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A B S T R A C T

Marine algae are considered promising resources both at present and in the near future. Their availability, 
together with their molecular structure and properties, increases their applicability in various sectors: food and 
feed, cosmetics, pharmaceuticals and bioenergy. However, the "bio" qualification does not always imply a lower 
impact compared to fossil-based process schemes. Therefore, to verify the suitability of algae-based scenarios 
from a sustainable and circular perspective, it is necessary to assess their sustainability potential through process 
modelling (scaling up from laboratory scale to evaluate their potential at commercial level), environmental 
assessment (using the Life Cycle Assessment (LCA) method) and circularity analysis (by quantifying circularity 
indicators focusing on recovery, waste management and effective use of resources). In this context, this research 
report focused on the techno-economic assessment (TEA) and LCA of three alternative scenarios based on the 
extraction of R-phycoerythrin from offshore harvested macroalgae: water extraction followed by enzymatic 
digestion (S01), ultrasound-assisted extraction (S02) and water extraction (S03). In addition, the evaluation of 
environmental, social and circularity indicators and the application of the Greenness Grid methodology were 
included. According to the results obtained, S01 is the most promising alternative among the three scenarios due 
to its process productivity, lower environmental impact and potential sustainable scenario score according to the 
Green Chemistry assessment. Regarding the economic perspective, S03 is the only one that does not reach 
economic viability. Future studies should focus on improving process efficiency, promoting the use of renewable 
energy resources and supporting technological progress in emerging extraction processes.

1. Introduction

The blue economy aims to promote the sustainable use of marine 
resources [1–3]. In this context, the exploitation of marine algae offers 
noteworthy opportunities, mainly for two reasons: (1) their possible 
potential to reduce environmental impacts such as climate change and 
eutrophication, given their ability to sequester carbon and nutrients 
[4–6] and (2) their content of bioactive compounds and reduced lignin 
content, making them an interesting resource for the production of high 
value-added compounds [7–9]. In fact, according to market trends, the 
seaweed market is expected to reach a value of $24.92 billion by 2028, 
with a CAGR of 7.51 %, with Europe being one of the leading regions in 
seaweed valorization [10].

On the other hand, one of the main concerns regarding the 

sustainability of the marine environment is eutrophication, caused by 
excess nutrients, mainly due to industrial development and uncontrolled 
emissions [11–13]. In this approach, off-shore macroalgae cultivation 
can be considered as a solution to reduce the presence of nutrients in the 
aquatic environment, since during algae growth, they absorb both ni
trogen and phosphorus, in quantities that depend on the species itself, 
but sufficient to counteract the nutrient emission from commercial ac
tivities and promote an environmental benefit [1,14,15].

It has been shown that harvesting seaweed from the sea could have 
environmental benefits, although this depends on the way it is harvested 
and transported. It is at these stages that the degree of sustainability in 
the use of seaweed as a raw material needs to be assessed, taking into 
account all stages of the life cycle, from production to final disposal [16, 
17]. There is no point in increasing environmental benefits during 
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exploitation if they are the same or worse than those of non-renewable 
fossil resources analogues. It is important to keep in mind that the term 
"bio" is not always synonymous with sustainability, so the use of meth
odologies for its evaluation in the algae sector is fundamental.

It is within this approach that this research article has been devel
oped, which includes a modeling, techno-economic and sustainability 
analysis of an offshore macroalgae valorization process for the extrac
tion of phycoerythrin, a pigment widely used in several industrial sec
tors. Phycoerythrin is a natural-based fluorescent protein extracted from 
red algae with interesting optical and physicochemical properties that 
makes it a versatile and widely used resource in various market sectors 
[18,19]. It could be used as a fluorescent marker in biotechnological 
processes for the analysis or separation of cell populations [20]; as a 
conjugate in antibody-drugs in the pharmaceutical sector [21,22]; as a 
natural colorant in food, offering a more sustainable and ecological 
colorant to avoid the use of synthetic dyes [23,24]; used also in the 
cosmetic sector due to its characteristic red-color, helping to produce 
more eco-friendly cosmetic formulations [25,26]. The importance of 
phycoerythrin in all these sectors is also evident when analyzing its 
market trends as, according to the more recent statistics [27], its market 
is expected to grow at a compound annual growth rate of 8.1 %, 
reaching a market value of $10.3 million by 2034.

In this techno-economic and sustainability analysis, the stages of 
seaweed harvesting at sea, transport to the plant and valorization have 
been included. In addition, three alternative extraction scenarios were 
evaluated, taking into account conventional and emerging technologies. 
It should be noted that different seaweed species were considered in the 
modeling of these scenarios, as no literature was available to compare 
the same seaweed with different extraction methods. For the environ
mental assessment, Life Cycle Assessment [28,29] was applied in com
bination of sustainability and circularity indicators available in 
literature and certification schemes. Finally, the principles of Green 
Chemistry were also assessed using the Greenness Grid methodology 
[30,31]. To this end, it is hoped that the results obtained in this research 
article will be useful for researchers, policy makers and stakeholders to 
make decisions and focus actions on the development of large-scale 
macroalgae bioprocesses.

2. Methodology

2.1. Off-shore harvesting of the algae and transportation to the facilities

The inventory for this first stage has been built based on primary data 
provided by Vetik®, a company that harvests macroalgae in natural 
environments as a raw material for value-added products. For this 
purpose, a survey of the main material and energy flows necessary on a 
yearly basis was designed. The resulting life cycle inventory can be 
found in Table 1-Supplementary Material.

Seaweed is harvested by a trawler departing from the port of Taaliku 
(Saare, Estonia), after a 40-minute route in an area where seaweed 
grows naturally in the open sea. Such an area is about 7 m deep, where 
wild algae are caught wild grown with a characteristic trawl net: a 
rectangular metal frame covered with a net that is dragged behind the 
boat at very low speed and unloaded 10–15 times until the boat is full. 
Therefore, inputs related to the construction (boat infrastructure), use 
(marine diesel and trawl nets) and maintenance (antifouling, lubricating 
oil and boat paint) of the trawler were considered.

The annual catch is 500 tons, of which the majority (92.9 %) is algae, 
5 % is clams, and the rest is discarded material such as sand. The daily 
catch is about 10 tons. This means that the vessel catches seaweed 50 
days a year. Based on this harvesting time, the material flows for the 
maintenance of the trawler were allocated to the algae harvesting ac
cording to this operational ratio (approximately 14 %), as the remaining 
days could be allocated to other tasks such as fishing. For the vessel 
infrastructure, a useful life of 40 years has been assumed, taking into 
account the steel needed to build the hull, as it represents up to 80 % of 

the total weight. For this purpose, Eq. 1 was used to estimate the weight 
of a vessel hull from its dimensions and material properties. 

Hull weight (ton) = L ⋅ B2 ⋅ T ⋅ Specific gravitysteel (1) 

Where L is the length of the vessel (11.9 m), B the beam of the vessel 
(3.6 m), T the average hull thickness, which usually varies from 6 to 
12 mm (0.01 m) for medium-sized vessels and specific gravitysteel 
= 7.85 (dimensionless). Regarding the single trawl net, it weights 30 kg 
and its main material is nylon with a service life of 5 years [32].

Likewise, there are certain flows that are consumed during ship op
erations and generate emissions. However, due to the lack of moni
toring, these had to be estimated and modelled using secondary data. 
Consequently, the environmental impacts associated with the combus
tion of marine diesel, the emissions associated with the consumption of 
lubricating oil were considered.

Depending on the type of marine diesel burned, emission factors for 
the different gases produced were taken from two references: (i) carbon 
dioxide (CO2), methane (CH4) and nitrous oxide (N2O) from the IPCC 
(Intergovernmental Panel on Climate Change) guidelines, and (ii) 
sulphur and oxides, particulate matter (PM), heavy metals, among 
others, have been compiled from the Air Pollution Emissions Inventory 
Guidebook [33]. For lubricating oil consumption, CO2 emissions were 
estimated using Eq. 2, assuming a calorific value of 0.0418 TJ per kg 
[33]. 

CO2 emissions (ton) = LC ⋅ CClube oil ⋅ ODUlube oil ⋅
44
12

(2) 

Where LC is the lubricant consumption (1 ton: 41.8 TJ), CClube oil the 
carbon content of lube oil (20 kg C⋅TJ− 1), ODUlube oil the default value 
based on the fraction oil/grease (0.2) and 44/12 = molecular mass ratio 
of CO2/C.

Regarding the production and consumption of antifouling, it has 
been possible to estimate using information on its average chemical 
composition, assuming that two thirds of the protective layer covering 
the vessel will be discharged at sea [34]. When the vessel arrives in port, 
the catch is unloaded by means of a crane, which requires the use of 
electricity. An average consumption of 5.5 kW per hour is assumed, with 
1.5 hours being the time required for unloading. Finally, each catch (i.e., 
10 tons) is transported by truck, which travels a distance of 53.2 km to 
reach the facility.

2.2. Pigment recovery alternatives. Description of scenarios

As for the extraction alternatives, those are evaluated based on 
bibliographic data, which have been considered for the techno- 
economic evaluation of the process through the SuperPro Designer 
tool. The production capacity of the facility has been adapted to the 
collection capacity (500 ton/year). On the other hand, it should be noted 
that all the extraction alternatives require a pretreatment stage, based 
on a washing stage, in which the sediments found in the algae are 
removed, followed by a freeze-drying stage, to remove the water prior to 
the extraction stage.

2.2.1. Scenario 01. Water extraction and enzymatic digestion
The first scenario to be evaluated is based on a water extraction 

procedure to obtain both phycobiliproteins (phycoerythrin) and chlo
rophyll a, but the latter in small amounts. The modelling of the process 
has been based on the research report developed by Lee et al. (2017), 
using as algae the species Palmaria palmata, a red macroalgae that grows 
mainly in the Atlantic and Pacific Ocean [35,36].

The process was divided into three main stages: (1) Pretreatment, 
based on algae washing and freeze-drying (freeze drying stage is used for 
the lyophilization of the macroalgae, as it increases the extraction yield 
of the phycoerythrin, considering an output stream with 5 % of water 
content). Concretely, from the 500 tons of the macroalgae, with a mass 
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water content of 56.40 %, a total of 229.47 tons are obtained after the 
freeze-drying to be further treated in the following process Section (2)
Extraction of phycoerythrin and chlorophyll-a: the extraction yield 
amounts to 1.60 kg phycoerythrin per ton of algae for Scenario 01, 
0.46 kg/ton in case of Scenario 02 and 0.02 kg/ton for Scenario 03, thus 
obtaining 797.7 kg, 230.3 kg and 7.81 kg from the 500 tons of initial 
wet weight macroalgae for Scenario 01, Scenario 02 and Scenario 03, 
respectively. And (3) recovery and purification of the extracted com
pounds. After freeze-drying, the algae are reduced in size to increase the 
contact area with the extracting agent, in this case water, and thus in
crease the yield of the first extraction stage. In addition to water, 
ammonium sulphate must be added to promote greater efficiency in the 
process. This is preceded by a centrifugation stage to recover the solvent, 
followed by a diafiltration stage to remove those compounds with a 
molecular weight higher than that of phycobiliproteins and chlorophyll, 
and to improve the yield of the enzymatic digestion. This stage, which 
takes places just after the water extraction one, is carried out considering 
a proteases-enzymes concentration of 10 mg/L at 70 ◦C with a weight 
ratio of 1:100 enzyme: biomass for a process time of 3 hours. After this 
enzymatic process, an ethanol treatment stage is carried out, with an 
ethanol concentration of 10 mg/mL at 100 ◦C for 1 h. Finally, the 
reactor output stream is centrifuged to remove the solvent and dried 
with a spray dryer.

From these data, large-scale modelling was considered for a pro
duction capacity of 500 ton/year of harvested algae, which are pro
cessed in batches of 3.1 tons of algae. The process inventory for the life 
cycle analysis is included in Table 2-Supplementary Material, with all 
the inputs and outputs of the system.

2.2.2. Scenario 02. Ultrasound assisted extraction
The second proposed scenario is based on an ultrasound extraction 

batch procedure and has been modelled according to the results ob
tained with Sarcopeltis skottsbergii, which is a red algae endemic to 
southern Chile, which is mainly marketed as a source of carrageenan, 
but which also has a significant R-phycoerythrin content [37,38]. The 
process stages of Scenario 2 are similar to those of Scenario 01, but they 
differ in the extraction procedure and the purification stages (Fig. 2). 
The operating conditions for ultrasound-assisted extraction consider 
water as the extraction agent, an amplitude of 60 % and a process time 
of 20 min. Immediately after extraction, the output stream is centrifuged 
to remove water, which is recirculated to the process, and the high 
molecular weight compounds found in the algae, also an ultrafiltration 
step is also required to remove and recover phycoerythrin and 
chlorophyll-a.

In terms of the production capacity of the plant, in this case the batch 
time is shorter than in the previous scenario, requiring a total of 27 h per 
batch, and thus a greater number of batches per year are required to 
manage the total mass of algae collected annually. Considering both 
aspects, the amount of input material amounts to 2.6 tons of algae per 
batch. Table 3-Supplementary Material shows the main inputs and 
outputs related to the process.

2.2.3. Scenario 03. Enzymatic extraction
The third scenario is based on an enzymatic extraction procedure for 

the species Palmaria palmata species. All the data used for the large-scale 
modelling have been published elsewhere [39]. In this case the extrac
tion is based on an enzymatic procedure, using water as the main sol
vent, sodium acetate as pH buffer to maintain pH in a range of 5–8.5 and 
thermolysin (a metalloendopeptidase enzyme). In terms of process 
conditions, the amount of enzyme required to be added amounts to 
16.5 g/kg dry weight of algae, 40for an enzyme extraction time of 
195 min [39]. With respect to the process conditions, the amount of 
enzyme that is required to be added amounts to 16.5 g/kg of dry weight 
of algae and a constant temperature of 40 ◦C. On the other hand, just 
after the enzymatic extraction, the hydrolysate is centrifuged in order to 
separate the solubilized compounds and macromolecules, and then the 

supernatants are ultrafiltrated in order to separate phycoerythrin and 
chlorophyll. Table 4-Supplementary Material shows the life cycle in
ventory associated with this third alternative.

2.3. Techno-economic and environmental assessment

In order to determine the economic feasibility of the extraction al
ternatives, a techno-economic assessment (TEA) has been developed as a 
process design and modelling tool to identify material and energy flows, 
equipment sizing and associated costs. In this particular work, the TEA 
was based, firstly, on the definition of the required equipment and its 
main characteristics (i.e., size, power, volume, etc.), secondly, on a cost- 
benefit analysis, in which the costs and the minimum selling price of the 
product are evaluated, and thirdly, on a simplified market analysis, 
seeking to identify the price of the chemicals, the purchase costs of the 
equipment, as well as the market value of the main products obtained, in 
this case, phycoerythrin and chlorophyll a.

In addition, to evaluate the environmental profiles of the proposed 
scenarios, the Life Cycle Analysis methodology, based on the ISO 14040 
and ISO 14044 guidelines, was used. It consists of four main stages, 
starting with the definition of the functional unit and system boundaries, 
followed by the construction of the life cycle inventories, the develop
ment of the environmental assessment and ending with the interpreta
tion of the results.

For the evaluated scenarios, a cradle-to-gate approach was consid
ered, covering all stages from the extraction of raw materials to the 
factory gate, in this case, to the production of phycoerythrin and co- 
products, as shown in Fig. 1. EcoInvent was used as the database for 
the assessment (all the datasets used for the analysis are available in the 
Supplementary Material), while SimaPro was used as the software. 
Infrastructure maintenance is left out of the scope of the evaluation, 
since the focus of the assessment is the analysis of the environmental 
loads associated with the production process, in order to evaluate 
whether the proposed technology and biorefinery approach is sustain
able or not. On the other hand, regarding the functional unit (FU), for 
the harvesting and collection stages, the annual catch has been selected 
as the FU, while for the extraction technologies, 1 batch of operation has 
been considered.

Regarding the assessment methodology, ReCiPe 2016 MidPoint (H) 
V1.07 and ReCiPe 2016 EndPoint (H/H) V1.07 were selected because 
the MidPoint provides a total of 16 impact categories related to potential 
environmental impacts, while the EndPoint includes all MidPoint scores 
in three damage categories, which is useful for comparing scenarios and 
selecting the most promising one. On the other hand, as for the MidPoint 
assessment, 11 out of the 16 impact categories were selected for eval
uation in this research report, as they are the most relevant to the case 
studies under analysis.

In addition, once the hotspots of the environmental profiles were 
identified, sensitivity evaluations were developed to analyze the degree 
of improvement that could be achieved by modifying the process 
variables.

3. Results

3.1. Macroalgae off-shore harvesting and collection. Environmental 
assessment

The overall results for each impact category are shown in Fig. 2 for 
Stage 1 (harvest) for a functional unit of 464.5 tons of seaweed (Table 1- 
Supplementary Material). In addition, LCA studies in fisheries and 
aquaculture were also included for benchmarking (Fig. 1-Supplemen
tary Material). These studies have been extracted from the NEPTUNUS 
project, which aims to support the transition to sustainability in the 
seafood sector through eco-labelling strategies.

Firstly, seaweed harvesting achieves the lowest values for all impact 
categories, being particularly remarkable in the case of FE and ME, as it 
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can fix N and P during its growth. In contrast, the octopus catch records 
the highest environmental impact in up to 5 different categories: GW, 
TA, FE, TET and FRS, followed by hake with 4 (SOD, FET, MET and 
HCNT). After these, tuna and mackerel fisheries occupy an intermediate 
position and finally, shellfish fisheries have the lowest environmental 
impact, except for HCT and ME. This may be partly due to the similar
ities between their harvesting processes. Scallop fishing is carried out by 
bottom trawling with a steel dredge and a polyethylene net while mussel 
farming is based on extensive marine aquaculture practices, requiring 
the use of auxiliary vessels and rafts.

It is also important to note that this comparison has been made from 
the perspective that all the case studies are somewhat related in the 
sense that they use vessels that require similar inputs for their use and 
maintenance. However, there are many differences, such as the fishing 
gear used, the distance to the catch area (fishing grounds) or the catch 
yield. Furthermore, although they have the same mass flow, they do not 
actually serve the same function, since shellfish are intended for food, 
while seaweed is intended to be used as raw material for the manufac
ture of value-added products. In addition to the above, it is also 
important to note that seafood products also do not serve the same 
function among themselves, as they vary in their nutritional profiles and 
edible portions when used as food. Therefore, despite all these factors, it 
is worth noting as a positive point that the comparison has provided a 
first approximation of the potential that naturally harvested seaweed 
could have, not only for industrial purposes but also as a raw material for 
food.

The full environmental profile of the first stage was evaluated by 
comparing stages 1 (harvesting), 2 (unloading) and 3 (transport) ac
cording to their relative weight for each impact category (Fig. 2A). As 
expected, harvesting is the step with the highest environmental impact, 
as up to 6 inputs have been considered, while unloading and transport 
have only one input each (i.e., environmental impacts related to elec
tricity and transport, respectively). Moreover, the contribution of har
vesting is higher for the HCT and TA categories, where it exceeds 94 %, 
while N and P fixation during algal growth practically offsets all the 
impacts caused by the other steps. Next, unloading is the step with the 
lowest environmental impact for all impact categories, with electricity 
consumption for the crane contributing to the HCNT impact category 

but with a minor value of 5.1 %. Finally, the transport of catches to the 
facilities is more prominent, being even the main contributor for 3 
impact categories: TET (85.6 %), HCNT (55.5 %) and MET (51.5 %).

In order to provide a more complete study of the origin of the 
environmental impacts, the relative contributions have been dis
aggregated by input, as shown in Fig. 2B. Thus, as usual in fisheries LCA 
case studies of fisheries, the production and consumption (and corre
sponding emissions) of marine fuel is the main contributor with an 
average of 40.9 % for all impact categories, more pronounced in the 
cases of GW, SOD, TA and FRS. Transportation ranks second, with a 
relative average impact of 28.3 %, while vessel infrastructure ranks 
third, being the main contributor for HCT and FET. The latter differs 
from the literature as infrastructure, in this case the vessel, is usually not 
a major focus of impact due to its long life. However, in this case it can 
be attributed to the comparatively low impacts of the other inputs (e.g. 
antifouling, lubricating oil or vessel paint, all of which have less than 
5 % relative impact) due to the limited use for seaweed harvesting, as 
there is a fixed maximum amount that can be extracted from the sea 
according to national regulations.

3.2. Extraction technologies. Techno-economic and environmental 
assessments

3.2.1. Scenario 01. Water extraction and enzymatic digestion
Process modelling with SuperPro Designer has allowed to identify 

the number of equipment as well as its main characteristics (i.e. size, 
flow capacity, diameter, volume, power, etc.). In the case of S01, the 
process flow consisted of 14 equipment which purchase cost, updated to 
2023, amounts to $858,489, as shown in Table 1. The equipment that 
implies the higher costs is the freeze dryer, which requires two units, 
needed for the drying of the algae in the pretreatment stage, followed by 
the rotatory vacuum filtration equipment, which is part of the down
stream stage. Other economic aspects that are directly related to each 
scenario are those of materials and utilities costs. In this case, the ma
terials required in the process are ammonium sulfate, considering a 
purchase cost of 0.08 $/kg, ethyl alcohol, amounting to 0.75 $/kg, the 
enzyme thermolysin, which is the most expensive material required, 3.2 
$/kg [40], and also water, which price has been stablished as 0.03 $/kg. 

Step 1 – Harvesting 

Step 2 – Unloading 

Electricity

Step 3 – Transport 
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System boundaries
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Fig. 1. Environmental profile of the Scenario 01: water extraction and enzymatic digestion to obtain phycoerythrin and chlorophyll a.
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In terms of utilities, three mains are used in this scenario, steam, with a 
price of 12$/MT, electricity, 0.1 $/kWh, and cooling water, amounting 
to 0.05 $/MT. While the material costs were selected from literature and 
product providers, the ones of the utilities were taken from the SuperPro 
Designer database. On the other hand, the costs related with labor, have 
been estimated according to a correlation that considers the required 
operating labors according to the typology of processing steps (i.e. dif
ferentiation between processing steps that considers handling of parti
cles and the ones that do not). As for the salary, it was set as 25 $/h, in 
accordance with the considerations of the EU-28. It should be noted that 
all costs associated with collecting and transporting the algae to the 
production facility were included in the "Materials" and "Labor" items.

Taking into account the above considerations, the financial metrics 
of net present value (NPV), payback and minimum selling price (MSP) 
were calculated, in order to evaluate whether the scenario is profitable 

or not. Considering 330 days of operation, as 30 days are used for 
maintenance, and a project lifetime of 25 years, the scores obtained 
show that the S01 is economically viable, since the NPV is positive, the 
payback time is lower than the expected lifetime of the production 
process and the MSP is significantly lower to the average market value 
considered (it should be mentioned that the price of phytoerythrin, ac
cording Sigma Aldrich®, amounts to 216,000 $/g, but it was reduced to 
a 0.05 % (108 $/g), as it was considered to be more realistic and also 
because it is expected that the product obtained will be sold to another 
company rather to an end user).

The environmental profile of the Scenario 01 shows that the energy 
requirements are the main hotspots of the whole process, with electricity 
being the one with the highest impact in the categories related with the 
toxicity (FET, MET, HCT and HCNT), except for the TET category, in 
which it is the steam the main contributor (Fig. 3A). This input is also the 
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one with the higher contribution to the GW, SOD, TA and FRS impact 
categories. The reason for the high impact of these requirements is 
mainly based on its non-renewable nature, which causes significant 
emissions on the above categories. On the other hand, the use of algae as 
a renewable source for the extraction of phycoerythrin has an environ
mental benefit in the FE and ME impact categories, due to its ability to 
fix 21 g N/kg dry matter and 4.5 g P/kg dry matter of algae during its 
growth [41].

On the other hand, regarding the solvent, since a significant amount 
of it could be recovered within the process, its contribution over the 
profile is not as important, having its maximum influence over the FRS 
impact category, reaching almost a 40 % of the total impact. The reason 
of this environmental load is mainly given of its production process, 
including the extraction of the materials, the energy needs, and the 
transportation activities. Besides, also regarding chemicals, a certain 
percentage of contribution is observed in the impact categories of TA, 
FET and TET. And, with respect to the enzyme, it has not been detected 
an important environmental load, reaching its maximum on the SOD 
impact category, which amounts to a 20 % of contribution.

Once the environmental profile was obtained, to improve it, a 
sensitivity assessment was performed. As the main hotspots are the en
ergy and steam requirements, the evaluation was based on (1) reduction 
by a 20 % on the requirements of both electricity and steam, (2) use of 
renewable energy for the production of electricity, (3) use of steam 
coming from the energetic valorization of wood logs residues in a 
furnace with a power of 100 kW and (4) the consideration of both 
electricity and steam coming from renewable resources. Considering 
these aspects, Fig. 3B is obtained, in which it could be observed that 
accounting for the renewability of both electricity and steam is the one 
that provides the best environmental improvement, with the exception 
of two impact categories, SOD and HNCT, in which it is observed a 
certain impact improvement, given the emissions derived from the 
combustion of wood for steam production.

Among renewable electricity or renewable steam, the assumption of 
the renewability of the electricity implies a lower environmental load, 

above all the impact categories of HCT and GW, in which the variation 
on reduction amounts to more than an 80 % in comparison. On the 
contrary, the lowest variation is observed on the SOD, GW, FRS, TA, FE 
and TET. Apart from that, it should be mentioned that no significant 
reduction is observed for any sensitivity proposed scenario for the 
impact categories of FE and ME, since in those categories the environ
mental benefit observed by the use of algae reduces significantly the 
impact loads that could be achieved by the energy requirements.

3.2.2. Scenario 02. Ultrasound assisted extraction
Table 2 shows the economic scores obtained for S02, considering the 

same assumptions as those defined for S01. In this case, the ultrafiltra
tion unit is the largest contributor to the total equipment cost at 
$1071,118. An important advantage of this case study is that it does not 
use chemicals or enzymes, only water as the extraction solvent, which is 
reflected in the cost of materials, which only amounts to $33,265. 
However, this benefit is not reflected in the MSP obtained, which is 
higher than in the previous case, amounting to $12.62/g, since the 
extraction yield is significantly lower compared to S01, obtaining for 
S02 a total of 1.17 kg/batch of products compared to the value of 
4.93 kg/batch of the S01 case. Nevertheless, S02 is also very profitable, 
with a positive NPV value and a payback of 4 years.

With respect to the LCA, the use of an emerging technology, as is the 
case in the UAE, has been shown to be beneficial in terms of chemical 
use. But, at the same time, as this type of extraction method is not 
optimized at industrial level, the amount of energy used is high, which 
implies a significant contribution to the environmental profile (Fig. 4A). 
Electricity is the main contributor in all the impact categories evaluated, 
except for the FE and ME impact categories, where the beneficial effects 
of the use of algae are observed, for the reasons mentioned in the pre
vious scenario.

Since electricity is the main contributor, the sensitivity assessment 
was based solely on this element of the life cycle inventory. Two main 
scenarios were evaluated, one considering the reduction of electricity 
consumption by 20 % and the other considering the use of renewable 

Table 1 
Techno-economic assessment results for Scenario 01. (1) The total equipment costs are updated to 2023 according to CEPCI INDEX.

Equipment Capacity Units Purchase cost Equipment Capacity Units Purchase cost

Freeze Dryer 28.15 m2 2 $90,155 Ultrafilter 1.15 m2 1 $20,426
Grinder 42.21 kg/h 1 $14,121 Centrifuge 20.85 kW 1 $24,399
Tank 28.07 m3 1 $19,449 Centrifuge 18.7 kW 1 $22,981
Spray dryer 169.73 L 1 $4352 Centrifuge 7.03 kW 1 $13,418
Bioreactor 28.09 m3 1 $51,569 Rotatory vc filter 6.76 m2 1 $69,005
Diafilter 20.62 m2 1 $15,259 Hydrocyclone 0.7 m 1 $3210
Washer 252.5 kg/h 1 $26,333 Total equipment cost ($) (1) $858,489
Item Factor Value
Direct costs
Equipment delivered cost 1 $858,489
Equipment erection 0.2 $171,698
Piping 0.1 $85,849
Instrumentation and controls 0.1 $85,849
Electrical 0.1 $85,849
Buildings 0.1 $85,849
Site preparation 0.1 $85,849
Total capital cost of installed equipment 1.7 $1459,432
Indirect costs
Design, engineering and construction 0.4 $343,396
Contingency 0.2 $171,698
Total fixed capital costs 2.3 $1974,525
Working capital (15 % total capital cost) ​ $296,179
Total Capital Cost ​ $2270,704
Other costs
Labor cost - $1353,909
Utilities cost - $31,912
Materials cost - $66,317
TEA SCORES
Net present value > 0 Profitable
Minimum selling Price 5.64 $/g Lower than market average
Payback 4 years Lower than Project lifetime
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resources for its production. As expected, the use of non-fossil resources 
is the alternative that provides the greatest environmental benefit, with 
reductions ranging from of 52.6–96.5 %, except for the ME category, 
where only an 11 % reduction is observed (Fig. 4B). The reason behind 
this lies in the fact that, for this impact category, the main contributor, in 
this case a beneficial contributor, is the use of algae since the environ
mental load of electricity is less than 10 %. On the other hand, regarding 
the 20 % reduction of electricity needs, it implies an average reduction 
of 16.20 %, which is much lower than the 76.13 % achieved with 
renewable resources. Therefore, to improve the environmental profile of 

this alternative, the key is the use of renewable resources for energy 
production, along with trying to reduce energy requirements as much as 
possible.

3.2.3. Scenario 03. Enzymatic extraction
The equipment description as well as the economic results obtained 

for S03 are shown in Table 3. The total equipment cost is the lowest 
compared to the other scenarios; however, the extraction yield is the 
worst of the scenarios evaluated. The advantage in lower equipment 
costs is lost due to the very low productivity, as only 0.05 kg of product 
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is obtained per process per batch, and this is also affecting the economic 
profitability of the process. The NPV obtained is negative and requires a 
minimum selling price significantly higher than the one considered as 
"base" (i.e. $108/g), and a return on investment higher than the ex
pected lifetime of the project. To this end, it was concluded that S03 is 
not economically viable under these process conditions, requiring an 
increase the extraction efficiency of phycoerythrin and chlorophyll.

In terms of environmental assessment, in contrast to the previous 
environmental profiles obtained, the contribution of chemicals, specif
ically the use of sodium acetate pH buffer, is significant in almost all 
impact categories in Scenario 03 (Fig. 5A). The emissions related to its 
production process, together with the energy demand and chemical use 
are the main contributors to such a significant load. In this case, the 
contribution of steam is negligible in all impact categories, while some 
contribution from electricity is observed, with a maximum of 40 % in 
the FET and MET categories, and 60 % for HCT, with the lowest 
contribution of less than 15 % in the TA, FE and ME categories.

Given the environmental profile scores, the sensitivity assessment 
has been based on the 20 % reduction in the dose of sodium acetate 
required for pH control, 20 % reduction in electricity requirements from 
renewable resources. As can be seen in Fig. 5B, there is no significant 
difference in terms of reducing the sodium acetate dose or electricity 
needs by 20 %, the values achieved are barely equal for all the impact 
categories evaluated, except for TA and TET, for which a difference of 
about 10 % could be observed. On the contrary, the use of renewable 
energies really implies a significant improvement of the environmental 
loads obtained, with the exception of the impact categories in which the 
contribution of electricity on the base scenario profile is not significant, 
being the TA, FE, ME and TET. For the others, the range of reduction 
goes from 22.9 % for the SOD impact category to a maximum reduction 
of 49.9 % for the HCT, with an average reduction of 25.1 %.

3.2.4. Comparison between scenarios
The ReCiPe EndPoint methodology was used to determine which of 

the extraction alternatives is the most promising from an environmental 
perspective. As can be seen in Fig. 6A, the electricity required for the 
ultrasonic extraction method, Scenario 02, actually implies 

environmental damage on human health and ecosystems, the two cat
egories in which this alternative is the worst. However, the water 
extraction method involving enzymatic digestion, Scenario 01, also has 
a significant damage potential, only 20 % lower than that of Scenario 02 
in the ecosystems category, 35 % in the case of human health, but almost 
60 % higher when assessing resource use. Among the three alternatives, 
Scenario 03 has the lowest damage potential.

On the other hand, since the assessment is based on a batch process, 
the amount of product that could be obtained for each alternative must 
also be considered. According to the data, Scenario 01 can produce 
4.93 kg of product/batch, Scenario 02 is reduced to 1.17 kg/batch and 
Scenario 03 only 0.05 kg/batch. Given these important differences, it 
was considered to compare the extraction alternatives by selecting as the 
functional unit the amount of products obtained per batch. As expected, 
there is a huge difference between the values obtained, in fact the most 
promising scenario from the previous evaluation is now the worst, since 
it is the one with the lowest amount of products obtained (Fig. 6B). In 
this case, Scenario 01 is the most promising alternative from an envi
ronmental point of view.

Given this variation in the results, it was considered to evaluate the 
extraction strategies by means of sustainability and circularity in
dicators, available in bibliographic references and certification schemes, 
as well as the Greenness Grid methodology, based on the principles of 
Green Chemistry.

3.3. Applying environmental, social and circular indicators to the 
alternatives

Sustainable and circular aspects were selected according to certifi
cation schemes and official documents, such as the European Green 
Deal, the Circular Economy Action Plan or the ISCC (International 
Sustainability and Carbon Certification), and the ASC-MSC Seaweed 
Standard (which applies to sustainable and socially responsible seaweed 
production), among others [42].

The indicators considered for the assessment are those that best fit 
the available data, divided into three main pillars: environmental, social 
and circular indicators. The lack of data on the social pillar has meant 

Table 2 
Techno-economic assessment results for Scenario 02. (1) The total equipment costs are updated to 2023 according to CEPCI INDEX.

Equipment Capacity Units Purchase cost Equipment Capacity Units Purchase cost

Freeze Dryer 28.15 m2 2 $90,155 Ultrafilter 65.61 m2 2 $144,288
Grinder 42.21 kg/h 1 $14,121 Rotatory vc filter 2.46 m2 1 $42,410
Spray dryer 665.84 L 1 $17,074 Hydrocyclone 0.7 m 1 $3210
Bioreactor 19.71 m3 1 $43,982 Total equipment cost ($) (1) $1071,118
Washer 252.5 kg/h 1 $26,333
Item Factor Value
Direct costs
Equipment delivered cost 1 $1071,118
Equipment erection 0.2 $214,224
Piping 0.1 $107,112
Instrumentation and controls 0.1 $107,112
Electrical 0.1 $107,112
Buildings 0.1 $107,112
Site preparation 0.1 $107,112
Total capital cost of installed equipment 1.7 $1820,901
Indirect costs
Design, engineering and construction 0.4 $428,447
Contingency 0.2 $214,224
Total fixed capital costs 2.3 $2463,571
Working capital (15 % total capital cost) ​ $369,536
Total Capital Cost ​ $2833,107
Other costs
Labor cost - $1353,909
Utilities cost - $105,721
Materials cost - $33,265
TEA SCORES
Net present value > 0 Profitable
Minimum selling Price 12.62 $/g Lower than market average
Payback 4 years Lower than Project lifetime
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that only three indicators could be scored, i.e., that of chemical con
sumption, which is related to the potential for harm on human health, 
and the implication on human carcinogenic and non-carcinogenic 
toxicity. On the other hand, in terms of circularity, three indicators 
have been included, one related to the recovery of chemicals or water at 
the facility, and another with respect to the amount of waste sent to 
landfill, which is related to the lack of more adequate management 
procedures, since sending them to landfill is not expected to result in 
recovery or valorization. The last one represents the productivity in the 
use of resources, which, in fact, is related to a circular performance: the 
more the integral use of resources is produced, the less waste is pro
duced, thus promoting a greater circularity.

Furthermore, regarding the environmental pillar, it has been possible 

to analyze various indicators ranging from the quantification and eval
uation of process-related emissions or efficiency in the use of energy, to 
the avoidance of waste effluents or water toxicity, among others. It is 
important to mention that these indicators have been calculated ac
cording to the data available from the process modelling through the 
SuperPro Designer tool and with the scores obtained from the devel
opment of the LCA methodology. On the other hand, another important 
fact is that the use of qualitative indicators was not contemplated, since 
this evaluation may be exposed to subjectivity, which could reduce the 
effectiveness in the selection of the most promising extraction 
alternative.

Table 4 shows the qualitative scores obtained by scenario and by 
type of indicator, with the best alternative in bold green and the worst 
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alternative in red.
Scenario 01 is the most promising alternative in terms of the three 

indicators related to circularity, given that it achieves the greatest ca
pacity for recovery of chemicals or water through the process, with a 
value of 12.26 tons/batch, significantly higher than that obtained by 
Scenario 03, which only achieves a score of 1.59 tons/batch. On the 
other hand, regarding waste sent to landfill, Scenario 01 presents the 
lowest amount of non-hazardous waste sent to landfill per kg of products 
obtained, with a score of 0.22, very similar to that of Scenario 02, which 
rises to 0.80, but significantly lower than that of Scenario 03, charac
terized with a score of 22.80. The reason for this high value of Scenario 
03 is not the fact that a much larger amount of non-hazardous waste is 
produced compared to the other two scenarios, but its low production 
capacity, only 0.05 kg of products/batch, implies that this score in
creases significantly. Related to this is the "productivity over resource 
use" indicator, for which Scenario 01 is also the best, since it is the one 
with the highest mass of products per batch, 4.91 kg, compared to 1.17 
and 0.05 obtained by Scenarios 02 and 03, respectively.

Regarding the social indicators, the most interesting results were 
obtained when evaluating the "Chemical Consumption" index, since the 
implementation of Scenario 02 implies a zero use of chemicals, thus 
obtaining a score of 0 for this indicator. On the other hand, given the low 
productivity of Scenario 03, together with the fact that it requires 
chemicals throughout the process, specifically sodium acetate to main
tain the pH, which leads to a high value for this indicator. On the other 
hand, in terms of the two other social indicators, Scenario 01 is the most 
promising extraction alternative, since, on the one hand, a lower toxicity 
to human health per process per batch is achieved and, on the other 
hand, a higher amount of product per batch is obtained. Again, the low 
productivity of Scenario 03 is the reason behind the high carcinogenic 
potential per product obtained, thus making it the worst scenario.

Bearing in mind the environmental pillar, the scores obtained for 
"chemicals harmful to the ecosystem" and the two indicators based on 
"avoidance of water toxicity" are very similar between the scenarios, but, 
on the contrary, significant differences are observed when evaluating 
the wastewater produced and the water recovery along the process. For 
both cases, Scenario 01 is the one that provides the best score, while 

Scenario 03 is affected by its low productive productivity, given that 
these indicators are measured per kg of products obtained per batch 
process. As for the efficiency in the use of energy, it also depends on the 
productivity of the process, given this fact, even when Scenario 02 is 
developed, the amount of electricity required is higher, since the ul
trasound assisted extraction is a very energy demanding technology, the 
ability to produce a higher amount of product per process per batch 
implies that Scenario 03 is the worst alternative with respect to this 
indicator and, once again, Scenario 01 provides the best score. Finally, 
considering the quantification of emissions, the absence of chemicals in 
Scenario 02 results in a significant advantage on this item, making this 
scenario the best, while Scenario 03 remains the least promising.

Therefore, according to the overall evaluation of the indicators, it 
can be determined that Scenario 01 seems to be the best alternative for 
most of the indicators assessed. Moreover, for those in which it does not 
achieve the best score, the differences with the other scenarios are not 
very significant, except for the "Chemical consumption" category in 
which, with a large difference, Scenario 02 is the best. On the contrary, 
the low efficiency of Scenario 03 marks it as the worst alternative in 
most of the indicators, since many of them are calculated based on the 
number of products obtained per batch. Therefore, improving the 
extraction yield would be the key to improving the sustainability and 
circularity of this recovery scenario.

3.4. Evaluation of the degree of sustainability using the Greenness Grid 
methodology

The main objective of Green Chemistry is to improve the reduction of 
environmental impacts resulting from the use of chemicals and the 
chemical-based process. It is based on 12 principles, in which C flows, 
energy efficiency, mass productivity, health and safety issues, as well as 
atom economy are some of the main aspects to be evaluated.

As can be seen in Table 5, the scenario that gets the highest green 
index, thus being the more sustainable, is S01, which is in line with the 
results obtained by the environmental analysis following the LCA 
methodology. Moreover, S03 also gets the worst value, being classified 
as a “on path to be sustainable” scenario, while both S01 and S02 get the 

Table 3 
Techno-economic assessment results for Scenario 03. (1) The total equipment costs are updated to 2023 according to CEPCI INDEX.

Equipment Capacity Units Purchase cost Equipment Capacity Units Purchase cost

Freeze Dryer 28.15 m2 2 $90,155 Ultrafilter 0.13 m2 1 $1286
Grinder 42.21 kg/h 1 $14,121 Rotatory vc filter 0.95 m2 1 $26,309
Centrifuge 12.42 kW 1 $18,350 Hydrocyclone 0.7 m 1 $3210
Bioreactor 7.61 m3 1 $28,662 Total equipment cost ($) (1) $534,587
Washer 252.5 kg/h 1 $26,312
Item Factor Value
Direct costs
Equipment delivered cost 1 $534,587
Equipment erection 0.2 $106,911
Piping 0.1 $53,459
Instrumentation and controls 0.1 $53,459
Electrical 0.1 $53,459
Buildings 0.1 $53,459
Site preparation 0.1 $53,459
Total capital cost of installed equipment 1.7 $908,799
Indirect costs
Design, engineering and construction 0.4 $213,835
Contingency 0.2 $106,917
Total fixed capital costs 2.3 $1229,551
Working capital (15 % total capital cost) ​ $184,433
Total Capital Cost ​ $1413,983
Other costs
Labor cost - $1353,909
Utilities cost - $15,171
Materials cost - $128,487
TEA SCORES
Net present value < 0 Not profitable
Minimum selling Price 82.35 $/g Higher than market average
Payback - ​
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classification of “potential sustainable scenario”. With respect to the 
individual scores obtained, the one in which a higher difference between 
the scenarios under evaluation is observed is for the one of “mass pro
ductivity”, the principle 15, as it is the S01 the one that is more pro
ductive in terms of pigment production per amount of macroalgae used 
as input material. Looking to improve the scores achieved by applying 
the Greenness grid methodology, the increase on the energy efficiency, 
the enhancement of the atom economy, the improvement on the mass 
productivity of the process, as well as working on the prevention.

4. Conclusion

The main results of the development of the three calculation 

methodologies have demonstrated the potential of algae to be used as a 
natural resource for the extraction of phycoerythrin. The assessment of 
the profile associated with the harvesting, collection and transport of the 
algae has shown significantly lower environmental impacts than other 
marine species, thus demonstrating the suitability of using this natural 
resource as a raw material. However, going further in the life cycle 
stages, it has been found that the environmental impacts and sustain
ability potential are not analogous depending on the extraction process 
used. The use of emerging technologies, which are less optimized than 
conventional ones, fails in the efficient use of electricity, as in Scenario 
02, where ultrasound-assisted extraction, for which not even chemical 
agents are required, does not achieve the best results given mainly the 
extensive use of electricity and the reduced production capacity 
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compared to that of Scenario 01, which is based on water extraction and 
enzymatic digestion. However, both scenarios have achieved sustain
able scores and adequate circular indicators to be considered as poten
tial extraction alternatives. On the contrary, Scenario 03, which uses an 
enzymatic reaction process, does not achieve such promising results, 
mainly given its low process productivity, since only 0.04 kg of products 
are obtained per process per batch, a very low value to be categorized as 
a feasible scenario. Moreover, this Scenario 03 is also not economically 
viable, while the other two extraction technologies evaluated have 
demonstrated their economic viability. On the other hand, according to 
the main contributors on environmental burdens, future algae 

valorization scenarios should advocate the use of renewable resources 
for energy requirements, mainly for the case of electricity, since greater 
environmental reductions are achieved by performing this sensitivity 
assessment. In addition, the use of emerging extraction technologies 
should also be encouraged, as they might be able to provide adequate 
production capacities, with reduced batch times and avoiding the use of 
chemicals, that are often harmful to the environment.
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