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Abstract Aquatic biomass, especially algae, is a promising
renewable energy resource, owing to its high growth rate, high
oil content, and lack of competition with land needed for food
crops. Both micro- and macroalgae can be converted to liquid
fuel through pyrolysis; however, the high oxygen content of
the oil results in a low calorific value. Co-pyrolysis of biomass
with synthetic polymers can improve oil quantity and quality:
the polymers are petroleum products, contain less oxygen, and
provide a comparable high heating value to conventional
fossil fuels. Polystyrene is a particularly attractive synthetic
polymer, because it has the lowest recycling rate of the major
categories of plastic. This article provides background
concerning thermal conversion of biomass/organic waste to
energy, focusing on pyrolysis. Advantages of algae and poly-
styrene as pyrolysis feedstocks are discussed, and previous
pyrolysis studies of macroalgae and polystyrene, as well as
co-pyrolysis studies of biomass and plastics, are reviewed.
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Introduction

Several land biomass and fuel crops have been studied as poten-
tial sources for sustainable energy. A primary drawback of fuel
crops such as corn, soybean, palm, and sunflower is competition
with the food market. Therefore, researchers have started
targeting aquatic biomass, especially algae, as a renewable ener-
gy source. Aquatic biomass poses several advantages in addition
to no competition with land needed for food crops: the higher
growth rate for many forms of aquatic biomass results in faster
mass production, and problems associated with land use, such as
fertilizer and pesticide pollution of storm water, are reduced.

Both micro- and macroalgae can be converted to liquid fuel
through pyrolysis, which occurs in the absence of oxygen at
high temperatures and yields three final products: liquid oil, gas,
and solid residue. The main challenge in producing pyrolysis oil
from biomass is the high oxygen content of the oil, which results
in a low calorific value. Consequently, combining biomass with
synthetic polymers is an option to improve oil quantity and
quality, because the polymers are petroleum products, contain
less oxygen, and provide a comparable high heating value to
conventional fossil fuels. Polystyrene (PS) is a particularly
attractive synthetic polymer, because it has the lowest recycling
rate of the major categories of plastic.

This article first provides general background concerning
thermal conversion of biomass/organic waste to energy, with a
focus on pyrolysis. Advantages of algae and PS as pyrolysis
feedstocks are then discussed, and previous studies of pyrolysis
of macroalgae and PS are reviewed. Finally, previous studies of
the co-pyrolysis of biomass and plastics are summarized.

Thermal Conversion of Biomass/Organic Waste to Energy

Either biological or thermal conversion is normally used to
convert biomass or organic waste into useful energy, as shown
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in Fig. 1. Thermal conversion has recently gained more atten-
tion because it is much faster than biological processes; in
addition, thermal processes can be used to obtain energy from
certain wastes, such as plastics, which microbes cannot break
down. Thermal conversion processes include direct combus-
tion, gasification, pyrolysis, and liquefaction. Even though all
thermal conversions have the same basic concept — using
heat input to obtain useful energy/fuel output — the amount of
air supply and the form of output energy/fuel for each process
are quite different. For direct combustion, an excess amount of
air is provided to the process, and then energy is produced in
the form of heat. A partial amount of air is fed to gasification,
while pyrolysis occurs in an absence of air. Syngas and bio-oil
are fuel outputs obtained via gasification and pyrolysis, re-
spectively. Liquefaction can be achieved under wet condi-
tions; thus, the feedstock does not have to be dried prior to
the process. Similar to pyrolysis, liquefaction produces a
liquid product [1].

Among the thermal conversion processes, Demirbas
(2002) illustrated that pyrolysis is the most efficient producing
energy with high fuel-to-feed ratios [2]. Unlike the gas-phase
products of direct combustion and gasification, bio-oil from
pyrolysis is in the liquid phase; therefore, it is more convenient
to store and transport. Pyrolysis takes places in the absence of
oxygen, resulting in higher net calorific value, gas-phase
products (10-20 MJ/Nm?®) than gasification and combustion
(4-15 MJ/Nm*) [3]. Additionally, pyrolysis can be achieved at
lower temperatures than combustion and gasification,
resulting in less trace heavy metals and dioxin emissions in
the gas stream [4]. Compared with pyrolysis, liquefaction
occurs at lower temperatures but higher pressures [1].
However, not much attention has been paid to liquefaction
because of the high cost of liquefaction reactors and fuel-
feeding systems, as well as the need for a catalyst [5, 6].

The Pyrolysis Process

Pyrolysis, thermo-degradation of biomass or waste in the
absence of oxygen, occurs from 400 to 700 °C, and yields

three final products: oil (30-75 %), residues or char (10—
35 %), and non-condensable gases (10-35 %) such as CO,
CO,, H,, and light hydrocarbons [7]. From an energy stand
point, oil is the most attractive product from pyrolysis, be-
cause it can be used as liquid fuel for different purposes, such
as combustion in stationary diesel engines and gasification.
Nevertheless, pyrolysis oil is typically inappropriate for direct
transportation use because of its low pH and high viscosity,
which can lead to corrosion and severe engine deposition,
respectively. Furthermore, the high oxygen content makes its
heating value lower than conventional fuels. As a result,
further upgrading and refining processes such as deoxygen-
ation and hydrotreating are needed to improve the quality of
pyrolysis oil [8].

Residues and non-condensable gases from pyrolysis are
also useful. Moreno-Pirajan et al. (2010) created activated
carbon from cow bone residues via pyrolysis, and then ob-
served its adsorption capacity for copper (Cu®") and lead
(Pb*") ions [9]. Mullen et al. (2010) also confirmed the use
of residues for metal removal from drinking and wastewater
[10]. They found that adsorbents made from corn cob and corn
stover residues could adsorb up to 50 and 80 %, respectively
of Cu®" from solution. The authors also discussed using
pyrolysis residues for soil amendment purposes or renewable
solid fuel. Gas products can be circulated back to the process,
and thus serve as an additional heating source or fluidizing gas
in reactors. Park et al. (2008) and Jung et al. (2008) suggested
that recirculating gas product back to the process helps en-
hance oil yield, compared with using only inert gas in the
system [11, 12].

Influence of Pyrolysis Operating Parameters on Product
Yield

Not only is technology important for pyrolysis, but operating
parameters such as temperature, feed size, feed rate, gas flow
rate, and residence time also influence products’ quantity and
quality. Heo et al. (2010) studied pyrolysis of waste furniture
sawdust under various conditions of temperature, feed size,

Fig. 1 Conversion processes for
biomass/waste
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feed rate, and gas flow rate [13]. They found maximum bio-oil
yield at 450 °C; at lower or higher temperatures, incomplete or
secondary decomposition occurred, respectively. Larger or
smaller feed sizes can both contribute to less oil product as a
result of less heat transfer or particle overheating, respectively.
Both feed rate and gas flow rate affected the vapor residence
time inside the reactor. A lower rate provides a longer resi-
dence time for oil vapors, allowing them to react further and
change into non-condensable gases, resulting in less oil yield.
Park et al. (2008) and Jung et al. (2008) came to similar
conclusions in studies of pyrolysis of Japanese larch sawdust,
rice straw, and bamboo sawdust [11, 12].

Heo et al. (2010) and Park et al. (2008) indicated that the
most significant parameter affecting characteristics of pyroly-
sis products is temperature [ 11, 13]. Garcia-Perez et al. (2008)
also stated the importance of temperature on yield and com-
positions of bio-oil, char, and gases [14]. Sensoz and Kaynar
(2006) studied the effect of temperature, heating rate, and
particle size on pyrolysis of soybean cake; the results showed
that particle size had an insignificant effect on product yield,
while temperature and heating rate did influence product
yields [15]. Aguiar et al. (2008) examined the influence of
temperature and particle size on pyrolysis of orange peel
residues and concluded that temperature has a greater effect
on product yields than particle size [16].

Advantages of Algae as a Pyrolysis Feedstock

In recent years, algae have become more attractive as alterna-
tive fuel sources because they provide several advantages
compared with terrestrial plants. Algae are mostly non-food
crops; therefore, they will not compete with other uses in the
market, unlike other biofuel feedstocks such as corn, palm,
and peanuts. Algae would use over three times less farming
area than corn, canola, and switch grass to meet the annual US
energy consumption [17]. Algae grow faster than most seed
crops, and the energy produced per hectare from algae can be
30-100 times greater than land crops [18].

In addition, algae can help reduce impacts from agricultural
activities related to chemical uses such as fertilizers and pes-
ticides. Lardon et al. (2009) compared life-cycle impacts of
biodiesel from various feedstocks including algae, rapeseed,
soybean, and palm [19]. Algae biodiesel showed the lowest
impacts on eutrophication and land use because of smaller
amounts of pesticides and fertilizers used.

Algae can also grow in marine water, freshwater, or even in
wastewater treatment ponds [18]. Wang et al. (2010) found
that green algae could grow well on wastewater collected from
four different types of treatment units at a wastewater treat-
ment plant; in addition, the algae removed up to 80 % and
90 % of total nitrogen and phosphorus, respectively, from the
wastewater [20].

Most research has focused on microalgae pyrolysis because
of its faster growth rate and productivity and higher lipid
content. However, because microalgae are small-scale bio-
mass, normally 3-30 pm in diameter, they require highly
efficient harvesting methods, which depend on species, cell
density, and culture conditions, resulting in high capital and
operating costs [21]. Demirbas (2010) also highlighted two
main drawbacks of biofuel production using microalgae: low
biomass concentration and small cell size, both of which
increase the cost of harvesting [18]. Additionally, it is quite
impractical to harvest microalgae from natural sources be-
cause it is time consuming and difficult to distinguish pure
species. Consequently, macroalgae, including seaweed, can be
another potential choice in biofuel production. Yu et al. (2008)
mentioned seaweed, including red, green, and brown types, as
a possible energy source, especially for coastal areas, because
of their benefits of a short life cycle and a high productivity
rate, like other algae [22].

Using seaweed macroalgae for pyrolysis would reduce
problems associated with the seaweed’s waste disposal. For
example, Sargassum is a genus of marine brown macroalgae
(Phaeophyceae) found in Asia, North America, Australia, and
Europe. The tons of seaweed that deposit onto shorelines
release unpleasant smells as they start to decompose, destroy
the beach aesthetic for visitors, and can block the sea turtles
from nesting and impact their egg hatching [23]. Energy
recovery would be a more efficient use of this seaweed.

Previous Studies of Pyrolysis of Macroalgae

A number of previous studies have investigated the pyrolysis
characteristics of macroalgae [24-28]. Several additional
studies have compared pyrolysis of macroalgae with that of
woody biomass:

*  Wang et al. (2007) studied pyrolysis of a species of sea-
weed from China from room temperature to 1,200 °C [29].
The seaweed started to release volatile materials earlier
than wood biomass. In addition, the seaweed released
some heat during the process, meaning that the seaweed
requires less energy input.

* Rossetal. (2008) investigated the thermal behavior of five
species of brown seaweed compared with three forms of
terrestrial biomass [30]. In characterizing the seaweed
products, the authors found a lower proportion of phenolic
compounds compared with terrestrial biomass; this could
be advantageous, because phenolic compounds pose a
difficulty in the deoxygenation process needed to upgrade
the oil.

* Li et al. (2010) found that land plants require higher
pyrolysis temperatures than algae, likely owing to the
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cellulose, hemicellulose, and lignin components of land
plants [7, 18, 24, 30].

* Bae et al. (2011) conducted pyrolysis of two brown and
one red macroalgae between 300 and 600 °C; the oil yields
were comparable to conventional pyrolysis of land bio-
mass [31]. The authors also calculated the heating value of
the oil excluding water content, which proved to be com-
parable to the heating value of oil from wood biomass.

* Trinh et al. (2013) compared product distributions and ener-
gy recoveries from pyrolysis of lignin, macroalgae, and
wood and straw [32¢]. The macroalgae yielded 65 wt %
bio-oil on dry ash free basis (daf) and 76 % energy recovery
in the bio-oil, while the lignin yielded 47 wt. % daf bio-oil
and energy recovery in bio-oil of 45 %. The higher heating
value (HHV) of wood, straw, lignin, and algae oils were
24.0, 23.7,29.7, and 25.7 MJ/kg db, respectively.

* Kebelmann et al. (2013) pyrolyzed macroalgal polar spe-
cies from the Arctic region, Spitsbergen/Norway, and the
Antarctic peninsula [33]. The maximum degradation tem-
peratures for Prasiola crispa were observed within the
range of 220-320 °C, which is lower than typically ob-
tained by terrestrial biomass, owing to divergent polysac-
charide compositions.

Several studies have attempted to optimize pyrolysis of
macroalgae. Studying blue-green algae blooms, Hu et al.
(2013) determined the effects of pyrolysis temperature, parti-
cle size, and sweep gas flow rate on pyrolysis product yields
and bio-oil properties [34¢]. The maximum oil yield of
54.97 % was obtained at a pyrolysis temperature of 500 °C,
a particle size below 0.25 mm, and a sweep gas flow rate of
100 mL/min. Ferrera-Lorenzo et al. (2014) used thermogravi-
metric analysis of a macroalgae meal to determine optimal
pyrolysis conditions for obtaining energy from the char, oil,
and gas, and for preparing adsorbent materials from the char
[35]. The optimal conditions were: final temperature: 750 °C;
heating rate: 5 °C/min, time at final temperature: 60 min; flow
of inert gas (N,): 150 mL/min. The char obtained from the
pyrolysis process presented properties that make it suitable as
a solid fuel and as a precursor of activated carbon.

Kan et al. (2014) found no obvious differences in the
thermal behavior between freshwater micro- and macroalgae,
with similar thermogravimetric and apparent specific-heat
profiles [36]. However, marine algae exhibited significantly
different thermal behavior (endothermic) compared with the
freshwater algae. The maximum oil conversion was 55 wt %
for the marine algae, but 70—75 wt % for the freshwater algae.

Advantages of Polystyrene as a Pyrolysis Feedstock

According to the US Environmental Protection Agency
(EPA), plastic waste represents about 12 % of municipal solid
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waste and the consumption rate has been increasing rapidly
[37]. Only 7 % of the plastic waste was recycled in the US in
2008 while the rest was discarded [38]. Technical, economic,
and quality challenges associated with recycling plastic waste
include:

* many sorting and recycling technologies are still under
development;

* waste volume needs to be sufficient to continuously sup-
ply commercial plants;

» recycled plastic is considered lower quality compared with
virgin materials, owing to waste coming from various
sources and possible contamination;

+ additive components, including pigments and stabilizers,
which may contain heavy metals and harmful substances
[39].

Plastic waste is seldom biodegraded; therefore, it would
permanently remain in a landfill and may cause groundwater
contamination owing to chemical and additive components.
Lazarevic et al. (2010) pointed out that landfilling is the least
preferable method for plastic waste management [40].
Specifically, PS is lightweight and has a low density; there-
fore, it will occupy large volume in a landfill. Gu et al. (2010)
mentioned that PS waste creates a large carbon footprint in
being transported to a landfill because of its low density [41].
PS products mostly contain air; only about 5 % of the volume
of PS that is loaded onto trucks is actual PS.

Plastic is originally made from polymers, which are petro-
leum products; hence, it has a high heating value, comparable to
fossil fuels. Consequently, energy recovery can be another
option for managing discarded plastic waste. Incineration, the
traditional thermal treatment for municipal solid waste, requires
expensive air pollution control technologies for polycyclic aro-
matic hydrocarbons and dioxins, formed as a result of oxidizing
conditions [42]. Pyrolysis yields a substantial liquid product,
which is more convenient for handling, and has less emissions
because less oxygen is present during the process.

Previous Studies of Pyrolysis of Plastics

Pyrolysis studies using plastic as a feedstock have shown quite
high yields of bio-oil with high heating values. Williams and
Williams (1999) analyzed oil products from plastic resins and
noticed both aliphatic and aromatic compounds in oil prod-
ucts, which have potential use as either fuel or chemical
feedstock [43]. Pinto et al. (1999) distilled pyrolysis oil from
PS, polypropylene (PP), and polyethylene (PE), and their
mixtures, and found that the distillation curves of the oil lie
between standard gasoline and gas oil curves; this likely
indicates a similarity in oil composition between plastic py-
rolysis oil and standard fuels [44]. Onwudili et al. (2009)
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estimated the heating value of oil products from pyrolysis of
low-density PE at 450 and 500 °C to be 40.4 and 40.2 MJ/kg,
respectively, comparable to medium fuel oil [45]. Similarly,
Lopez et al. (2010) studied pyrolysis of municipal plastic
wastes at 500 °C; the authors noted that the oil produced had
a high heating value comparable to fossil fuel [46].
According to the United Nations Environmental Programme
(2009), only PE, PP, and PS are preferred for conversion into
liquid fuel, based on the following criteria: “feeding difficulty to
conversion equipment, effective conversion into fuel products,
and well-controlled combustion and clean flue gas in fuel user
facilities” [47]. Among those three plastics, PS resin is a partic-
ularly attractive pyrolysis feedstock because it has the least

Table 1 Summary of studies of co-pyrolysis of biomass and plastic

percent recycled based on municipal solid waste records
(EPA, 2009) [38]. Most recycling stations do not accept PS
waste because of the uneconomical recycling cost, and the
difficulty in finding markets. Furthermore, PS containers that
have been used for food are more complicated to recycle
because of contamination. Interestingly, PS has quite a high
energy content, approximately 16,000 British thermal units
(BTUs) per pound, which is twice that of coals [48].

A number of studies have found PS to have the
highest oil yield among plastic feedstocks. Williams
and Williams (1999) studied pyrolysis of individual
plastics and a plastic mixture simulated from the plastic
fraction in municipal solid waste of western Europe at

Author (Year) Biomass Plastic

Temperature range studied ~ Result

Sharypov et al. (2002) [51] Beech wood, pine wood,
cellulose, hydrolytic
lignin

Zhou et al. (2006) [52] Pine wood sawdust

Aboulkas et al. (2008) [53] Olive residue HDPE

Aboulkas et al. (2009) [54] Olive residue

Caglar and Aydinli (2009) Hazelnut shell

[55] weight PE
Aydinli and Caglar (2010)  Hazelnut shell PE oxide

[56]
Brebu et al. (2010) [57] Pine cone PE, PP, and PS
Rutkowski (2009) [58] Pinewood sawdust PS and PP
Liu et al. (2013) [59] Fir sawdust WEEE
Abnisa et al. (2013) [60] Palm shell PS

Medium-density PE,
isotactic and atactic PP

HDPE, LDPE, and PP

LDPE, PP, and PS

Ultra-high-molecular-

400 °C 2x higher light liquid yield than

expected

Room temperature to 650 °C  Approximately 6-12 % weight
loss was observed at 530—
650 °C, which demonstrated a
synergistic effect at high
temperatures

A 7-11 % difference in
experimental and theoretical
weight loss was observed at
450-630 °C, indicating a
synergistic effect

Room temperature to
1,000 ° C

27-1,000 °C Significant interaction around

400-500 °C

Unusual higher liquid yield as well
as gas products at 515 °C

425-650 °C

485, 515, 550, 600, 650 °C  Interaction effect increased oil

yield but not gas yield

500 °C Higher oil yield with lower char
product

450 °C Oil compositions were more

comparable to oil produced
from each individual polymer,
with a lower amount of
oxygenated compounds due to
the influence of polymer
addition

Room temperature to 800 °C  Oil yield of 62.3 %, which was
significantly higher than those
of either component alone (i.e.,
53.1 % for WEEE and 46.3 %
for biomass)

400, 500, 600 °C Max liquid yield of 68 % occurred
at 600 °C, palm shell/
polystyrene ratio of 40:60, and
reaction time of 45 min. The
high heating value of the liquid
was 40.34 MJ/kg, close to that

of conventional fuel oil

HDPE high-density PE, LDPE low-density PE, PE polyethylene, PP polypropylene, PS polystyrene, WEEE waste electrical and electronic equipment
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700 °C; oil yields of 80, 84, 83, 84, and 75 % were
reported for high-density PE (HDPE), low-density PE
(LDPE), PS, PP, and the mixture, respectively [43].
Pinto et al. (1999) found that pyrolysis of PS yielded
the highest liquid product and the lowest gas yield
compared with PP, PE, and PS under the same optimum
conditions [44]. Siddiqui and Redhwi (2009) conducted
pyrolysis of individual LDPE, HDPE, PP, PE, and PS at
different temperatures (300-500 °C) [49]. The results
showed maximum conversion of PS, which was almost
complete. Moreover, PS pyrolysis produced low gas and
no insoluble organic matter. Onwudili et al. (2009)
studied PS and LDPE pyrolysis between 300 and
500 °C [45]. The results showed that PS produced an
insignificant amount of gas, while LDPE produced
higher quantities of gas. Moreover, they found that in
pyrolysis of a mixture of LDPE and PS, PS influenced
LDPE conversion by lowering degradation temperature
and increasing the oil product compared with either
individual plastic.

Jung et al. (2013) investigated the influence of vari-
ous reaction parameters, such as temperature, feed rate,
and the type of fluidizing medium on pyrolysis of PS in
a fluidized bed reactor. The maximum oil yield was
about 87 wt. % (474 °C). A higher feed rate and the
use of product gas as a fluidizing medium were favor-
able for the oil production [50e].

Co-Pyrolysis of Biomass and Plastics

Researchers have conducted “co-pyrolysis” with a num-
ber of combinations of biomass feedstocks with plastic
feedstocks, to enhance oil quantity over biomass alone,
as summarized in Table 1. A number of the studies
found a higher oil yield than expected based on each
individual component. This is possibly owing to an
interaction between the product from biomass and poly-
mers in the vapor phase, or the so-called “synergistic
effect”. The polymers may convert fixed carbon in the
biomass into liquid and gas.

Only one study to our knowledge has examined co-
pyrolysis of macroalgae and polystyrene. Kositkanawuth
(2012) co-pyrolyzed Sargassum macroalgae and PS at
600 °C (the optimum temperature identified for pyroly-
sis of the Sargassum) and four different mixture ratios
(5 %, 15 %, 25 %, and 33 % plastic weight) [61¢]. Co-
pyrolysis of seaweed and polystyrene improved oil qual-
ity by lowering the oxygen content from 9 % to 0.3 %,
while increasing the carbon content from 74 % to 89 %,
compared with oil from seaweed alone. The interaction
between the seaweed and polymer, however, increased
the water-phase product instead of the oil-phase product.

@ Springer

Water elimination of the hydroxyl group in the biomass
was the main reaction likely responsible for the higher
amount of water and lower oxygen in the oil product.
The synergistic effect between the seaweed and PS
produced more methane gas, which is beneficial in
terms of energy use of the gas. The residue exhibited
a low surface area and adsorption capacity; thus, its use
as a pollutant adsorbent is not promising. However, it
may be able to be used as a fertilizer or soil amendment
because it contains significant nitrogen.

Conclusions

Aquatic biomass, especially algae, is a promising renew-
able energy resource, owing to its high growth rate,
high oil content, and lack of competition with land
needed for food crops. Both micro- and macroalgae
can be converted to liquid fuel through pyrolysis, with
similar thermal behavior. A main drawback of biofuel
production using microalgae is its high harvesting costs,
owing to its low biomass concentration and small cell
size. Using seaweed macroalgae for pyrolysis would
reduce problems associated with the secaweed waste
disposal in coastal areas. Seaweed pyrolysis has been
shown to yield an amount of oil comparable to woody
biomass, with similar heating content. Compared to
woody biomass, seaweed has been shown to exhibit
several potential advantages: lower required temperature,
less required energy input owing to exothermic reac-
tions, and fewer phenolic compounds that require deox-
ygenation for upgrading the oil. However, the high
oxygen content of the oil results in a low calorific value
compared with fossil fuels.

Co-pyrolysis of biomass with synthetic polymers can
improve oil quantity and quality: the polymers are pe-
troleum products, contain less oxygen, and provide a
comparable high heating value to conventional fossil
fuels. PS is a particularly attractive synthetic polymer,
because it has the lowest recycling rate of the major
categories of plastic; it also produces a high oil yield
compared with other plastics. A number of studies of
“co-pyrolysis” of biomass feedstocks with plastic feed-
stocks have found a “synergistic effect,” resulting in a
higher oil yield than expected based on each individual
component. However, one study of macroalgae and PS
co-pyrolysis found that co-pyrolysis increased water
yield, not oil yield.
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