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Although macroalgae biomass is an emerging sustainable feedstock for biorefineries, the optimum process pa-
rameters for their hydrolysis and fermentation are still not known. In the present study, the simultaneous pro-
duction of polyhydroxyalkanoates (PHA) and biochar from green macroalgae Ulva sp. is examined, applying
subcritical water hydrolysis and Haloferax mediterranei fermentation. First, the effects of temperature, treatment
time, salinity, and solid load on the biomass and PHAproductivitywere optimized following the Taguchimethod.
Hydrolysis at 170 °C, 20min residence time, 38 g L−1 salinitywith a seaweed solid load of 5% led to themaximum
PHA yield of 0.104 g g−1 Ulva and a biochar yield of 0.194± 1.23 g g−1 Ulva. Second, the effect of different initial
culture densities on the biomass and PHAproductivitywas studied. An initial culture density of 50 g L−1 led to the
maximum volumetric PHA productivity of 0.024 ± 0.002 g L−1 h−1 with a maximum PHA content of 49.38 ±
0.3% w/w Sensitivity analysis shows that within 90% confidence, the annual PHA production from Ulva sp. is
148.14 g PHA m−2 year−1 with an annual biochar production of 42.6 g m−2 year−1. Priori economic and green-
house gas break-even analyses of the process were done to estimate annual revenues and allowable greenhouse
gas emissions. The study illustrates that PHA production from seaweed hydrolysate using extreme halophiles
coupled to biochar production could become a benign and promising step in a marine biorefinery.
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1. Introduction

Macroalgae or seaweeds are a sustainable and renewable resource
because of their various advantages over conventional sources of bio-
mass. Seaweed cultivation does not require freshwater and arable
land and thus does not compete with food crops (Gao et al., 2020).
Moreover, it does not contain ligninwhich is important for biomass pro-
cessing (Greiserman et al., 2019). Lignin is associated with cellulose in
plant cell walls which hiders the availability of cell wall polysaccharides
to enzymatic treatment to smaller utilizable monosaccharides which is
not the case for macroalgae (Xu et al., 2020; Yu et al., 2020). Almost all
components of macroalgal biomass are directly utilized for various pur-
poses in the food, biotechnology, pharma, and energy sectors. For exam-
ple, macroalgae contain unique polysaccharides such as ulvan,
carrageenan, alginate, mannitol, and agar that have therapeutic and in-
dustrial usages (Prabhu et al., 2020). Besides,macroalgal biomass can be
converted to several products through thermochemical and biological
pathways (Golberg et al., 2020). For example, the sugars present in
macroalgal biomass can be fermented to biofuels such as bioethanol
(Polikovsky et al., 2020) or biomethane (Gao et al., 2020) and polymers
such as polyhydroxyalkanoates (PHA). One of the key steps for seaweed
biomass fermentation includes the fragmentation of complex carbohy-
drates into their fermentable ingredients. Also, fermentability and PHA
yield depend on the composition of the hydrolysates, which is not
well defined but depends on the processing conditions (Greiserman
et al., 2019).

There are various methods for pre-treatment of seaweed biomass.
These include mechanical (Korzen et al., 2015), thermal (Jayakody
et al., 2018), chemical hydrolysis (Pezoa-Conte et al., 2015), electro-
chemical (Robin et al., 2018), enzymatic hydrolysis (Qarri and Israel,
2020), or a combination of various pretreatment methods (Thompson
et al., 2019). Although these methods have been proven to be effective
in the conversion of macroalgal complex carbohydrates, they either re-
quire high energy or cost inputs and the chemical outputs from the pro-
cesses are toxic to the environment. An alternative and sustainable
solution to the problem could be the subcritical hydrolysis ofmacroalgal
biomass (Greiserman et al., 2019).

Subcritical hydrolysis as an outcome of hydrothermal carbonization
(HTC) could be used to process macroalgal biomass by converting the
complex polysaccharides of the seaweed into fermentable sugars. Reac-
tion temperatures of 180 °C could be enough for efficient conversion of
the seaweed biomass to fermentable sugars. The hydrolysates could be
utilized in various fermentation processes to produce biofuels such as
bioethanol and biohydrogen. It can also be utilized to produce various
other bioproducts which include lipids and polyhydroxyalkanoates
(PHAs). The othermajor product in the subcritical hydrolysis of biomass
is biochar. Numerous studies have been reported about converting bio-
mass and biomass waste into biochar and in recent years studies have
been performed also with macroalgae (Brown et al., 2020;
Yoganandham et al., 2020). Some recent studies have also focused on
the co-production of biochar and sugars for further fermentation to
biofuels and bioproducts (Greetham et al., 2020).

Although the use of PHA for the replacement of fossil-derived poly-
esters has been proposed decades ago, the penetration of PHA to the
plastic market is slow due to their cost. The key parameter in the cost
of thefinal PHA is the economic and environmental cost of the feedstock
and the conversion yield of the initial biomass to PHA. For seaweeds, the
conversion yields by Haloferax mediterranei, which depend on both hy-
drolysis and fermentation parameters, have not been optimized yet. Our
previous study on PHA production by Haloferax mediterranei using Ulva
sp. biomass hydrolysates provided an insight into the process which led
to a method that was devoid of freshwater usage, thereby indicating a
feasible process scale-up (Ghosh et al., 2019). Various process parame-
ters such as the temperature of the reaction, solid load, and the duration
of hydrolysis determine the composition of hydrolysate and the extent
of PHA produced after fermentation (Greiserman et al., 2019). Notably,
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the effect of these process parameters on the PHA yield from Ulva bio-
mass has not been explored yet. Besides, the co-production strategy of
the simultaneous production of biochar and PHAhas not been explored.
Such a pathway could further reduce the direct costs and waste from
seaweed to PHA fermentation.

The goal of this study is to address these key challenges and define
the effect of hydrolysis and fermentation parameters' impact on the
green macroalgae Ulva sp. biomass conversion to PHA with H.
mediterranei. This is an important next step required to bring sustain-
able PHA to broad industrial adaptation. Among macroalgal species,
Ulva sp. is one of the most versatile because of its high growth rates,
availability, and costs (Golberg et al., 2020). Reports have been pub-
lished on green tides due to Ulva sp. which are themain cause of eutro-
phication and are thus an environmental problem (Cui et al., 2018). To
collect bloom-forming algae for biofuels and bioproducts is not only
waste reuse but only can reduce the cost because cultivation accounts
for a large proportion of the total cost (Gao et al., 2019, 2018). So, the
hydrothermal processing of Ulva sp. provides a simultaneous strategy
of waste remediation and value-added product generation. In this
work, the process conditions, including temperature, residence time,
solid load, and salinity were improved by the Taguchi orthogonal
array design for efficient PHA production from the hydrolysate. Also,
the effect of different initial culture densities on the biomass and PHA
productivity was studied. Various analytical methods were employed
to determine the structural characteristics of PHA. Based on the experi-
mental data, a preliminary revenue analysis of PHA production from
seaweed hydrolysate was statistically estimated keeping in mind the
seasonal variations of seaweed and PHA production in Israel. Based on
these data, we evaluated a priori the economic potential and allowable
greenhouse gas emissions of the production chain. The proposed co-
production could provide an additional advantage to the subcritical hy-
drolysis of macroalgal biomass. This, in turn, could be a renewable and
sustainable process for PHA production in the long run.

2. Materials and methods

2.1. Macroalgae biomass production

Themacroalgae under investigation in thepresent study belonged to
the genus Ulva (taxonomic status of this seaweed is under investiga-
tion). The seaweedwas collected from the shallowwaters and intertidal
areas of the Israeli Mediterranean coast. Cultivation of Ulva sp. was per-
formed in custom-made outdoor photobioreactors (Polytiv, Israel). The
photobioreactors had dimensions of 100 cm in length, a width of 40 cm
with a thickness of 200 mm. Sunlight was utilized for the growth of
macroalgal biomass which led to varied productivities throughout the
year depending on the natural irradiance. The cultivation conditions
were according to our previous study (Chemodanov et al., 2017). The
seaweed was cultivated in artificial seawater (ASW) cultivation me-
dium which was prepared using distilled water containing dissolved
dried Red Sea Salt (Red Sea Inc., IS) which had a total salinity of 37‰.
Ammonium nitrate (NH4NO3, Haifa Chemicals Ltd., IS) and phosphoric
acid (H3PO4, Haifa Chemicals Ltd., IS) were added to the ASWmedium
to maintain a concentration of 6.4 g m−3 of nitrogen (N2) and
0.97 g m−3 of phosphorus (P) respectively. The initial inoculum of sea-
weed was 20 g of Ulva sp. in the 40.4 L photobioreactor. Other parame-
ters such as pH, temperature, and airflow rate were maintained
according to our previous study (Chemodanov et al., 2017).

2.2. Subcritical thermal hydrolysis experimental setup

Subcritical thermal hydrolysis was achieved in a batch reactor
(0.25 L) as shown in Fig. 1a. The heatingwas performedusing an electric
heater (CJF-0.25, Keda Machinery, China). The temperature inside the
reactor was measured using a digital temperature gauge (MRC TM-
5005) equipped with a K-type thermocouple (Watlow, USA). The



Fig. 1. (a) Dried Ulva biomass used for hydrolysis. (b) Experimental setup for PHA production using hydrolysate. (c) PHA obtained after extraction. (d) Digital image of Ulva biochar after
hydrolysis. (e) Experimental setup for hydrolysis ofUlvabiomass. 1.Electric heater 2. Reactor 3. Stirrermotor 4. Heat exchanger 5. Pressure sensor 6. Thermocouple 7. Temperature gauge 8.
Pressure gauge 9. Controller.
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pressure inside the reactor was measured using a pressure gauge and
sensor (MRC PS-9302, MRC PS100-50 bar). To facilitate mixing inside
the reactor, it was equippedwith a stirrer with water cooling. Sampling
ports for liquid and gas sampling were present in the reactor. The sam-
pling ports were connected to individual condensers and cooling traps
for efficient sampling. Cooling of the reactor was done using an indus-
trial chiller (S&A, Guangzhou, China). Before every experiment, the air
was evacuated from the reactor using a vacuum pump (MRC ST-85).

2.3. Optimization of subcritical hydrolysis for PHA production using Taguchi
method

The effect of various process parameters (temperature, pre-
treatment time, salinity, and solid load) for thermal hydrolysis on the
PHA production process was estimated using the Taguchi method. The
Taguchi method was employed to decrease the number of experiments
to determine the impact of each parameter independently. Various
studies have been conducted and the efficacy of optimization using
the Taguchi approach has been tested (Rao et al., 2008).

The impact of the following range of HTC parameters was tested,
using the L9 Taguchi matrix: temperature of 170, 187, 205 °C; Solid
load of 2, 5, 8%; Residence time of 20, 40, 60 min; and Salinity of 0, 19,
38 g L−1. The L9 orthogonal experimental array for the determination
of individual effects of process parameters on PHA production is pro-
vided in Table 1. The experiments were repeated in triplicate and the
best target functionwas investigated using analytical software (Minitab
Inc., USA). The experimental design (Taguchi) utilizes a signal-to-noise
ratio (SN) to determine the most effective parameter for the process.
3

The present study used “the larger the better” algorithm for efficient de-
sign methodology. The SN ratio was calculated according to Eq. (1):

SNOUT_max jð Þ ¼ −10: log
1
#R

∑
#R

R¼1

1

mrep
� �2

" #
1≤j≤K ð1Þ

in which the experiment number is denoted by K, the repetitions of ex-
periments is represented by #R, and the outcome for a precise repeti-
tion R for any experiment j is symbolized by mrep.

The average SN ratio for each process parameter Pwith a level Vwas
determined according to Eq. (2):

SNOUT P,Vð Þ ¼ 1
n P,Vð Þ∑ j∈J P,Vð ÞSN

OUT ð2Þ

For determination of the most effective parameter of the process, a
sensitivity (Δ) value for each parameter was calculated using Eq. (3):

ΔOUT Pð Þ ¼ Max SNOUT P,Vð Þ
n o

−Min SNOUT P,Vð Þ
n o

ð3Þ

According to values obtained for sensitivity analysis, a rank (1–4,
with 1 being the largest rank) was given to the parameters under
investigation.

2.4. PHA production by H. mediterranei using seaweed hydrolysate

Following hydrolysis, the liquid phase (hydrolysate) was utilized as
a substrate for fermentation using Haloferax mediterranei ATCC 33500



Table 1
Design of experiment using L9 Taguchi matrix.

Experiment no. Temperature
(°C)

Solid load
(% dry algae weight/total mixture weight)

Residence time (min) Salinity
(% sea water)
100% = 38gsalt L−1

1 170 2 20 0
2 170 5 40 50
3 170 8 60 100
4 187 2 40 100
5 187 5 60 0
6 187 8 20 50
7 205 2 60 50
8 205 5 20 100
9 205 8 40 0
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(NCIMB 2177) as a fermentative organism. The seaweed hydrolysates
for PHA production were used at a concentration of 25% v/v of medium
as observed in previous studies (Ghosh et al., 2019). The salinity of the
medium was adjusted to the Hv-YPC medium (25% w/v) (Allers et al.,
2010) and peptonewas utilized as the nitrogen source. The experiments
were performed in 100 mL bottles (Schott Duran, USA) with 50 mL
working volume (Fig. 1b). The initial pH of the medium was adjusted
to pH 7.2. The fermentation was performed at 42 °C in a temperature-
controlled shaking incubator at 100 rpm (Benchmark Scientific, USA).

2.5. PHA extraction

The fermentation broth was collected and centrifugation was per-
formed at 10000 rpm for 10 min (Yingtai Instruments TGL-18, China).
The cell pellet after centrifugation was dried at 60 °C for a period of
12 h in a convection oven (MRC Labs, Israel). The dry cell weight of
the biomass was determined. To the cell pellet, 100 ml of distilled
water with 0.1% sodium dodecyl sulphate (SDS) was added and was
kept for 24 h. After lysis, the cell suspension was transferred to a fresh
tube and was centrifuged at 9000 rpm for 15 min to separate the pellet
from the supernatant. The process was repeated until a white-colored
pellet was obtained. The pellet was then dried to a constant weight in
a hot air oven (Ex-Lab Scientific, IS) at 40 °C and further analysis was
conducted.

2.6. Quantification of intracellular PHA content

Intracellular PHA content of H. mediterraneiwasmeasured using the
Nile Red Staining procedure according to Spiekermann et al. (1999)
(Spiekermann et al., 1999). The cells were washed with 10% saline
and resuspended. The Nile Red (Sigma, USA) concentration was ad-
justed to 3.1 μg mL−1. After an incubation time of 30 min, the cell pellet
was washed with 10% saline and resuspended. A standard curve was
plotted by analyzing the fluorescence at excitation and emission wave-
lengths of 535 and 605 nm respectively in a spectrofluorometer
equipped with a 96-well microtiter plate reader (Tecan, Switzerland).
The quantifications were performed in triplicate for each measured
value. Further verification of the PHA quantity was performed using
the crotonic acid assay (Mahansaria et al., 2018).

2.7. Determination of volumetric biomass and PHA productivity

The calculation for biomass productivity was performed using
Eq. (4):

XB ¼ B2−B1

t2−t1
ð4Þ

in which XB denotes the volumetric biomass productivity in units of g
L−1 h−1, B1 is the biomass concentration at time t1 and B2 is the biomass
concentration at time t2.
4

Furthermore, the volumetric PHA productivity was calculated ac-
cording to Eq. (5):

XP ¼ C2−C1

t2−t1
ð5Þ

where XP signifies the volumetric PHA productivity in g L−1 h−1, C1 is
the PHA content at time t1 and C2 is the PHA content at time t2.

The yield of PHA (% w/w) was calculated according to Eq. (6):

Yield ¼ WPHA

Wcell
� 100 ð6Þ

in whichWPHA (g) is the quantity of PHA obtained from dry cell weight
of biomass (Wcell, g).

2.8. Characterization of PHA

2.8.1. FTIR analysis
FTIR spectra of air-dried PHA films (Fig. 1d) were measured on a

spectrometer equipped with Attenuated Total Reflectance attachment
(Bruker Platinum ATR) in a spectral range of 400 to 4000 cm−1.

2.8.2. TGA/DSC analysis
Differential scanning calorimetry with simultaneous thermo-

gravimetry (DSC-TG) analyses was carried out on a system equipped
with an autoloader (Jupiter STA 449 F5, NETZSCH, Germany). In a
typical analysis, a dry sample of PHA biopolymer (5 mg) was placed
into a sealed aluminum pan and subjected to a linear temperature
increase in a range from 30 to 600 °C, with a heating rate of
10 °C·min−1.

2.8.3. 1H NMR analysis
1H NMR spectra were measured by dissolving the PHA samples in

deuterated chloroform (CDCl3), at concentration of 10 mg·mL−1 and
analyzed on a 400 MHz spectrometer (Bruker, USA).

2.9. GC/MS analysis

2.9.1. GC/MS analysis of seaweed hydrolysate
0.6 ml of sample extracted with two aliquots of dichloromethane

(DCM) (0.3 ml) were combined and analyzed. The analysis was per-
formed in a Gas Chromatograph (GC) equipped with a mass spectrom-
eter (MS) analyzer (Agilent, USA). The columnused for separationwas a
(5% phenyl)-methylpolysiloxane column with dimensions of 30 m in
length and an internal diameter of 0.25 mm (Agilent, USA). The details
of the method for GC analysis were according to our previous publica-
tion (Steinbruch et al., 2020).
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2.9.2. GC/MS analysis of PHA produced
The PHA obtained after extraction was further analyzed using

GC/MS. The PHA was modified for analysis according to the proce-
dure as provided in our earlier work (Ghosh et al., 2019). The liquid
phase was analyzed using GC equipped with an MS detector
(Agilent, USA). The detailed method for GC analysis was similar to
our previously published work (Ghosh et al., 2019).

2.10. Molecular weight analysis

The PHA samples were analyzed by Gel Permeation Chromatography
(GPC) (by TAMI-IMI Ltd. analytical laboratory, Israel) to determine the
molecular weights distributions of PHA polymers vs Polystyrene
Standards and Poly (methyl methacrylate) standards. The samples
were extracted by chloroform and analyzed by GPC. The columns used
were Phenomenex, Security Guard column GPC 4 ∗ 3 mm, and
Phenomenex, Phenogel, Columns 300 ∗ 7.8 mm ∗ 5 μm (Phenomenex,
USA). The flow rate of the mobile phase Tetrahydrofuran (THF) was
maintained at 1 mL min−1 with a sample injection amount of 10 μL at
40 °C.

2.11. Biochar and water-soluble solid mass recovery

Fig. 1d shows the dried Ulva biomass which was utilized for biochar
formation. The obtained biochar is shown in Fig. 1e. At the end of each
experiment, a liquid sample was taken and dried for calculation of the
water-soluble solids. The residue (solid and liquid) was dried at 40 °C.
The biochar yield was then calculated by subtracting the water-
soluble solids (which were calculated by multiplying the amount of
solid left from the dried liquid sample by the quotient of the total liquid
dried in the residue and the liquid sample taken) from the total solid left
after drying.

2.12. Potential revenue estimation from PHA and biochar production from
offshore grown Ulva sp. biomass

The sugar compositions of Ulva sp. vary with changes in environ-
mental conditions as well as other external factors involved in offshore
cultivation. This affects PHA productivity. To estimate the potential rev-
enue from PHA production using Ulva sp. as a substrate, variation in the
cultivation yields throughout the year, as measured by us before, was
considered (Chemodanov et al., 2017). Based on this metadata, the con-
version efficiency of seaweed biomass to PHA was estimated using a
probability density function denoted as conversion efficiency distribu-
tion (CED). This was based on the year-long cultivation data – each
data (yield per g substrate) gets equal weight. The CED is expressed as
[g PHA g−1 DW Ulva]:

CED
gPHA
gUlva

� �
¼ mPHA gPHA½ �

mUlvaDW gDWUlva½ � ð7Þ

For a cultivation interval amid two subsequent fermentations d = 1
… x, in which x is the quantity of fermentations achieved annually (x=
80 in this scenario, assuming that fermentation is performed every time
the seaweeds are harvested), let PPR(d) represent the arbitrary variable
that designates the PHA Production Rate through the cultivation inter-
val amid two consecutive intervals. Due to fluctuations in the annual
biomass yield (DGR), to achieve the distribution of PPR(d), the static dis-
tribution of the conversion rate was multiplied by the annual growth
rate (DGR) calculated like former studies (Chemodanov et al., 2017)
as follows:

PPR dð Þ gPHAm
−2d−1

h i
¼ DGR gWWUlvam

−2d−1
h i

� DWUlva

WWUlva

� CED gPHA
gUlva

� �
ð8Þ
5

The annual PHA production is the summation of manufacture yields
at the cultivation durations: d = 1 … x. So, the annual PHA production
rate (APPR) is computed according to Eq. (9):

APPR gPHAm
−2year−1� � ¼ ∑

n

d¼1
PPR dð Þ ð9Þ

Between any two stages of fermentation, it is assumed that they are
independent of each other. Therefore, the distribution of APPR can be es-
timated by recurrent convolution of PPR(d). This was calculated by a
custom-made script developed in R (RStudio Inc., USA).

The distribution of the maximum admissible price of Ulva sp. bio-
mass for PHA production was calculated according to Eq. (10):

C $:ton−1� � ¼ PPHA $:kg−1� �
⋅CED⋅f ð10Þ

in which C ($ ton−1) is the admissible price of the biomass, PPHA
($ kg−1) denotes the present cost of PHA ($4–$10 kg−1) (Vandi
et al., 2018), CED is PHA conversion efficiency, and f denotes the
portion allotted for PHA production in the total costs accountable
to biomass production. The current price of PHA is known and is
not competitive with regular fossil fuel-based plastics. The goal
is to find a point when they will be. In the present study, we
calculated the maximum possible cost of Ulva sp. biomass which
could be feasible using the current market price of PHA. This in-
formation is essential because, to make the process profitable
enough, the minimum price of the substrate should be deter-
mined. This in turn could be utilized for further decreasing the
final price of the product.

2.13. Estimation of allowable greenhouse gas emissions

In this work, the a priori maximum allowable GHG emissions of
macroalgae cultivation and processing into PHA (excluding use and
end-of-life) are determined by downscaling the current GHG emissions
of alternative PHA production to seaweed PHA production. To estimate
the distribution of the maximum allowable greenhouse gas (GHG)
emissions of the biomass for PHA production the following Eq. (11)
was applied:

EDWbiomass
ton

CO2

ton

� �
¼ EPHA kg

CO2

kg

� �
⋅CED⋅f ð11Þ

where EDW_biomass (ton CO2-equivalent ton−1) is the maximum allow-
able GHG emissions from the Ulva sp. biomass, EPHA (CO2-equivalent
kg−1) are the current GHG emissions of PHA (see supplementary mate-
rial for the evaluated scenarios), CED is denoted as Eq. (6) in the previ-
ous section, and f is the fraction of the total GHG emissions of PHA
production accountable to biomass production. The evaluated current
GHG emissions of alternative PHA production EPHA are fossil-based
High-Density Polyethylene (HDPE) and state-of-the-art biobased PHA
production from wastewater, sugar crops, and oil crops. Feedstock pro-
duction is assumed to account for 35% of the emissions of PHA, similar to
alternative biobased PHA production systems (Akiyama et al., 2003).

2.14. Statistical analysis

In order to avoid variability in the results, the experimentswere per-
formed in triplicate. Standard deviation (SD) was calculated from the
mean of the three values. The final values were represented as mean±
SD. The Taguchi analysis was performed using the Minitab software
(Minitab, USA). The graphs were plotted using the Sigmaplot software
(Sigmaplot, USA).
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3. Results and discussion

3.1. Effect of optimized hydrolysate production conditions (Taguchi) on the
PHA productivity

The effect of hydrolysis parameters on the PHA yield was studied
using seaweed hydrolysate as a substrate. The Taguchi orthogonal
array analysis suggested that temperature had the highest impact on
the PHA yield (Rank 1) followed by the salinity of the medium (Rank
2) and residence time (Rank 3). The analysis also suggested that solid
load has a very small or no effect on the PHA production process
(Rank 4). The analysis along with the ranks and sensitivity (Δ) values
is shown in Table 2. Temperature plays an important role in the produc-
tion ofmonosaccharides for use in fermentation to produce PHA. Higher
temperatures would lead to the production of inhibitory substances
such as 5-hydroxymethyl furfural (5-HMF) which in turn could be
toxic for the fermentative organism. Similar observationswere reported
by Greisermann et al., 2019 where they elucidated the consequence of
different hydrolysis factors on the sugar content of Ulva hydrolysates
(Greiserman et al., 2019). Also, the rates of heating and cooling deter-
mine the extent of chemical reactions in subcritical hydrolysis which
can determine the various products obtained from hydrothermal car-
bonization. Higher temperatures of hydrothermal carbonization could
lead to isomerization of the monosaccharides produced. This in turn
could affect the PHA fermentation process thereby decreasing the PHA
yield due to the non-availability of the sugars. The temperature is an im-
portant factor that determines the quantity and quality of monosaccha-
rides produced which can be utilized in the fermentation process. The
Taguchi analysis also suggests that temperature is the most important
factor governing the PHA production process. Therefore, controlling
the temperature of hydrolysis could lead to higher PHA yields. Higher
temperatures may lead to higher energy and cost inputs which might
be harmful to the overall process. Similarly, lower temperatures of hy-
drolysis may lead to lower yields of reducing sugars thereby reducing
the amount of PHA produced. Moreover, complex system needs for
the process may lead to difficulties in scaleup of the process. So, it be-
comes imperative to optimize the process parameters which have
been shown in the present study. Salinity plays an important role in
the hydrothermal processing of biomass. The studies by Jones et al.,
2020 showed that saline water helped in the catalysis reaction of the
biomass which in turn increased the aqueous and biochar yields of the
HTL process. The presence of saline water was beneficial as compared
to conventional distilled water used for hydrothermal processing of
macroalgal biomass (Jones et al., 2020). Similar studies on the effect of
salinity were observed by Greisermann et al., 2019 where they found
that salinity was an important factor for the release ofmonosaccharides
from macroalgal biomass using hydrothermal pre-treatment
(Greiserman et al., 2019).

The sensitivity of PHA production using hydrolysates to the
established factors was evaluated (Fig. 2). The temperature of the hy-
drolysis suggestively affected the PHA production process (Fig. 2a).
Taguchi method utilizes the signal to noise (S/N) ratio to determine
the variation in the experiment due to uncontrollable parameters. The
Table 2
Response table for signal to noise ratios and ranking of hydrolysis parameters using the
Taguchi approach.

Level Temperature
(°C)

Solid Load
(%)

Residence Time
(min)

Salinity
(g L−1)

1 32.40 27.24 29.54 26.43
2 31.93 29.03 28.05 27.09
3 19.86 27.92 26.60 30.67
Sensitivity (Δ) 12.54 1.78 2.94 4.23
Rank 1 4 3 2
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experimental control factors fall under the “signal” regime while the
“noise” is the variation due to the experimental factors. This method
helps in reducing variability in the experiment by using larger the better
S/N ration thereby avoiding the loss of function in the overall experi-
ment (Venkata Mohan and Venkateswar Reddy, 2013). A greater S/N
ratio indicates the better performance of that parameter towards PHA
production. Higher values of S/N ratio identify control factors that min-
imize the effect of noise factors. According to the S/N ratio values, the
delta values were calculated and corresponding ranks were given to
the factors which determine their effect on the PHA production process.
The S/N ratio of different factors indicated that temperature and salinity
play an important part in PHA production. Therefore, controlling the
temperaturemay lead to an increase in PHAyield using seaweed hydro-
lysate as a substrate. Fig. 2b shows the interaction plots between the
process parameters under study. The significance of interaction is as-
sumed by the line plots. If they run parallelly, it suggests that there is
no interaction between the process parameters under observation.
The intersection between plots denotes interaction. The plots between
temperature and salinity suggest that interactions between factors
were observed at certain levels. At a salinity of 19 g L−1 and 38 g L−1,
no interaction was observed between temperature and salinity but the
factors interacted at a salinity of 0 g L−1. Temperature and salinity
showed no interactions as no intersection was observed between the
two factors. This has future implications for scale-up of the process
where temperature and salinity play a major role as discussed in the
previous section. An interaction between salinity and the solid load
was observed at lower salinities but was not observed at higher salin-
ities. This might be since, at higher salinities, the salt content of the
macroalgal biomass becomes insignificant as compared to lower salin-
ities which might affect the hydrolysis process. Recent studies on PHA
production under high salinity conditions have established that three
pathways are affected as a response to hypertonic pressure. Two pro-
teins, namely, beta-ketoacyl-ACP reductase and 3-hydroxyacyl-CoA de-
hydrogenase, were overexpressed resulting in the higher production of
PHA. The serine-pyruvate transaminase and serine-glyoxylate transam-
inase were upregulated, thereby increasing the conversion of glucose to
PHA. Some proteins such as sulphate-adenyl transferase and adenylyl-
sulphate kinasewere downregulated resulting in a decrease in PHA syn-
thesis (Pacholak et al., 2020). Using the Taguchi Design of Experiment,
the optimum parameters for the maximum PHA production (the maxi-
mum SN ratio) were determined as 170 °C, 20 min residence time,
38 g L−1 salinity with a solid load of 5%.

Themacroalgal hydrolysates obtainedwere used for PHAproduction
by Haloferax mediterranei. The profiles for biomass concentration, PHA
content, and PHA yield are provided in Fig. 3. Macroalgal hydrolysate
no. 3 yielded the highest biomass and PHA yield. The final biomass con-
centration after a fermentation interval of 120 h was observed to be
3.9 ± 0.25 g L−1. These values correspond to a maximum internal
PHA concentration of 2.08 ± 0.34 g L−1. PHA content of the biomass
was also calculated which amounted to 53% w/w of the biomass ob-
tained. Volumetric productivities amounted to a maximum of
0.0325 ± 0.008 g L-1·h−1 and 0.017 ± 0.002 g L-1·h−1 for biomass and
PHA respectively. The yield was also calculated per gram of macroalgae.
Therefore, 1 g of algae yielded approximately 0.104 g of PHA for a single
batch fermentation. Several studies have reported similar biomass and
PHA productivities (0.002–0.900 g L-1·h−1). Laboratory scale studies
(100–250 mL of reactor working volume) might be the probable cause
for the ranges of volumetric PHA productivities usingmacroalgal hydro-
lysates as a substrate. The process parameters in a bioreactor should be
further optimized to achieve improved efficiencies (Cesário et al., 2018).
This has been demonstrated by various studies where the statistical op-
timization of process parameters in a bioreactor leads to higher PHA
productivities. Arumugam et al., 2020 optimized the process parame-
ters (concentrations of carbon, nitrogen, and inoculum) using Response
Surface Methodology (RSM) to enhance the PHA productivity of
Cupriavidus necator using non-edible oils as a substrate (Arumugam



Fig. 2. (a) Taguchi analysis of the impact of 4 HTC parameters on the PHA production utilizing macroalgal hydrolysates as substrate. The effects of HTC parameters such as Temperature
(°C), Solid load (%), Residence time (min), and Salinity (g L−1) were tested. (b) Interaction plots for the effect of different factors on the PHA production using seaweed hydrolysate as a
substrate.
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et al., 2020). RSM was also utilized by Mohd Zain et al. (2020) where
they enhanced the PHA productivity of Burkholderia cepacia BPT1213
usingwaste glycerol from the biodiesel industry as a substrate. They op-
timized the aeration rate, agitation speed, and cultivation time in a
batch bioreactor (Mohd Zain et al., 2020).

3.2. Effect of initial culture density on the volumetric PHA productivity

The studies were performed using initial culture densities in the
range of 10–500 g L−1 in standard cultivation media and seaweed
7

hydrolysate medium. Using standard cultivation media, the maxi-
mum biomass concentration of 57.57± 0.033 g L−1 with amaximum
PHA content of 53.58 ± 0.12% w/w was obtained at an initial culture
density of 50 g L−1. Similarly, using a seaweed hydrolysate medium,
the maximum biomass concentration obtained was 56.02 ±
0.24 g L−1 with a maximum PHA content of 49.38 ± 0.3% w/w at
an initial culture density of 50 g L−1. At higher concentrations (be-
yond 100 g L−1), no significant growth was observed. During the
growth of a microorganism, end products accumulate in the medium
to such an extent that the metabolic activity is suppressed (Luong



Fig. 3. Biomass concentration, PHA concentration, and PHA content and PHA yields for Haloferax mediterranei cultivated on macroalgal hydrolysates.
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and Mulchandani, 1989). This might be the probable reason for
lower growth at higher initial culture density. The productivities
were also calculated for various culture densities. The maximum bio-
mass productivity of 0.0631 ± 0.0002 g L−1 h−1 with a PHA produc-
tivity of 0.033 ± 0.0002 g L−1 h−1 was obtained at an initial culture
density of 50 g L−1 using standard Hv-YPCmedium. Similarly, using a
seaweed hydrolysate medium, maximum biomass productivity of
0.05 ± 0.002 g L−1 h−1 with a maximum PHA productivity of
0.024 ± 0.002 g L−1 h−1 was obtained at an initial culture density
of 50 g L−1. Similar results were obtained by Ibrahim and
Steinbuchel., 2009, where they obtained high PHA yields (~ 66% w/
w) at higher culture densities (55–85 g L−1). They utilized Zobellella
denitrificans MW1 as PHA producing an organism with glycerol as a
substrate (Ibrahim and Steinbüchel, 2009). Another study showed
that PHA can be produced using waste cooking oil by Pseudomonas
putida KT2440 at high cell densities of 154.9 g L−1 with a PHA con-
tent of 34% w/w (Ruiz et al., 2013). Studies by Hori et al., 2019
showed a high-cell density culture of poly(lactate-co-3-
hydroxybutyrate)-producing Escherichia coli with similar results
(Hori et al., 2019). A study by Alsafadi et al., 2020 utilized date
palm waste for PHA production by H. mediterranei. They obtained a
final PHA content of 25% w/w under fed batch cultivation conditions
(Alsafadi et al., 2020). Another study by Abdallah et al., 2020 utilized
inexpensive substrates for PHA production by haloarchaeal isolates.
They reported a final PHA concentration of 35% w/w under opti-
mized cultivation conditions (Abdallah et al., 2020). Advantages of
high-cell density cultivation systems include increased productivity
along with reduced costs of downstream processes and wastewater
treatment. High cell density cultivations demand a higher oxygen
mass transfer which in turn limits the flow of substrate to the bulk
culture medium. This has to be kept in mind while designing a sys-
tem with high cell density cultivation. Also, for reducing the costs
of PHA production, pure oxygen must be avoided for aeration of
the culture. Dissolved oxygen (DO) concentration is a key parameter
for the development of high-cell-density cultivation of obligate aer-
obic microorganisms. High O2 demand and increasing difficulty for
O2 transport and dispersion owing to modification of the physical
properties of the fermentation broth (mainly viscosity and surface
tension) limit the final cell concentration.
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3.3. Structural analysis of PHA produced (FTIR, TGA/DSC, 1H NMR)

3.3.1. FTIR analysis
The polymer extracted from the cells was analyzed by FTIR. The FTIR

spectrum is provided in Fig. S1a. An absorption peak near 3290 cm−1

was detected which might be an indication of the stretching in the hy-
droxyl (O−H) group. Generally, the typical bond vibrationswhich sug-
gest the presence of PHA is the ester carbonyl bond (C=O). These bond
vibrationswere observed near the region of 1720–1740 cm−1. PHAs ex-
hibit their characteristic band at 1719 cm−1. Some other peakswere ob-
served at 2914 cm−1 and 2879 cm−1 which could be accredited to CH3

and CH2 group stretching respectively. Other peaks in the range of
1450–1000 cm−1 could be attributed to CH3 bending, CH2 wagging, C
−O, C−C, and C−O−C stretching. The FTIR spectra analysis suggested
that the extracted polymer was P(3HB-co-3HV) in nature. Instances in
literature also suggest similar findings according to FTIR spectra
(Alsafadi et al., 2020; Mahansaria et al., 2020; Steinbruch et al., 2020).

3.3.2. TGA/DSC thermal analyses
Thermal characteristics of PHA were estimated from the TGA ther-

mogram (Fig. S1b). The temperature of decomposition minima (Td)
was observed to be 247.4 °C. The thermogram also suggested a loss of
weight ~ 86.2%. The melting temperature of the PHA produced was es-
timated to be 175.8 °C from the DSC analysis.

3.3.3. 1H NMR analysis
The chemical composition of the polymer was analyzed using 1H

NMR. The peaks obtained in the 1H NMR spectrum could be attributed
to individual carbon atoms in the monomers. Proton peaks at 0.83 and
1.26 ppm were attributed to the CH3 group of 3HB and 3 HV. Proton
peaks of CH2 for 3HV were observed at 1.57 and 2.58 ppm. For 3HB,
the CH2 proton peaks were observed at 2.48 ppm. The peaks for the
CH group were observed at 5.25 ppm which suggested the presence of
CH group for 3HB and 3 HV (Fig. S2d). In order to determine the
molar composition of the polymer repeating units, the area ratio of
the methyl resonance peaks from 3 HV unit (δ = 0.83) and 3HB unit
(δ=1.26 ppm)was calculated from the 1HNMR spectrum. Accordingly,
the monomer compositions were calculated with a 3HB and 3 HV com-
position of 90.4% and 10.6% respectively. Comparable explanations have
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also been defined in earlier works for P(3HB-co-3HV) production
(Alsafadi et al., 2020; Don et al., 2006).

3.4. GC/MS analysis

3.4.1. GC/MS analysis of the hydrolysates
The hydrolysate was analyzed using GC/MS to determine the various

complex compounds obtained after hydrolysis (Fig. S2). All the compo-
nents that were identified by GC/MS have been provided in the supple-
mentary material. The obtained values were compared with a NIST
database and major components of the hydrolysate were recognized.
The major products identified were ketones such as 2-methyl 2-
cyclopentenone followed by aldehydes and furfurals. Similar results for
hydrolysate analysis were observed by Anastaskis and Ross (Anastasakis
and Ross, 2011), in subcritical hydrolysis of the brown algae, Laminaria
saccharina. It can be speculated that the ketones and phenols are degrada-
tion products of the complex carbohydrates and cellulose of the biomass.
Similarly, proteins decompose to form nitrogen-rich compounds.
Cyclopentenone was found to increase at higher temperatures whereas
the quantities of 5-methyl furfural were not present at lower tempera-
tures. This also corresponds to our observation by Taguchi optimization
where higher temperatures corresponded to higher amounts of 5-HMF.
This suggests that temperature is a key factor to determine the quality
of seaweed hydrolysate for PHA production. Fatty acid fractions were
not observed. This might be due to the low lipid content of macroalgal
biomasswhich led to the conversionof fatty acids into various other prod-
ucts at different temperatures.

3.4.2. GC/MS analysis of the PHA produced
To determine the chemical composition of the polymer, GC/MS analy-

sis was performed to analyze the butyl ester of PHA. Two peaks were ob-
served in the chromatogramwith retention times of 9.46 and 10.654min.
After comparison with the MS database, the peaks were identified as
butyl esters of 3-hydroxybutyrate (3HB) and 3-hydroxy valerate (3 HV)
respectively. GC/MS analysis thus suggested that the PHA obtained after
fermentation using H. mediterranei was composed of 3HB and 3 HV
Fig. 4. Average solid residue mass recove
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monomer units. Previous studies have also suggested similar polymer
compositions for PHA production fromH.mediterranei (Zhao et al., 2015).

3.5. Molecular weight analysis of PHA produced

Gel Permeation Chromatography (GPC) was utilized to determine
the average molecular weights of the extracted PHA. The number aver-
age molecular weight (Mn) was observed to be 576 kDa using polysty-
rene (PS) standard and 584 kDa using polymethyl methacrylate
(PMMA) standard. The average molecular weight (Mw) was found to
be 963 kDa and 916 kDa for PS and PMMA standards respectively. The
polydispersity index (PDI) is a measure of the homogeneity of the poly-
mer. The PDI of extracted PHA was calculated to be 1.679 and 1.562 for
PS and PMMA standards respectively. The observed values of molecular
weight and PDI were similar to previously reported data for high-
quality PHA production from Haloferax mediterranei (Alsafadi et al.,
2020). For the polymer to be of varied usage, the average molecular
weight should be high with a low heterogeneity (PDI in a range of
1.5–2.0) (Mahansaria et al., 2020). The values observed for our PHA ex-
tracted fromH.mediterranei showed averagemolecularweights and PDI
in the same range which suggested the quality of PHA produced.

3.6. Biochar yields from various Taguchi experiments

The solid residue yieldswere quantified for each Taguchi experimental
level. The solid residue comprises biochar and water-soluble solids. Fig. 4
summarizes the solid mass recovery. The solid recovery is 71–85% of the
initial biomass with biochar yields of 5–24%. The water-soluble solids in-
clude hydrolyzed carbohydrate fragments with different lengths, amino
acids, and soluble ash. The rest of the mass can be accounted for released
algae moisture, water produced due to the carbonization process, and liq-
uids formed in theprocess. Thehighest biochar yieldwas19.4±1.23%, the
water-soluble solids yield is 58.2±0.45%,moisture thatwas released dur-
ing the process comprised of 19.1 ± 0.88% and the rest (3.3 ± 0.13%) can
be attributed to produced water and volatile liquids.
ry for various Taguchi experiments.



Fig. 5. Revenue estimation of PHA production from offshore-cultivated biomass. (a) Conversion efficiency distribution (CED) based on meta-data analysis of fermentation. (b) Annual PHA
production rate (APPR) probability density function. (c) Annual PHA production rate (APPR) cumulative density function. (d) Estimated annual income from the production of PHA derived
from offshore cultivated macroalgae. e) Estimated allowable greenhouse gas emissions from the production of PHA derived from offshore cultivated macroalgae. f) Relative allowable
greenhouse gas emissions for various PHA substrates compared to upper bound (Maximum for feedstocks based on sugar crops). The Lower bound represents fossil HDPE emissions.

S. Ghosh, S. Greiserman, A. Chemodanov et al. Science of the Total Environment 770 (2021) 145281
3.7. Preliminary revenue analysis for offshore derived biomass for PHA

The probability distribution of PHA production from biomass which
was previously denoted as CED is shown in Fig. 5a. Fig. 5b and c show
Table 3
Sensitivity analysis of the income and required biomass costs with the Ulva biomass to PHA co

Confidence of APPR 99% 95%

APPR (g PHA m−2 year−1) 142.09 ± 0.56 143.54 ±
Low Income ($2.4 kg−1 selling price) $ ha−1 3410.16 ± 0.08 3444.96
High Income ($5.5 kg−1 selling price) $ ha−1 7814.95 ± 0.07 7894.70
CDW_Biomass $ ton−1 (low) 11.21 ± 0.04 11.32 ±
CDW_Biomass $ ton−1 (high) 25.68 ± 0.06 25.95 ±
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the annual PHA production rate (APPR) and its cumulative distribution
function respectively. The mean APPR of Ulva sp. cultivated under off-
shore conditions is 148.14 g PHA m−2 year−1. For a process to be feasi-
ble, it should be economically viable which is also true for PHA
nversion efficiencies.

90% 85% 80%

0.63 148.14 ± 0.42 152.74 ± 0.38 154.19 ± 0.23
± 0.06 3555.36 ± 0.11 3665.76 ± 0.16 3700.56 ± 0.05
± 0.09 8147.70 ± 0.12 8400.70 ± 0.14 8480.45 ± 0.03
0.06 11.68 ± 0.04 12.05 ± 0.06 12.16 ± 0.08
0.09 26.78 ± 0.08 27.61 ± 0.07 27.87 ± 0.09



Table 4
Sensitivity analysis of the allowable greenhouse gas emissions for PHA production from Ulva biomass. Lower bound = ‘HDPE competitive’, upper bound = ‘highest reported crop PHA
competitive’.

Confidence of APPR 99% 95% 90% 85% 80%

APPR (g PHA m−2 year−1) 142.09 ± 0.56 143.54 ± 0.63 148.14 ± 0.42 152.74 ± 0.38 154.19 ± 0.23
Total CO2 emissions, lower bound (ton ha−1 year−1) 2.97 ± 0.02 3.00 ± 0.05 3.10 ± 0.04 3.19 ± 0.03 3.22 ± 0.02
Total CO2 emissions, upper bound (ton ha−1 year−1) 14.35 ± 0.08 14.50 ± 0.06 14.96 ± 0.05 15.43 ± 0.07 15.57 ± 0.06
Allowable EDW_biomass CO2, lower bound (kg CO2 ton−1 seaweed−1) 9.76 ± 0.03 9.86 ± 0.02 10.18 ± 0.04 10.49 ± 0.03 10.59 ± 0.05
Allowable EDW_biomass CO2, upper bound (kg CO2 ton−1 seaweed−1) 47.16 ± 0.07 47.64 ± 0.11 49.17 ± 0.08 50.70 ± 0.12 51.18 ± 0.04
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production. But for PHA production using seaweed, large offshore facil-
ities for biomass production are unavailable currently. The information
available in the literature about the economics of PHA production
from seaweeds is scarce (Levett et al., 2016; Roesijadi et al., 2008). Stud-
ies have focussedmainly on the life cycle impact of food-derived plastics
(PHA) as compared to polyethylene (PE) (Kim and Dale, 2005). Most of
the companies producing PHA have rarely used inexpensive feedstocks
let alone seaweeds for PHA production. The market prices of PHA vary
between $2.4 - $5.5 kg−1 (Crutchik et al., 2020). The current price of
PHA is known and is not competitive with regular fossil plastics. The
goal is to find a point when they will be. Utilizing the current market
data, the PHA production from seaweed (Ulva sp.) cultivated in the
Israeli coasts (APPR of 148.14 g PHA m−2 year−1) will incur an annual
income of $0.336 m−2 year−1 ($3360 ha−1 year−1) to
$0.77 m−2 year−1 ($7700 ha−1 year−1). The investment in seaweed
farming andadditional costs for biomass processing are also determined
by these market prices. The maximum price of biomass production and
processing can be estimated to maintain a breakeven with the current
market prices and our average productivity (~5.8 gDW m−2 d−1 or
2125 gDW m−2 year−1) was found to be ~ $158- $362ton−1. If we as-
sume that the cost of rawmaterials is 30% of the total costs of PHA pro-
duction (Chemodanov et al., 2017), the maximum price of the biomass
should be ~ $47 - $108 ton−1. The current price of seaweed production
amount to an average of $785 ton−1 (Ferdouse et al., 2018; Steinbruch
et al., 2020). A sensitivity analysis was also done to analyze the possible
costs for biomass production and probable income from offshore culti-
vation compared to the observed conversion efficiencies. This was
shown in Table 3.

Sensitivity analysis was performed to understand the potential income
which could be obtained using the yields as observed in the present study.
This is shown in Fig. 5d. The incomehas an increasing trend aswe raise the
productivity from average (5.8 gDW m−2 day−1) to the maximum pro-
ductivity observed offshore (35.49 gDW m−2 day−1). This led to an in-
crease in the income from $612–$1404 ha−1 year−1 to $28,197–
$64,619 ha−1 year−1. A previous study on ethanol production from
seaweeds estimated an enhanced potential income of $8625–
$20,190 ha−1 year−1 (Chemodanov et al., 2017). The challenges for the
commercialization of biobased plastics include high costs of production
as well as competition for using arable land resources (Shen et al., 2010).
The present process for PHA production using seaweed biomass could be
muchmore economically beneficial to the farmer as compared to the pro-
duction of bioethanol. The process could also provide a sustainable and
economically viable method for bioplastic production. This intensification
can only be possible if offshore technologies are developed alongwith on-
shore technologies availablewhich remains a challenge for the biorefinery
process (Bruhn et al., 2011; Golberg and Liberzon, 2015).

3.8. Allowable greenhouse gas emissions of offshore derived biomass
for PHA

The state of the art biobased PHA GHG emissions depend on the
feedstock and processing route (Narodoslawsky et al., 2015). State-of-
the-art emissions for wastewater based PHA are estimated to be be-
tween 4.44 and 4.98 kg CO2-equivalent kg−1 PHA (no feedstock emis-
sions) (Dacosta et al., 2015), sugar-based PHA between 6.18 and
10.10 kg CO2-equivalent kg−1 PHA (includingmass-allocated feedstock
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emissions) (Kookos et al., 2019), and oil crop-based PHA 5.68–6.96 kg
CO2-equivalent kg−1 PHA (including mass-allocated feedstock emis-
sions) (Kookos et al., 2019), all without biogenic CO2 and co-product
credits. Using these GHG emissions data, a priori the maximum allow-
able GHG emissions for the production of PHA from Ulvawere derived.
AnAPPR of 148.14 g PHAm−2 year−1will lead to yearly allowable emis-
sions of 0.29 kg CO2-equivalent year−1 (2926 kg CO2-eq. ha−1 year−1,-
scenario ‘HDPE competitive’ emissions) to 1.41 kg CO2-equivalent
year−1 (14,140 kg CO2-eq. ha−1 year−1, scenario ‘highest reported
crop PHA competitive’ emissions). To maintain a break-even in terms
of emissions using the average productivity (~5.8 gDW m−2 day−1 or
2125 gDWm−2 year−1), themaximumallowable emissions for produc-
tion are then 138–665 kg CO2-eq. ton−1 seaweed. Assuming that feed-
stock production accounts for 35% of the emissions of biobased PHA
(Akiyama et al., 2003), the maximum allowable emissions are reduced
to 48–233 kg CO2-eq. ton−1 seaweed. Reported emissions range from
125 kg CO2 eq ton−1 seaweed (Alvarado-Morales et al., 2013) to
438 kg CO2 eq ton−1 seaweed (Brockmann et al., 2015). The latter was
largely influenced by indirect emissions from nutrient consumption re-
quired for the onshore cultivation of seaweed. This indicates that effi-
cient design of the cultivation infrastructure is essential to minimize
emissions from material inputs and at the same time optimize biomass
yields to achieve emissions in the order of magnitude of 48–233 kg CO2

eq ton−1 seaweed. Table 4 shows the sensitivity analysis and compares
the results of allowable emissions from offshore cultivation facilities to
the current scenarios.

The sensitivity analysis of GHG emissions as a function of observed
yields in the present study appears in Fig. 5e. The relative allowable
GHGemissions for various substrates are shown in Fig. 5f. The allowable
GHG emissions for seaweed PHA have an increasing trend going hand-
in-hand with increased productivity from the average daily growth
rate until the maximum observed offshore productivity. At an average
daily growth, the allowable emissions are 2.7–12.9 ton ha−1, increasing
to allowable emissions of 18.1–87.7 ton ha−1 atmaximum daily growth
rates. These bounds indicate the operating window for seaweed, e.g. to
be competitive to PHA production from wastewater the maximum al-
lowable emissions are 46.6% ± 2.7% of the upper bound scenario (i.e.
competitiveness to the highest crop PHA emissions). The very few re-
ported GHG emissions for seaweed cultivation are 21.5 tons CO2 eq.
ha−1 (Brockmann et al., 2015) and 59.4 ton CO2 eq. ha−1 (van
Oirschot et al., 2017).

In the biorefinery process, the revenue generated from the biochar
by-product should be considered as well. Considering the annual sea-
weed biomass production, the biochar yield amounted to 42.6 g m−2-

year−1. Due to its higher calorific value (adjusted HHV of 17 MJ kg−1)
(Greiserman et al., 2019), the biochar obtained could be utilized for
co-combustion in thermal power plants thus reducing the environmen-
tal burden. The breakeven market price for the production of biochar is
estimated to be $0.6 kg−1 ($600 ton−1) (Yoder et al., 2011). Considering
the yield of biochar from the proposed process (~20% w/w), the maxi-
mum revenue generated could amount to up to $0.12 kg−1 ($120
ton−1). Considering the annual yield of seaweed biomass, the maxi-
mum revenue generated from biochar can be estimated to up to
$8048 ha−1 of cultivated area. Assuming that credits from biochar are
based on the average of currently produced heat (0.119 kg CO2

eq. MJ−1 heat,) (Myhre, 2014), the total emissions could be reduced
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with 0.405 kg CO2 eq kg−1 seaweed. Assuming that the maximum al-
lowable emissions from biochar are based on future heat production
(0.031 kg CO2 eq. MJ−1 heat) (Myhre, 2014), the total emissions could
be reduced with 0.106 kg CO2 eq kg−1 seaweed. This could be an
added incentive for the biorefinery thereby increasing the revenue gen-
erated and decreasing the emissions from the process to a greater ex-
tent. The analysis (economic and greenhouse gas) presented in the
present work provides an insight into the revenues generated from
PHA production using macroalgal biomass and the preliminary emis-
sions associated with the process. In depth analysis of the process re-
quires an extensive techno-economic analysis and LCA assessment to
assess the performance of the system.

4. Conclusions

The present study evaluated the intensification of process parame-
ters for the simultaneous production of PHA and biochar from seaweed
biomass. Taguchi method optimization suggested the important factors
which could determine the PHA productivity. GC/MS and molecular
weight analysis of the PHA provided an insight into the quality of the
polymer. A preliminary economic analysis suggested that for the pro-
cess to be economically feasible, the biomass should be provided for
$47–$108 ton−1. Estimation of greenhouse gases proposed that efficient
design of the cultivation infrastructure is essential to minimize emis-
sions and at the same time optimize biomass yields.
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