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Abstract: Aquaculture and waste valorization have the potential to show solid achievements toward
food security and improvements in the circularity of resources, which are crucial aspects of achieving
a sustainable lifestyle in agreeance with Agenda 2030 goals. This study aims to optimize and
simplify the decision-making processes for the valorization of marine wastes (natural and from
aquaculture) as secondary raw materials to produce high-value-added market goods. However,
significant concentrations of pollutants may be present within wastes, compromising overall quality,
and social dynamics can hinder their usage further. Goro’s lagoon was chosen as a case study, where
the relations between the ecosystem services, a thriving bivalve economy, and social dynamics are
deeply rooted and intertwined. Therefore, in the manuscript cost–benefit and foresight analyses are
conducted to determine the best usage for algal biomass considering pollution, social acceptance,
and profitability. These analyses are virtually conducted on bio-refineries that could be operating
in the case study’s area: briefly, for a thirty-year running bio-plant, the CBA indicates the two best
alternatives with an income of 5 billion euros (NPV, with a 5% discount rate) for a biofuel-only
production facility, and a half for a multiproduct one, leading to the conclusion that the first is the
best alternative. The foresight, instead, suggests a more cautious approach by considering external
factors such as the environment and local inhabitants. Hence, the main innovation of this work
consists of the decision-maker’s holistic enlightenment toward the complexities and the hidden
threats bound to this kind of closed-loop efficiency-boosting process, which eventually leads to
optimized decision-making processes.

Keywords: aquaculture; circular economy; waste valorization; efficiency boosting; environmental
tutelage; environmental quality improvement; ecosystem management; biofuel; bioproducts

1. Introduction

It is known that anthropic impacts are deeply influencing the planet’s equilibria in
negative ways, and some effects and consequences are already observable from an overall
detrimental perspective. Among the most concerning are climate change, natural resource
depletion, pollution, biodiversity, and ecosystem services losses, which are increasingly
posing threats to the environment and biosphere, especially toward delicate and fragile
ecosystems [1–3]. A crucial issue for the future of humanity is related to the achievement
of global food and resource security in a scenario of a growing world population while
reducing environmental impact and conserving ecological services [4].

Aquaculture represents a promising way to produce and secure food and other prod-
ucts without wasting land and drastically reducing the resources needed [5]. However,
some crucial aspects connected to impacts and environmental tolls must be solved [6,7].
Asian countries are also exploiting algal biomass and marine wastes from Indo-Pacific
waters for phytoremediation and improved circularity purposes [8–10].
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However, since the advent of climate change, the consequent rise in temperatures is
modifying the natural cycles of marine life, as water temperature is a regulator for many
ecological processes and the distribution of species [11]. In addition, the introduction of
chemical substances, such as plastic debris and persistent, bioaccumulative, and toxic (PBT)
species, is causing direct and long-term damage to ecosystem quality [12–16]. In addition,
nutrients can lead to nutrient pollution, which is the enrichment of nutrients coming from
households, agriculture, and industries, such as nitrogen (N), phosphorous (P), minerals,
organic matter, and other chemicals in a water body [17].

Nutrient pollution can affect primary producers with eutrophication phenomena, with
various repercussions on the whole ecosystem [11,18], in some cases generating harmful
algal blooms (HABs), which can lead to the death of the ecosystem itself and the loss of
the services it provided. In addition, the loss of amenity value must be considered; in
fact, out of the expensive clean-up operations, a reduction in visiting tourists and spatial
inaccessibility for recreational users, sailors, and fishers translates to even more economic
losses [19]. In fact, $2.2 billion annually is the estimated cost of damage mediation for
eutrophication damages in the U.S. alone [20]. The phenomena of aggressive and severe
algal blooms are happening worldwide with growing intensity; some examples can be
found in the works of [19,21–27]; nonetheless, it is predicted that the frequency and severity
are likely to increase [27].

Transitional waters (TWs) are often characterized by shallow waters, a limited and
specialized taxonomic richness, and a geomorphological isolating and sheltering structure;
in other words, a protected shuffle point for nutrients and species, sited between freshwater
and marine environments [28]. Hence, they are most suitable to host aquaculture activities
but are also especially prone to suffer from prolonged external variations and negative
events, such as the above-mentioned HABs.

The aim of the manuscript is to match the need for a holistic approach toward the
resolution of problems according to all aspects of sustainability: environmental, economic,
and social, entangled with the need to enforce aquaculture and circularity of resources
in TWs. Hence, in this study, cost–benefit (CBA) and foresight analyses are performed to
systematically determine the best ways to exploit the problematic waste algal biomasses
from HABs, thus restoring and safeguarding the ecosystem services effectiveness of TWs,
also by taking into consideration the socio-cultural, historical, and environmental contexts.
Therefore, the CBA is used to compare various industrial processes to transform biomass
into marketable goods, while the SWOT Foresight analysis enriches the output of the CBA
by also considering social factors and pollution status. Hence producing a strategic tool for
stakeholders, leading to simplified and shortened decision-making processes.

The case study is the valuable Goro’s lagoon: a fruitful but endangered TW location
suffering from HABs and anthropogenic stress, which could benefit from a sustainable
tutelage strategy. Thus, matching the Sustainable Development Goals “affordable and clean
energy”, “industry, innovation and infrastructure”, and “life below water” [29].

In Sections 2 and 3, a literature review and a case study will be introduced. The options
will be described in Section 4, as well as the comparison method of the cost–benefit analysis
and foresight technique. Sections 5 and 6 will discuss the results of both CBA and foresight.
Last, in Sections 7 and 8, there are discussions and conclusions with final remarks and
suggestions for further analysis.

2. Background

Ecosystem services (ES) are of fundamental importance to our well-being [30,31];
hence, preserving ES quality and productivity should also be of primary interest for
improving economic returns, savings, and lifestyle quality. However, ecosystems are
becoming so degraded that many regions in the world risk ecological collapse 4; thus, the
first move should be acting toward stress reduction/elimination, possibly turning problems
into solutions.
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2.1. Algae

Among various stressors, the increased frequency of nuisance macroalgal blooms is
unlikely to change in the immediate future; the challenge is then to exploit the problematic
algal biomasses coming from HABs (not exclusively) as secondary raw material to produce
marketable goods, promoting the sustainable use of biomass, innovation, and development,
also restoring the health and quality of the ecosystem, especially when many natural
resources are becoming increasingly scarce.

Algal biomass is indeed a resource suitable for producing a panorama of products for
multiple purposes: fuels, drugs, food, integrators, and platform chemicals [30–33].

However, some limiting agents stand against the exploitability of this re-discovered
resource, among others, the immaturity of the infrastructures and the lack of a functioning
bioeconomy. In fact, the lack of market readiness for bio-products acceptance represents an
important obstacle to algal product diffusion [34–36]. Moreover, the chemical composition
of the biomass itself and the presence of pollutants that can interfere with the exploitation
routes are also important limiting factors. However, CO2 sequestration, renewable energy
production, improved circularity of resources, environmental protection, bioremediation,
and the opening of new markets are some of the benefits that could derive from a strong
algal bioeconomy.

Other than the peculiar behavior and morphology of different phyla, algae show
characteristic amounts of carbohydrates, lipids, minerals, and proteins; this chemical
composition varies across species, seasons, and with environmental factors such as solar
irradiation, water temperature, and composition [37,38]. Algae can also selectively me-
tabolize [39] or accumulate substances, especially heavy metals, from the environment;
for example, in [40], 6 g per liter of water are used to deplete the concentration of As, Cd,
Pb, Cu, Cr, Hg, Mn, and Ni elements, with an efficiency ranging from 48% for arsenic to
98% for mercury, in a timeframe of 12 h for 50% removal. In light of these interactions,
their usage as bio remediators is nowadays studied; some examples from the literature
are reported [41,42]. Regarding this manuscript, algae could play a double role, at first
cleaning and remediating TWs for further recollection of valuable metals and elimination
of the other toxicants, plus the production of the above-discussed products.

2.2. Biomass and Biorefinery

Biomass is crude oil’s most promising substitute since it is an abundant and renewable
carbon-neutral source to produce energy, platform chemicals, and biomaterials. Biomass
may be made of organic wastes, by-products, and residues. Therefore, biomass feedstocks
are classified by their origin in “generations” [43,44].

Third-generation biomass includes animal manure (e.g., poultry litter, dairy manure,
and swine manure), municipal solid waste, industrial effluent (textile effluents, paper,
pulp industry wastes, tannery effluents, pharmaceutical wastes, etc.), sewage sludge, and
micro and macroalgae [43]. This third kind is “dirtier” (meaning that it could also ruin the
working apparatus) than first- and second-generation biomasses, also carrying conspicuous
amounts of phosphorous, nitrogen, pollutants, and/or pathogens. Therefore, aquatic
biomass is considered a third-generation biomass but also an advanced biofuel feedstock
because of its perennial and inherent growth.

Biomass can be transformed in a biorefinery (BR), which is a general term that indicates
an industry where the feedstock input is of a biological nature, i.e., biomass [44]; therefore,
it should reintegrate and maintain the carbon cycle. In fact, BR is being identified as the
biological and green version of an oil refinery; however, while a core process of fragmented
distillation defines the oil refinery, biorefineries are more complex to define since there is
no common ground among facilities. Moreover, BRs are in an embryonic technological
stage; thus, the number of operating biorefineries is quite exiguous; therefore, finding
and confronting similarities among facilities is not an easy task. Furthermore, there are
no generally accepted classification criteria for BRs, and in the literature, a number of
different naming strategies can be found, for example, according to the feedstock used,
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the transformation processes, or the type and quantity of products. However, there is a
strategy to summarize some factors by introducing the “phase” description, a classification
that considers the input and output of the BR to identify the plant’s complexity and
flexibility [44]:

• Phase 1: one feed source/nonflexible main processes/only one product
• Phase 2: one feed source/rather flexible main processes/multitude of products
• Phase 3: various feed sources/flexible main processes/multitude of products

Nowadays, BRs are mainly phase 1, whereas very few are phase 2, and phase 3
facilities exist only on a conceptual level.

In this work, the focus is set on the usage of algae, both micro and macro, as biomass
feedstock for processes typical for BR, such as biofuel production.

Unfortunately, the literature on BR technologies for biofuels is still immature, as can
be seen in Figure 1 and Table A1 (Appendix A). For industrial purposes, it should be noted
that transforming microalgae is easier, and their composition is more controllable. The
drawback is that the growing structure for them is quite always necessary on land, while
macroalgae can be grown in seawater, so the biomass may be more polluted and have lesser
control over its composition.
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Figure 1. Publications related to algae and biorefineries based on Web of Science in 2024.

Thus, given the exiguous number of papers in the literature on biorefinery and algal
biomass management, studying solutions compatible with the cascade utilization of natural
seaweeds to produce high-value intermediate and end products is a complex matter. In
addition, if compared to fossils, biorefinery products are hardly economically competitive.
However, technical publications on the topic are more and more accompanied by economic
feasibility analysis and lifecycle cost analysis [45–51]. Nevertheless, bio products’ impact
evaluations and market acceptability are being made in the literature with increasing
frequency [52], which is a good sign for the increased installation of bio-plants. Biorefineries
also hold a tremendous potential for innovation and are compatible with renewable sources
of energy.

3. The Case Study

The area chosen for the case study is Goro’s Lagoon, the so-called “Sacca di Goro”,
which is an iconic and valuable transitional water region upon the Po River delta in the
northern Adriatic Sea in Ferrara’s province in the North–East of Italy (Figures 2 and 3). The
productivity of the area is remarkable since it accounts for 14/15 thousand tons of mussels
yearly, 54% percent of Italian production, and 40% of European production [53,54].
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The Goro’s lagoon (in Italian “Sacca di Goro”), along with other nearby lagoons, is
part of the “Delta del Po” protected park (UNESCO) [56] and is a water surface extending
for 20 square kilometers, with sandy bottoms on average 60–70 cm deep, with some 2 m
deep zones (“Parco Del Delta Del Po”). The lagoon environment is evolving, which means
that it is slowly changing and mutating; although these natural changes are due to the
natural water circulation between freshwater and tides, human intervention also introduces
morphological modifications to slow down these naturally occurring processes. One of the
most recent anthropic interventions was made to improve the hydrodynamic circulation by
the opening of additional freshwater outputs in the lagoon, for example, the ones on the
southwestern side of the lagoon.

As previously mentioned, productivity is remarkable, and it stands as the solid base
for a strong, bivalve aquaculture economy that boasts several million euros per year. Thus,
there exists a profound and rooted bond between the social and economic context of this
transitional location. Since the early 2000s, this area has been suffering from extraordi-
nary algal bloom phenomena of growing proportion (e.g., Figure 4), with a peak in the
2014–2015 years, with consequent damages to the ecosystem and mussel’s die-offs, severely
affecting the socio-economic local tissue.
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In this transitional lagoon, algal presence is mostly made by the two macroalgal species
of Ulva Lactuga and Gracilaria [58], which are the two species majorly present as well
during HABs in this location, of which an example from local newspapers [59].

The seaweed Ulva Lactuga belongs to the Chlorophyta phylum and shows a deep
green pigmentation because of its chlorophyll content. The biomass of this origin performs
well as a soil conditioner, fertilizer, and feedstock for aquaculture organisms, although it is
especially suitable for the extraction of high-value-added chemicals and the production
of biofuels. This alga shows a peculiar mix of lipids, which can be isolated or turned into
biodiesel, phenols, which can be extracted and used as antioxidants, polysaccharides, and
saccharides, which have a plethora of uses, among which the production of biopolymers or
the transformation into bioethanol [32,33,60,61].

Gracilaria belongs to the Rhodophyta phylum and is characterized by a brownish-
red pigmentation because of the major presence of phycoerythrin (red algae version of
chlorophyll) and carotenoids. This biomass, instead, shows a more fibrous structure and
is already used in production plants for edible goods (in China and Japan mostly), such
as the phycocolloid known as “agar” used worldwide for culinary purposes, and the
extraction of alginate (polysaccharide), other than fodder for organisms [62]. However, the
exiguous amount of lipids and the high amount of carbohydrates make Gracilaria suitable
for producing bioethanol [63–65].

Other uses for these can be found in additional references reported in Appendix A.
Unfortunately, biomass exploitation is not a straightforward and clean process for

multiple reasons. First, the marine biomass comes as a mixture of seaweeds and not
as a single phylum. In addition, sand, salt, and solid debris, e.g., shells, exoskeletons,
organisms, plastic debris, and microplastics, must be washed away, adding extra costs.
Moreover, the biomass may have accumulated not negligible amounts of pollutants from
the water column and sediments. This latter issue is discussed in the foresight analysis
under Section 6.

4. Methods
4.1. Cost–Benefit Analysis

To develop an eco-industrial system, ex-ante studies are often conducted to pinpoint
hotspots of profitability with significant economic costs and benefits data. The cost–benefit
analysis (CBA) is a standard method to evaluate the best choice among different investments
or projects in uncertain situations regarding their payback and overall effects. CBA is a
systematic process for calculating and comparing benefits and costs of alternative choices
(e.g., scenarios, projects, investments); thus, it is mainly adopted to help the decision-
making process to allocate resources in the most profitable way [66]. Therefore, CBA has a
long history in management and economic studies, both for private and public investments
and since the 1930s, it has also been used for policy and environmental projects [67,68].
Generally, this method helps to avoid being swept by the fashions of the moment [69]
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by relying on economic data and evaluating the economic return, or loss, over a fixed
timespan, with various discount rates.

Therefore, in the presence of multiple choices for project development, an ex-ante
CBA helps and guides the selection of the most profitable one, which maximizes the value
of the investment by the comparison of net cash flows (discounted benefits minus costs)
generated along a selected time frame. These values are expressed in monetary terms
and reported to present values by applying a fixed discount rate (Equation (1)); in this
analysis, five discount rates have been chosen for further comparisons, namely: 0.5%, 1%,
3%, 5%, and 10% to simulate different investment opportunities and risks, and to match
a realistic timeframe of thirty years for the operative lifespan of medium-big industries.
More specifically, discounting reflects a social opportunity cost, such as the return on the
private or corporate investment displaced by government funding, the rate at which society
is willing to trade-off consumption today for consumption tomorrow, the rate at which
society expects wealth to increase in the future (and marginal utility of future benefits to
decrease) thanks to economic growth. However, in this specific case, the discount rates
are the expression of the risks connected to biomass exploitation. Eventually, a rational
decision-maker should opt for the investment with the highest economic return [70]. The
formula of the CBA is shown in Equation (1).

NPV =
n

∑
t=0

Rt
(1 + i)t −

n

∑
t=0

Ct
(1 + i)t (1)

Equation (1) Net Present Value Formula [71], where Rt is revenue, Ct is the cost, i is
the discount rate, and t is the year of the timeframe.

Hence, in this study, different approaches for biomass exploitation are confronted
on the structural basis of bio-plants costs and products to determine the best manner to
approach the exploitation of biological waste in such a delicate socio-economic context.
However, because of the young age of these technologies and the little literature surround-
ing this topic, approximations and assumptions are necessary. As previously mentioned,
the CBA collects and confronts different scenarios, among which a “status quo” option as
the real baseline, which is relatively the cheapest but does not solve any problem nor create
circular value, and various biorefinery approaches for biofuel production and more. In de-
tail, a timeframe of 30 years has been chosen, given the complexity and the time needed to
build and run facilities similar to the ones under discussion in this paper, which are reported
in Section 4.3.3, especially considering the difficulties involved in the commercialization of
bioproducts given the relative absence of a wide and functioning bioeconomy.

However, this is also a case where it is somehow complicated to express an economical
value to community goods or fears, especially for the ecosystem’s service quality (that
allows for mussels to grow and thrive) and the intertwined social dynamics of people
relying on it; nonetheless, also pollution can represent a complicated parameter to consider
economically. Therefore, scenarios, including pollution and social aspects, are built with
foresight techniques; thus, they are analyzed and discussed, starting from the results of the
CBA and considering a real failed case.

4.2. Foresight Analysis

Foresight analysis is a systemic, interactive, and creative process of strategical evalu-
ations to go beyond the visible, to perceive the utility of new choices, to gain awareness
of hidden threats and problems, to develop visions for the future in the medium-long
period (over 10 years), and thus detect possibilities innovations and further development,
to optimize decision-making and policy interventions towards targets [71]. Then, the role
of foresight is to help and drive the allocation of limited resources toward a solid target.
The call for business success requires perfect timing and the management of investments
since today is winning not only who comes first to innovation but mainly who is able to
commercialize it first with products and services readily accepted by the market [72,73]. It
is therefore important to develop a business strategy in agreement with transitional water
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ecosystem services improvement and safeguard it in the present and future, as well as its
surrounding economy, people, and markets.

There are many viable methods in the literature to perform a foresight analysis;
the ones adopted in this work are the “Strengths”, “Weaknesses”, “Opportunities”, and
“Threats” (SWOT) analysis, with the purpose of “identifying the issue” [74–76]. SWOT is
chosen as the proper tool for refining the CBA output by taking into consideration social
and pollution issues upon algal biomass exploitation. The evaluations are made based on
historical data and facts from the grey literature regarding a similar project that has failed
to be completed. Therefore, the SWOT consists of a refinement process that helps overcome
challenges and determine what measures to adopt to pursue the targets effectively. Hence,
the primary objective of a SWOT analysis is to develop a full awareness of all the factors
involved in making decisions [77].

4.3. Scenarios
4.3.1. The Baseline, or “Status Quo”

The “status quo”, or scenario zero, is not included in the CBA, but it is only reported
as a baseline of how the situation is being managed, i.e., without circularity actions toward
algae’s aggressive blooms (HABs), then undergoing related damages and losses, whereas
only a physical removal by the hands of the locals, aqua-cultivators, and fishermen is
made. The biomass collected is then transported to a compost plant in the surroundings
(Ostellato, around 50 km) to produce a bio-stabilized sent-in landfill or to be used as a
covering layer again in the landfill. Thus, little to no energy is recovered, and the carbon
cycle is interrupted, not to mention the marginal utilization of two facilities, a composter,
and a landfill, with their related costs and soil usage.

However, despite being the less impactful case from a social perspective, it might
not be the best solution given the loss from HABs damages to mussels’ population and
collection, maintenance, disposal, and transportation costs; in Figure 5, the routes from
Goro’s city to Ostellato’s composter, with a 50 km and 50 min mean mileage; plus, an equal
distance and time from the composter to the landfill.

Figure 5. Routes from Goro to Ostellato; Google Maps.
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Hence, the “do nothing” option has been working well in standard situations, but in
the case of HABs, it is not of use at all, given the multitude of anoxic crises detected from
2000 [58] and the consequent bivalve die-offs with a drop in productivity even down to
an 80% loss. However, the monetary losses coming from cultivation destruction are not
quantifiable precisely, but to obtain an idea of whether it is possible to confront it with
an annual income of more than 50 million euros for a single subject (e.g., consortia and
cooperatives) when at 100% productivity [78].

Therefore, the income reduction from the lack of products to sell and the expenditure
for disposal and restoration accounts heavily depend on the relatively small reality of this
transitional water body, both in terms of economic and social tissue. In Table 1, the clean-up,
disposal, and maintenance costs are reported from 2016 up to 2021. In those years, some
modifications have been made to the lagoon’s hydrodynamic circulation, and the HABs
problem was appeased temporarily.

Table 1. Algal biomass in Goro’s lagoon clean-up, disposal, and maintenance costs are reported
from 2016 up to 2021. These data, from the CO.SA.GO. cooperative, were kindly provided by the
administration of Goro’s town—ref: M. Zappaterra.

Case 1: Do-Nothing (Status Quo): Bio-Stabilized for Landfill

Year 2016 2017 2018 2019 2020 2021

Biomass (tonn) 912 95.44 19.74 71.94 0 120
Maintenance cost €32,150.00 €14,280.00 €19,600.00 €15,600.00 €0 €36,750.00

Sea-Transport Cost €40,162.50 €17,325.00 €0 €12,800.00 €1800.00 €10,800.00
Land-Transport Cost €14,350.00 €1684.00 €2800.00 €1400.00 €0 €2100.00

Disposal Cost (HERA) €5000.00 €5000.00 €5000.00 €1798.50 €0 €3003.50
Total Expenditure Costs €91,662.50 €38,289.00 €27,400.00 €31,598.50 €1800.00 €52,653.50

From Table 1, it is possible to note that in 2016, the amount of algal biomass was
higher than in the subsequent years, possibly confirming the success of the 2016/2017
interventions to improve hydrodynamic circulation.

However, in 2020, there was no excess biomass to be removed; thus, it could be
interesting to highlight, in further studies, the possible correlations between the absence of
excess biomass and the restrictive measures adopted to respond to the COVID-19 pandemic.

In 2022, another dangerous bloom (caused by drought and high temperatures) caused
severe troubles in the lagoon’s ecosystem, with anoxic crises that led to fauna die-offs,
along with the correlated economic losses, the locals’ general worries and preoccupations,
which are forced to “fish algae” to spare the residual low levels of dissolved oxygen [79,80]

Given that this real scenario relies on the presence of a landfill and a composter, as
reported in Appendix A, for indicative reasons, capital costs per hectare for a landfill
structure installation, and its end-life costs [81]. Whilst the composter’s installation capital
costs are available indicatively in this work [82], for the end-life costs both for the composter
and for the scenarios’ bio-plants discussed in the next sections, a table with demolition
expenditure is reported at the end of Appendix A.

4.3.2. Scenarios’ Common Grounds

The scenarios analyzed in this study consist of various biorefinery approaches, which
differ in terms of processes, complexity, capacity, flexibility, feedstock/s, and product/s; in
other words, there is no common structure or process. So, to avoid redundancies, in this
first part, some common grounds are discussed where the idea is to stress the determination
of the best approach toward algal biomass usage.

The first point is that scenarios capacities for algal biomass largely outmatch the Goros’
lagoon’s potential production; in fact, during a HAB situation, the biomass removed is an
average of 160 tonne/day [78]. Therefore, the focus of the comparison should be set on the
optimal usage of the biomass rather than calculating the proper plant scaling. However, it
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must be pointed out that, given a standard scale and capacity, the industrial complexity
will set a difference among the cases by having a proportional, and not negligible, impact
only on the end-life demolition costs. Speaking of costs, the only adjustment to data is the
actualization to 2021 euros (In addition, considering inflation on dollars for each case and
the change rate with 2021 euros).

Second, to make confrontations among cases, the starting biomass composition:
“macro- or micro-algae” and “chloro-, rhodo- or ochro-phytha”, is relatively not considered
since, in general, the processes are based on bromatological composition rather than the
phylum. However, a crucial hidden factor is that algal biomass in each case is acquired
as a resource; thus, the selling price of the final product/s will depend mainly on this
expenditure, and since algae production is an uncommon activity, it is rather expensive.
In our case, instead, the biomass costs are mainly the ones for removing excess biomass,
of which we have some cues in the table, thus implying cheaper final product/s, more
competitive on markets.

Another point concerns the adaptability of all bio-plants with symbiotic satellite
structures, which push biomass exploitation even further. For example, incinerators for
heat and energy production and fermenters to produce biogas that can (fully or partially)
respond to the factory’s energy demand. In addition, it is possible to have a small structure
to pack and prepare the incinerator’s ashes, with the possibility of recovering metals prior
to being sent to the landfill or preparing the completely exhausted biorefinery organic
waste, such as a digestate cake (from satellite fermenters), to be used as a soil conditioner,
or to be sent to a landfill.

In addition, they are easily connectable with innovations and renewable in general, for
example, with a hypothetical wind/wave-and-macroalgae marine farm combination plant.
The latter will also answer the problem of using seasonal biomass and the consequent
instability of the feedstock flow, given the episodic nature of the HABs. Therefore, a
small-scale plant with storage for seasonal biomass should be critically studied, or a
larger, combined biorefinery–algal farm plant should be designed. The latter could open
opportunities for terrestrial microalgae farms and/or marine structures that can be built
coupled with wind, waves, shrimps, fish, and bivalve farms [50,82–85].

Last, the industrial complexity, which can be assumed as the phase (I, II, and III) of the
plant, will impact the construction costs and demolition costs, of which there is a table in
Appendix A.

4.3.3. Scenarios Description

In this subsection, the approaches are described, and at the end, a resume table (Table 2)
with technicalities is available. The benefits and costs for the CBA come from the following
techno-economic papers [52,53,86,87]. These scenarios are chosen based on “biomass usage”
criteria, starting with the sole production of biofuels, then biofuels plus a single compound
of interest, then a full biorefinery that produces biofuels and multiple products, and last, a
biorefinery without biofuels.

First Scenario [52]: “Biofuels Only”, “1”

It is quite straightforward: the bio-plant produces biodiesel starting from algal biomass,
with a satellite that produces bioethanol through fermentation. Basically, it exploits the
biomass fatty component and the final exhausted biomass to produce biofuels. Despite the
relatively simple structure and efficiency, this kind of approach is not very resilient on the
market given the “one in/one out” formula typical of the phase I structure, which is also
rather inflexible toward changes but well-performing.

Second Scenario [88]: “Biofuels + One Bioproduct” “2 a/b”

This case consists of two scenarios, where there is a common industrial base that
produces only ethanol and another that also has a line for the side-stream production of
a functional product accordingly to the biomass composition under study, in this case,
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alginate. Therefore, this case brings by itself a phase I and a phase “I/II” confrontation
(meaning that there is an extra layer of industrial complexity, placing the overall complexity
somewhat between phases I and II). However, in this paper, some data are lacking; therefore,
some approximations are made to carry out the CBA. Specifically, we approximated the
values of “fixed and variable operating costs” by proportioning the other scenarios’ trends
of these costs, then adjusting for the operating total, which was available. Unfortunately,
the total capital investment was not available; thus, it was approximated by rescaling
the values of cases 2c and 2d (which are the most similar) based on the feedstock annual
capacity. Eventually, the bio-plant dimensions and capacities introduce the problem of
market saturation since the alginate produced by that single plant will outmatch the whole
global demand (even though it is increasing annually).

Third Scenario [87]: “Multi-Product Biorefinery”, “2 c/d”

This case is quite similar to the previous one, but in this case, there are more side-
stream functional product lines, which lead to a full phase II biorefinery. It is to be noted,
however, that this kind of approach is extremely dependent on the biomass composition
and phylum/phyla’s biological peculiarities in terms of active biomolecules, which can be
used as food supplements, anti-inflammatory drugs, and more. In this case, bioethanol,
mannitol, alginate, proteins, and soil conditioner are produced.

Fourth Scenario [86]: “Bioproducts”, “3”

This last case is not fuel-oriented; instead, it represents a refinery approach to produce
food, food supplements, fodder, and fertilizers starting from various algal biomasses. This
alternative is a phase II biorefinery that exploits different feedstocks and produces multiple
products, such as laminarin and fucoidan. Similar to the previous multiproduct case, also
this structure is resilient toward market volatility and changes, but since the idea is to use
natural algae, these can collect pollutants from the environment, which might represent a
problem in terms of products for human consumption.

4.3.4. Resume Table

Data regarding the above-mentioned scenarios are reported in the table below (Table 2),
of which some concerns constitutive, purpose, and complexity parameters, and the remain-
ing involve fixed and variable capital expenditure as well as the income; each monetary
value has been actualized in 2021 dollars, so to have fair confrontations.

The table shows three regions, ranging from “biofuel only” to “bioproducts only”,
between the four sub-scenarios of “biofuels + product/s”.

Table 2. Resume table of all scenarios, actualized in 2021 million euros.

Scenarios: 1: Biofuels 2a–d: Biorefineries 3: Food/Fodder

Phase I I I/II I II II

Product/s
Biodiesel,

bioethanol,
biogas

Bioethanol bioethanol +
alginate bioethanol

bioethanol +
mannitol,
alginate,

proteins, and
soil conditioner

food
supplement:
laminarin +

fucoidan, and
fertilizers

building time
(months) 6 (planning) + 24 6 (planning) + 24 6 (planning) + 24 36 36 12

months for
startup

6: 50% gain with
75% variable

expenses

6: 50% gain with
75% variable

expenses

6: 50% gain with
75% variable

expenses
3 3 none (paper

assumption)

Variable
operating costs

(M€/Y)
237.39 186.23 695.93 63.37 107.96 49.61
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Table 2. Cont.

Scenarios: 1: Biofuels 2a–d: Biorefineries 3: Food/Fodder

Phase I I I/II I II II

Fixed operating
cost (M€/Y) 15.01 11.58 43.27 3.87 10.8 0.54

Total operating
costs (M€/Y) 252.4 197.81 739.19 67.24 117.58 50.15

total direct
cost (M€) 298.24 257.51 514.14 181.06 361.54 3.12

total indirect
cost (M€) 178.88 154.48 308.43 108.66 216.86 1.87

total capital
investments (M€) 503.05 435.94 870.37 307.09 613.13 5.4

Total annual
sales (M€/Y) 695.33 218.63 832.89 29.22 370.46 166.15

5. Cost–Benefit Analysis, Results
5.1. NPV

Using data from Table 2 and by applying “Equation (1)”, Net Present Values are
produced in millions of euros and reported on the right side of the table below (Table 3) in
relation to the discount rate, which has been chosen as a range from 0.5 to 10%.

Table 3. Cost–Benefit Analysis; Net Present Value (Equation (1)) for the Scenarios with various
discount rates.

Discount Rate NPV
(Million Euros)

Biofuel only

0.50% 10,572.75
1.00% 9707.21
3.00% 7012.87

5% 5192.06
10% 2676.16

Biofuel + bioproduct 2.a

0.50% 63.89
1.00% 25.57
3.00% −91.87

5% −168.65
10% −266.46

Biofuel + bioproduct 2.b

0.50% 1118.20
1.00% 977.99
3.00% 532.37

5% 223.15
10% −211.01

Multiproduct biorefinery 2.c

0.50% −1240.05
1.00% −1164.32
3.00% −927.37

5% −765.58
10% −536.55

Multiproduct biorefinery 2.d

0.50% 5605.41
1.00% 5114.74
3.00% 3589.83

5% 2562.79
10% 1154.43
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Table 3. Cont.

Discount Rate NPV
(Million Euros)

Bioproducts only

0.50% 3103.44
1.00% 2873.61
3.00% 2155.87

5% 1667.65
10% 983.20

All alternatives show a decreasing pattern in agreement with the NPV equation, except
for “Multiproduct biorefinery 2.c”, which shows an increasing pattern due to the fact that
the NPV is always negative throughout the totality of the timeframe; therefore, this output
can be discarded.

Hence, it can be observed that the most remunerative scenario is the “biofuels only”
oriented, followed by the “multiproduct biorefinery”; the third one for economic conve-
nience is the “multiple products”. From this elaboration, it appears that producing only
bioethanol could lead to a failure path since, in both cases, the NPV with 5% is negative. In
contrast, bioethanol production plus one bioproduct appears slightly more competitive but
still not very profitable in the long run, given the major and more realistic discount rate.

In fact, an overall “negative perspective” has been adopted to represent the hindering
factors towards a possible project, such as the alternatives studied; this topic will be
discussed in detail in the next section.

5.2. Fixed Discount Rate

This case study can contain numerous and varied obstacles; hence, it was necessary to
analyze the various scenarios through a spectrum of discounts, from 0.5% to 10%, similar
to a sensitivity analysis for testing the sustainability of the circular tutelage project. Hence,
with a 0.5% discount, a virtual income for the first scenario of more than ten billion is
projected, in comparison to slightly more than two and a half billion with a discount of
10%: basically, a 75% income reduction. The comparison with other scenarios shows losses
up to 80%, and some that are not resilient enough to produce positive incomes throughout
the various discounts; thus, little to no sustainable.

In other words, the discount rate is substantially the representation of the level of
confidence that future income streams will equal what it is projected today; hence, it
is a measure of risk. In fact, a higher discount rate generally means that there is more
risk associated with the investment opportunity. Therefore, future cashflows should be
attuned to a greater discount rate percentage because they are less likely to be achieved.
Conversely, if the investment is less risky, then theoretically, the discount rate should be
lower on the discount rate spectrum. Thus, given the uncertainties related to the markets’
acceptability of bioproducts, social fears, distrust, pollution, and regulations, a high risk
for this investment is present. Therefore, a discount rate of 10% should be chosen to
compensate for this multifaced risk. However, the overall sustainability and the positive
economic and environmental effects coming from the restored ecosystem quality and its
services can stabilize these uncertainties, lowering the overall risk and fear of investments.
Eventually, a discount rate of 5% is chosen for further analyses and comparisons among
scenarios as the most representative of the trade-off between risks and benefits proper of
this case study.

In addition, the breakeven point occurrence is a key factor in determining the robust-
ness of an alternative in general and in comparison to the others. In a few words, the
breakeven point is the year when the cashflow hits zero, and it starts to hit positive values,
thus positive revenues.

Therefore, according to the results of the CBA, over a fixed timeframe of thirty years,
the best scenario (biofuel only) is supposed to return roughly 5.19 billion euros, while the
second-best choice (biorefinery multiproduct) returns slightly less than 2.6 billion euros,
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around half of the first scenario, whereas the third most remunerative (bioproduct only)
returns 1.6 billion, less than a third of the first scenario. These three best scenarios also
have a breakeven point that falls within the short period of the fifth (Figure 6), the seventh
(Figure 7), and the second year (Figure 8), respectively, which are also independent of the
discount rate applied (the same year for all the discount rates). Other cases match the
breakeven point in the nineteenth year for scenario 2b (biofuel + one bioproduct) (Figure 9),
and none for scenario 2a (Figure 10) and scenario 2c (Figure 11) both bioethanol only; hence,
highlighting the unprofitability of these latter alternatives, which fail to reach a positive
balance. Hence, as previously introduced, the rational decision maker should opt for the
first scenario, given the highest economic returns, faster breakeven, and lesser demolition
costs; however, some limitations, such as biomass composition, pollution, social aspects,
and industrial flexibility, can influence this choice.
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Figure 6. The cumulative costs vs. cumulative benefits with the breakeven point for Scenario 1. A 5%
discount rate over a period of 30 years.

Below, the cumulative costs vs. cumulative benefits Figures, with a 5% discount ap-
plied over thirty years, are reported; the match point of the two lines is the breakeven year.

From these figures, it can be noticed that the profitability is related to the bio-plant’s
production purpose; in fact, the best outcome in terms of breakeven and income is the
biofuels production plant followed by the biofuel and bioproducts one; therefore, various
products to sell in different markets. In contrast, other scenarios achieve little to nothing
due to narrow and limited product yield and are more sensitive toward market demand and
acceptability. Eventually causing the failure and the impossibility of reaching breakeven
and even repaying the initial investments. Indeed, many scenarios fail to reach profitability
within 30 years, even with a lesser “punitive” discount rate, see Table 3.
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Figure 7. The cumulative costs vs. cumulative benefits with the breakeven point for Scenario 2d.
A 5% discount rate over a period of 30 years.
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Figure 8. The cumulative costs vs. cumulative benefits with the breakeven point for Scenario 3. A 5%
discount rate over a period of 30 years.
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Figure 9. The cumulative costs vs. cumulative benefits with the breakeven point for Scenario 2b.
A 5% discount rate over a period of 30 years.
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Figure 10. The cumulative costs vs. cumulative benefits with the breakeven point for Scenario 2a.
A 5% discount rate over a period of 30 years.
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Figure 11. The cumulative costs vs. cumulative benefits with the breakeven point for Scenario 2c.
A 5% discount rate over a period of 30 years.

5.3. Variable Discount Rate

Given the context’s complexity and the long term of this investment (thirty years),
it could be more advantageous to study the NPV with a decreasing discount rate over
time to match the need for increased sensitivity. In addition, the variable discount could
intercept an initial distrust by the locals and the biomarket unreadiness, followed by
gradual acceptance and market demand, hence, making a more flexible analysis.

This is achieved by dividing the future into three different sub-periods of ten years
each, characterized by a decreasing discount rate; in detail, 5%, 3%, and 2% were chosen
inspired by Weitzman (2001) [88]. Eventually, the output is 7.3 billion 2022 dollars for the
“biofuel only” scenario and slightly less than 3.8 for the “biorefinery multiproduct” scenario,
with a breakeven falling in the fifth and seventh year, respectively (Figures 12 and 13), as
with the previous setup.

Given that the ratio among these two alternatives is somewhat constant, as the first
doubles the second, with both fixed (5%) and decreasing (5–3–2%) discount settings, a
decreasing discount rate could be more suitable to intercept the increasing social compre-
hension, the increasing circular and sustainability trends of biofuels and bioproducts on
the market, as well as the benefit consequent to the environmental relief because of this
remediation act. Thus, this allows for stronger economic considerations, as well as the
support of the foresight analysis based on social and environmental parameters.
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Figure 12. The cumulative costs vs. cumulative benefits with the breakeven point for Scenario 1.
A decreasing discount rate over a period of 30 years.
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6. Foresight Analysis

The second part of this study considers the key factors of pollution and social aspects
for strengthening the best scenario in the CBA using SWOT foresight techniques, which is,
after the next two sections, needed for context.
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6.1. Chemical Pollution

In this section, the focus is set on the presence of pollution that threatens algal biomass
exploitation. As a matter of fact, as described in previous sections, the usage of algal
biomass is not a single and straightforward process, and various processes could co-exist
with the purpose of extracting, isolating, transforming, and producing a single compound
or family of compounds. Therefore, the presence of pollutants in the feedstock biomass can
interfere with the performance of transformation and isolation processes, compromising
the overall plant conversion efficiency. Pollutants, then, might also be present in the final
product (e.g., co-extraction), causing extra costs for cleanup and purification, as in the
by-products and wastes. A couple of examples: the overabundance of metals can force the
biomass residues to the landfill rather than being used in cultivation, or the presence of
pesticides can alter the extraction of organic bioactive molecules.

Regarding the concerns in this case study, the biomass from Goro’s lagoon may be
affected by pollutants belonging to near shores, sea, and freshwater, where the latter
involves the whole river’s hydrogeological basin. In detail, the Po river’s basin is very wide
and covers almost the totality of northern Italy, the so-called “Pianura Padana”, or Padanian
flatland. Moreover, this area (Figure 14) is greatly affected by an anthropic presence and
activities, i.e., stress sources.
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Thus, given the variety of anthropic presence and activities, it is not unusual to
find a variety of macro- and microscopic pollutants classes in the forms of large solid
trash fragments, sand, grit, and other fine solids that can be washed by stormwater and
wind into the rivers. Other than microbiological hazards, nutrient and chemical pollution
can imbalance ecosystems, which are from industrial facilities, households, wastewater
treatment plants, and runoffs from farms and roads [89,90].

As mentioned in previous sections, these chemicals (mainly PBT class) can damage the
environment immediately and catastrophically, or else can build threats slowly, accumulat-
ing in plants and animals’ tissues. Eventually, the fate of the inland-generated pollutants
is to follow the freshwater’s flowing up to the outfall in the sea or ocean. Regarding the
concerns of the Po River, among the major players of this insidious category, it is possible to
find heavy metals, pesticides, polycyclic aromatic hydrocarbons, polychlorinated biphenyls,
drugs, and their metabolites [16,91]. Given the variety of pollutants within the biomass,
the biorefinery should be carefully evaluated to maximize the process cost/effectiveness
and the fate of the residues.
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6.2. Social Failure

This last section is based on a failed attempt to exploit algal biomass, where the failure
came as a consequence of a single, poorly managed weakness, despite the number of
“strong” beneficial points with plenty of opportunities, as reported in the SWOT resume
table in the next section, leading to a complete failure: environmental, social, and economic.

To face the growing issue of algal blooms, in 2012–2013, Goro’s city administration
opted for a different approach than the previously reported “Case Zero”. Therefore, a
biogas plant was studied in collaboration with the company CCGL Group” and a group of
biologists, as reported in the following newspaper articles of that period [92,93].

The hypothetical combinate plant should have used washed algae, along with other
biomasses, to dilute the high content of phosphorus and nitrogen within algal masses as
feedstock for anaerobic digestion for biogas production. Therefore, biogas is transformed
in heat, i.e., hot water and electricity, to be introduced directly into the city’s grid, and
the remaining digested material could be transformed into soil conditioner through the
composting process. This project was mainly financed by the company itself (CCGL group)
with European funds, as it should have become a reference case for further development
of innovative technologies and methodologies, for example, the sea-based cultivation of
biomass to meet the winter months’ needs for feedstock.

The plant should have been built directly on Goro’s lagoon and started to operate
in 2014/2015, also lifting the management expenses from local administration, as seen
previously in case zero, but unfortunately, something went wrong.

In fact, the biogas plant, once seen by the locals as a “savior” for the local economy,
suddenly turned into a deadly threat to the ecosystem, in locals’ opinion. The main reason
for this change in perspective is reported by word of mouth and appears to be for a political
climb to power. However, in the grey literature, it is possible to find minimal information
on how the story developed, from discontent to strong opposition committee.

In the article of Forti (2014) [94], the motivations and reasons to oppose the biogas
plant are reported: while the many positive impacts are nullified, the possible and potential
negative impacts and risks are over-magnified without much accuracy and or scientific
bases, but mainly with a fear instiller approach, such as:

• Suspicious sources of the other biomasses, with dilution purpose, and consequent
release of unknown and deadly substances in the atmosphere,

• Suspected structural fragilities and hypothetic plant lack of resilience toward natural
disasters and rare phenomena,

• Suspected enormous microbiological and biological damages in case of un-stabilized
compost misuse,

• Suspects regarding the “unknown” air emissions (usually air emitting plants are
transparent and produce real-time data, with law limits, such as in this incinerator
example near the case study’s area: [95]),

• Personal, biased, uncheckable experiences, inconsistent and exacerbated facts, such as:
“thirty noisy trucks each 12 min to and from the plant”.

However, the potential benefits of this bio-plant would have been several, for instance:

• Solution to HABs issue,
• Rise of new activities for bio products commercialization,
• Openings for more workplaces,
• Increased circularity of resources and carbon cycle with lesser “new fertilizer” bought.
• Renewable production of energy and heat for local consumption.

Eventually, in this last article of Dall’Oca [96], it is reported that “citizens have won”
against the “bad biogas plant”, confirming the complete change in perspective and the
overall failure of the project as well as the people involved.

While economic data for an effective comparison in the CBA are not available, from
these reports, it is possible to draw that the hidden social factors were a crucial weak-
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ness that should have been taken into consideration when trying to estimate the overall
profitability, both environmental and economic, of the project.

In fact, major stressors for communities (i.e., threats for projects) are possibly con-
nected to the fear of the unknown and, therefore, from the changes in the habits and
contexts usually taken for granted. Thus, imposed changes in landscapes, boundaries, and
surroundings may be seen and lived as war declarations. This phenomenon can find roots
in the “Not In My BackYard” (NIMBY) syndrome [97–100], which refers to a particular
condition where peoples and communities are willing to accept change and innovation
only if that change does not directly impact their daily life by being “not in their backyard”.

The “Best Position” was rightfully economically evaluated to minimize or nullify the
transportation expenditure, leaving only the biomass collection costs; however, it would
have affected the landscape by placing the bio-industry directly upon the shores of the
lagoon, which is the locals’ most precious good given the economic returns and wellbeing
that it provides; possibly, this was the mistake that triggered fear in local stakeholders and
the change in perspectives toward the beneficial role of the facility.

In general, whichever alternative is chosen, the social problems should be tackled by
choosing the best position in agreeance with the local communities since the problems
rise with the “where”, not the “what”. Thus, promoting a piercing campaign of effective
communication regarding the mutual benefits for people’s wellbeing and their pockets,
along with the positive outcomes of a functioning bioeconomy that generates incomes
and creates jobs while relieving expenditure from administration, lowering environmental
impacts, and improving ecosystem services quality.

6.3. SWOT Analyses

Below, the SWOT analyses are reported; the format chosen is the distribution of
peculiarities in proper boxes; hence, three SWOT are conducted: a general one regarding
the overall lagoon potentialities and two targeted upon the realization of scenarios 1 and 2d.

6.3.1. General SWOT Analysis for Goro’s Lagoon Case Study
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6.3.2. Targeted SWOT Analysis for “Biofuel only” Scenario
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7. Discussion

The output of the CBA indicates the best alternative as the full biofuel approach
(alternative 1), which involves a systemic conversion of fats, carbohydrates, and residues
into biodiesel, bioethanol, biogas, and digestate; hence, the feedstock biomass should have a
minimum fatty composition that allows for such processing. However, the sole production
of biofuels, mainly biodiesel, can be a little resilient to changes, for example, the European
policy proposal for the stop to internal combustion vehicles production fixed to 2035 [101],
or unforeseen disturbances in environmental and climatic parameters that reflect on algae
quality and quantity. All factors can represent tombstones for this phase 1 facility since
there is still little understanding of the capacity of biofuel industries to respond to rapid,
nonlinear, unpredictable changes and exogenous shocks, such as technological innovation,
bio-markets availability, societal perspective, and environmental factors [102].

For these reasons, even if less remunerative, a biorefinery approach (alternative 2.d)
should be considered because it allows for various long-term benefits, given the more
strengths and opportunities, as the SWOT analysis suggests, such as the improved adap-
tation to the context and the waste algal biomass composition and availability, and to
unforeseen and unknown factors. This alternative can also face more effectively the pollu-
tion issues discussed in the foresight analysis.

In fact, as described in previous sections, some classes of pollutants tend to be stored in
algae because of the pollutants’ bioaccumulative behavior. Thus, it can represent a disabling
and/or compromising effect on the biofuels’ quality and/or forcing the exhausted biomass
to landfill rather than to agriculture because of the excessive concentration of pollutants in
the digested residues.

Therefore, performing ex-ante qualitative and quantitative analyses on micropollu-
tants within algal biomass to acknowledge and monitor the overall health and pollution
status of the area could lead to the strategic development of a bio-plant that turns weak-
nesses and threats of polluted biomass into opportunities for further ecosystem quality
improvements, and optimized biomasses exploitations. Generally, it is important to avoid
wasting resources in processes that would yield polluted products due to the interference
of pollutants that must be eliminated in further purification processes prior to the com-
mercialization of the final (refined) product, adding costs and equivalent CO2 emissions.
Heavy metals (such as lead) are a perfect example for this process given the natural affinity
that seaweeds show toward them; hence, ideally projecting a bio-industry that produces
biofuels and metals primarily as by-products [103].

Furthermore, the algal feedstock instability point in the weaknesses section can be
faced with inland, onshore, and/or sea farms for algal biomass in order to keep biorefinery
operating outside of seasonal bloom phenomena.

The hypothetical decision-making process, then, should be simplified by emphasizing
the production of biofuels (Scenario 1) and the multiproduct biorefinery (Scenario 2d) as the
most promising ways to face the stress sources that are threatening the lagoon, both with a
fixed discount of 5% and a decreasing one (5–3–2%). At the same time, the possibilities to
be avoided are highlighted (mainly the bioethanol-only productions). However, the second-
best option has lower economic returns but shows other advantages in terms of flexibility
over time and synergy with other technologies and activities, such as phytoremediation,
which is crucial for improving aquaculture product quality. However, the best alternative
to be chosen should be fitting to the pollution situation proper of the case study, then the
third best option (Scenario 3), even if it is the least remunerative, should not be discarded a
priori since, in case of certain contaminations, interfering with biofuels production, could
still be a valid opportunity to exploit biomass.

Eventually, the totality of the benefits discussed until this point should be presented to
the decision-makers and stakeholders, e.g., local and regional administrations, local people,
fishermen, and aquaculture workers, to stimulate participation and increase acceptance
toward the bio-plant while avoiding fears and resistance. Thus, it should be considered a
more costly but socially acceptable “Best Position”, i.e., the furthest from social awareness
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and nearest to the operative area; to achieve a position with relatively low compromising
of natural landscapes and lesser NIMBY Syndrome, without wasting too much in trans-
portation costs and CO2 emitted. Furthermore, local administration can also participate
by fostering science-based information and developing incentives to increase the social
acceptance of the alternative chosen. Hopefully, this will pave the way for a sustainable
and circular action with the cooperation of locals rather than opposition phenomena, as it
has been for the failed case seen in the foresight section.

Unfortunately, the exiguous number of working biorefineries and articles in the lit-
erature was a major limitation to this work, hence limiting the confrontations for finding
the best way to handle algal biomass to macroscopic and superficial differences. Hence, a
future study should focus on biorefineries that are most compatible with remediation and
phytoremediation techniques.

8. Conclusions

In this work, a cost–benefit analysis for the valorization of waste biomass to improve
the circularity of resources and environmental tutelage has been proposed; with the addition
of a foresight analysis to better fit in the social and environmental contexts of Goro’s lagoon,
a highly valuable but endangered transitional water ecosystem that provides fruitful
services, economic returns, and sustains local activities.

The goal is to promote an innovative holistic approach to obtain long-term sustainable
ways for waste valorization, remediation, and the development of more competitive bio-
products on the markets, with the collaboration of locals and respect for their wellbeing.
Therefore, monitoring activities could play a major role as a KPI toward environmental
health and as a base for ecosystem services quality improvement. The latter can also be
achieved through stress reduction, i.e., the bioremediation of pollutants while recovering
valuable chemicals and exploiting biomasses for biofuels and bioproducts. In addition,
given the long lifespan of a bio-plant (thirty years) in these times of climate challenges
and changes, the flexibility requirements could be a key-factor for the project’s success;
hence, the best alternative may not be the most remunerative, as the CBA indicates, giving
up two and half billions in order to gain a much better adaptability to the context and
future uncertainties, as the foresight and SWOT analyses suggest. In these regards, the
multiproduct biorefinery has the potential to be the most promising way to face the stressors
acting upon the lagoon over its whole lifetime, meeting the breakeven in the first 8 years
and producing net income for the years to come while the production of biofuels is a direct
and simpler alternative, belonging to the high-risk high-reward paradigm, producing much
more incomes on the chart, but may suffer from the passing of time, by means of market
needs and policies.

Eventually, each of the alternatives has strengths and weaknesses; the key point is to
foster a critical analysis while studying a strong communication pattern with stakeholders
and decision-makers in order to pick the most reasonable but scientifically accurate choice
for the common good, i.e., environmental, social, and economic.

However, given the historical reality of this location toward bio-plants, the decision-
making process should involve locals in the project design itself to foster full participation
and, therefore, achieve a sustainable way of circular tutelage.
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Appendix A

Table A1. Publications related to algae as feed for biofuels based on Scopus.

Scopus Research by Year 2012 2021 2022

Algae and biodiesel 794 4114 4226
Algae and bioethanol 112 765 793

Algae and biogas 110 1112 1164
Algae and biohydrogen 66 375 393
Algae and biobutanol 9 76 77

Additional References for algal biomass usage

Ulva exploitations: [45,61,104–113]
Gracilaria exploitations: [114–118]
further utilizations of algal biomass might have: [40,119–121].

Landfill Building Costs and Demolition Expenditure

It is to be noted that landfill and composter costs do not completely belong to the
real situation of case zero since those structures are not built for algal biomass handling
purposes only but are needed to “solve” the problem; that is also the reason why the
running costs are not reported, while the capital and fixed costs, instead, are.

Table A2. Typical costs Range for a Landfill Construction €/Hectare.

LANDFILL, Typical Construction Costs

Task Minimum Maximum

Clear and Grub 397 1190
Site Survey 1983 3173
Excavation 39,659 130,875

Perimeter Berm 3966 6345
Clay Liner 12,691 64,248

Geomembrane 9518 13,881
Geocomposite 13,088 17,450
Granular Soil 19,036 25,382

Leachate System 3173 40,452
QA/QC 29,744 39,659

TOTAL 133,255 306,962

Table A3. Typical costs Range for a Landfill Closure Care and Maintenance Costs €/Hectare.

LANDFILL, Closure Care and Maintenance Costs

Task Minimum Maximum

Final grades survey 1190 2380
Gas management layer 9518 12,691

Compacted caly cap 10,311 20,226
Geomembrane cap 7139 9122

Geocomposite 13,088 17,450
Cover and vegetative soil 5156 10,311

Seed, much, fertilize 397 793
Gas management system 11,501 13,881
Run-off control system 1983 2776

QA/QC 29,744 39,659

Total 90,026 129,289
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Table A4. Typical costs Range for a Landfill Post-Closure Maintenance Costs €/Hectare.

LANDFILL, Post-Closure Maintenance Costs

Task Minimum Maximum

Security and fencing 35,693 71,387
Final cap and cover 3569 6742

Leachate mechanicals 10,708 14,277
Landfill gas mechanicals 5354 6782

Wells/probes 237,955 356,933
Environmental monitoring 5354 6841

Total 25,382 34,900

Data are from [122], and below, there are reported the demolition costs for industrial
plants with ranges to better intercept the complexity, yielding a proper evaluation, or at
least an idea, for the demolition costs per square meter.

Table A5. Costs Range guidelines for demolition of industrial sites with various complexities.

Demolition Costs for Industrial Plants

Industrial
PHASE I PHASE II

Removal of
redundant services Fixed: tot € per site 35.40 112.10 112.10 188.80

Site clearance Variable: tot € per m2 17.70 53.10 53.10 88.50
Demolitions Variable: tot € per m2 37.76 56.05 56.05 74.34

Site investigation Fixed: tot € per site 47.20 177.00 177.00 306.80
Fees Fixed: tot € per site 224.20 507.40 507.40 790.60
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