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This study aims to contribute to the sustainable development of blue growth in Europe via cascade biorefineries
of native seaweed bioresources by investigating the economic viability and environmental sustainability of three
conceptual macroalgal biorefinery systems that utilize endemic brown macroalgae Laminaria digitata, Fucus
vesiculosus, and Saccharina latissima. The present study conceptualised lab and pilot scale demonstration trials
conducted in the MAB4 research project as fully operational biorefinery systems producing food-grade fucoidan
and laminarin via sequential extraction and producing feed supplement via side-stream valorisation. The eco
nomic analysis of the base case scenario (Part I) identified the membrane use and extraction efficiency as two
critical techno-economic barriers for the biorefinery systems. In the improved technology scenarios (Part II), all
systems demonstrated promising economic potentials. Over a 15-year project span, pilot scale systems (2–7
metric tons (t) dry matter (dm) feedstock/year) and industrial scale systems (900 t dm/year) obtained a net
present value (NPV) of 20–506 k EUR and 186–454 Mio EUR, respectively. Feedstock costs and laminarin and
fucoidan sales are the major cost and revenue drivers. A sensitivity analysis of the economic viability of industrial
scale systems (Part III) identified the break-even price of 33, 52, and 67 EUR/kg dm feedstock for the
F. vesiculosus, S. latissima, and L. digitata system, respectively. The net carbon footprint and net water footprint of
the industrial scale systems range from 3.8 to 11 kg CO2eq./kg dm feedstock and from 0.1 to 0.2 m3 water/kg dm
feedstock, respectively. Onsite energy consumption for product drying and process heating and the upstream
energy use for membrane manufacturing dominate the system-level carbon footprints, with a respective share of
37–70% and 8–61%. Further development towards environmental sustainability can be achieved by internal
process and system optimizations and externally by greening the electricity mix.

1. Introduction
The concept of biorefinery emerged in the global context of popu
lation growth, increased human consumption of energy and materials,
and reduced ecological resilience of the planet Earth resulting from
various anthropogenic disturbances [1], which necessitates a transition
from fossil-based linear economy towards circular bioeconomy using
renewable resources. Biorefineries, utilizing renewable biological

resources to produce basic building blocks for materials, chemicals, and
energy, represents an alternative to fossil-based refineries anda potential
pathway to circular bioeconomy, thereby contributing to economic
growth and planetary resiliency.
Seaweeds (or macroalgae), which are underexploited local bio
resources in Europe, have recently attracted considerable interests from
academic institutes and stakeholders in the secondary sector of the
economy for their potential uses as biorefinery feedstocks to produce
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commodities of high value [2–4]. Among species endemic to European
waters, brown seaweeds Laminaria digitata, Fucus vesiculosus, and Sac
charina latissima have demonstrated great valorisation potentials. The
rich contents of polysaccharides in the biomass enable their applications
in producing biofuels, e.g. ethanol, butanol, and biogas [5,6], and
platform chemicals [7–9]. The biomass also possesses biomolecules with
functionalities, such as hydrocolloids, dietary fibres, and prebiotics of
beta-glucans from laminarin and fucus polymers of fucoidans [10,11].
Some constituent biomolecules of these three species exert bioactive
effects such as anti-inflammatory, blood pressure and cholesterolreducing as well as obesity regulative effects, opening up opportu
nities for their applications in functional food and feed, cosmetic, nu
traceutical, and pharmaceutical industries [12–14].
To develop eco-industrial system designs, ex-ante assessment studies
are often conducted to pinpoint hotspots with significant environmental
and economic costs and benefits. The assessments provide researchbased decision support based on the insights gained from the assess
ments to promote sustainable consumption and production practices in
industrial activities and to grasp opportunities for optimal business
plans [2,15,16]. To date, a few economic and environmental assessment
studies have been conducted in the context of seaweed biorefinery
[9,17–24]. The majority of these studies were performed at an early
stage of the system development and product commercialization with
the primary objective being to examine the economic viability of the
investigated biorefinery systems and benchmark their ecological per
formance against environmental sustainability goals. Data of the most
studies were retrieved from pilot tests or lab experiments, and in a few
cases, the research was conducted exclusively based on literature data
and assumptions and simplifications had to be made to fill data gaps.
Nevertheless, such ex-ante assessment studies are of great importance
for preventing financial risks and negative environmental impacts of the
designed systems and supporting the decisions of technical improve
ments and eco-designs. So far, however, no assessment studies have
performed process modelling of macroalgal biorefinery systems
featuring the extraction of high-value biomolecules and provided per
spectives on the economic viability and environmental sustainability of
such novel systems.
Cascade utilisation of seaweeds using a biorefinery approach to
produce high-value intermediate or end products for new markets is
subjected to growing research and commercialisation interests. Uti
lisation pathways have been developed for various brown seaweeds
[25–28], green seaweeds [29,30], and red seaweeds [31,32]. In the
MAB41 research project, a novel biorefinery system design was devel
oped, featuring organic solvent-free extraction technologies and cascade
utilisation of brown macroalgae for the production of food-grade lami
narin and fucoidan, alginate, and protein [11]. This novel design was
trialled for L. digitata and F. vesiculosus at pilot scale and S. latissima at
lab scale [11]. In this paper, we present a projection of three novel
biorefinery systems with respective feedstocks (L. digitata, F. vesiculosus,
and S. latissima) in a fully operational mode at pilot and industrial scales
based on systematic process modelling and thorough scheduling plans,
which evolved from the process design and demonstration trials of the
MAB4 research project [11]. An evaluation of the biorefinery systems
was performed by adopting the Net Present Value (NPV) and Life Cycle
Assessment (LCA) methodologies to acquire knowledge of the key
techno-economic barriers and potential profitability and opportunities
for commercialising and upscaling the investigated biorefinery systems.
The assessment results were discussed to provide perspectives on crucial
process design factors and resource consumption patterns for advancing
the development of eco-industrial macroalgal biorefinery systems,

thereby boosting the sustainable blue growth via seaweed resource
valorisation.
2. Materials and methods
2.1. Assessment framework
This assessment study consisted of three parts, with each providing a
unique perspective on the conceptual biorefinery systems and contrib
uting to the common goal of acquiring understandings of the economic
and environmental performance of the investigated systems in different
set-ups and their prospects in different decision contexts.
Part I consisted of economic feasibility analyses of the conceptual
biorefinery systems at the pilot scale (referred to as “base case scenario”
throughout this paper) to identify critical techno-economic barriers and
tipping points in system design factors. Based on the findings of the
analysis of the base case scenario, a hypothetical scenario was developed
where the identified barriers in three biorefinery systems are assumed to
be addressed by adopting technical improvements due to future tech
nological advances and breakthroughs, which is referred to hereafter as
“improved case scenario”. Part II evaluated the biorefinery systems in
the improved case scenario at pilot and industrial scale to identify sys
tem hotspots with significant environmental impacts and economic costs
and benefits. Part III included a sensitivity analysis to examine the
economic viability of industrial scale biorefinery systems in the
improved case scenario and a strengths, weaknesses, opportunities, and
threats (SWOT) analysis to summarise insights of relevance to policystakeholders, research communities, and financial investors about the
key considerations and efforts needed to strengthen the environmental
sustainability and economic viability of the investigated novel macro
algal biorefinery system designs.
2.2. System description
The focal biorefinery systems of the present assessment study (Fig. 1)
have a common “gate-to-gate” system boundary that starts with the
inflows of feedstocks (i.e. dried and milled brown seaweed biomass) and
ends with the outflows of biorefinery products (i.e. food-grade fucoidan
and laminarin and feed supplement). This modelling choice of “gate-togate” system boundary was made primarily due to the intended appli
cation of the present assessment for providing decision support on sys
tem design optimization. Another rationale for the exclusion of
upstream biomass production and pre-treatment processes and the
downstream applications and end-of-life processes of biorefinery out
puts was the paucity of knowledge and data.
Process modelling and subsequent assessments of the focal systems in
this study were based on the biorefinery system design developed by
Danish Technological Institute (DTI) in the MAB4 research project and
the lab and pilot demonstration trials conducted at DTI [11]. On top of
the initial process design and flow arrangements [11], this study added
liquid and solid side-stream valorisations to the biorefinery systems to
integrate the design principle of zero-waste. The following subsections
provide brief descriptions of the biorefinery processes included in the
system boundary, feedstocks, products, and the operating schedules of
the investigated systems.
2.2.1. Process description
2.2.1.1. Biorefinery section (1): Laminarin extraction and concentration
(from steps 1 to 4). In Step 1, feedstock (A1 in Fig. 1) is mixed with cold
water (A2) in a reactor tank, and the mixture is heated to 65 ◦ C and
subjected to continuous mixing for 3 h. Afterwards, the reaction mixture
(S000) is separated by a decanter centrifuge in Step 2 Solid-liquid Sep
aration (SLS) into a solid stream (S001) and a liquid stream (S002). Step
3 employs a high molecular weight cut-off (MWCO) ultrafiltration

1
MAB4, short for Macroalgae Biorefinery for High Value Products, is a
transdisciplinary research and innovation project with a geographical focus on
Denmark. Link: https://www.dti.dk/projects/project-8211-macroalgae-biorefi
nery-for-high-value-products-mab4/37420 (last accessed on 08/09/2021)
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Fig. 1. Flow diagrams showing key processing steps, inputs, outputs, and process streams of three conceptual biorefinery systems with respective feedstocks,
L. digitata, F. vesiculosus, and S. latissima, which evolved from the process design and demonstration trials developed in the MAB4 research project [11]. SLS stands for
solid-liquid separation. RO stands for reverse osmosis. kDa is short for kilodalton. As a side note, mannitol-rich and alginate-rich streams in the systems are utilized
for producing feed supplements as co-products, and mannitol-rich stream is also processed in section (3) to recover water resource.

membrane to capture large-size molecules (fucoidan and alginate) while
allowing water and solutes with lower molecular weight (laminarin) to
pass through. The retentate (S003) is diafiltered using tap water (A8)
and then mixed with the solid fraction obtained from Step 2 (S001). The
mixture (B5) is transferred to a cooling tank (8 ◦ C) for 2-day storage, and
to inhibit microbial growth during storage, food-grade hydrochloric acid

solution (30%, w/w) (A5) is added to reduce the pH of the mixture to 3.
Step 4 employs a low MWCO ultrafiltration membrane to concentrate
the laminarin extract in the feed stream while directing the solutes with
lower molecular weight to the permeate stream (S005). The concen
trated laminarin extract (S006) is transferred to a storage tank and kept
at − 20 ◦ C before the final product preparation in Section (4), and the
3
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Fig. 1. (continued).

filtrate (S005) is stored in a stainless steel tank before subsequent pro
cessing in Section (3). In the L. digitata system, the liquid fraction ob
tained from Step 2 (S002) is mixed with hydrochloric acid solution
(30%, w/w) (A3) to reduce the pH and viscosity by precipitating the
sodium alginate present in the liquid extract (S002), and sodium hy
droxide solution (25%, w/w) (A4) is added after Step 3 for
neutralisation.

collected from different processing steps in biorefinery Section (1) and
Section (2) and are considered to have rich contents of minerals and
small-size biomolecules such as mannitol. The water recovery rate of the
RO membrane is assumed to be 30% and the rejection rate for the
molecules is 99.7%. The recovered water, i.e. the filtrate obtained from
Step 11 (O4), is considered for reuse in the biorefinery systems to replace
the tap water needed in Step 1 (A2). The retentate obtained from Step 11
(S007) is mixed with the solid residuals obtained from Step 8 (S009)
before being transferred to Section (4) for feed supplement production.

2.2.1.2. Biorefinery section (2): Fucoidan extraction and concentration
(from step 7 to 9/10). In Step 7, the mixture (B5) from Section (1) is
heated to 65 ◦ C with continuous agitation, and additional tap water (A6)
is used in the S. latissima and F. vesiculosus systems. Next, the reaction
mixture (S008) is separated by a decanter centrifuge into a solid stream
(S009) and an aqueous stream (S010), the former of which is collected in
a storage tank for final product preparation and the latter is transferred
to a storage tank for further processing. In the L. digitata and
F. vesiculosus systems, Step 9 employs a microfiltration membrane to
concentrate the fucoidan extract, and the obtained retentate stream
(S011) is stored and then sent to Section (4) for final product prepara
tion. The permeate stream (S012) in the L. digitata system is returned to
Step 4 in Section (1) because a significant amount of laminarin was
found in this stream in the pilot scale trial [11], while the permeate
stream (S012) in the F. vesiculosus system is transferred to Section (3) for
side-stream valorisation. In the S. latissima system, the permeate stream
(S012) goes to Step 10 where a low MWCO membrane is employed to
concentrate the fucoidan extract. The retentate streams from Step 9
(S011) and Step 10 (S014) are combined and sent to Section (4) for final
product preparation, while the permeate stream (S013) is stored before
further processing in Section (3).

2.3.1.1. Biorefinery section (4): final product preparation (step 5 and 6).
For pasteurisation purpose, the extracts (B1, B2, and B3) are first heated
up to 85 ◦ C for 15 min. Then, spray drying of Step 6 transforms the
extracts into dry powder with a moisture content of 5%.
2.3.2. Feedstocks and primary outputs
The characterisation of the biorefinery feedstocks (Table 1) and the
extraction efficiency of primary outputs, laminarin and fucoidan
Table 1
Characterisation of the biorefinery feedstocks, dry and fine powder of
F. vesiculosus, L. digitata, and S. latissima (flow A1 in Fig. 1), modified from [11].
Composition

L. digitata

% dry matter
Glucosea
Galactoseb
Fucose2

49.0
0.6
2.7

±0.5
±0.9
±0.0

% biorefinery feedstock (dry and milled)
Water
13.7

2.3. Biorefinery section (3): side-stream valorisation (step 11)

a

F. vesiculosus

S. latissima

13.1
1.2
6.0

37.9
1.6
2.1

14.3

±0.7
±0.4
±0.3

±0.6
±0.4
±0.4

7.6

Glucose content is taken as the proxy for the laminarin content.
b
The contents of galactose and fucose are taken as the proxy for the fucoidan
content in the biomass.

Step 11 employs a reverse osmosis (RO) membrane to recover water
and nutrients from the combined aqueous side-streams (B4), which are
4
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economic and environmental assessments. To improve data trans
parency and facilitate the understanding and replication of the assess
ment results, details about the process modelling and complete process
inventories underlying the assessments (Section 3) are provided in the
Supplementary Information (SI).

Table 2
Extraction efficiency of laminarin and fucoidan (flow O1 and O2 in Fig. 1) in
three systems, modified from Ref. [11].
Laminarina
Fucoidanb

L. digitata

F. vesiculosus

S. latissima

55.8%
46.6%

28.8%
29.4%

44.6%
4.5%

2.4.2. Environmental assessment — life cycle assessment
The environmental sustainability of the systems was assessed by
performing a LCA according to the ISO guidelines [34,35]. A standard
LCA comprises four steps: goal and scope definition, inventory analysis,
impact assessment, and interpretation. As introduced in Section 2.1, the
objective of the LCA was to identify hotspots, and the scope was “gateto-gate”, meaning that only processes within the biorefinery systems and
associated process inputs and outputs and/or emissions were consid
ered. The LCA covered the environmental impacts associated with the
construction and operation of ISBL units, the manufacturing of con
sumables (i.e process inputs that are quickly used up and immediately
replaced, e.g. chemicals), the production and provisioning of electricity,
the production and provisioning of tap water, and the treatment of
wastewater. With the aforementioned objective and scope in mind, the
functional unit (FU) was defined as 1 kg dm feedstock processed in
systems that apply novel macroalgal biorefinery designs shown in Fig. 1.
The Life Cycle Inventory (LCI) was compiled based on the defined FU
and process inventories to prepare data for the subsequent Life Cycle
Impact Assessment (LCIA) in Simapro v9.1 applying LCIA method
ReCiPe 2016 (Midpoint; Hierarchist perspective); The workflow is
visualised in Fig. C. 2 in SI. The obtained LCIA results correspond to the
defined FU and are in relative terms, thus allowing for result comparison
across systems and scenarios. The LCIA results are also provided in this
study as the total impacts over a 15-year seaweed biorefinery project to
align with the economic assessment and to provide an absolute picture
of the environmental impacts of the biorefinery systems.

a

Laminarin content is estimated based on the measured glucose content.
Fucoidan content is estimated by taking the sum of measured fucose and
galactose.
b

(Table 2), were based on the measurements obtained from the lab and
pilot demonstration trials [11]. In the trials, the feedstocks were foodgrade dry and fine powder of L. digitata F. vesiculosus, and S. latissima
provided by Danish suppliers.
2.3.3. Scheduling plans
The conceptualised biorefinery systems of the present study were
considered to process feedstocks in a batch-processing mode and operate
all-year-round at full system capacity, irrespective of scales and sce
narios. The feedstock processing rate of the pilot scale systems was 14.8
kg feedstock in total weight (tw) for the L. digitata system, 44.7 kg tw for
the F. vesiculosus system, and 20.8 kg tw for the S. latissima system. For
the former two systems, the processing rates were the actual amounts of
feedstocks used in the pilot scale demonstration trials [11]. To ensure
comparability across systems, the S. latissima system tested at lab scale
trial [11] was up-scaled to the pilot scale by aligning the volume of the
retentate stream S003 in the S. latissima system with the minimum
membrane working volume in Step 3 in the L. digitata and F. vesiculosus
systems and then accordingly scaling up all mass flows linearly.
The batch-processing duration of all pilot scale systems was esti
mated to be 6 days and it included the clean-in-place (CIP) procedure.
The cycle time (i.e. the time between the commencements of consecu
tive batches) was 2 days based on the length of the most speed-limiting
process of spray drying. In one calendar year, the pilot scale biorefinery
systems have 180 times batch operations and process annually 2295,
6890, and 2180 kg tw L. digitata, F. vesiculosus, and S. latissima in dry and
fine powder form. For the investigated systems at the industrial scale,
the same cycle time of 2 days and the same amount of batch operations
of 180 times/year were assumed. The feedstock processing rates of
different systems at the industrial scale were aligned, being 5000 kg dry
matter (dm)/batch, i.e. 900 metric ton (t) dm/year and corresponding to
1043, 1050, and 974 t tw L. digitata, F. vesiculosus, and S. latissima in dry
and fine powder form.

2.4.3. Economic assessment — net present value
The economic viability of the systems was assessed by using the NPV
methodology, as applied in literature studies [22,36]. A 15-year in
vestment project on seaweed biorefinery running from 2020 to 2035 was
assumed for all analysed systems, including a 1-year construction period
and a 14-year operating period. Ideal market conditions were assumed:
no market entry barrier, no start-up periods, and stable market price
over the entire project span. In both base case and improved case sce
narios, the same price was assumed for feedstocks (10 EUR/kg dm) and
products (300 EUR/kg dm for laminarin and fucoidan and 15 EUR/kg
dm for feed supplement) in all systems.
The economic feasibility indicator, NPV, was calculated according to
Eq. (1) as the value of future net cash flows from the project in the
baseline year 2020. A positive NPV indicates that the projected earnings
generated by the project in present euros exceed the anticipated costs,
also in present euros, meaning that the project is profitable, while a
negative NPV means a net economic loss. The economic profitability
indicator, pay-back period, was calculated according to Eq. (2). It de
notes the period where the initial cash flow of the project has just been
recovered by individual annual cash inflows. A short pay-back period
means a quick return of the initial investment of the project, while a long
pay-back period indicates the long-term profitability of the project.

2.4. Assessment methods
2.4.1. Process modelling
Prior to assessments, this study first performed systematic process
modelling of the biorefinery systems at pilot and industrial production
scales based on primary data from the demonstration trials at pilot scale
(L. digitata and F. vesiculosus) and lab-scale (S. latissima) [11] and com
plementary data from secondary sources (scientific literature, databases,
industry reports, and e-commerce platforms) for data gap filling and
system upscaling.
Based on the process modelling, inventories were compiled by
mapping the essential equipment and infrastructural components of the
biorefinery systems, which will be referred to throughout this paper by
the term “inside-battery limit (ISBL) units” [33], and operational inputs
and outputs to lay an essential common ground for the subsequent

Payback Period = Numbers of years prior to full recovery +

t=15
∑

NPV =
t=1

Net Cash Flowt
(1 + Discount rate)t

Unrecovered cost at start of the year
Cash flow during the full recovery year

5

(1)

(2)
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discussion on critical techno-economic barriers and minimum optimi
zation requirements. Section 3.2 presents an evaluation of the bio
refinery systems in a hypothetical improved case scenario at pilot and
industrial scales (Part II) and a detailed contribution analysis to pinpoint
system hotspots. Section 3.3 presents a sensitivity analysis of the eco
nomic viability of the industrial scale systems in the improved case
scenario (Part III) to provide perspectives on potential financial viability
and tipping points in product prices and feedstock costs, and an over
view based on a SWOT analysis is provided showing the strengths,
weaknesses, opportunities, and threats of commercialising and upscal
ing the investigated biorefinery systems and boosting their development
towards environmental sustainability.

Table 3
Break-down of total captial investment (TCI), annual operating cost (AOC), and
annual net revenue (ANR) based on the factored-cost method [22,33] and as
sumptions made in this study.
Break-down

Abbreviations

Factors and
assumptions

Total capital
investment

TCI

TCI = i + j + FCI

Land
Working capital fund
Fixed capital
investment

i
j

i = 0.06 of TIC
j = 0.05 of FCI

FCI

d
e

FCI = TDC + TIDC
TDC = TIC + a + b +
c
TIC = ISBL + IC
*
IC = 0.1 of ISBL
a = 0.04 of TIC
b = 0.09 of TIC
c = 0.045 of TIC
TIDC = d + e + f + g
+h
d = 0.1 of TDC
e = 0.1 of TDC

f
g

f = 0.2 of TDC
g = 0.1 of TDC

h

h = 0.1 of TDC

Total direct cost
Total installed cost
Inside battery limit
Installation cost
Warehouse facility
Site development
Additional piping

TDC

Total indirect cost
Proratable expenses
Field expenses
Office construction
costs
Project contingency
Plant start-up and
permits

TIDC

Annual operating cost

Costs of sales
Sales of biorefinery products

ISBL
IC

a
b
c

AOC

Fixed operating cost
Labor and supervision
Property insurance and property
tax
Maintenance
Variable operating cost
Feedstocks
Utilities
Consumables
Annual net revenue

TIC

3.1. Part I: economic feasibility of systems in the base case scenario (pilot
scale)
The results of the economic feasibility assessment are shown in
Fig. 2. The pilot scale biorefinery systems in the base case scenario over a
project span of 15 years (including a 1-year construction period and a
14-year operating period) all obtain a negative NPV: − 3.7 Mio EUR for
the L. digitata system, − 3.3 Mio EUR for the F. vesiculosus system, and
− 4.3 Mio EUR for the S. latissima system. Overall, this indicates the
early-stage nature of the system designs of the investigated conceptual
macroalgal biorefineries and the existence of technical barriers
rendering the systems economically unfeasible. The subsections below
identify the main cost and revenue drivers and critical determinants of
system economic feasibility.

FOC = FOC +
VOC
FOC

VOC

k
l
m
n
o
p

ANR

3.1.1. Key cost and revenue drivers
Fig. 2a presents a detailed breakdown of the Variable Operating
Costs (VOCs), Sales, and ISBL costs of the biorefinery systems in the base
case scenario; These three economic indicators were selected for
detailed analyses as they are influential system-dependent economic
variables in the NPV calculations (Table 3). From scale differences on
the x-axis of Fig. 2a, we can infer that the overall economic loss of
3.3–4.3 Mio EUR in the systems is dominated by the negative balance
between annual VOCs and Sales, while the initial investment repre
sented by the ISBL costs has a marginal impact on the NPVs.
As shown by the upper chart in Fig. 2a, biorefinery sections (1) and
(2) are the hotspots of key cost drivers of VOCs. Major contributions are
found to be from the uses of membranes due to thehigh unit prices of
membrane modules and the frequent change of 90 times/year, ac
counting for 72–86% of the annual VOCs. The additional ultrafiltration
step in the L. digitata system (repeated Step 4; Fig. 1) and the S. latissima
system (Step 10; Fig. 1) leads to extra membrane costs hence higher
VOCs than the VOCs of the F. vesiculosus system.
The bottom chart of Fig. 2a shows the annual sales of three bio
refinery systems and the contributions from different biorefinery prod
ucts. Primary products, laminarin and fucoidan, with a selling price of
300 EUR/kg dm, contribute to 63–92% of the total annual sales, and the
rest is from the co-product, feed supplement, obtained via side-stream
valorisation.
Thanks to a rich biomass content of laminarin and high production
rates of both laminarin and fucoidan extracts (Table 2), L. digitata system
has the highest sales. F. vesiculosus system comes next due to the tripled
feedstock batch-processing rate than L. digitata and S. latissima systems
(Section 2.3.2), a rich content of fucoidan in natural biomass (Table 1),
and a high extraction efficiency of fucoidan (Table 2). In the S. latissima
system, laminarin and feed supplement are major revenue streams
contributing to 86% and 13% of the total annual sales, respectively, and
fucoidan contributes little primarily due to the low extraction efficiency
(Table 2), which was retrieved from a lab-scale trial and could have been
underestimated.
As shown by the second chart in Fig. 2a, the ISBL costs of the systems
in the base case scenario are identical due to a similar system set-up. The
major contribution to the ISBL costs across systems is from the spray

FOC = k + l + m
k = 0.016 of TCI
l = 0.07 of TCI
m = 0.03 of ISBL
VOC = n + o + p
*
*
*
TR = r - q

q
r

q = 0.1 of r
*

Note: * Details are provided in the Supplementary information (SI).

The discount rate in Eq. (1) was set as 7% based on a scientific report
on a developed grass biorefinery in Denmark [37]. The annual net cash
flows in Eq. (1) were calculated according to Eq. (3), where the total
capital investment (TCI), annual operating cost (AOC), and annual net
revenue (ANR) were estimated based on the factored-cost method [33]
and the factors summarised in Table 3 [22]. The economic data on ISBL
costs, feedstock costs, utility costs, consumable costs, and product sales
are provided in SI. It was assumed that the TCI is due in the construction
period (i.e. the first project year), and the balance between AOC and
ANR determines the annual net cash flows during the operating period
of the project, and the working capital fund (j, Table 3) remains intact
throughout the project and returns to the investor as a revenue stream in
the last project year. The calculations of TCI, AOC, ANR, NPV, and payback period were performed according to the procedure visualised in
Fig. C. 1. in the SI and were conducted in Excel spreadsheets.
Net Cash Flowt = TCI t=1 + AOCt∈[2,15] + ANRt∈[2,15] + jt=15

(3)

3. Results and discussion
Section 3.1 presents the results of the economic feasibility assess
ment of the biorefinery systems in the base case scenario (Part I) and a
6
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Fig. 2. Breakdown of the variable operating costs (VOCs), sales, and inside-battery limit (ISBL) costs of three pilot scale biorefinery systems in the base case scenario
(a) and the sensitivity of the net present value (NPV) of the systems to changes in the membrane change frequency and extraction efficiency of both laminarin and
fucoidan (b). All economic indicators shown in the plots are with reference to a 15-year project including a 1-year construction period and a 14-year operating period,
and the numbers reflect the value of money in year 2020. k is short for thousand, and Mio is short for million.

and fucoidan on economic potentials. The minimum requirements of
technical improvements to these factors for all three systems to obtain
economic feasibility (i.e. a NPV above 0) are to reduce the membrane
change frequency to 3 times/year and increase the extraction efficiency
of laminarin and fucoidan to 50%.

dryer in biorefinery Section (4), which also represents the most energyintensive and speed-limiting process in the base case scenario.
Overall, the modelled systems in the base case scenario are
economically infeasible due to the negative economic balances of the
years in the 14-year operating period, i.e. annually, the total revenues
are outnumbered by the total operational costs. For the latter, critical
factors are found to be the high change frequency of membrane modules
and sub-optimal extraction efficiency of laminarin and fucoidan.

3.2. Part II: evaluation of the improved case scenario (pilot and industrial
scales)

3.1.2. Minimum optimisation requirements
A sensitivity analysis was performed to explore opportunities for
technical improvements to realise the economic potentials of the
investigated biorefinery systems. Key factors identified in the previous
section, i.e. the change frequency of the membrane modules and the
extraction efficiency of laminarin and fucoidan, were varied, while the
rest of the parameters and factors used in process modelling and as
sessments remained unchanged.
The results are presented in Fig. 2b where each line shows how the
NPVs of the systems change in response to changes in the membrane
change frequency (x-axis), and the dots on the same vertical gridlines
show how NPVs change when the extraction efficiency of both fucoidan
and laminarin is varied between 50% and 95% while the membrane
change frequency is kept constant.
As shown in Fig. 2b, with the membrane change frequency held
constant at 90 times/year, the increases in the extraction efficiency from
the baseline (Table 2) to the most optimal case of 95% lead to a leap of 2
Mio EUR in the NPV of the F. vesiculosus system and an increase of
slightly over 1 Mio EUR in the NPVs of L. digitata and S. latissima systems.
However, the NPVs are still negative due to the high expenditure on
membrane uses. The systems become economically feasible only when
the membrane change frequency reduces significantly to 10–30 times/
year for L. digitata and F. vesiculosus systems and to 3–10 times/year for
the S. latissima system.
Overall, the sensitivity analysis demonstrates the determining effects
of membrane change frequency and extraction efficiency of laminarin

The improved case scenario was developed based on the findings of
the economic feasibility assessment presented in Section 3.1 and an
assumption that the biorefinery systems have undergone process opti
mizations and met the minimum requirements for common economic
feasibility — a membrane change frequency of 3 times/year and
extraction efficiency of 50% for both laminarin and fucoidan. The
“improved” systems were then evaluated to identify hotspots with sig
nificant environmental impacts and economic costs. Additionally, the
“improved” systems with a feedstock processing rate of 2–7 t dm/year
were upscaled to an industrial production scale with a processing rate of
900 t dm/year to explore the upscaling and economic potentials.
3.2.1. Environmental hotspots
Table 4 presents the overall impacts caused by the pilot scale and
industrial scale biorefinery systems on global warming, water con
sumption, and mineral resource scarcity, which are characterized as
global warming potential (GWP) expressed in the unit of kg CO2eq.,
water consumption potential (WCP) expressed in m3 freshwatereq., and
surplus ore potential (SOP) expressed in kg Cueq., respectively. These
three impact categories were selected based on their significance and
relevance to seaweed biorefinery; Complete results covering all 18
impact categories of ReCiPe method are provided in SI. The LCIA results
in Table 4 and SI are expressed in the unit of 1 kg dm feedstock, i.e. the
FU of the LCA (Section 2.3.2) and also presented with reference to the
15-year investment project on seaweed biorefinery defined for NPV
calculations (Section 2.3.3). To align with the economic assessment,
7
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Table 4
Economic and environmental performance of the biorefinery systems in the improved case scenario at pilot scale and industrial scale. Economic indicators, net present
value (NPV) and pay-back period, indicate the economic feasibility and profitability of a 15-year project with 1-year construction and 14-year production of the
investigated biorefinery systems. Environmental impacts on global warming, water consumption, mineral resource scarcity, characterized as global warming potential
(GWP), water consumption potential (WCP), and surplus ore potential (SOP), respectively, are expressed in the unit of 1 kg dry matter (dm) feedstock (i.e. defined
functional unit (FU) of the life cycle assessment (LCA)) and with the reference to a 15-year project (i.e. defined for NPV calculations).
Scale
Pilot
Industrial

System
L. digitata
F. vesiculosus
S. latissima
L. digitata
F. vesiculosus
S. latissima

WCP (m3eq.)

NPV

Pay-back period

GWP (kg CO2eq.)

(EUR)

(year)

Per project

Per FU

Per project

Per FU

SOP (kg Cueq.)
Per project

Per FU

305,949
506,039
20,688
453,677,833
185,722,444
336,899,531

6.7
5.2
14.0
1.0
1.1
1.1

1,539,950
1,794,680
1,388,404
124,874,890
48,455,524
138,670,300

47.9
18.6
45.5
9.9
3.8
11.0

59,003
70,413
52,313
2,600,521
1,212,815
3,004,019

1.8
0.7
1.7
0.2
0.1
0.2

7363
8220
6932
286,720
148,610
315,317

0.2
0.1
0.2
0.02
0.01
0.03

Notes: NPV stands for net present value. GWP stands for global warming potential. WCP stands for water consumption potential. SOP stands for surplus ore potential.
FU is short for functional unit.

Fig. 3. Environmental impacts of the biorefinery systems in the improved case scenario at pilot scale (a) and industrial scale (b) on global warming, water
consumption, and mineral resource scarcity, characterized as global warming potential (GWP), water consumption potential (WCP), and surplus ore potential (SOP).
All values are with reference to a 15-year investment project on seaweed biorefinery. ISBL is short for inside-battery limit.

process contributions to environmental impacts shown in Fig. 3 are with
reference to a 15-year project.
As shown in Fig. 3a, biorefinery section (4) represents a major hot
spot for all three environmental impact categories in all pilot scale
systems. It accounts for 63–70% of the system-level GWP due to the
electricity consumption of the spray drying process and the upstream
coal combustion for electricity production. The spray drying process also
contributes to 72–77% of the overall WCP and 31–38% of the overall
SOP; The former is related to the imported hydropower-based electricity
and the latter is due to coal-based electricity production and metals used
in the construction of electricity transmission and distribution network.
Tap water consumption and electricity consumption of the CIP process
have a net contribution of 10.1–10.3% to GWP and 11.4–15.3% to WCP.
For SOP, the largest contribution of 49–55% is due to the construction of
stainless steel-made ISBL units and the use of ferronickel and molyb
denum in the upstream steel production.
Fig. 3b shows that in the industrial scale systems, major contribu
tions to GWP come from the use of RO membrane modules in biorefinery
Section (3) (41–47%), heating energy consumed by the water extraction

process and the use of ultrafiltration modules in the biorefinery Section
(1) (23–29%), and electricity consumed by the spray drying process in
biorefinery Section (4) (11–15%). SOP of the systems is caused by the
electric energy usage within the biorefinery (37–41%), construction of
stainless steel-based ISBL units (31–45%), use of ultrafiltration modules
(12–18%), and the consumption of hydrochloric acid (3.8–4.4%).
Electricity consumption within the biorefinery by various processes
collectively contributes to 78–82% of the overall WCP, followed by the
net tap water consumption (9.4–12.5%) and use of ultrafiltration mod
ules (6.2–6.8%).
System upscaling results in improved energy efficiency in several
processing steps, including spray drying, water extraction, acid extrac
tion, and pasteurisation. GWPs expressed in the unit of 1 FU are thus
lower for systems at the larger scale (Table 4). The share of energyrelated GWP decreases from 82.3–86.6% in the pilot scale systems to
37.4–47.3% in the industrial scale systems. In contrast, the contribution
of membrane module-related carbon footprints increases from
8.3–13.9% at the pilot scale to 49.0–60.5% in the industrial scale sys
tems owing to the linear upscaling of the membrane modules.
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Fig. 4. Break-down of the variable operating costs (VOCs), sales, and inside-battery limit (ISBL) costs of three biorefinery systems in the improved case scenario at
pilot scale (a) and industrial scale (b). All economic indicators shown in the plots are with reference to a 15-year investment project on seaweed biorefinery, and
the numbers reflect the value of money in year 2020. k is short for thousand, and Mio is short for million.

3.2.2. Economic hotspots
Table 4 summarizes the NPVs and pay-back periods of the pilot scale
and industrial scale systems in the improved case scenario over a project
span of 15 years (incl. 1-year construction and 14-year production), and
Fig. 4a and Fig. 4b present the detailed breakdown of the VOCs, Sales,
and ISBL costs.
In the improved case scenario, NPVs of all pilot scale systems are
positive indicating net economic gains over the 15-year project span. It
can be seen from Table 4 that the best-performing system is the
F. vesiculosus system with a NPV of 506 K EUR and a pay-back period of
5 years, followed by the L. digitata system with a NPV of 306 K EUR and a
pay-back period of 7 years and the S. latissima system with a NPV of 21 K
EUR and a pay-back period of 14 years. The overall better economic
performance of the F. vesiculosus system is explained by its significantly
higher sales of biorefinery products (bottom chart in Fig. 4a) — the
feedstock processing rate of the F. vesiculosus system triples that of the
L. digitata and S. latissima systems leading to a higher production of
biorefinery outputs and subsequently higher sales, while the equipment
set-up represented by the ISBL costs (second chart in Fig. 4a) is similar
across the pilot scale systems. Key cost drivers for the VOCs of pilot scale
systems (upper chart in Fig. 4a) are found to be the electricity con
sumption of the spray drying process and the CIP procedure, which
accounts for 30–37% and 14–22% of the VOCs, respectively.
As shown in Table 4, industrial scale biorefinery systems, with a
common annual processing capacity of 900 t dm feedstocks, show great
economic potentials with hundred-millions EUR NPVs and a fast payback within the second project year. The L. digitata system achieves
the highest NPV of 454 Mio EUR, followed by the S. latissima system with
a NPV of 337 Mio EUR and the F. vesiculosus system with a NPV of 186
Mio EUR. From scale differences on the x-axis in the graphs of Fig. 4b, it
can be concluded that the sales of biorefinery products are the deter
mining factors of the overall economic viability of the industrial scale
biorefinery systems. As shown in the bottom chart in Fig. 4b, the key
revenue driver is the sale of laminarin, thus the market price (300 EUR/

kg) and extraction efficiency of laminarin (50% on a dm basis) are
decisive parameters for the NPVs of the systems. The primary cost driver
of the industrial scale systems is the purchase of feedstocks, accounting
for 49%–51% for the VOCs (upper graph of Fig. 4b). The remainder of
the VOCs is primarily from the costs of electricity used in the spray
drying process (30–37%) and the CIP process (14–22%), whose shares
are lower than those in the pilot scale systems (upper graph of Fig. 4a).
This may be explained by the effect of “economy of scale”, which is
determined by the upscaling factors of the motor power of the spray
dyers and the process inventory of the CIP procedure.
3.3. Part III: Sensitivity analysis and strengths, weaknesses, opportunities,
and threats analysis
3.3.1. Economic viability of systems in the improved case scenario
(industrial scale)
A sensitivity analysis was performed to examine the economic
viability of the industrial scale systems in the improved case scenario
under the circumstances of fluctuations in the purchasing prices of the
feedstocks, biomass content of laminarin and fucoidan, and selling pri
ces of laminarin and fucoidan. The parameters were changed individu
ally to higher and lower values, while all others were held constant at
baseline values.
It can be seen from the results shown in Fig. 5a, NPVs of all three
systems show a common declining trend when the feedstock price in
creases from the baseline value of 10 to 75 EUR/kg dm; This range was
determined based on a market analysis of reference products summar
ised in Table B.4 in the SI. The maximal feedstock price allowing for
economic feasibility is 33, 52, and 67 EUR/kg dm for the industrial scale
F. vesiculosus system, S. latissima system, and L. digitata system,
respectively.
Fig. 5b shows the influence of compositional variations of fucoidan
and laminarin in the biomass feedstock on overall economic viability by
demonstrating the NPVs and pay-back periods in six extreme cases
9
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Fig. 5. Sensitivity of the net present value (NPV) of the industrial scale systems in the improved case scenario to changes in (a) purchasing price of feedstocks
expressed in EUR/kg dm feedstock, (b) biomass content of laminarin and fucoidan in feedstocks, (c) selling price of laminarin expressed in EUR/kg laminarin, and (d)
selling price of fucoidan expressed in EUR/kg fucoidan. The NPVs are with reference to a 15-year investment project on seaweed biorefinery and reflect the value of
money in year 2020. Mio is short for million. Min is short for minimum, and max is short for maximum.

S. latissima) when the fucoidan content is held constant and at the
baseline value of 37.9%. Moving from baseline to the optimal case
where laminarin and fucoidan are at the highest bounds, NPVs of the
L. digitata, F. vesiculosus, and S. latissima systems increase by 125, 197,
and 163 Mio EUR, respectively, indicating an opportunity for fully
exploiting the financial potentials of the biorefinery systems by maxi
mizing the biomass content of the targeted high-value molecules via the
selection of optimal harvest time and location [12].
Fig. 5c and Fig. 5d show a higher level of sensitivity of the S. latissima
and L. digitata systems towards the laminarin price than the fucoidan
price. It can be seen from Fig. 5c that fluctuations in laminarin price lead
to substantial changes in the NPVs of the S. latissima and L. digitata
systems, and when the price decreases to 49 and 39 EUR/kg dm lami
narin, respectively, the systems are no longer economically feasible.
Fig. 5d shows that the variability of the fucoidan price has marginal
effects on the NPVs of the S. latissima and L. digitata systems; For
instance, the largest drop from 300 to 0 EUR/kg dm fucoidan only leads
to slight decreases in the NPVs of the two systems, from 337 to 298 Mio
EUR and from 454 to 419 Mio EUR, respectively. The F. vesiculosus
system shows resilience to the fluctuations in both laminarin and
fucoidan prices; It remains economically feasible with a NPV between 46
and 186 Mio EUR in the worst conditions when the selling price of either
product drops from the baseline value of 300 to 0 EUR/kg dm.

Table 5
Maximal and minimal biomass content of laminarin and fucoidan in L. digitata,
F. vesiculosus, and S. latissima biomass, and reported harvest months and loca
tions. All values are expressed on a dry matter basis, i.e., kg compound/kg dry
matter raw biomass.
L. digitata

F. vesiculosus

S. latissima

Min

Max

Min

Max

Min

Max

Laminarin

7.1%a
April (DK)

0.6%d
–

13.1%g
–

Fucoidan

2.8%c
February
(DK)

56.7%b
August
(DK)
7.4%c
June
(DK)

3.4%d
–

25.7%d
–

1.0%e
February
(GB)
2.3%c
January
(DK)

48.1%f
August
(DK)
8.8%c
August
(DK)

Notes: DK is short for Denmark and GB represents the United Kingdom. min is
short for minimum, and max is short for maximum.
Reference:
a
[38].
b
[5].
c
[39].
d
[40].
e
[41].
f
[42]
g
[11].

where the biomass content of laminarin and fucoidan are adjusted to the
maximum or minimum values reported in the literature, as summarised
in Table 5. In the worst case when laminarin and fucoidan contents are
both at the lower bounds, the S. latissima system is no longer economi
cally feasible, while the L. digitata system and F. vesiculosus system
remain profitable with a NPV of 3.3 Mio EUR and 12.5 Mio EUR,
respectively. The lowest biomass content of laminarin for the S. latissima
system to maintain economic feasibility is 6.2% (kg laminarin/kg dm

3.3.2. Strengths, weaknesses, opportunities, and threats analysis
3.3.2.1. SWOT of novel biorefinery systems developing towards environ
mental sustainability. The utilisation of local seaweed bioresources as
feedstocks represents an inherent strength of the biorefinery systems
(Fig. 6) in the context of circular and inclusive bioeconomy. With the
integration of the zero-waste principle and green organic solvent-free
extraction technologies, the system designs comply with the green
10
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Fig. 6. Strengths, Weaknesses, Opportunities, and Threats (SWOT) analysis of the development of the investigated macroalgal biorefinery systems in the direction
towards environmental sustainability (left) and economic viability (right).

EUR by 2040 (further details provided in SI), valorisation of brown
seaweeds for the production of high-value laminarin and fucoidan ap
pears to be a promising blue growth strategy. Our finding resonates with
the idea of upgrading the European kelp sector by targeting higher-end
markets [4]. However, the parameter sensitivity analysis of the NPV of
the industrial scale systems (Section 3.3.1) suggests that the profitability
of the novel biorefinery systems is susceptible to fluctuations in feed
stock and product prices.
Prior studies have noted the importance of securing the biomass
supply for the seaweed processing industries [3,48,49]. Despite the
growing trends, European seaweed aquaculture is yet at a small scale,
with a reported annual production of 5396 t ww in 2018 [50].
S. latissima is the most produced species in Europe, and the annual
production is estimated to be 376 t ww [51], equivalent to approxi
mately 38 t DM/year under a conservative assumption of 10% dry
matter content of the fresh weight. Taking the 38 t DM/year as a starting
point and assuming an annual growth rate of 5% [52], S. latissima
farming industry in Europe would take roughly 65 years to be able to
supply sufficient feedstocks (900 t dm feedstock/year) to the industrial
scale biorefinery modelled in this study. Nevertheless, there is also a
possibility of large-scale roll-outs of S. latissima cultivation, as hinted by
the collaborative scale-up to 100–140 t attempted by the Lerøy Seafood
Group and the Bellona Foundation [53].
Compared with seaweed aquaculture, seaweed biomass production
via wild harvest in Europe has a much larger scale. In 2018, the wild
harvests of Norway, France, Ireland, Iceland, Russia, Spain, Portugal,
and Italy collectively amounted to 273,012 t fresh weight [54]. How
ever, there are growing concerns over the environmental impacts of the
large-scale wild harvest, and this may potentially lead to more restricted
exploitation of the natural standing stocks in the future [55–57].
Furthermore, with increasing stress from climate change and ocean
acidification as well as more business players participating in the
seaweed market, biomass resources of natural origins may come under
more pressure [53].
Taken together, the conceptual biorefinery systems of the present
study are unlikely to be operationalized at an industrial scale of 900 t dm
feedstock/year in the near future in Europe if the feedstock is exclusively
made up of one seaweed species of local origins. Establishing decen
tralized biorefineries at smaller scales is more practical. Alternatively,
the biorefinery design would need to be upgraded to a phase-III bio
refinery [58] that can use multiple types of seaweeds, e.g. mixing
S. latissima, L. digitata, and F. vesiculosus together as feedstocks. How
ever, as shown by the demonstration trials [11], the same biorefinery
system design applied to different seaweed species led to varying
extraction yields (Table 2) and reactions, e.g. the extract obtained from
the water extraction of the L. digitata system was more viscous thus
required additional steps to remove alginate (Section 2.2.1). Moreover,

chemistry principles [43]. The weakness in the novel biorefinery design
in relation to the carbon footprints is caused by the significant amount of
water used as a solvent in the systems for fucoidan and laminarin
extraction and as a diluting agent to reduce the thickening and gelling
effects of sodium alginate. The water usage has considerable implica
tions on the energy demand of spray drying (Step 6) and process heating
(Step 1 and Step 7), which are major energy consumers and carbon
footprint hotspots in the biorefinery systems.
The LCA (Section 3.2.1) points out the associations between system
inputs (e.g. membrane modules) and their upstream energy-intensive
production systems and reveals the linkages between energy produc
tion systems and multiple environmental impact categories, high
lighting the underlying impacts of energy production systems on climate
change and multiple environmental impacts owing to their central role
in the nexus of materials, water, and energy. The increasing shares of
renewable energy in national grids, e.g. wind energy in Denmark [44],
represent a contextual opportunity for reducing energy-related envi
ronmental impacts of the biorefinery systems. Alternatively, the imple
mentation of unit process optimizations and system-level heat and
energy recovery and reuse within the biorefinery systems will open up
opportunities for increasing the internal energy efficiency levels thereby
reducing the environmental footprints. For instance, by retrofitting a
moisture evaporation step to the spray drying process [45], the energy
challenge for product drying due to the large amounts of water present
in the dilute fucoidan extract and laminarin extract could be solved.
Beyond energy reduction, the moisture evaporation process allows for
process water recovery and reuse within the biorefineries, hence
providing a co-benefit of water footprint reduction [45].
From a value chain perspective, feedstocks sourced from sustainable
biomass production systems are crucial to strengthen the environmental
sustainability of the supply chains of the biorefinery systems. The po
tential presence of undesirable molecules in feedstocks (e.g. heavy
metals with health risks [46]) represents a possible threat that may
restrict the applications (e.g. as animal feed supplement [47]) or reduce
the economic value of the biorefinery products. As such, it is important
for biorefinery plant operators to establish a thorough feedstock and
product characterisation scheme, design “pollutant” removal processes,
and prepare an adaptive operational plan.
3.4. SWOT of novel biorefinery systems developing towards economic
profitability
Economically, the commercialisation and upscaling potentials of the
biorefinery systems at a more advanced stage of development at a future
point have been demonstrated by the evaluation of the improved case
scenario (Section 3.2.2). Given the fast-growing global markets of
laminarin and fucoidan, which are projected to be worth 1.7–31.4 Mio
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the physicochemical characteristics of fucoidan and laminarin that have
dominating effects on the biological activities of fucoidan and laminarin
may also vary across species [59–61]. Further research on the feasibility
of using multiple inputs as feedstocks for novel biorefinery systems
featuring high-value extract products is therefore suggested to tackle the
scalability challenge.
Market competition from international business actors utilizing
other commercial brown seaweed species (e.g. Laminaria japonica [62]
and Durvillaea potatorum [25]) for large-scale production of laminarin
and fucoidan may cause market saturation and reduced prices of lami
narin and fucoidan. To reduce such external threats, investments in
product and application innovations are necessary to diversify product
portfolio and strengthen business competitiveness.

environmental performance of the studied novel biorefinery systems.
One possible option is to add selective extraction of alginate, which has a
long presence at the hydrocolloid market and has recently been found to
exert bioactive function of potential pharmaceutical and nutraceutical
applications [12,69]. Another potential eco-design could be to use the
aqueous laminarin extract as the feedstock for high-value microbial
protein production, which would eliminate the emission-intensive dry
ing process [21].
4. Conclusions
This work demonstrated the economic potentials of blue growth via
the valorisation of endemic seaweeds using cascade biorefineries and
producing high-value outputs. With the identified techno-economic
barriers in membrane use and extraction efficiency addressed, the hy
pothetical “improved” biorefinery systems at the pilot scale achieve
NPVs of 20–506 k EUR and the industrial scale systems obtain NPVs of
186–454 Mio EUR from an assumed 15-year project span including 1year construction and 14-year operation. However, as revealed by the
sensitivity analysis, the systems are potentially susceptible to fluctua
tions in feedstock and product prices, especially in Europe where
seaweed production and the product market are underdeveloped. LCA
revealed the underlying impacts of energy systems on global warming
and other environmental issues and highlighted the dominance of sys
tem electricity use in the overall carbon footprints, taking a share of up
to 87% in the pilot scale systems and 47% in the industrial scale systems.
In the industrial scale biorefinery systems, significant contributions to
the total carbon footprints of 49–61% originate from the energy use of
the upstream manufacturing process of membrane modules. These
findings indicated the strong need for increasing the shares of renewable
energy in the national-level energy systems to support economic
decarbonisation and restore planetary resiliency, in addition to future
research efforts on developing optimisation technologies to unit pro
cesses and system-level resource recovery and reuse schemes within the
seaweed biorefinery systems.

3.5. Uncertainties and limitations
Simplifications and assumptions made in process modelling and data
gap filling, notably relating to the process inventory, potentially added
uncertainties to the results of this ex-ante analysis of novel biorefinery
systems. In the LCA, feedstock pre-treatment including drying and size
reduction was excluded due to the paucity of process inventory data.
However, as highlighted in several studies [20,63–65], oven drying of
seaweed biomass is energy-intensive thus may represent an important
hotspot of environmental impacts. Future work is needed to assess the
drying and milling processes as well as alternative biomass preservation
and pre-treatment approaches. The process inventory underlying both
LCA and economic assessment was not exhaustive due to the novelty of
the biorefinery systems and the lack of relevant data and information
about process operations and equipment, and it is especially the case for
the modelled systems at the industrial scale. The omission of key
infrastructural components such as the membrane frames and energy
users such as pumps transporting process streams within the biorefinery
systems may cause underestimations of the economic costs and envi
ronmental impacts of the investigated systems.
Another key limitation of this study lies in the assumptions made for
the primary products laminarin and fucoidan. The extraction efficiencies
of laminarin and fucoidan in the present study were based on the
measurements of monosaccharides and oligosaccharides (Table 1 and
Table 2), which serve as an approximation for the laminarin and
fucoidan content. Potential underestimations due to this method selec
tion should be investigated in future research. Moreover, characterisa
tion of the bioactive functions of the produced laminarin and fucoidan is
needed to verify the hypothesis that they are of commercial interests and
to justify their high market price.
Future research on improvements of the investigated novel macro
algal biorefinery designs should prioritize the identification of optimi
zation approaches to enhancing the extraction processes and ensuring
the operation of membrane filtration processes over long periods at
acceptable permeate flux levels. For the former, integrating state-of-theart extraction-assisting technologies such as microwave, ultrasound, and
using sub-critical water or CO2 as a solvent to the extraction step might
ease the break-down of seaweed cell wall and release of targeted bio
molecules [3,66]. Though reference commercial ultrafiltration mem
branes are reported to have a 5-year lifespan of [67], reduced flux
represents a common issue, and the cause differs according to casespecific operating conditions and characteristics of feed streams,
including increased osmotic pressure, fouling of the membrane, con
centration polarization or compaction of the membrane [68]. The
observed membrane fouling in the pilot scale tests might be due to the
potential existence of alginate, and this might be addressed by intro
ducing alginate precipitation (by adding CaCl2) and removal steps [69]
to reduce the viscosity levels of the feed stream. Further investigation is
necessary to reveal the membrane fouling mechanisms, test different
membrane modules, and examine the effect of physical and chemical
cleaning on flux recovery. Lastly, other conversion and extraction
pathways may be integrated to improve the economic and
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E. Albers, I. Undeland, H. Pavia, F. Gröndahl, A comparative environmental life
cycle assessment of hatchery, cultivation, and preservation of the kelp Saccharina
latissima, ICES J. Mar. Sci. (2020), https://doi.org/10.1093/icesjms/fsaa112.
[64] N.V.S.N.M. Konda, S. Singh, B.A. Simmons, D. Klein-Marcuschamer, An
investigation on the economic feasibility of macroalgae as a potential feedstock for
biorefineries, Bioenergy Res. 8 (2015) 1046–1056, https://doi.org/10.1007/
s12155-015-9594-1.
[65] R. van Oirschot, J.B.E. Thomas, F. Gröndahl, K.P.J. Fortuin, W. Brandenburg,
J. Potting, Explorative environmental life cycle assessment for system design of
seaweed cultivation and drying, Algal Res. 27 (2017) 43–54, https://doi.org/
10.1016/j.algal.2017.07.025.
[66] J. Venkatesan, S. Anil, S.K. Kim, Seaweed polysaccharides - isolation, in: Biological
and Biomedical Applications, Elsevier, 2017, https://doi.org/10.1016/B978-0-12809816-5.00003-7.
[67] J. Senán-Salinas, R. García-Pacheco, J. Landaburu-Aguirre, E. García-Calvo,
Recycling of end-of-life reverse osmosis membranes: comparative LCA and costeffectiveness analysis at pilot scale, Resour. Conserv. Recycl. 150 (2019), 104423,
https://doi.org/10.1016/j.resconrec.2019.104423.
[68] O.A. Ajao, Development of Hemicelluloses Biorefineries for Integration into Kraft
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