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1. Introduction

Synthetic petroleum-based plastics have been widely used

The environmental impact and economic
feasibility assessment of composite calcium
alginate bioplastics derived from Sargassum+t

Akeem Mohammed,? Keeran Ward, (2 *® Koon-Yang Lee (2 *“ and Valerie Dupontb
For much of the Caribbean region, plastic pollution and the persistence of the great Atlantic Sargassum
belt lead to significant regional loss in biodiversity, employment and tourism. Yet, seaweeds such as
Sargassum possess all the characteristics for bioplastic production. This study presents a new process on
the production of biodegradable calcium alginate (Ca(Alg),) composite bioplastic, and evaluates its econ-
omic feasibility and environmental impact in the Caribbean, compared to bio-based polylactic acid (PLA)
and synthetic plastics (PET). Our cradle-to-gate life cycle impact assessment (LCIA) shows normalized (kg
CO,eq per kg plastic) greenhouse gas (GHG) impacts 3 to 7 times higher for the baseline alginate compo-
site process over those of PLA and PET films — linked mainly to chemical consumption. However, through
the integration of abundant bioenergy from the local paper industry and the nascent E-methanol
(E-MeOH) supply chains, GHG impact reduces by 79% — illustrating a pathway to a sustainable bioplastic pro-
duction flowsheet. More attractively, the alginate bioplastic outperforms in providing ultra-low oxygen barrier
packaging properties — with a required mass of plastic material producing a total carbon footprint (kg COeq)
64-978 times lower than PLA and PET respectively, and overall packaging costs 280 times less than current
synthetic plastic. Techno-economics illustrate that a total annualized cost (TAC) for alginate bioplastic of SUS
4.56 per kg is possible, ensuring high economic feasibility, comparable to current commercial bio-based
alternatives. Moreover, sensitivity analysis highlights that variability in TAC was mainly associated with sodium
alginate utilization in the manufacture process — contributing up to 67% to the overall cost. In light of this, the
integration of sound policies aligned to improved consumer awareness and reduced plastic waste can help to
drive greater economic feasibility of the alginate bioplastic industry. Ultimately, our study illustrates a viable
and sustainable alginate bioplastic alternative, promoting and informing on packaging innovation while achiev-
ing low carbon operations within the Caribbean plastic sector.

accumulate in the natural environment, breaking down into
microplastics resulting in severe health concerns.?
Additionally, plastic production emits approximately

owing to their low cost, light weight, and durability, contribut-
ing greatly to everyday activities." Thus, the plastics industry is
anticipated to expand, with global production of the material
likely to reach 1.63 billion tons by 2050.> However, the majority
of these plastics are single use packaging and eventually
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390 million tons (Mt) of greenhouse gas (GHG) emissions per
year - directly linked to fossil fuel consumption, used as both
feedstock and energy within the process.” The two aforemen-
tioned problems have been critical driving forces for the devel-
opment of alternative bio-based materials. Bio-based plastics
are currently being developed to replace traditional petroleum
plastics as these materials are natural carbon sinks - absorb-
ing CO, from the atmosphere and emitting up to 30% less
GHG emissions,” while decomposing much faster in the
natural environment over synthetic plastics via aerobic degra-
dation or anaerobic fermentation.®™®

In comparison to fossil-based plastics, bio-based polymers
make up a relatively minor portion of the market. Bioplastics
make up less than 1% of the yearly 390 Mt of plastic generated.
Global bioplastics production capacity is expected to rise from
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around 2.2 Mt in 2022 to nearly 6.3 Mt in 2027.° Bioplastics
are highly versatile and widely used in many industries with
diverse applications. Some current novel strategies include pro-
grammable biopolymer nanoparticles in pharmaceuticals,”
green electrospinning of biopolymer nanofibers in drug deliv-
ery systems, tissue engineering, air filtration, and affinity
membrane systems,'' and preparation of sustainable organic
nanocomposite ionogel electrolytes using biopolymers for flex-
ible energy storage.'?

In 2022, global production capacities of bioplastics
amounted to about 2.22 Mt with 48% (1.07 Mt) of the volume
destined for the packaging market - the biggest market
segment within the bioplastics industry.® PLA and PHA are the
most widely used, high technology readiness level, commercial
biodegradable bioplastics, and constitute the highest percen-
tages for the global production capacity of emerging bioplas-
tics and expected to increase in market share of 37.9% and
8.9% respectively by 2027.° Further to this, PLA and PET are
the major competitors for the alginate bioplastic in the food
packaging industry.

Modern packaging methods and materials are highly
advanced and adaptable to individual applications and
demands. The specifications for food packaging are varied and
extensive. There is a high demand for packaging made from
bioplastics to be used for food packaging with particular
requirements including low oxygen barrier which has been
found to be a major limitation restricting the use of bioplastics
in food applications.”® During 2022-2023, the barrier packa-
ging market is anticipated to grow at a CAGR of 5.5%. By 2032,
the market is anticipated to reach a value of US$10.7 billion.**
Due to consumer demand for higher performing gas barriers
that enhance product shelf-life and maintains quality, the
oxygen and gas barrier film market, is anticipated to grow
4.1% annually.*

Thus, the growth of the bioplastics industry is vital and
highly dependent on government regulations and public
awareness. Therefore, its development and commercialization
is timely and necessary in promoting a more sustainable
plastic industry. Seaweeds have been shown to be successful
raw materials for the formation of bioplastics.'®'” Within the
Caribbean region, Sargassum natans (S. natans) brown sea-
weeds have been disrupting livelihoods aligned to tourism and
fishery resources for the past decade.'® Our own past studies
have shown that sodium alginate (NaAlg) can be successfully
extracted from this invasive seaweed'®?° and used to fabricate
compostable calcium alginate, Ca(Alg),, bioplastics possessing
comparable properties to those of synthetic and bio-based
plastic alternatives, including good degradation under 14 days
by depolymerisation in simulated aerobic conditions at
58 °C.*!

Alginate bioplastics are produced from renewable, plant-
based resources and brown seaweed which makes use of the
blue economy.?* Additionally, brown seaweeds are easily culti-
vated in natural environments without fertilizer use, do not
compete with food sources, can be harvested naturally, are
able to grow in a wide range of environments, present no risk
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to potential deforestation, and are active carbon sinks.”*?* I
addition, Sargassum is inedible owing to its high levels of total
arsenic and other heavy metal ions such as copper, molyb-
denum, and manganese®® and does not compete as a food
resource thereby proving to be a good supply chain for bioplas-
tic production. At the end of the product life cycle, this bio-
plastic can be organically recycled via industrial composting,
creating natural fertilizers. Its increased adoption and use will
help meet climate targets and reduce plastic waste
mismanagement.

Ultimately, in promoting economic sustainability within a
developing bioplastic industry, technical feasibility needs to be
addressed. Techno-economic analysis (TEA) is a useful tool for
evaluating the economic feasibility of industrial processes.
TEA has been successfully carried out on bioplastics from
various biopolymer sources such as polyhydroxyalkanoates
(PHA),”**” polylactic acid (PLA),>**° PLA composites,*® and
2,5-furan dicarboxylic acid.*"**> Thus, TEA further allows for
direct comparison of the alginate bioplastic cost to other fossil
and bio-based plastics-illustrating areas where economic viabi-
lity can be improved.

In addition to TEA, environmental quality needs to be
ensured for any novel process. Life cycle assessment (LCA) is a
promising tool for measuring the environmental impact of
materials and products. It has been widely utilized to compare
bio-based and fossil-based plastics such as PLA,** PHB,** bio-
based high density polyethylene (HDPE),*> and bio-derived
polyethylene.>®

Our study considers the radical redesign of traditional plas-
tics, through the intervention of a purely bio-based composite
framework coupled with TEA and LCA tools to access the econ-
omic and environmental sustainability of novel calcium-algi-
nate composites. Currently, alginate bioplastics are at a low
technology readiness level (TRL) and at the beginning of the
maturity/optimization curve. Therefore, this study presents a
preliminary assessment on the future development of an algi-
nate bioplastic industry. Furthermore, this paradigm shift
towards the utilization of natural, bio-based raw materials
within plastic production illustrates solutions to the on-going
Sargassum crisis in the Caribbean, while advocating for new
policies in plastic packaging, which incentivizes a sustainable
plastic sector across the region.

n

2. Methodology
2.1 Geographic relevance and motivation

Since 2011, the Caribbean, has seen unprecedented migration
of Sargassum onto its shores. Sargassum, fueled by high
nutrient run-off, sunlight, and climate change, originates in
the Atlantic Ocean where enormous mats are carried by
ocean currents to and through the Caribbean.*” In June
2022, more than 24 Mt of Sargassum covered the Atlantic,
breaking the previous record set in May 2018 by 20%.®
This tremendous influx negatively affects fisher livelihoods,
biodiversity and tourism, while decomposition of the

This journal is © The Royal Society of Chemistry 2023
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seaweed releases toxic hydrogen sulphide and ammonia
gas.***!  National economies in the Caribbean region,
climate sensitive sectors, and coastal livelihoods have been
severely harmed by these occurrences. It is currently
thought that this new Sargassum crisis, which was brought
on by a mix of ocean eutrophication and climate change, is
the “new norm”,*> and Caribbean countries must find
methods to adapt. Consequently, there has been a growing
demand for finding useful strategies and technologies to
utilize this Sargassum as a raw material in new valorization
applications, converting this waste feedstock into an oppor-
tunity. This study forms a unique case study, whereby the
development of a novel Sargassum inspired, bioplastic indus-
try can be formed within the Caribbean region.

Trinidad and Tobago has a high GDP despite being a small
island developing state, owing to the country’s vast resources,
including its oil and gas deposits, petrochemical industry
(methanol and ammonia), and downstream hydrocarbon
sectors.”® Trinidad is one on the most industrially developed
islands in the Caribbean and thus holds significant promise
to the establishment of a novel alginate bioplastic industry
due to its relevance to global markets, strong energy industry
that can link directly to this process, strong supply chains,
easy access to resources, and high levels of expertise. As a
member of the 16 million-strong Caribbean community,
Trinidad and Tobago has potential to develop this industry
through unique partnerships with other lesser industrialized
islands, also significantly affected by the Sargassum migration,
to progress a biomass supply chain that will enable bioplastic
productivity.

Furthermore, Trinidad and Tobago, a small consumer, has
no influence over packaging choices made in larger economies
where plastic products are produced and imported. It is esti-
mated that 48% of the plastic waste dumped in Trinidad and
Tobago’s landfills comes from plastic packaging for imported
goods rather than from plastic waste generated for domestic
use.**

The management of plastics is locally problematic, pro-
moted by landfill age and overuse as well as improper dispo-
sal.*® Plastics accounted for 19% (89461 MT) of municipal
solid waste in the landfills in 2010 “® - growing significantly
(8% in 2016) due to the lack of recycling initiatives and incen-
tives by governments.** Plastic packaging accounted for 54.8%
of the plastic waste, with PET and LDPE as major contributors
- 27% and 47.6% respectively.** Therefore, the drive for packa-
ging innovation is fundamental and timely. In light of this, a
novel calcium alginate bioplastic process aims to address both
problems, by providing a valorization pathway for Sargassum
biomass while also fostering innovation in bio-based bio-
degradable packaging solutions.

By establishing this bioplastic sector in Trinidad and
Tobago, the Caribbean region can benefit greatly from the
transfer of technological information, techniques and skills,
and guidance on new policies which can accelerate bioplastic
adoption. Ultimately, this study seeks to provide evidence-
based guidance in sustainable packaging to primary stake-
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holders locally, regionally, and internationally, informing on
the sustainable operations of the packaging industry.

2.2 Process description

The modeling framework derived for this study considers the
techno-economic and environmental assessment of the con-
ceptual process design for the production of Ca(Alg), bio-
plastics derived from locally obtained Sargassum natans
seaweed 1is illustrated in Fig. 1. Mass and energy balances
were carried out utilizing experimentally determined process
conditions (Mohammed et al, 2020),° together with avail-
able process literature*’*° (ESI-Section 1.11) and thermo-
dynamic properties from Aspen Plus V10. All processes were
designed to generate 1000 kg h™' of NaAlg upstream,
accommodating downstream processing of 1943 kg h™' of
Ca(Alg),, over a 330 day operating year. This capacity
accounts for 0.15 Mt per year of algal bioplastics, which
links well to the current and future bioplastic productivity.’
The Ca(Alg), plant was assumed to be built in proximity to
the Mayaro/Manzanilla coastline (10.2803° N, 61.0297° W) in
East Trinidad, on the Atlantic side of the island where the
largest influx of Sargassum natans occurs in the country.
This significantly reduces the cost of harvesting, processing
and transporting of the raw material feedstock. The wet
seaweed feedstock required annually for the plant is 0.25 Mt
- with abundant regional Sargassum supply chains available
across the Caribbean Sea, Central West Atlantic, Central East
Atlantic, and the Gulf of Mexico.

2.2.1 Seaweed pre-treatment. The raw seaweed feedstock
was stored in well-ventilated sheds®* and dried using solar
radiation. Next, seaweed washing was carried out on rotating
conveyor belts outfitted with water hoses to remove soluble
salts followed by formaldehyde treatment, using 2 (v/v) % in a
ratio of 1:2 (seaweed : formaldehyde) for the removal of phe-
nolic compounds.'®>> Wet treated seaweed was further dried
to a moisture content of <10%, at 80 °C for 2 hours using a
continuous rotary (19.82 MW) dryer.>® Subsequently, the dried
seaweed was pulverized to an average particle size of 505 pm
(ref. 19) and stored in silos, in an inert atmosphere at ambient
conditions.

2.2.2 Acid treatment. Dried seaweed was reacted isother-
mally with 0.5 M H,SO, for 1 hour at 40 °C.' Here, insoluble
magnesium and calcium salts were converted to alginic acid
(HAlg) while acid-soluble phenolic compounds were removed
as shown in eqn (1):

Mg(AIg),aq) + Ca(Alg),aq) + 2H2804xq) — 4HAIg )
+MgS0, ) + CaSOuaq)

Subsequently, the products were centrifuged at 8000 rpm
and the supernatant, comprising mainly of wastewater and
biomass residue was stored in holding tanks prior to alkaline
extraction.

2.2.3 Alkaline extraction. The residual seaweed biomass
was reacted with 3.75 wt% Na,CO; for 6 hours at constant
temperature (80 °C),>° whereby HAlg was converted to NaAlg
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Fig. 1 Process flow diagram (PFD) of the Ca(Alg), bioplastic composite derived from S. natans. The main sections of the flowsheet are as follows:
seaweed pre-treatment, acid treatment and alkali extraction, bleaching and purification and bioplastic fabrication. The structure of the PFD also
includes inputs in the form of feedstocks, chemicals, reinforcement materials, plasticizers, utilities, and outputs — mainly CO, emissions, wastewater

and biomass.2%2!

(eqn (2)). Reaction temperature was maintained using low
pressure steam at 5 bars (duty = 2.4 MW).

ZHAlg(s) + Na;COz(aq) — 2NaAlg(aq) + COyy) + HaOy

(2)

After extraction, the mixture was centrifuged, and the
residue was utilized in a second stage extraction step while the
supernatant (crude NaAlg) was cooled to 40 °C (2.15 MW) and
stored prior to precipitation. The second stage extraction step
was repeated using similar process conditions as described
previously. The total process CO, emissions for both extraction
stages was approximately 1.08 mg kg™' of crude NaAlg
produced.

2.2.4 Bleaching and precipitation. Crude NaAlg was
bleached at 28 °C for 30 minutes using a ratio of 1:80 (v/v) %
(NaClO : NaAlg) followed by the addition of 0.5 M H,S0,.%° In
this step, the crude NaAlg was precipitated as insoluble HAlg
thus, allowing for the easy removal of the wastewater residue.
Any residual Na,CO; was also neutralized in this step as
shown in eqn (3) and (4).

NaAlg<aq) + HZSO4(aq) — HAlg(s) + NaZSO4<aq) (3)

(4)

The HAlg gel was subsequently mixed with 25 (v/v) %
methanol (MeOH) solution and 5 wt% sodium carbonate
(Na,CO3),*° converting the HAlg into pure NaAlg. The CO,
released during this step was approximately 0.09 kg kg™" of
NaAlg precipitated.

N32C03(aq) + HZSO4(aq) — NaZSO4(aq) + C02<g) + HZO(I)

5504 | Green Chem., 2023, 25, 5501-5516

2.2.5 Drying and milling. A spray dryer was used to dry the
NaAlg gel (5.07 MW). A spray dryer was chosen as it is the pre-
ferred method of drying for thermally sensitive materials with
a fine particle size and has been used frequently in drying algi-
nate materials.>*”>® The NaAlg was dried at 80 °C at a rate of
1000 kg h™.%7

2.2.6 Fabrication of Ca(Alg), bioplastics. Deionized water,
preheated to 80 °C (875 kW), was thermo-mixed with NaAlg
powder, starch, carboxymethyl cellulose (CMC), sorbitol and
polyethylene glycol-200 (PEG-200) for 2 hours in a jacketed
mixer (1.15 MW). Subsequent to thermo-mixing and homogen-
ization, the casting solution was cooled to 35 °C (932 kW),
loaded onto a tape caster - outfitted with a drying chamber
and roller,’®>° and crosslinked with 6 wt% calcium chloride
(CaCl,). Finally, the Ca(Alg), bioplastics were dried at 60 °C for
5 hours (5.38 MW), rolled into 6 km long, 600 mm wide sheets
and stored for distribution.

2.3 Environmental impact assessment

The environmental impact of the bioplastic process was
measured using a consequential LCA following the EN ISO
14040 (2006) LCA® framework: (i) study goal and scope, (ii)
life cycle inventory analysis, (iii) life cycle impact assessment
and (iv) interpretation. The proposed cradle-to-gate system
boundary, illustrated in Fig. 2, highlights the goal and scope
for this study and considers the environmental impact of the
Ca(Alg), bioplastic production phase compared to current
business-as-usual (BAU) plastics and bio-based polymers - PET

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Proposed system boundary definitions for different scenario-specific alginate bioplastic production phases compared to current BAU plastics

(PET) and bio-based polymers (PLA).

and PLA.%"®* Oxygen barrier was chosen as the specific plastic
property for quantifying the functional unit. Based on our pre-
the bioplastic composite material possesses
ultra-low oxygen barrier properties-which makes it ideal as a
food-packaging alternative.®® Here, our bioplastic composite
material was designed for ultra-low oxygen barrier as the key
performance indicator aligned to food packaging. PET and
PLA are quite common, high technology readiness level, com-
mercial plastics and thus are strong candidates for compari-
son. Thus, comparison based on other functional properties
such as tensile strength or water resistance would call for a
new bioplastic design, which can be considered across a range
of Sargassum-derived, fit for purpose, bioplastic products in
the future. In meeting similar oxygen barrier performance for
comparison purposes, eqn (5) and (6) were used to estimate
the equivalent plastic mass of PET and PLA, given an arbitrary
plastic film area, A, of 1 m>.

vious work,*!

Mplastic BplasticP plastic ( 5)
Mpioplastic Bbioplastic pbioplastic
Mbpioplastic = lbioplasticpbioplasticA (6)

This journal is © The Royal Society of Chemistry 2023

where Mpjastic, Bplastics Pplastic ar€ the equivalent mass, oxygen
barrier and density of PET and PLA respectively, and myjqplastic,
Bbioplastic; Pbioplastics lbioplastic are the mass, oxygen barrier,
density and thickness of the bioplastic composite material.
The derivations of eqn (5) and (6) are given in ESI-Section 2.1.}
In estimating the density of the bioplastic material, helium
pycnometry (Accupyc II 1340, Micrometrics Ltd, Hexton, UK),
equipped with a 1 cm® measuring chamber, was used. For
effective dehydration prior to analysis, each of the five (5)
representative bioplastic samples were dried overnight under
vacuum at 50 °C. The corresponding mass, thickness and pro-
perties of all materials are given in Table 1.

The inventory for the bioplastic process (cradle-to-gate)
(Table 2) was derived from mass and energy balances across
four distinct stages (Fig. 1) — seaweed preparation, acid pre-
treatment, alginate extraction and bleaching, and finally com-
posite design and bioplastic production.

Life cycle inventory flows consisted of raw materials and uti-
lities - heating, cooling and electricity, while the main outputs
were bioplastic, wastewater, CO, and waste biomass. In
addition, environmental burdens aligned to the construction
phase were omitted, as the main contributions to the overall

Green Chem., 2023, 25, 5501-5516 | 5505
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Table 1 Specific oxygen barrier, density, thickness and equivalent mass of the plastic materials tested

Plastic material B (cm® pm per m” per day per kPa)*' p(kgm™) I (pm) Equivalent mass, m (kg) % (kgkg™)
PET 236.67 1400 % 54 131.98 978.24

PLA 17.75 1210 % 56 8.60 63.68

Ca(Alg), bioplastic 0.2 1686 80 0.135 1

Table 2 Normalized input—output data and energy profiles per kg of
Ca(Alg), produced

Raw materials

Raw wet seaweed/kg 16.54
Formaldehyde/kg 0.66
H,S0,/kg 2.67
Na,COs/kg 1.33
NaOCl/kg 0.70
MeOH/kg 1.69
CaCly/kg 0.51
Process water/kg 287.36
Starch/kg 0.02
CMC/kg 0.03
Sorbitol/kg 0.03
PEG-200/kg 0.01
Utilities

Electricity/kW h 0.287
Heating/M] 78.35
Cooling/M] 9.69
Emissions

Water lost to drying/kg 26.85
Wastewater/kg 281.49
Sargassum biomass/kg 1.84
CO,/kg 0.39
Products

Ca(Alg), bioplastic/kg 1

environmental impact were linked to the use of raw materials
and utilities, and emissions associated with the plastic pro-
duction processes.®®®” Biogenic CO, credits were assigned to
the Sargassum biomass accordingly®® while burdens allocated
to the waste biomass by-product were avoided (system bound-
ary expansion), through its utilization within the local agricul-
tural sector.”® Upstream inventories associated with raw
material extraction, transport and extrusion (processing), were
all derived from Ecoinvent v3.4 databases (ESI-Section 2.37). It
is worth nothing that transportation of the Sargassum biomass
was assumed to be minimal given the close proximity of the
bioplastic production facility to the harvesting points along
the Western Coast of Trinidad and Tobago.

The environmental impact was characterized by the ReCiPe
2016 H (hierarchist) model at the midpoint stage, defined and
calculated using SimaPro V8. The midpoint characterization
model utilizes 18 impact categories: global warming (GHG),
ozone depletion, ionizing radiation, ozone formation (human
health), particulate matter formation, ozone formation (terres-
trial ecosystems), acidification, freshwater eutrophication,
marine eutrophication, terrestrial ecotoxicity, freshwater eco-
toxicity, marine ecotoxicity, human carcinogenic toxicity,
human non-carcinogenic toxicity, land utilization, resource
scarcity, fossil scarcity and water consumption - for which the
overall performance of each plastic product was assessed and
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compared (ESI-Section 2.31). Furthermore, scenario specific
environmental impacts were considered, whereby potential
environmental benefits of cleaner supply chains, incorporating
E-MeOH and bioenergy in line with Trinidad and Tobago’s
ambitions on green MeOH,”® are compared to BAU processes.
For this study, relevance on the environmental impact
interpretation was placed on GHG emissions. However, to
illustrate and inform on possible burden shifting, consider-
ation was also placed on those impact categories where
environmental benefits (trade-offs) were not observed across
scenarios.

Trinidad and Tobago, where our conceptual plant is
located, is one of the world’s largest MeOH producers, relying
on its large natural gas fields.”" However, recent ambitions in
carbon capture and storage via enhanced oil recovery,” as well
as a significant wind power resource” has linked the growing
energy sector to cleaner supply chains. Thus, all of these fea-
tures make Trinidad and Tobago an ideal future hub for
E-MeOH and would offer a sustainable feedstock in the algi-
nate bioplastic production process. Although still a very small
part of Trinidad and Tobago’s energy supply, renewables are
steadily increasing, and in 2019, bioenergy represented 93% of
all its renewable energy.”* Bioenergy is therefore also a logical
alternative choice of heat and power in the alginate plastic
manufacturing process, relying on the local healthy agri-
business and forestry industry.

2.4 Economic assessment

The economic viability of the manufacturing process was ana-
lyzed using total annualized cost (TAC) as the performance
indicator. The economic feasibility of the process was evalu-
ated by calculating the TAC at an interest rate of 15% over an
estimated investment lifetime of 10 years.””> Due to the lack of
detailed engineering quotations, a class III costing approach”®
was used to estimate the capital expenditure (CAPEX).
Therefore, different costing methodologies clearly defined and
presented in past TEA studies,””’””’® such as bare module
cost,”® lang factor and power factor”® methodologies were used
in developing CAPEX costs.

Region specific parameters aligned to Trinidad and Tobago
as well as market analysis and costing data were utilized in
determining operating costs (OPEX) associated with raw
materials, utilities and labour - presented in Table 3. In the
absence of information on the current market, consumer
prices were used and inflated to 2019 prices. A detailed over-
view of the calculations used in estimating CAPEX and OPEX
costs are given in ESI-Section 1.1.7 Finally, a sensitivity ana-
lysis was carried out on the most significant contributing

This journal is © The Royal Society of Chemistry 2023
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Table 3 Region specific economic parameters used in determining
TAC for the alginate bioplastic composite process flowsheet

Parameter Value
Depreciation method”® Straight line
Cost year for analysis 2019

CEPCI 2019 *° 619.2
Operating hours (hy )"’ 7920

H,S0, ($US per MT)"® 94

Na,CO; ($US per M 8)81 233
MeOH ($US per MT)* 430
Formaldehyde ($US per MT)*? 201

NaOCl ($US per MT)** 69

Starch ($US per M B)85 610
CMC ($Us per MT) 2410
Sorbitol ($US per MT)87 638
PEG-200 ($US per MT)** 2000
CaCl, ($US per MT)*’ 351
Low pressure steam ($US per GJ)”® 2.78
Cooling water (SUS per GJ)”° 0.378
Process water ($US per MT)”® 1.52
Electricity from grid ($US per kW h)*° 0.0264

factors to the TAC of the Ca(Alg), bioplastic to determine the
outlook on the future market growth.

3. Results and discussion

An overview of the results of the techno-economic and environ-
mental assessments of our Ca(Alg), bioplastic process is
described here. Case-specific inventories linked to the pre-
defined system boundaries were derived from mass and energy
balances and utilized to measure both environmental and
economic sustainability, in comparison to BAU synthetic and
bio-based plastics. Firstly, the environmental performance
details the major contributions to GHG impact, highlighting
and providing solutions to hotspot areas of concern while eval-
uating Ca(Alg), bioplastic performance in meeting ultra-low
oxygen barrier. Secondly, the economic performance considers
the impact of various feedstock and utility costs on both Na
(Alg) and Ca(Alg), production as well as considers the overall
sensitivity of market prices on the future economic sustain-
ability of our Ca(Alg), bioplastic. Finally, from assessing both
performance indicators, local policies were constructed to
promote a vibrant and sustainable alginate bioplastic industry
within the Caribbean region.

3.1 Environmental performance

The environmental impact of the bioplastic process and the
effect of supply chain environmental burdens are presented in
Fig. 3. For BAU bioplastic production, main hotspots identified
were associated with energy consumption across the bioplastic
flowsheet-heating (61%), as well as chemical consumption
attached to NaAlg extraction and production - Na,CO; (16%),
MeOH (11%), NaOCl (18%) and H,SO, (5%), and Sargassum
pre-treatment - formaldehyde (6.4%). It is worth noting that
the wastewater generated in the manufacture of the alginate
bioplastic would have a significant content in sulfates from

This journal is © The Royal Society of Chemistry 2023
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the acid treatment and bleaching steps. However, special treat-
ment of such wastewater can be addressed by ultrafiltration at
local wastewater plants, and this can be met by the local man-
ufacturing industry and wastewater treatment facilities.”™**
Minor GHG impacts, cumulatively up to 12%, were linked to
other processes such as plasticizer (PEG-200, sorbitol) and
reinforcement material use (starch, CMC), water, electricity
consumption and wastewater treatment. Environmental
burdens from these processes correspond to the release of
CO,, CH, and N,O arising from raw material extraction, pro-
cessing, and fossil fuel consumption. Apart from GHG
burdens, significant environmental benefits were aligned to
seaweed biogenic CO, uptake; avoiding up to 33% GHG emis-
sions while the utilization of residual biomass in agriculture
contributes up to 2% of the GHG offset.

Considering the normalized GHG impact (kg CO,eq per kg
plastic) across plastic products shows major burdens aligned
to polymer manufacturing across all materials. For PET plas-
tics, 85% of the normalized impact lies in polymerization
(ESI-Section 2.3t), while 15% of the emissions arise from extru-
sion and fabrication. Upon comparison, PLA production yields
similar results; however, biogenic CO, uptake from the use of
corn results in 61% avoided GHG emissions. Overall, our results
illustrate BAU bioplastic production to be largely GHG emitting,
producing 3-7 times as much CO, emissions as PET and PLA
(Fig. 3). Similar findings have been reported on composite
materials,”> emphasizing the influence of embedded supply
chain environmental burdens on GHG impact. On substituting
bioenergy for heating within the bioplastic flowsheet accounts
for a 74% reduction in the normalized GHG impact, decreasing
emissions to 4.67 kg CO,eq per kg bioplastic. Ultimately, by
further incorporating E-MeOH supply chains, normalized GHG
impact reduces by 79% across the bioplastic system and 43%
compared to PET processing. Thus, with the advent of new
efficient technologies, utilization of cleaner energy sources and
raw materials, and the intervention of circular process integration
strategies,”” net GHG impact is expected to further decrease-sup-
porting low carbon processes.”®

While normalized quotas for the bioplastic process shows
high GHG impacts, the total GHG emissions (kg CO,eq) pro-
duced for an equivalent mass of plastic material in meeting
ultra-low oxygen barrier properties (Table 1) were 978 and 64
times lower than that of PET and PLA. Focusing on the equi-
valent mass of each material, PET performs the worse at a total
GHG impact of 498 kg CO,eq while PLA produces 11.85 kg
CO,eq. Thus, for an effective plastic packaging with high
oxygen resistance, our alginate bioplastic composite outper-
forms with total GHG impact varying between 0.3-1.37 kg
CO,eq aligned to BAU and low carbon operations.

In promoting sustainable operations of the bioplastic pro-
duction flowsheet, significant burden shifting was observed
across human non-carcinogenic toxicity, land use, and terres-
trial ecotoxicity (Fig. 3) - whereby collateral damage arises
from the intervention of both bioenergy and E-MeOH within
the process design. Focusing on BAU bioplastic production,
the highest environmental burdens across land use, human
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Fig. 3 Case specific characterized cradle-to-grave LCIA results using ReCiPe 2006 (H) methodology: GHG (GWP140,), human non-carcinogenic
toxicity, land use and terrestrial ecotoxicty for BAU bioplastic production using fossil-based MeOH and energy compared to cleaner processes
incorporating E-MeOH and bioenergy. Normalized GHG emissions presented for synthetic (PET) and bio-based (PLA) plastics.

non-carcinogenic toxicity and terrestrial ecotoxicity were
associated with Na,CO; (13-18%), H,SO, (12-52%) and NaClO
(15-22%) production. These impacts were linked to the release
of Zn, As, Cr and V related to mining, quarrying and fossil fuel
extraction activities as well as land transformation and occu-
pation. Through the inclusion of low carbon heating and
E-MeOH, the overall impact across these categories worsen —
with a 19-50% increase reported for human non-carcinogenic
toxicity and terrestrial ecotoxicity, and up to 9 times higher
impacts estimated for land use. The highest burdens (30-90%)
were associated with the use of wood chips for bioenergy,
leading to shifts in forest transformation and the release of
metals embedded within waste streams. Although burden-
shifting is considered problematic in proposing new processes
aiming at promoting sustainable operations, our results
(ESI-Section 2.3%) illustrate incurred environmental benefits
across 15 of the 18 impact categories — supporting the need to
offset GHG impact through low carbon supply chains.

3.2 Economic performance

To better understand the economic feasibility of plastic fabri-
cation and production process scheme, TAC was analyzed at
both the biopolymer production (Fig. 4) and bioplastic manu-

5508 | Green Chem., 2023, 25, 5501-5516

facture (Fig. 5) phases of the proposed flowsheet (Fig. 1).
Focusing firstly on NaAlg production, Fig. 4 highlights the TAC
per kg NaAlg and the influence of the raw materials, utilities,
labor costs, capital costs and fixed costs on the overall raw
material price. The TAC was found to be $US 5.94 per kg
NaAlg, with MeOH, Na,COs3, capital costs and fixed costs con-
tributing the most to the TAC - up to 26%, 10%, 5% and 31%
respectively. These high contributions among inputs were
attributed to the material flows within the process structure
coupled with high market prices. Mass balancing (Table 2)
shows significant amounts of Na,CO; (2584 kg h™') and
MeOH (3287 kg h™') were used in the multistage extraction
and precipitation sub-processes. Additionally, high costs
aligned to operating labour, capital investment and contingen-
cies were owed to the large number of equipment present
within the processing steps. Considering the bioplastic pro-
duction phase, the Ca(Alg), TAC (Fig. 5) was found to be $US
4.56 per kg - with NaAlg and fixed costs contributing the most
at 67% and 21% respectively. Given the overall process, the
TAC for the bioplastic is directly proportional to its raw
material and thus, the cost in processing and extracting NaAlg
carries the largest contributions in promoting a feasible bio-
plastic manufacturing route.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 TAC breakdown for NaAlg as a function of raw materials (formaldehyde, H,SO,4, Na,COs, MeOH, NaClO, process water), fixed costs, capital
costs, labor costs, utilities (electricity, heating, cooling), with a direct comparison to synthetic plastic and bio-based resins. Synthetic plastics include:
PVC (polyvinyl chloride), PC (polycarbonate), LDPE (low density polyethylene), PS (polystyrene), PP (polypropylene), HDPE (high density polyethyl-
ene) and PET (polyethylene terephthalate). Bio-based resins include: PLA (polylactic acid) and PHA (polyhydroxyalkanoates). Cost window signifies

variability within current market prices.

The decrease in TAC observed from raw material to final
plastic product is an uncharacteristic attribute of the Ca(Alg),
bioplastic process. From comparing synthetic and bio-based
sources given in Fig. 4 and 5, TAC generally gets more expen-
sive. However, for the Ca(Alg), bioplastic, the TAC was found to
decrease by 23% moving from raw material to final product.
This was linked to the production capacity and the inherent
energy and resource intensity of the NaAlg production. The
process was designed to produce 7.92 kilotons per annum (kt
per a) of NaAlg, which subsequently produces 15.4 kt per a of
Ca(Alg), bioplastic. The larger production of Ca(Alg), results in
cost advantages due to economies of scale.’® This production
capacity is not uncommon for bioplastics as it fits within the
range (1-140 kt per a) for current PLA processes.94

In comparing the TAC of both NaAlg material and Ca(Alg),
bioplastic, the cost variability was significantly lower than con-
ventional PHA and PLA as well as PC products. Comparing
NaAlg raw material cost to the synthetic and bio-based alterna-
tives (Fig. 4), NaAlg cost window ($US 5.35 per kg-$US 6.54 per
kg) was more stable than those of virgin bio-based resins-PLA
and PHA ($US 2.33 per kg-$US 8.22 per kg) — with NaAlg cost

This journal is © The Royal Society of Chemistry 2023

falling within the range for bio-based resins. However, the
NaAlg cost was approximately 3-7 times higher than the cost
of synthetic plastic resins such as PET, HDPE, PP, PS, LDPE,
PC and PVC ($US 0.75 per kg-$US 1.7 per kg). The current con-
sumer price of NaAlg is in the range of $US 1.6 per kg-$US 6.9
per kg (ref. 95) and it can be seen that our NaAlg production
scheme is on the higher end of the range. This can be attribu-
ted to the fact that commercially available NaAlg supply chains
are derived from high alginate yield seaweeds (35% higher
than Sargassum) Laminaria digitata and Macrocystis pyrifera,
which are farmed and harvested.’® Fig. 5 shows the cost of the
Ca(Alg), bioplastic to be significantly lower (62-71%) than the
cost of PLA sheets and approximately 159-310% higher than
the cost of the fossil-based plastic sheets ($US 1.4 per kg-$US
3.0 per kg), with the exception of PC plastic sheets. In
addition, the cost window for the PLA sheets ($US 6.15 per kg—
$US 7.65 per kg) indicates a high variability to changes in
market prices as compared to the Ca(Alg), bioplastic ($US 4.35
per kg-$US 4.77 per kg).

This observed non-competitiveness of bioplastics compared
to fossil-based synthetic polymers is not surprising as previous

Green Chem., 2023, 25, 5501-5516 | 5509
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Fig. 5 TAC breakdown for Ca(Alg), bioplastic as a function of raw materials (NaAlg, sorbitol, CaCl,, CMC, process water, starch, PEG-200), fixed
costs, capital costs, labor costs, utilities (electricity, heating, cooling), with a direct comparison to synthetic plastic and bio-based sheets. Synthetic
plastics include: PVC (polyvinyl chloride), PC (polycarbonate), LDPE (low density polyethylene), PS (polystyrene), PP (polypropylene), HDPE (high
density polyethylene) and PET (polyethylene terephthalate). Bio-based sheet include: PLA (polylactic acid). Cost window signifies variability within

current market prices.

work has shown significant price variations between the two
plastic types®” — mainly linked to lower commodity prices and
higher process scalability favoring fossil-based routes.’®
Nonetheless, Ca(Alg), bioplastic sheets are on the higher end
of the range for conventional bioplastics attributed to higher
raw material costs embedded within the use of low-quality sea-
weeds. Ultimately, our results showcase the cost competitive-
ness of Ca(Alg), bioplastics within current bio-based markets,
and the overall infeasibility among synthetic production
schemes.

In promoting a low carbon Ca(Alg), process, Fig. 6 illus-
trates the cost variability in embedding sustainable supply
chains, through bioenergy and E-MeOH, within the BAU bio-
plastic flowsheet. Our results highlight the feasibility of bioe-
nergy integration, with a 5% increase in TAC, compared to
expensive E-MeOH production-which results in a 23% increase
in the overall Ca(Alg), cost. As global E-MeOH supply chains
emerge and CO,-based MeOH competes with fossil-based
technologies,” the expectation is that future low carbon Ca
(Alg), economic feasibility will greatly improve.

5510 | Green Chem., 2023, 25, 5501-5516

In terms of cost contributions, the intrinsic nature of the
Ca(Alg), flowsheet; even with the consolidation of low carbon
supply chains, gives similar results-with NaAlg dominating
(65-72%) the overall economic sustainability of the bioplastic
process. While comparing the low carbon Ca(Alg), TAC (Fig. 6)
to other plastics shows a cheaper alternative to PLA but much
more expensive replacement to PET, the total cost reveals com-
petitive advantages — with PET packaging costing 280 times
more than low carbon Ca(Alg), in meeting ultra-low oxygen
barrier. Thus, among the various packaging materials, low
carbon Ca(Alg), emerges as a sustainable solution for oxygen-
sensitive products.

3.3 Sensitivity analysis

A sensitivity analysis was conducted on the Ca(Alg), bioplastic
process to investigate the effects of cost factors on TAC, as
shown in Fig. 7. Sensitivities were investigated using current
and future market trends available for the largest contributors,
notably: NaAlg, CaCl, and CMC, while fixed costs were varied
by +20% based on technology learning rates’® and capital

This journal is © The Royal Society of Chemistry 2023
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Implemented LCA costs and the effect on TAC and breakdown as a function of raw materials (NaAlg, sorbitol, CaCl,, CMC, process water,

starch, PEG-200), fixed costs, capital costs, labor costs, utilities (electricity, heating, cooling), with a direct comparison to synthetic plastic PET and
bio-based plastic PLA. The cost window shows cost variability within current market prices.

costs were varied by +25% adapted from Leén et al. (2020).*°°

From the analysis, capital cost, CaCl, and CMC exhibited little
TAC sensitivity — between —0.4% to 0.4%, —0.4% to 1.3% and
0.4% to 1.1% respectively. Moreover, fixed costs produced mar-
ginal sensitivities to TAC at +4.2%, attributed to changes in
depreciation, local taxes, insurance and contingencies.”®
Among all contributors, NaAlg was found to be the most
sensitive with changes in TAC of —-60% to +13%. The
current market price of NaAlg is very sensitive and is trend-
ing towards the lower end of the TAC range. Thus, the
current price of our NaAlg raw material can be improved
through process integration and optimization, lower equip-
ment and chemical costs, enhanced technical development
and better supply chain logistics.>®°”"*°" Furthermore, given
that the Ca(Alg), bioplastic industry is at a low technology
maturity level, driving costs down are timely. According to
the nine-point TRL scale,'®” the alginate bioplastic industry
currently stands at 5-6. At this level, mainly pilot scale
systems are considered and therefore, exists potential for
major growth through technological maturity coupled with

This journal is © The Royal Society of Chemistry 2023

multiple production routes, valorization of waste material,
forward-looking management of critical raw materials and
exploitation of biotechnology.'®*™'

3.4 Policy agenda

In order to further reduce the cost of the alginate bioplastic,
scientific policy-oriented stimuli are required. A driver for the
development of this policy framework is the establishment of
the United Nations’ 17 sustainable development goals (SDG’s).
In accordance to these goals, plastic production needs to
involve the use of renewable sources without impacts on
human health (SDG3), climate change (SDG13), life below
water (SDG14), life on land (SDG15) and should involve
resource circularity aiding in sustainable cities and commu-
nities (SDG11) and responsible production and consumption
(SDG12)."°

In Trinidad and Tobago, the National Waste Recycling
Policy®® reports synthetic plastics account for 16-26% of the
waste in four major landfills (Beetham, Forres Park, Guanapo
and Guapo). This policy encourages the recovery of waste,
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Fig. 7 TAC sensitivity of Ca(Alg), bioplastic as a function of cost variables. Major cost variables included fixed costs, capital costs and raw material
(NaAlg, CaCl, and CMC) costs. For each cost variable, the base cost, illustrated as the center value in brackets, were varied showing the associated

sensitivity on the TAC. Current Ca(Alg), TAC = $US 4.56 per kg.

including recycling, reuse or reclamation, and the use of waste
as a source of energy. In addition, the policy suggests that the
removal of recyclable material from the waste stream, the
reuse/recycling of such recyclable materials, and the pro-
motion of composting by households, can extend the life and
capacity of the existing landfills to meet the final waste dispo-
sal needs of the country. However, this is not implemented on
a larger scale as records from the Trinidad and Tobago Solid
Waste Management Company Limited indicate that a signifi-
cant amount of recyclable materials (including plastics) are
being disposed of at landfills instead of being recycled or
valorized.”> Consequently, this contributes to the on-going
plastic pollution problem and leads to significant waste dispo-
sal issues. Therefore, there is strong motivation to innovate
new sustainable materials that can replace synthetic plastics —
with Ca(Alg), bioplastic as an excellent candidate.

However, there is very little to no information that exists in
Trinidad and Tobago incentivizing the use and implemen-
tation of bioplastic materials. Firstly, government subsidies
and grants can motivate companies to develop partnerships
between stakeholders in the supply chain, providing direct
support and reducing the expenses involved with the manufac-
turing of bioplastics.'®” Secondly, the implementation of
fossil-based carbon taxes or tariffs on synthetic plastics can
further increase economic feasibility.'°* Moreover, landfill and
plastic taxes for excessive plastic waste can be applied,

5512 | Green Chem., 2023, 25, 5501-5516

encouraging the use of sustainable plastic alternatives while
promoting greater recycling and reuse among single use
plastic packaging.'%®

As the awareness of natural resources and environmental
conservation increases, consumers are more likely to purchase
bio-based materials thus, driving the demand for bioplas-
tics.’® This was observed in a study that evaluated the atti-
tudes on Europeans to both plastics and bioplastics-where
98% of participants were more engaged in reducing the use of
plastics and adopting sustainable alternatives.''® Thus, similar
environmental awareness campaigns can be adopted locally to
stimulate such responses in citizens.

The results of this study illustrates the transferable value in
utilizing Sargassum seaweed for the production of ultra-low
oxygen barrier bioplastics across various levels. Economically,
it serves as avenues to value creation and GDP growth across
the Caribbean and the global bioplastics industry - directly
competing with commercial alternatives. Additionally, it
informs on policies that can be adapted widely across the
global plastic packaging network including, but not limited to
the Ellen MacArthur Foundation, and United Nations
Environment Program (UNEP) who are huge advocates and
pioneers for changes in plastic packaging that are bio-
degradable, sustainable, and less polluting. In terms of trans-
lational value, our modelling framework provides technical
knowledge aligned to clean energy integration, scale-up and

This journal is © The Royal Society of Chemistry 2023
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productivity, techno-economics and life cycle assessment
methodologies, which can be transferred and incorporated
into the development of novel industries, in alignment with
UNSDGs.

Ultimately, the approach of sound policies aligned to
plastic waste reduction coupled with improved consumer
awareness can help to drive greater economic feasibility of a
novel alginate bioplastic industry.

4. Conclusions

In mitigating the effects of Sargassum migration onto
Caribbean shores while also advocating for sustainable packa-
ging, this study presents a novel, calcium alginate composite
bioplastic manufacturing process within Trinidad and Tobago.
Economic feasibility and environmental impacts of the
process flowsheet were evaluated using TEA and LCA method-
ologies, and results were compared to current BAU bio-based
(PLA) and synthetic plastics (PET). Cradle-to-gate LCA results
revealed 3-7 times greater GHG impacts linked to Ca(Alg), bio-
plastic over PLA and PET films. For BAU bioplastic production,
main hotspots identified were associated with energy (61%)
and chemical consumption (50%) across the bioplastic flow-
sheet. In addition, the highest environmental burdens for BAU
bioplastic production were observed for land use, human non-
carcinogenic toxicity and terrestrial ecotoxicity — with Na,COj3;
(13-18%), H,SO,4 (12-52%) and NaClO (15-22%) as the main
contributors. Through the integration of low carbon bioenergy
and E-MeOH supply chains, GHG impact reduces by 79% -
illustrating a pathway to a more sustainable bioplastic pro-
duction flowsheet.

Additionally, economic assessments for NaAlg production
gave a TAC score of $US 5.94 per kg - with MeOH (26%),
Na,COj; (10%) capital costs (5%) and fixed costs (31%) contri-
buting the most to the product price. Furthermore, the TAC for
Ca(Alg), bioplastic was $US 4.56 per kg, ensuring a cost com-
petitive alternative to current bio-based films but an overall
expensive replacement to synthetic packaging. Moreover,
insights into TAC sensitivity highlights variability mainly
associated with sodium alginate prices — contributing up to
67% to the overall cost. However, in meeting ultra-low oxygen
barrier properties, the Ca(Alg), bioplastic outperforms - with a
carbon footprint 64-978 times lower than PLA and PET
respectively, and overall packaging costs 280 times lower than
current synthetic plastic. Embedded within our environ-
mental results, specific sensitivities were apparent, based on
the functional unit. Thus, in order to foster higher econ-
omic viability of the alginate bioplastic industry and
promote sustainable packaging options in line with the
National Waste Recycling Policy of Trinidad and Tobago,
effective policies need to be implemented. These include
fossil-based carbon taxes or tariffs on synthetic plastics,
landfill and plastic taxes for excessive plastic waste and
improved consumer awareness as a means of incentivizing
bioplastic alternatives while promoting greater recycling and

This journal is © The Royal Society of Chemistry 2023
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reuse among single use plastic packaging. Embedded within
our environmental results, sensitivities were noted, linked to
the functional unit of the plastic material. While our bio-
plastic product was fit for purpose, aligned to ultra-low
oxygen barrier, comparison to other material properties
such as tensile strength and water resistance would call for
a radical new design. Thus, broader product development
can be considered in future work, whereby Sargassum-
derived bioplastic materials can play a role in meeting
specific properties across packaging needs. Ultimately, our
study illustrates a feasible and sustainable alginate bioplas-
tic substitute, encouraging and informing packaging inno-
vation while attaining low carbon operations within the
Caribbean plastic sector aligned with the UNSDGs.

Abbreviations

BAU Business as usual

CacCl, Calcium chloride

CAPEX  Capital costs

CEPCI Chemical engineering plant cost index
CMC Carboxymethyl cellulose
E-MeOH E-methanol
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