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Abstract

Life cycle assessment (LCA) is a holistic methodology that identifies the impacts of a production system on
the environment. The results of an LCA are used to identify which processes can be improved to minimize
impacts and optimize production.

LCA is composed of four phases: (1) goal and scope definition, (2) life cycle inventory analysis, (3) life
cycle impact assessment, and (4) interpretation.

The goal and scope define the purpose of the analysis; describe the system and its function, establish a
functional unit to collect data and present results, set the system boundaries, and explain the assumptions
made and data quality requirements. Life cycle inventory analysis is the collection, processing and organi-
zation of data. Life cycle impact assessment associates the results from the inventory phase to one or
multiple impacts on environment or human health. The interpretation evaluates the outcome of each phase
of the analysis. In this phase the practitioner decides whether it is necessary to amend other phases, e.g.,
collection of more data or adjustments of goal of the analysis. In the interpretation, the practitioner draws
conclusions, exposes the limitations, and provides recommendations to the readers.

The quality of LCA of seaweed production and conversion is based on data availability and detail level.
Performing an LCA at the initial stage of seaweed production in Europe is an advantage: the recommended
design improvements can be implemented without significant economic investments. The quality of LCA
will keep improving with the increase of scientific publications, data sharing, and public reports.
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1 Introduction

Seaweed cultivation is a promising activity in the European aqua-
culture sector [1]. Despite being widely used in the food and
chemical sectors in Asia [2], seaweed occupies a niche market in
Europe. The current demand in the food sector is satisfied mainly
by wild harvest in Norway and France [3]. However, a stable
biomass supply might ignite new business opportunities and
boost the industrial development of cultivation and processing
[4]. Extraction of valuable substances through successive refinery
steps is technically feasible, and it has been tested in laboratory and
pilot scale biorefineries [5]. Despite the absence of industrial scale
cultivation sites and biorefineries in Europe, it is worth assessing the
potential impacts on the environment to guide the industrial devel-
opment and prevent harmful effects [4].
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Different types of environmental assessments are available:
environmental impact assessment [6], environmental risk assess-
ment [7], and life cycle assessment (LCA). While the first two
methods assess site-specific change in environmental conditions
that could pose a threat to human health and well-being (e.g.,
concentration of specific pollutants), the third analysis is holistic
and evaluates the local and global impacts through all stages of a
product life cycle [8]. LCA can identify which stage of secaweed
production has the highest impact on a series of environmental
indicators and guide the designer to make choices that minimize
the impacts.

The last decade has seen an increase of LCA studies about
seaweed production and use. Researchers showed that biogas or
bioethanol production have lower environmental impact than their
fossil substitutes [9-15]. However, the energy price can hinder the
development of production plants solely dedicated to biogas and
bioethanol [4]. The economic aspect might be improved by the
development of biorefineries that use the biomass in successive
steps to extract multiple valuable products, i.e., biogas, bioethanol,
fertilizer, and proteins [16-18]. High-value substances like pro-
teins [ 19] or fucoidan [20] can increase the revenue of the produc-
tion process and sustain the biorefinery economy.

At the current stage, Europe has several research projects on
biorefineries but no industrial scale facility [4]. Performing a LCA
based on laboratory data, also called anticipatory or prospective
LCA [21-23], introduces uncertainty in results and is likely over-
estimating the impact compared with industrial optimized pro-
cesses [23-25]. However, this should not discourage the LCA
practitioners, who can still provide an informative result that can
be used during the development process of pilot to large scale
cultivation sites. Increasing the number of reports and publication
will foster the data sharing and improve the reliability and quality of
future studies.

This chapter describes how to perform an LCA following the
protocol described by the ISO standard [8]. Through the descrip-
tion, seaweed cultivation will be used to provide examples and
highlight features of particular relevance.

2 Methods

LCA methodology is constantly evolving and improving, thanks to
the contribution of practitioners and scientists. While the concept of
a holistic assessment—considering all the stages in a product
manufacturing or service provision—is common in all LCAs, the pro-
cedure might differ, based on different purpose of the analysis and
assumptions. The protocol to conduct an LCA is formalized in the ISO
standard 14040:2006 [26] and 14044:2006 [8]. The standard offers a
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Fig. 1 The four phases that constitute a LCA according to the ISO standard
14044:2006

common ground for the development of LCA studies and reports and
is used to develop specific certifications like environmental product
declaration [27] or product carbon footprint [28]. In this chapter we
follow the protocol described in the ISO standards 14040:2006 and
14044:2006 [8, 26].

LCA has four main phases (Fig. 1): (1) goal and scope definition,
(2) inventory analysis, (3) impact assessment, and (4) interpretation.

The goal and scope definition sets the basis on how to conduct
the analysis, affecting the data collection in phase 2 and the evalua-
tion of impacts in phase 3. However, the four phases should be
considered flexible, meaning that the practitioner can use the
results of each phase to revise the decisions and assumptions previ-
ously taken. For example, if the practitioner realizes that the lack of
data affects the interpretation of an impact assessment category, he
will either go back to inventory analysis and collect more data or
modify the goal and scope definition to focus on another aspect
that can be fully addressed.

3 Goal and Scope Definition

The first step in this phase is the definition of the goal of the
analysis. Here, the practitioner describes the purpose of the analysis
and identifies the target audience. Accordingly, he establishes the
level of detail to be achieved in data collection and elaboration. This
decision will deeply affect the approach to the following phases [8].
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The goal can focus on the hotspots of a single production
pathway or compare alternatives; it can focus on a specific problem,
i.e., climate change, or account for several impacts on environment
and human health.

In LCA focusing on seaweed, we can find the following exam-
ples of goals:

¢ Determine the most sustainable scenario for the cultivation and
conversion of macroalgae to bioenergy in Chile [16].

¢ Identify the design that minimizes the environmental impacts of
dried seaweed production [29].

e Assess the environmental impacts and energy balance of
seaweed-based biofuels, and identify hotspots where design
modifications can improve the system performance [17].

The definition of the scope establishes the limits of the LCA:
system function, functional unit, processes, and system boundaries.

The system function is the purpose of the cascade of processes:
deliver a product, e.g., production of seaweed, or provide a service,
e.g., decrease eutrophication in a water basin. The same system can
potentially deliver more than one function at the same time
[30, 31]. The functional unit is the quantification of a system
function, e.g., 1 mg of dried seaweed or 1 kg of nitrogen absorbed.

Examples of functional units in scientific papers are:

e 1 mg of dry seaweed [17]
e 1 ha of sea surface cultivation [18]

e 1 km driven using seaweed-based biogas [14 ]

A series of connected processes constitutes a system, which can
be represented by a flow diagram (Fig. 2). The diagram shows the
inputs of materials and energy, their transformation, processing and
the final output(s). Offshore cultivation of seaweed usually follows
four main phases [18,32]: (1) seed line production, (2) deployment
of lines, (3) maintenance during growth phase, and (4) harvest.
During the seed line production, fertile material releases spores
which settles on kuralone twines (polyvinyl alcohol fiber) and
then incubated in cold room. Nutrients and sterile water support
their growth. In the second phase, the kuralone twines are coiled
around 8 mm diameter ropes, which provide support and surface
for seaweed to attach during development. The combination of
kuralone and 8 mm ropes are called seeded lines (or seeded ropes)
and are deployed in the sea where seaweed will develop over several
months, according to the local climatic conditions [18, 32]. In the
third phase, the farmer visits regularly the cultivation site to assess
the growth and maintain the lines. During the fourth phase, the
farmer harvests the biomass using a mechanical arm to raise the
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Fig. 2 Flow diagram of a seaweed production system based on Seghetta et al. [18]

lines from the water and manually collecting either part or the
whole plant [33].

The system boundaries define which processes are necessary to
deliver the product or service and set the limits of the analysis.
There are two main types of system boundaries named after the
limits of the analysis: cradle-to-gate and cradle-to-grave [34]. In a
cradle-to-gate approach, the analysis stops when the product is
created or service is delivered (Fig. 2). The system may present
several possible gates according to the goal definition: harbor,
storage warehouse (potentially including a preservation process
like drying), and consumer table (therefore including the transport
necessary for the distribution phase). In cradle-to-grave approach,
the systems include the use and the end-of-life management
(Fig. 2). In this case the analysis will include the emissions relative
to the consumption of seaweed and, for example, the disposal of the
materials used during the growth phase.

The goal and scope section is also used to define all the opera-
tive details that characterize the analysis. For example, it should
state if any processes has been excluded because considered negli-
gible. In this case, the report/article should indicate the cut-off
criteria and the reason for its application, e.g., exclude all the inputs
that cumulatively do not reach more than 1% of the total mass input
of the system based on previous analysis on the same site. Given the
limited literature on seaweed production, a cut-oftf may reduce the
accuracy of the results.

Goal and scope include the description of methodology used
for the impact assessment and type of allocation used (if any).
For reasons of clarity, these two concepts are explained in detail in
Sects. 5 and 7, respectively.
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4 Life Cycle Inventory Analysis

Table 1

The life cycle inventory (LCI) analysis deals with the collection,
elaboration, and organization of system inputs and outputs.

During the data collection, the practitioner uses the flow dia-
gram (Fig. 2) as a guideline to register all the inputs and outputs of
the system. Data can be primary, i.e., measured and gathered in
person on the site, or secondary, i.e., collected from reports and
literature as averages and statistical projections [ 34 ]. To increase the
accuracy of the analysis, the major flows should be collected as
primary data [26].

The data are presented in a table as exemplified in Table 1. The
first column shows the list of material and energy used in the system

Life cycle inventory table of seaweed cultivation in Denmark exemplified from Seghetta et al. [40]

-1

Phases Unit Amount Lifetime (year) Amount year— " Material composition
Seed line production

Electricity kWh 5 1 5 Danish energy mix
Deployment of lines

Screw anchor kg 60 20 3 Iron

Buoys kg 344 8 43 Polyethylene
Concrete block kg 8,000 20 400 Concrete
Headline rope kg 130 13 10 Polypropylene
Boat use L 65 1 65 Diesel
Maintenance 0

Diesel for boat L 85 1 85 Diesel

Harvest 0

Diesel for boat L 65 1 65 Diesel

Industrial bags kg 1 1 1 Polypropylene

Outputs

Unit Amount year™

1

Products

Seaweed (dry weight) kg

Emissions to air

1,000

Emissions during biomass conversion

Methane loss

Ammonia loss

kg
kg

2.45
0.02

Functional unit 1 ha of sea surface
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processes, as well as the products and emissions to different envi-
ronmental compartments. The second column shows the unit of
measure of each listed element. The third column shows the total
amount of material and energy consumed by the system referred to
the functional unit. The fourth column shows the lifetime. The fifth
is the total amount normalized by its lifetime. The sixth shows the
composition of the material or energy. To increase transparency and
replicability, the practitioner should provide reference to specific
flows [35].

Every energy or material input insisting on a process is a sub-
system with its own inputs and outputs like branches in a tree
diagram. A mix of primary and secondary data is usually used to
prepare a complete inventory. Databases provide help in this time-
consuming process by offering complete datasets, i.e., inputs, out-
puts, and emissions, of the most common industrial process, e.g.,
plastic and fuels. The most popular databases can contain up to
14,700 datasets, e.g., Ecoinvent [36] and Agri-Footprint
[37]. Mixed sources can be used in the same study provided that
they use the same set of assumptions and data quality standards.
Incompatible sources may lead to significantly different results for
the same system [38].

The data should respect energy and mass balance between
inputs and outputs. The LCI table, together with the flow diagram,
supports the practitioner to guarantee the respect of the balance
within system boundaries. Consumption and emissions should also
be referred to specific time frame, e.g., 100 years if evaluating
climate change, and clearly describe data elaboration and assump-
tion in the inventory analysis or goal and scope section.

5 Life Cycle Impact Assessment

The life cycle impact assessment phase associates the results from
the inventory phase to one or multiple impacts on environment or
human health. From a mathematical point of view, the emissions of
different substances are converted to a single unit of measure
(indicator) and summed to provide the magnitude of the impact
(Fig. 3). For example, emissions of carbon dioxide and dinitrogen
monoxide from electricity production are multiplied for a conver-
sion factor, i.e., characterization factor, and converted into carbon
dioxide equivalents. The sum of all carbon dioxide equivalents from
system processes represents the impact on climate change [39].

The impact assessment consists of three steps: selection, classi-
fication, and characterization.

The selection of impact categories aims at including all the
relevant environmental consequences of the system operations. In
seaweed sector, the majority of scientists are interested in under-
standing the potential bioremediation of eutrophic waters and
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Fig. 3 Framework of impact assessment based on ILCD methodology [39]

carbon dioxide absorption; therefore, they select impact categories
quantifying eutrophication and climate change [29, 40]. Studies
dealing with biofuel production select, in addition to climate
change and eutrophication, impact categories related to human
health, eco-toxicity, fossil resources depletion, and cumulative
energy demand [12, 14, 16, 18].

The classification step connects substances emissions to cate-
gories where they manifest an impact, e.g., methane emissions to
impact on climate change. This step is performed using characteri-
zation models that describe the relation between emissions and
impacts through mathematical functions [34, 41, 42].

The characterization step is the mathematical conversion of a
physical quantity to an indicator score, e.g., kg of methane into kg
of carbon dioxide equivalents. This makes all processes comparable
since they share the same unit of measure. Characterization pro-
vides results for midpoint impact categories (Fig. 3), which are
defined as the point where a variety of substances have a common
effect on the environment. For example, climate change is a point
where all greenhouse gases produce an alteration of the radiative
forcing in the atmosphere. The endpoint categories are created by a
further characterization step which results in a broad category
aiming at comparing multiple environmental impacts on a specific
area, e.g., human health. The endpoint characterization is subject
to higher uncertainties and then midpoint and, while providing a
simple result, reduces the clarity of the mechanisms underpinning
the calculation.

There are several available impact assessment methods that a
practitioner can use. The most recent and harmonized indicators
are provided by IPCC for climate change [43], ReCiPe [41], CML
[42], ILCD [39] and Eco-indicator 99 [44]. All of them consider
at least one impact category for the effects on climate change and
eutrophication. ReCiPe provides two categories to differentiate
between marine and freshwater eutrophication, which might be
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useful in studies focusing on the bioremediation service of seaweed
cultivation [45].

The use of impact categories from well-known methods sup-
ports comparability of results among different studies. However,
practitioners can create new impact categories to include aspects
relevant for the aquaculture sector, such as sea surface occupation
[46, 47], sea bottom impact [48 ], and phosphorus-limited marine
eutrophication [45]. Other impacts such as on biodiversity have
been developed for other systems; however, no characterization
factors have been set up for marine environment yet [30, 49-51].

Climate change is the most common impact category used in LCA
of seaweed production. Thanks to the photosynthesis, seaweed acts
as a temporary storage of carbon and reducing the concentration of
carbon dioxide in the atmosphere. The management of biomass
defines where and when the carbon is released, the carbon balance
of the system, and possible interaction with the nitrogen cycle. The
end-of-life scenario is a key process to describe when calculating the
net carbon balance. When modelling a biorefinery system for pro-
duction of fuel, fertilizer, and fish feed, part of the carbon remains
in the soil for more than 100 years, delivering a carbon sequestra-
tion service [52]. When seaweed is converted in an energy vector,
the balance between absorption and emissions (during use phase) is
considered neutral [53]. However, a thorough mass balance of the
carbon and nitrogen within the system boundary can reveal if other
greenhouse gases emissions occur, e.g., methane loss during
storage [40].

Cumulative energy demand (CED) [54], energy return on
energy investment (EROI), [55] and fossil depletion [41] are
useful impact categories for studies focusing on biofuel production
[12, 14, 16, 45]. These categories consider the total energy
(or fossil resources) required from society to produce 1 unit of
available energy. The result is a quantification of energy efficiency
of the process and can highlight the best performance between
seaweed-based biofuels and their fossil alternatives.

Seaweed cultivation is often considered as a bioremediation
technology to reduce eutrophication [56, 57]. During the growth
phase, seaweed can absorb up to 32 kg nitrogen and 17 kg phos-
phorus from the water per ton dry weight [45]. Eutrophication
impact categories help the practitioner to evaluate the balance
between seaweed bioextraction and system emissions during pro-
cessing and end-of-life phases. The CML method ofters a single
impact category that converts both emissions of nitrogen and
phosphorus in units of phosphate equivalents [42]. ReCiPe and
ILCD methods differentiate between marine eutrophication,
assumed to be nitrogen limited, and freshwater eutrophication,
phosphorus limited. Marine eutrophication is therefore quantified
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in unit of nitrogen equivalents, while freshwater eutrophication in
unit of phosphorus equivalents [39, 41].

Human toxicity, terrestrial, marine, and freshwater ecotoxicity
quantify the effect of pollutant emissions and distribution within
the system. The absorption of heavy metals from seawater during
biomass growth may result in improved water quality [58]. How-
ever, the analysis should consider the pollutant flows in the system
and identify potential reemissions. For example, production of
fertilizers from seaweed may move heavy metals from seawater to
agricultural field, modifying the potential exposure to humans and
animals [18].

6

Interpretation

The interpretation phase identifies significant issues or hotspots of
the system. The practitioner evaluates the completeness, sensitivity,
and consistency of the study. Here, he draws conclusions, exposes
the limitations, and provides recommendations for the readers.

Completeness is achieved when the conclusions satisfy the goal
and scope of the assessment. Interpretation is an iterative phase: if a
lack of data is observed, the practitioner might decide to either
improve the data collected or adapt the goal and scope to what is
practically achievable.

Uncertainty and sensitivity analyses help the practitioner to
evaluate how reliable the results and conclusions are [8]. The
uncertainty analysis should estimate the limits of the measurement
and provide a range of final results. The sensitivity analysis applies
variations to the input parameters to highlight which process will be
mostly affected. For example, a sensitivity analysis can consider
variations of input values by 10% increments varied from 50 to
150%. The key parameters can be transport distance, biomass mois-
ture content, water reduction during drying phase, biomass yield,
biomass composition, and material lifetime [29].

7 Dealing with Allocation

The complex biological structure of seaweed allows the extraction
and use of different components. For example, seaweed can be
converted into bioethanol, fertilizer, and protein [18]. This process
requires a first pretreatment step, i.e., milling, to increase active
surface. Secondly the biomass is hydrolyzed and fermented in a
reactor. It follows a separation of the solid and liquid fraction. The
solid fraction is dried and used as high protein content ingredient
for fish feed. The liquid fraction is distilled to obtain bioethanol and
liquid fertilizer (Fig. 4). If the goal of the analysis is to evaluate the
impact of a single output, e.g., only bioethanol, the practitioner has
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two main choices: allocation of impacts among the co-products or
system expansion [8].

When allocation is performed—the impact of the system is
distributed among the multiple products—the LCA is called attri-
butional. Priority should be given to allocation according to physi-
cal relations between the co-products, e.g., mass or energy content.
When this is not possible, other relations can be used, e.g., eco-
nomic value.

Mass allocation requires impacts distribution according to the
mass of the products. Following the biorefinery example (Fig. 4),
fertilizers have the highest mass (due to high water content) and
receive 91% of the impacts, while bioethanol and protein receive 7%
and 1%, respectively (Table 2).

Energy allocation considers the energy content of the products.
In this case, bioethanol has the highest energy content and receives
88% of the impacts, protein 12%, and fertilizer 0%, since this is
mostly water and nutrients (Table 2).

Economic allocation considers the economic value of the pro-
ducts. Bioethanol has a lower price than proteins, but given the
higher production, he receives the 78% of the impacts while protein
the 22% (Table 2). Fertilizers have no commercial value, therefore
no impacts are allocated to it.

Whenever possible, the practitioner should use the system
expansion approach [8]. In the biorefinery example, when
seaweed-based fertilizer and protein enter the market, a decrease
in production of mineral fertilizers and soy proteins occurs, i.e.,
substituted products (Fig. 4). In the LCA calculation, the substi-
tuted product has a mathematically negative value on the total
impact. Therefore, the impact of bioethanol is equal to the total
impact of the system minus the avoided impact of the production of
soy protein and mineral fertilizer (Table 2).
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Table 2
Alternative impacts of bioethanol production according to mass, energy and economic allocation and
system expansion

Outputs Total Fertilizer Protein Bioethanol
Weight (mg) 7.9 7.2 0.1 0.6
Energy content (M]) 15,900.0 1,900 14,000
Economic value (€) 750.0 170 580

Impact on climate change (kg CO5 eq) 1,300

Mass allocation

Percent 100% 91% 1% 7%
Impact (kg CO; eq) 1,300.0 1,186 19 95
Energy allocation

Percent 100% 0% 12% 88%
Impact (kg CO; eq) 1,300.0 155 1,145
Economic allocation

Percent 100% 0% 23% 77%
Impact (kg CO, eq) 1,300.0 295 1,005
System expansion

Substituted products Total Mineral fertilizer ~ Soy protein

Impact (kg CO; eq) 1,300 —160 -5 1,135

Values related to 1 ha of offshore cultivated seaweed exemplified from Seghetta et al. [18]

A more complex version of system expansion is called conse-
quential approach. A consequential LCA aims at considering the
future consequences of marginal changes [59, 60]. When these
changes affect the market of a good, all the suppliers and competi-
tors should be taken into account. For example, if seaweed is used
as protein supplement, it will compete with all the other protein
suppliers on the market that match the seaweed quality. Therefore,
the analysis will take in consideration the potential scenario occur-
ring: equal reduction among all the suppliers, only one supplier
particularly affected, shift in prices, change in total demand, etc.
Several models are available to describe the market behavior [61]
and, combined with limitation of data, make this assessment more
uncertain [62] but more realistic [60]. Consequential approaches
are mostly used to define policy since the marginal effects can play a
role on a regional or global level.
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8 Discussion and Conclusions

The holistic approach of LCA provides a quantification of the
impacts of an entire system. LCA can evaluate the seaweed value
chain from cultivation, through processing, use, and end-of-life.
The results can identify areas where the system can be improved.
Each impact category can highlight a particular environmental
problem and guide the designer to take action to reduce it.

Impact on climate change shows that the infrastructure neces-
sary to offer support for seaweed cultivation has a significant
impact. In particular, the plastic manufacture and consumption
for buoys have high emission of greenhouse gases with respect of
the quantity of biomass produced. Therefore, the material con-
sumption should be reduced or the lifetime increased [18, 29].

CED can highlight the importance of storage design. Energy
consumption for drying seaweed is a high energy-intensive process
and affects the overall energy balance when producing biofuels
[18, 29]. Storage of seaweed as ensilage—a process that reduces
the biomass degradation by lowering the pH to acid environ-
ment—is an alternative method to reduce the energy consumption
[63]. However, while it might represent a solution for biogas
production, it is not recommended for bioethanol, since the ensi-
lage process reduces the quantity of fermentable sugars in the
biomass.

The impacts of seaweed cultivation can be reduced by improv-
ing productivity of the species so that the efficiency of material and
energy use is increased [ 18, 40]. Currently, test sites are cultivating
specimens collected in the wild, adapted to local environmental
conditions [64]. A continuous selection and genetic improvement
during successive generations will likely increase yields, similarly to
historical development in agriculture sector.

Overall, despite a structured and standardized approach, LCA
is highly affected by data quality [35]. Seaweed cultivation and
conversion are still at its infancy, and consequently data are often
based on pilot scale trials or laboratory experiments. On one hand,
this makes LCA results more uncertain, but on the other hand, this
allows LCA to provide recommendation at the development phase
where changes can be applied without significant economic
investments.

With the progress of research and industrial development, we
expect to obtain more and more representative data and further
improve the quality of LCA.
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