJ/h) was the
evaporation unit due to the variations in temperature for the
separation of agar from water. The second-largest contributor
of exergy losses was the Filtration III stage, which resulted
from the formation of undesired waste (6146.60 MJ/h) as
illustrated in Fig. 6. In terms of exergy efficiency, filtration I
associated with low consumption of utilities had the highest
exergy efficiency of 98.9%, whereas the evaporation unit had
the lowest exergy efficiency of 27.9%. Hence, efforts should
be shifted to improve the performance of the evaporation unit
and filtration III through better energy integration.

Fudholi et al. [169] analyzed the thermodynamic perfor-
mance of drying red seaweed using the solar system with the
conventional energy and exergy analysis [169]. The solar dry-
er took 15 h to decrease the moisture content of 40 kg red
seaweed from 90 to 10%. The energy analysis showed that
the specific energy consumption of the system was 2.62 kWh/
kg, whereas the maximum efficiency of moisture removal
from the biomass was calculated to be 95% by maintaining
the drying temperature between 35 and 60 °C. Throughout the
day, the solar dryer displayed an exergy efficiency within the
range of 1 to 93%, achieving an average of 30%. Thus, this
study had proven that the utilization of solar dryer would be a
great idea to decrease the exergy losses caused by drying unit
for the biorefinery developed by Ofori-Boateng and Lee and
Sanjuan-Acosta et al. [165, 170].

A lignocellulosic biorefinery for co-generation of LA and
electricity production was exergetically analyzed by
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Table 10  Summary of exergetic aspects on developed biorefineries

Feedstock Main product Process Overall Remarks/Findings Ref.
exergy
efficiency
(%)
Oil palm Ethanol Case 1: Preliminary preparation (Washing, Case 1: * Units with high energy utilization such as [165]
fronds drying, and milling)/Pre-treatment 90.30" drying unit are the major contributors
(Oranosolv) Case 2: towards exergy inefficiencies
Case 2: Preliminary preparation (Washing, 66.65"  « The recovery of ethanol could be effective in
drying, and milling)/Pre-treatment (Steam Case 3: exergy losses reduction.
Explosion) 90.92F  « The conversion of waste into value-added

Case 3: Preliminary preparation (Washing,
drying, and milling)/Pre-treatment (Microbial

Pretreatment Method)
Sugarcane Ethanol Case A: Pre-treatment (Steam Explosion) Case A:
bagasse Case B: Pre-treatment (Organosolv) 93.2F
Case C: Pre-treatment (Liquid Hot Water) Case B:
Case D: Pre-treatment (Combination of Steam 85.4F
Explosion and Liquid Hot Water) Case C:
94.1%
Case D:
95.1%
Wheat Ethanol, Pre-treatment /SSF/Separation and 66.60",
straw biometha- Purification/Anaerobic digestion/Power 44.107
ne, and generation
electricity
Sugarcane Lactic acid (> Pre-treatment/Enzymatic 52.71Y,
bagasseand  99.5 Hydrolysis/Fermentation/Separation and 44.73F
Brown wt%°F) purification /Power generation

leaves

Sugarcane Lactic acid ~ Pre-treatment/Filtration/ -

bagasse, Fermentation/ Separation and purification
Leaves and S1&S2: LA production from cellu-lignin and
Tops Ca(OH)

S3&S4: LA production from cellu-lignin and
thermophilic bacteria

S5&S6: LA production from cellu-lignin and
Mg(OH)*

@ Springer

products and further treatment of
wastewater could improve the overall
exergy efficiency and ensure sustainability
towards environment

* In depth assessment on economic and [166]
environmental aspect were required even
though the combined method had the
highest exergy efficiency out of all the
methods studied

* Lignin-free biomass would be beneficial
towards the overall exergy efficiency of
pre-treatment process

* Part with low lignin could augment the
exergy efficiency of the pre-treatment
process by promoting the delignification
process

* Conversion of sludge into fertilizer could [167]
substantially increase the exergy efficiency
of the system

* Pinch analysis could effectively reduce hot
and cold utility demand, saving utility cost
and increasing exergy performance

* High exergy losses in the boiler can be [74]
mitigated by enriching intake air with
oxygen and decreasing the amount of
combustion air

* High exergy destruction rate in LA
production unit can be approached with
exergy-based pinch concept

* Incorporation of heat recovery with the
replacement of refrigeration system to
advanced adsorption system could enhance
the exergy efficiency

* Steam generation represented the highest [172]
cost, and LA production came in second

* Pre-treatment and saccharification has the
lowest relative cost difference; refrigeration
has the highest relative cost due to high
usage of utilities

* Same optimization plan for boiler, LA
production subunit, refrigeration system as
proposed by Aghbashlo et al. [71]

* The price of lactic acid was concluded as US  [173]
$1.30-5.00/kg

* Best scenario: S5 and S6 are gypsum free,
thereby has the lowest environmental
burden and economically attractive with
high return rate

* From environmental standpoint, S1 and S2 is
the worst scenario since it produced large
amount of gypsum which is not favorable
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Table 10 (continued)
Feedstock Main product Process Overall Remarks/Findings Ref.
exergy
efficiency
(%)
* From economic standpoint, S3 and S4 has the
lowest return of rate as well as low
production rate of LA
Corn Lactic acid Pre-treatment/Biodetoxification/SSF/Separation - * The price of lactic acid was concluded as US  [168]
stover (104.5 and purification $0.56/kg (88 w/w)
g/LC, 0.72 * Cellulase represented the largest source of
g/g¥) operating cost
Red Dried Drying 1-93%,30* « Solar dryer could be an alternative dryer for ~ [169]
seaweed seaweed conventional drying unit since it delivered
high exergy performance
* High potential of improvement in exergy
efficiency
Gracilaria sp. Agar Drying/Pre-treatment/Separation and 18.8" * Largest contributor of exergy losses [170]

Purification

represented by evaporation unit, followed
by Filtration III due to disposal of
recoverable waste

* Energy integration can be incorporated for
lower energy consumption and operating
costs

* More efforts needed to handle the residual
streams to improve overall performance

OP optical purity; C concentration; Y yield; P productivity; U universal exergy efficiency; F' functional exergy efficiency; A average exergy efficiency

Aghbashlo et al. [74]. Aghbashlo et al. [74] discovered that the
overall functional exergy efficiency of the system was 44.73%
where the boiler contributed the highest exergy destruction
rate (129.41 MW) followed by LA production sub-unit [74].
In other words, this study revealed that both sub-units have
very poor exergy efficiencies due to the generation of entropy
in large amounts. The quantitative results presented in Fig. 7
showed that the boiler had exergetic improvement potential as
high as 68.90 MW, indicating the possibility of further

100
90.3 — 9093
D Overall Exergy Efficiency
2 80
>
2
s 66.65
L 60
b=
w
>
o)
]
L 40
w
©
£
2 20
(o]
Steam Explosion Organosolv  Microbial Pretreatment

Pretreatment Methods

Fig. 5 Overall exergy efficiency of system with different pre-treatment
methods [165]

optimization in the design to improve the overall efficiency
of the process. However, they also learned that the refrigera-
tion sub-unit had the least exergy efficiency rate, which was
against the concept of exergy because this sub-unit had a low
destruction rate. They further related this to the high consump-
tion of power within the sub-unit. Notably, the results from this
exergy analysis highlighted that future optimization can be
focused on the steam generation and LA production sub-units.

In another study, Soltanian et al. [172] conducted an
exergoeconomic analysis on the lignocellulosic biorefinery
system reported by Aghbashlo et al. [74]. Similarly, the steam
generation unit accounted for 43.73% of the overall cost rate
of the biorefinery, whereas the LA production sub-unit came
in the second rank with 20.49%. The high-cost rate in each
sub-unit is associated with the high exergy destruction, as
mentioned previously. The pre-treatment and saccharification
sub-units had the lowest relative cost difference of 0.07,
whereas the refrigeration sub-unit which consumed higher
energy had a higher relative difference of 20.47. This indicat-
ed that the refrigeration sub-unit can be further optimized for
improvement whereas both the pre-treatment and saccharifi-
cation sub-units were over-designed. They suggested that an
absorption refrigerator can be a potential alternative for reduc-
tion in electrical energy consumption. In conclusion, the result
from this exergoeconomic analysis was in line with the exergy
analysis where it suggested major optimization actions should
be carried out on both the steam generation and LA production
sub-units.
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Wash

Fig. 6 Overview of exergy

Vapor
analysis for production of agar Weter
from Gracilaria sp. [170] 743.45
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The performance of LA production from lignocellulosic
biomass was assessed by Gezae Daful and Gorgens [173]
from the economic and environmental aspects [173]. The
study was conducted in six different scenarios where the sub-
strate for S1, S3, and S5 is hemicellulose liquid fraction while
S2, S4, and S6 are cellulose-lignin solid. S1 and S2 utilized
Ca(OH), to neutralize the fermentation broth, which led to the
formation of undesired gypsum waste. S3 and S4 isolated
thermophilic bacteria, Bacillus coagulans for fermentation
where neutralization is not necessary. S5 and S6 replaced
Ca(OH), with Mg(OH), for neutralization. Despite the fact

140

120
[_JExergy Rate
[ i

p ial Rate

Exergy Rate (MW)
g 8 B
B

S
=

33.85

13
=]

17.11

7.36 39 1015

0 b.os 0.740.09 1:87p.02 0.7

1 2 3 4 5 6 7 8 9
Subsystem

36 4.694.38
(oo 252243

Fig. 7 Exergy destruction rates derived from subsystem of LA
Biorefinery. (1) pre-treatment of feedstock; (2) production of cellulase
enzyme; (3) saccharification; (4) boiler; (5) water treatment; (6) genera-
tion of power and distribution of steam; (7) production of LA; (8) refrig-
eration; and (9) cooling tower [74]
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that S1 and S2 provided the highest internal rate of return
among other scenarios, both scenarios also accounted for the
highest operating cost and total capital investment. The study
also found that S1 and S2 resulted in higher environmental
impacts as the production of gypsum waste from large quan-
tities of chemicals usage was not avoided. Contrarily, the sce-
nario without gypsum waste, S5 and S6 were the more attrac-
tive processes economically and environmentally since both
also resulted in a relatively high internal rate of return and
relatively lower operating cost compared to S1 and S2. For
S3 and S4, the environmental impacts were caused by the
nutrients used in the growth medium for Bacillus coagulans.
In overall, S5 and S6 were the best scenarios due to their high
revenue, low environmental impacts, and low operating costs.
The price for LA was determined in the range of US $1.30—
5.00/kg.

Another published article by Liu et al. [168] was based on
the techno-economic evaluation on L-lactic acid production
from corn stover [168]. The corn stover was pre-treated with
dilute acid and bio-detoxified before the conversion into LA.
The experiment demonstrated an optimal performance by pro-
ducing L-lactic acid with a concentration of 104.5 g/L and a
yield of 0.72 g/g. The analysis reported that the minimum
selling price of L-lactic acid was determined at US $0.56/kg.
In the overall process, the enzymatic hydrolysis represented
the most expensive step. The exploration of cheaper enzymes
substitutes should be emphasized in order to achieve a more
attractive selling price of the product. Currently, the selling
price of L-lactic acid derived from corn stover reported by Liu
et al. [168] was able to compete with the current commercial
L-lactic acid produced from food crops with the selling price
around US $3.00-4.00/kg [25, 168].
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In conclusion, the common hotspots for exergy losses in a
biorefinery tend to be found at units which consume high
energy, especially in the boiler and chiller involved in power
generation, as reported by Aghbashlo et al. and Modarresi
etal. [74, 167]. The exergy losses in the boiler can be reduced
either by reducing the volume of combustion air or introduc-
ing intake air enriched with oxygen. For chiller, the replace-
ment of a conventional refrigeration system to an adsorption
refrigeration system is highly recommended to promote the
recirculation of heat within the system. This can efficiently
minimize any wasted energy within the system, thereby en-
hancing the overall exergy efficiency. It was demonstrated by
Soltanian et al. [172] that these energy-intensive hotspots also
contributed to the high operating costs along with fermenta-
tion units, as reported by Liu et al. [168]. The high cost was
owing to the usage of expensive feedstock and enzymes to-
gether with the addition of costly chemicals or nitrogen
sources for the growth of microorganisms required for LA
production [172]. Aside from this, the heavy usage of
chemicals and water supply could be influential on the exergy
efficiency of the system, as studied by Ofori-Boateng and Lee
[165]. Therefore, the recovery and recycling of chemicals for
repeated cycles could be a potential solution for reducing the
thermodynamic losses.

Apart from that, those units which involved intensive
changes in temperature were found to be potential contributors
to exergy destructions. Ofori-Boateng and Lee [165] had also
expressed their concern on the amount of exergy losses con-
tributed by the drying units to the system in their studies.
Recommendations were given that the moisture content of
the biomass should be reduced to a certain extent from drying
under the sun before the conventional drying process.
Ultimately, utility cost could be reduced while benefiting the
exergy performance of the system.

Besides, the exergy efficiency of conventional drying pro-
cesses could be further enhanced with the replacement of a
solar dryer. Fudholi et al. [169] had justified the effectiveness
of a solar dryer in drying red seaweed, which had achieved a
very high exergy efficiency of 93% during sunshine hours
[169]. However, it should be noted that the drying time re-
quired was relatively long as drying can only be performed
during sunny days. At other hours of the day, the exergy
efficiency could be as low as 1%. The improvement potential
(IP) for this solar dryer was rated in the range of 0.3 and 630
W, where it signified a high potential to enhance the exergy
efficiency. Similarly, Sanjuan-Acosta et al. [170] had reported
the evaporation unit as being the largest contributor of exergy
losses owing to changes in temperature and high consumption
of energy [170]. Energy integration using the exergy-based
pinch concept can be utilized for enhancement in exergy effi-
ciency. The study also revealed that the residual waste stream
from the third filtration unit was one of the primary sources for
exergy losses. This exergy destruction could be reduced by

processing the waste into fertilizer while simultaneously pro-
moting better environmental performance for this macroalgae-
based biorefinery system.

4.2 Life cycle assessment of algae-based biorefinery

Life cycle assessment plays a pivotal role in assessing the
potential environmental hotspots of a system in interest based
on a framework given by ISO 14040 and 14044 [174, 175].
Four different methodologies of defining goal and scope, col-
lection of inventory data for subsequent analysis, the assess-
ment on impacts toward the system, and interpretation of re-
sults from impact analysis are conducted during the whole life
cycle assessment (LCA) study. Based on the quantitative out-
put from the LCA study, relevant optimization of the produc-
tion system to mitigate these impacts in the whole life cycle
could be made. This methodology allowed Smullen et al.
[176] to identify significant environmental impacts in a
bioethanol biorefinery during the pre-hydrolysis stage [176].
The improvement in energy efficiency at that stage was nec-
essary due to the large consumption of chemicals, steam, and
electricity. Regardless of the reliability of this approach, this
methodology would be time-consuming as a large amount of
input data was required to be gathered for the accurate assess-
ment of a system [177].

For LA biorefineries, the application of LCA is essential as
this methodology provides an overview on the environmental
impacts associated with LA production from terrestrial bio-
mass and algae feedstock for comparison. According to Jung
et al. [98], terrestrial biomass is a greater contributor toward
climate change compared to algae biomass [98]. The exces-
sive land use for the reproduction of terrestrial biomass inten-
sifies the greenhouse gases (GHG) emissions as forest land is
exploited [178]. On the other hand, algae biomass does not
require land and is able to grow in extreme growth conditions
along with a variety of water environments [64, 105]. Aside
from this, terrestrial biomass has lignin, which is distinctively
different from the structure of macroalgae biomass.
Delignification requires a sequence of pre-treatment tech-
niques employing a large amount of toxic chemicals such as
acid and alkali. Smullen et al. [176] employed LCA to evalu-
ate the environmental performance using different types of
chemicals to release fermentable sugars from lignocellulosic
biomass. The usage of hydrochloric acid and sodium hydrox-
ide resulted in the highest emissions output to the surrounding,
contributing to environmental impact categories such as glob-
al warming potential, eutrophication, acidification, human,
and marine ecotoxicity. Contrarily, these environmental bur-
dens would be kept minimal for algae biomass due to the
absence of lignin [51, 77, 78, 103, 104]. Despite the environ-
mental merits of algae biomass during the cultivation and pre-
treatment stages, the maturity of current algae biomass-based
technology remains a challenge as it is energy intensive which
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contributes to impact categories, as reported by Ogmundarson
et al. [179]. Thereby, LCA is a reliable methodology in
pinpointing the relevant environmental hotspots in the current
technology and further drives researchers in developing a
more environmental-friendly and economical technology. As
of now, there are very limited LCA studies performed on algae
biorefinery systems, with only two of them related to LA
production, which are summarized in Table 11.

Based on a LCA analysis reported by van Oirschot et al.
[180], the goal was to explore the potential optimizations in
cultivation, harvesting, transport, and drying of seaweed from
an environmental standpoint [180]. The study was performed
based on two seaweed drying systems, each using 1 ton of
protein in the dried seaweed as the functional unit (FU). One
of the systems featured a single layer of cultivation strips, and
the other featured a double number of cultivation strips in the
water column. Overall, the dual-layer cultivation system pro-
duced 50% greater yield compared to single layer cultivation
system for producing one ton of protein in dried seaweed,
while keeping the environmental impact at a lower rate rela-
tive to the one-layer system. Out of all the system boundaries,
they concluded that the drying process of seaweed to be the
highest contributor to the environmental effects in the exam-
ined system as 9.9 MJ was required to produce the desired FU
due to the large generation of GHG from fuel burning for the
energy production.

Meanwhile, the drying process of macroalgae was agreed
by a few researchers as the hotspot of the environmental im-
pacts. Sander and Murthy [181] performed a life cycle assess-
ment for biofuel production from algae and indicated that the
dewatering process accounted for the largest fossil fuel-
derived energy input with high GHG emissions [181]. In such
a scenario, the environmental impacts from energy usage and
GHG emissions could be reduced with the degradation of
algae biomass enzymatically, as stated by Sander and
Murthy [181]. They suggested that renewable energy alterna-
tives such as solar dryers should be adopted for the dewatering
of seaweed. Besides that, Langlois et al. [182] evaluated the
potential environmental impacts resulting from the methane
production with offshore-cultivated seaweed and its combus-
tion in an engine [182]. Similarly, they found out that the
drying process consumed the most energy in the biorefinery.
They believed that the reported energy consumption (920
kWh/t) in the drying process could be reduced with heat re-
covery or utilizing mechanical compression of steam for evap-
oration. The replacement of electricity from the grid with elec-
tricity generated from wind energy showed significant im-
provement in environmental impacts from 5.6 to 86.0%.

The environmental impacts of utilizing green macroalgae,
Ulva spp. for the production of LA was analyzed using an
exploratory LCA study by Helmes et al. [183]. The system
boundary was determined as follows: cultivation of
macroalgae, pretreatment of feedstock for release of sugars
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(acid hydrolysis), fermentation of sugars to LA, and the isola-
tion of LA from the fermentation broth. The FU for this study
was defined as 1 kg of LA. They discovered that the electricity
consumption during the cultivation of macroalgae was the
major driver toward the environmental impacts, contributing
97% to the ReCiPe score. The CO, emission resulted from the
acid hydrolysis due to heavy usage of acid contributed 2% to
the ReCiPe score, which came in as the second-highest
hotspot. The remaining 1% was due to the residual waste
generated from the fermentation and purification process.
The consumption of electricity could be reduced with an op-
timized cultivation method and also the utilization of alterna-
tive renewable energy sources. The emission of CO, could be
reduced by adjusting the amount of acid for the production of
1 kg of LA whereas the waste could be converted into fertil-
izer or animal feed, subsequently reducing the impacts they
had on the environment.

The LCA study published by Ogmundarson et al. [179]
evaluated the environmental impacts in LA production from
macroalgae biomass, Laminaria sp. [179]. They presented a
LCA study based on the cradle to grave life cycle of LA
production from three generations of feedstock, corn, corn
stover, and macroalgae in two different scenarios (drying
and without drying), respectively. Ogmundarson et al. [179]
again found out that the high utility inputs (up to 86%) for
drying of biomass was the main environmental hotspot con-
tributing to global warming with regard to LA production
from macroalgae. This was possibly due to the technologically
immature production system. The environmental impacts in
terms of global warming, land use, water consumption, and
impact on human health in terms of carcinogenic toxicity were
greatly reduced when wet Laminaria sp. biomass for LA pro-
duction was demonstrated compared to utilization of dried
macroalgae [179]. Despite this advantage, the drying process
cannot be easily excluded in macroalgae-based biorefinery as
it has a significant influence in reducing the contamination
risk in the feedstock. In addition, the microorganisms tend to
consume more on dry macroalgae biomass [179]. Thus, the
application of wet macroalgae biomass in biorefinery stands
as a vital challenge to be overcome in the near future.

5 Conclusions and future prospective

In recent years, biodegradable plastic composed of polylactic
acid (PLA) has gained immense interest due to the increasing-
ly alarming plastic pollution. This has driven up the demand
of LA; it is the main building block for PLA. Commercially,
LA production via fermentation is preferred over chemical
synthesis as it is proclaimed to be more sustainable with the
utilization of renewable resources instead of fossil fuels.
However, the biggest obstacle of the fermentation route is
the huge production cost relative to the cost of substrate and
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Table 11 Life cycle assessment on algae-based biorefinery

Functional
unit

Feedstock System boundary

Remarks/Findings Ref.

1 ton of
protein

Seaweed Cultivation/Harvest/Transport/

Drying

1000 MJ of
energy

Algae Cultivation/Harvest/Drying/Oil

Extraction/Transport/

Saccharina
latissima

1 km trip with ~ Cultivation/Harvesting/Biomethane
a gas-
powered
car

Treatment

Cultivation/Pre-treatment/
Fermentation/Separation
and purification

Ulva spp. 1 kg of lactic

acid

Corn, Dry 1 kg of lactic
Laminaria sp., acid Separation and purification/
Fresh Laminaria (99.9%) Polymerization of LA to

sp. PLA/Disposal

production/Transport/Wastewater

Harvest/Pre-treatment/Fermentation/

* Drying process makes a large contribution to all the impact
categories, except human toxicity and freshwater ecotoxicity

* High emissions of methane and ethane from the combustion of
fuel for drying process

* Harvesting and transport contributes negligible environmental
impact

* Dual layer cultivation system improves productivity of seaweed,
thereby more environmentally friendly

* High fossil-fuel derived energy input for thermal drying of algae

* Environmental impacts from use of energy and GHG emissions
could be reduced with employing enzymes for algae degradation
and solar drying

*» The most energy-consuming process is the drying transfer due to
intensive heat transfer

* Energy consumption in the drying process could be reduced with
heat recovery

* Alternative energy sources from wind displays significant
improvement in environmental impacts

* The cultivation is the largest hotspot for environmental impacts as
a result of high energy consumption

* ReCiPe score of 97% was obtained due to concern such as fossil
resource depletion, formation of suspended solid, use of
agricultural land, and damage to ecosystem

* The second hotspot is the pre-treatment process due to CO,
emission from large amount of acid used (2%)

* The remaining 1% was attributed from residual waste stream
from fermentation and purification

* Optimized cultivation method and utilization of renewable
energy sources could reduce the negatives impacts on
environment

* Elimination of CO, emission is possible with adjustment made to
quantity of acid used in pre-treatment

* Residual waste could be converted into fertilizer or animal feed

* The environmental performance of LA production from
Laminaria sp. could be improved by optimizing the drying
process

» Wet biomass is preferred than dry biomass as environmentals
impacts (global warming, land use, water consumption, and
carcinogenic toxicity) are drastically reduced

» However, dry biomass has higher yield of LA than wet biomass
as microorganisms consume more on dry biomass

* Drying of biomass is necessary as this lowers the contamination
risk

[180]

[181]

[182]

[183]

[179]

downstream processes. In accordance with increased demand
for high optical purity LA, development in new substrate can-
didates and downstream processes are vital. This review sheds
light on the role of macroalgae as a promising substrate for
sustainable LA production due to its rapid growth rate and a
wide range of polysaccharide content. The viability of
macroalgae-based biorefineries from exergy, economic, and
environmental aspects was also explored by approaching the

developed biorefineries with exergy-based methods and life
cycle assessment studies. Nevertheless, the advances in tech-
nology for the processing of macroalgae are to be further
explored and optimized for attaining increased yield, produc-
tivity, and optical purity of LA at large-scale production. Once
the establishment of these technologies is achieved,
macroalgae could be the most beneficial feedstock for the
production of biofuel and biochemical in the future.
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