oS

http://www.diva-portal.org

This is the published version of a paper published in Journal of Industrial Ecology.

Citation for the original published paper (version of record):

Thomas, J E., Sinha, R., Strand, A., Séderqvist, T., Stadmark, J. et al. (2021)
Marine biomass for a circular blue#green bioeconomy? A life cycle perspective on
closing nitrogen and phosphorus land#marine loops

Journal of Industrial Ecology, : jiec.13177

https://doi.org/10.1111/jiec.13177

Access to the published version may require subscription.

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-303328



W) Check for updates

DOI: 10.1111/jiec.13177

D:,‘ ‘\ JOURNAL OF
RESEARCH AND ANALYSIS ,/ INDUSTRIAL ECOLOCY Wl LEY

Marine biomass for a circular blue-green bioeconomy?

A life cycle perspective on closing nitrogen and phosphorus land-marine loops

Jean-Baptiste E. Thomas’ ® | RajibSinha®! | AsaStrand? | Tore Séderqvist®* |
Johanna Stadmark® | FridaFranzén® | Idalngmansson® | Fredrik Gréndahl® |

Linus Hasselstrom?

1KTH Royal Institute of Technology,
Department of Sustainable Development, Abstract
Environmental Science and Engineering,

Stockholm. Sweden A blue-green bioeconomy revolution is underway in Europe, with particular attention

2 [VL Svenska Miljsinstitutet/IVL Swedish being paid to the development of new or underutilized marine biomass resources. The
Environmental Research Institute, wild harvest and mariculture of low-trophic non-fed species of marine biomass may be
Kristineberg, Sweden . . . . g q q
contributing to circular economies, the mitigation of environmental problems such as
3 Anthesis Enveco AB, Stockholm, Sweden L. . . .
eutrophication and climate change through the uptake of nutrients and carbon, while
4 Holmboe & Skarp AB, Sorunda, Sweden . . . . . .
o ) also recovering finite phosphorus from marine coastal environments, thus contributing
5 VL Svenska Miljsinstitutet/IVL Swedish
Environmental Research Institute, to food security. The present study provides a cradle-to-gate life cycle perspective on

Gothenburg, Sweden seven established or innovative/emerging marine biomass utilization cases in Sweden:

6 Tyrens AB, Stockholm, Sweden . . . . -
Y mariculture of sugar kelp, blue mussels, and ascidians and the harvest of invasive Pacific

Correspondence oysters along the Skagerrak coast, the mariculture of blue mussels in the Baltic sea, the
Jean-Baptiste E. Thomas, Department of harvest of common reed in the Stockholm archipelago, and the harvest of beach-cast
Sustainable Development, Environmental . .

Science and Engineering, KTH Royal Institute seaweed in Gotland. Results showed that the mariculture cases were found to con-
of Technology, Teknikringen 108, SE-100 44 tribute to eutrophication and climate impact mitigation (at gate). All cases were found
Stockholm, Sweden. . . . .
Email:jothomas@kth.se to contribute to closing the loop on phosphorus by enabling recovery from marine or

coastal environments, bridging marine-land flows, all while performing well from an

Editor Managing Review: Helen Hamilton . . . . .
environmental perspective with a relatively low cumulative energy demand and low
Fundinginformation

The study was funded by the Swedish Research carbon and nutrient footprints. This highlights the potential of low-trophic biomass to
Council FORMAS (grant number 2017-00213) contribute to phosphorus security in the future, and demonstrates the value of indus-
as part of the project—"“Marine bioeconomy . . . . .
for circular nitrogen and phosphorus flows in trial ecology tools such as LCA in support of this imminent Decade of Ocean Science for
Sweden: Alternatives, hurdles and policy tools.” Sustainable Development.
KEYWORDS
aquaculture, blue-green bioeconomy, close the loop, industrial ecology, marine biomass,
phosphorus

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2021 The Authors. Journal of Industrial Ecology published by Wiley Periodicals LLC on behalf of Yale University

Journal of Industrial Ecology 2021;1-18. wileyonlinelibrary.com/journal/jiec 1


https://orcid.org/0000-0002-0354-7189
mailto:jbthomas@kth.se
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jiec
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjiec.13177&domain=pdf&date_stamp=2021-07-17

N

2 ) sournaror THOMAS e7 AL.
WILEY £

INDUSTRIAL ECOLOCY
1 | INTRODUCTION

The reversal of the planetary boundary transgressions for the biogeochemical cycles of nitrogen (N) and phosphorus (P), and the safeguarding of
P resources for future generations, are amongst the most urgent global societal challenges (Cordell et al., 2009; Rockstrém et al., 2009; Steffen
et al., 2015; Withers, 2019). While the Haber-Bosch process and the burning of fossil fuels have made reactive forms of N (organic N, NH3, and
NO,) globally abundant over the past century (Gruber & Galloway, 2008), P is a finite resource whose phosphate mineral reserves may last 50 to
100 years at current extraction rates (Cordell et al., 2009). Yet it too underpins global food security and is an irreplaceable building block of life
(Cordell & White, 2014; Elser & Bennett, 2011; Steen, 1998); thus P scarcity is being recognized as a major and imminent sustainability challenge
or “crisis” (Carrington, 2019; Vaccari, 2009; Withers, 2019). Compared to natural inputs of P to the environment in pre-industrial times due to
weathering, the mining of P and its use in fertilizers has more than doubled P inputs to the environment (Bennett et al., 2001), much of which ends
up in aquatic sinks (Smil, 2000).

Anthropogenic N and P loading to marine environments has disrupted natural cycles and is an important contributor to a wide range of envi-
ronmental consequences including eutrophication (Elser & Bennett, 2011; Gruber & Galloway, 2008) and associated effects (further detailed in
Supporting Information 1). The Baltic Sea, often referred to as one of the world’s most polluted seas, suffers from severe eutrophication, deoxy-
genation, and comprises one of the world’s largest dead zones (Carstensen et al., 2014; Murray et al., 2019). In the last few decades, the emissions
of N and P have decreased due to improvements in agriculture and improved waste water treatment facilities (Andersen et al., 2017). Still, the total
N and P loads from Sweden to marine environments were 123,000 and 3,800 tons?, respectively, in 2016, of which anthropogenic shares were 37%
for N and 46% for P (Hansson et al., 2019; SMED, 2016). Further, as a legacy of earlier emissions and notably of P that has accumulated in sediment,
conditions are still poor in the Baltic Sea (Limburg et al., 2020; McCrackin et al., 2018).

Circular economy approaches show much promise in supporting the development of holistic management strategies for both N and P “by slow-
ing, closing and narrowing material and energy loops” (Geissdoerfer et al., 2017). Studies have explored the closing of P loops in urban-hinterland
regions (Trimmer & Guest, 2018; Verbyla et al., 2013; Wu et al., 2016), by capturing it in human waste and waste water systems (Amann et al., 2018;
Cieslik & Konieczka, 2017; Mihelcic et al., 2011), and by slowing and narrowing of P loops with more efficient livestock production, agriculture,
and fertilizer use (Bateman et al., 2011; Bouwman et al., 2013; Nesme et al., 2014; Schoumans et al., 2014; Willett et al., 2019). These strategies
comprise a mixture of cleaner production and end-of-pipe approaches with a focus on land-based mitigation of N and P losses, and are summarized
by Barquet et al. (2020) for the Baltic Sea Region. They also align with the first three levels of the Arlidge et al. (2018) impact mitigation hierarchy—
avoidance, minimization, and remediation—as applied to the context of nutrient emissions mitigation by Soininen et al. (2019). This highlights a need
for complementary post end-of-pipe measures that focus on the two lowest levels of the environmental impact mitigation hierarchy—remediation
and offsetting—to assimilate and recycle nutrients that have already entered marine environments.

A range of wild marine biomasses are explored for their nutrient uptake capacities; harvesting biomass such as beach-cast, reed, or the invasive
Pacific oyster (see Supporting Information 1) can reduce levels of nutrients in the marine environment as well as provide concentrated N and P
sources for further use (Grondahl et al., 2009; Quilliam et al., 2015). This activity may also help to restore desirable environmental conditions such
as clear waters or clean beaches, which the public has been repeatedly documented as being willing to pay for (Czajkowski et al., 2015; Ostberget al.,
2012; Risén et al., 2017; Séderqgvist et al., 2005). Indeed, a number of companies in Sweden offer shore and lake cleaning services to private indi-
viduals, communities, and municipalities, and some of the harvestable biomass is being considered as raw materials for the bioeconomy (Emadodin
et al., 2020). An overarching concern for harvest of all the studied types of biomass is, apart from the benefits of nutrient uptake, harvesting the
right species at the right time, at the right place, and in the right amounts to avoid or minimize negative effects on ecosystems.

In complement to the harvest of wild biomass, studies have recognized the nutrient reduction potential of the mariculture of non-fed low-trophic
species, such as of blue mussels in the Baltic and Skagerrak (Gren et al., 2009; Lindahl et al., 2005; Petersen et al., 2014; Petersen et al., 2020),
though Stadmark and Conley (2011) questioned the effectiveness of mussel farms as measures to reduce dissolved N and P in the water column. In
a recent study by Kotta et al. (2020), blue-growth initiatives such as mussel farming are highlighted as contributing to marine remediation and to
nutrient circular economies. Kelp mariculture is also recognized as a potentially profitable remediation measure (Hasselstrém et al., 2020) taking
up nutrients to mitigate eutrophication locally (Thomas et al., 2020) and potentially also at regional scales (SWAM, 2015; Xiao et al., 2017), with the
added benefit of producing a useful low-carbon raw material for the bioeconomy even when taking a life cycle perspective (Seghetta et al., 2016;
Thomas et al., 2020). Ascidians, another group of low-trophic extractive species with similar remediative potential to that of mussels but from the
tunicate subphylum, have recently started to be cultivated in the Skagerrak to be used as a feed supplement for fish and animals as well as for human
consumption (Hackl et al., 2018; Hrtizova et al., 2020). Given the Swedish government ambition to enhance shellfish mariculture (Jordbruksverket,
2012) and recent recommendations to focus on non-fed or low-trophic aquaculture (EASAC, 2016), momentum is gathering in mussel and kelp
mariculture and it looks likely that oyster mariculture may soon follow suit; however, the sea-based mariculture of low-mid trophic fish species
remains unlikely given a strict approach to nutrient release in fish aquaculture (Langlet & Mahmoudi, 2016; Soininen et al., 2019). In summary, a
range of blue-growth initiatives that involve the wild harvest or mariculture of marine biomass are on the rise in Sweden, and these may help to
reduce eutrophication by capturing nutrients, be conductive to the restoration of desirable environmental conditions and nutrient circularity, all

the while providing useful biomass for the bioeconomy.
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FIGURE 1 Schematic representation of the predominantly linear flows of nitrogen (N) and phosphorus (P) through human consumption
systems, and of the potential loop closing role of marine biomass. The focus of the present study is on the life cycle performance of the mariculture
or wild harvest of marine biomass that enable the uptake of nutrients from marine sinks

This study aims to explore the nutrient uptake potential of a range of blue-growth initiatives in Sweden (Figure 1), with a focus on whether these
activities provide net nutrient uptake services in a cradle-to-gate life cycle perspective, and to shed light on environmental performance vis-a-vis of
eutrophication impacts, climate impacts (global warming potential or GWP), and cumulative energy demand (CED). Seven case studies of biomass
harvest/mariculture were selected for evaluation—four cases of extractive aquaculture and three cases of wild biomass management—due to their
merit as ongoing activities that may contribute to blue growth and to N and P circular economies in Sweden. This study therefore attempts to gauge
the extent to which the harvest and use of such low-trophic biomass could close land-marine nutrient loops, mitigate further nutrient accumulation,
and potentially reduce legacy nutrient stocks. Building on LCA literature with a similar aim but focusing on a single production system (e.g., Seghetta
et al,, 2016), the seven cases are assessed within a comparative framework that seeks to neutralize some of the variables between the cases to
enable a comparison of extractive potentials—an original strength of this study. The roles of industrial ecology and LCA in support of ocean science
and marine sustainable development are also discussed in light of the experiences gathered in the course of this study. It is intended that the results
of this study should be of value to awide audience interested in food and phosphorus security as well as blue growth resulting from the development
of underutilized blue resources (e.g., public, business and industry actors, policy makers, and the academic community).

2 | METHODS

Environmental life cycle assessments (LCAs) were conducted for each case to shed light on their environmental performance, especially nutrient (N
and P) and carbon (C) equivalent emissions. LCA is a widely accepted methodology for the quantification of impacts across a product’s life cycle and
is conducted in four iterative phases: (i) goal and scope definition, (ii) life cycle inventorying, (iii) life cycle impact assessment, and (iv) interpretation
(Baumann & Tillmann, 2004; Guinée, 2002; ISO 14044, 2006). The first and second steps are detailed in the following sections.

2.1 | Goal and scope

Given that the focus of this LCA is on activities leading to the capture and removal (uptake) of nutrients from marine environments, the scope is lim-
ited to a cradle-to-gate perspective (see Figure 1), the gate having been set after the harvest and transport to hypothetical processing facilities. The
environmental performance is explored in terms of eutrophication and GWP over 100 years (expressed in kilograms of PO, and CO, equivalents,
respectively), calculated following the CML2 baseline 2000 (v2.05) (Guinée, 2002), and complemented with CED (v1.09, expressed in MJs) as a
proxy for overall environmental performance and to highlight opportunities for energy use optimization (Frischknecht et al., 2007). Life cycle inven-
tory (LCI) processes were obtained from the Ecoinvent database using SimaPro 7.3 (Ecoinvent Centre, 2016). Processes selected from Ecoinvent
are listed in the Supporting Information S1 (Table ST1).

Bioremediation is accounted for in the mariculture cases in the present study by converting total N and P content in the biomass into POg4
equivalents (multiply by 0.42 and 3.07, respectively) following suggested equivalency factors for the CML method (GHK & BiolS, 2006). Car-
bon uptake is similarly accounted for by converting total C content in the biomass into CO, equivalents (multiply by 3.67, ratio of the molecu-
lar weight ratio of C to that of CO,). The N, P, and C (converted to PO4 and CO, equivalents) assimilated in the biomass that is then harvested
are accounted for as negative water emissions (i.e., uptake from water). Literature was reviewed to compile biomass composition data for each
case study species, notably N, P, C and dry matter/water content, to enable the quantification of nutrient and C removal from their respective

environments.
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The environmental effects of metabolic emissions are not included in the present study. Potential examples of such emissions include fecal nutri-
ent accumulation under bivalve or tunicate farms, CO, equivalent emissions from respiration or shell calcification, and even possible waterborne
emissions of dissolved oxygen from kelp photosynthesis. Similarly, the wild biomass harvest cases are subject to complex ecosystem dynamics, such
as emissions from natural decomposition of beach-cast or carbon fluxes in reed beds over prolonged timeframes. Consequently, metabolic emissions
were excluded from this study due to high variance, a lack of consistent data across the seven present cases, and due to a lack of methodological
consensus on how to account for the complex ecosystem interactions resulting from such metabolic emissions (Filgueira et al., 2019).

To provide a comparison of the seven biomass cases that provides relevant perspectives and that is fair to the inherent differences between each
biomass, three functional units were selected. The first functional unit expresses impacts per ton harvested biomass (fresh weight or FW) and was
selected as relatable to industry actors and future research. The second functional unit expresses impacts per ton of dry matter (DM, 0% moisture)
and was selected to enable comparisons between the different cases given the great variation in moisture content across the biomass cases. The
third functional unit expresses impacts per kg of P uptake to shed light on the P uptake efficiency of each case. This third functional unit serves as a
key indicator for P recovery and thus of loop closure potential, across all seven cases.

In addition, loop closure potential is further scrutinized for the low-trophic mariculture cases (only) in terms of net emissions potential for both

climate and eutrophication impacts, which take into account both the sum of cradle-to-gate emissions (emissions©2C)

of each activity and the car-
bon and nutrient content in the biomass that is removed from marine environments at harvest (see Equations 1 and 2, respectively). For additional
perspective on the loop closure efficiency of each low-trophic mariculture case, ratios of carbon and nutrient return on investment (ROI) were calcu-
lated, that is, ratio of carbon (C-ROI) and nutrient (Nutrient-ROI) in harvested biomass relative to invested cradle-to-gate CO, and PO, equivalents
emissions (see ROI Equations 3 and 4 for C-ROI and Nutrient-ROlI, respectively). Given that LCA should typically account only for environmental
effects due to changes in emissions directly resulting from human activities, neither net emissions nor ROI perspectives were applied to the three
wild biomass cases. These cases are not comparable to mariculture, given that the growth of those biomasses predominantly occurs "naturally"
without human intervention, whereas cultivated biomass is a direct result of human activities. It should be noted, however, that this could and per-
haps should be challenged given that the eutrophic state of the Baltic is largely considered to be due to human activity. Regardless, the harvest
of wild-occurring biomass is a human activity—thus future studies could consider emission changes between harvesting and subsequent use of
the biomass, versus leaving the biomass in situ (i.e., not harvesting). In the present study, however, the third functional unit that expresses impact

potential per kg P remains the main indicator of P loop-closing potential for those cases.

Net CO,_eq emissions = = (COy_eq emissions©2¢) — (C content x 3.67), (1)

Net PO4_¢q emissions = 2 (PO4_eq emissionsCZG) —[(N content x 0.42) + (P content x 3.07)], (2)
CROI= z (éc()c:i::een:\i:sii:s?m)’ 9

Nutrient ROl = [(N content x 0.42) + (P content x 3.07)]: = (PO4_eq emissions©2¢). (4)

2.2 | Sensitivity analysis

The supply chain (or product system) operations and associated modeled LCI parameters are subject to certain unavoidable variations, notably
with regards to biomass yields and composition, particularly dry matter, N, P, and C content. This exemplifies a key challenge for bioeconomy-
related activities: growth and composition of biomass is subject to seasonal variation and other factors, which may have knock-on effects notably on
biomass processing, end-product market value, and indeed, on the results of an LCA. To assess the consistency of model behavior and the robustness
of results to uncertain inputs or model assumptions (such as seasonal variation), a common solution is to apply a “what if” approach whereby key
input factors are identified and varied, and the effect of these variations on overall model results is noted (Pianosi et al., 2016).

Following this approach, sensitivity analysis was conducted on estimated biomass yields by varying these in each case by +20%, a range con-
sidered sufficiently wide to account for both seasonal variation in composition and variations in biomass yield based on available data. In addition,
most cases were found to be subject to one or two impact hotspots resulting from specific system inputs, such as boat fuel consumption or specific
infrastructural components with high impact contributions. Thus, the two items with the greatest influence on the cradle-to-gate nutrient emissions

(eutrophication impact hotspots) for each case were also selected for sensitivity analysis. The numerical inputs of each selected hotspot item were



)
)

JOURNAL OF

iINpUsTRIALEcoLocy VA LEYJ_S

THOMASET AL.

J

SWEDEN

NORWAY
Stockholm

Skagerrak

Gothenburg

DENMARK

Baltic Sea

200 km *‘
1

FIGURE 2 Map of southern Sweden, showing the approximate locations of the seven low-trophic mariculture or wild biomass utilization case
studies. (1) Kelp mariculture (Koster Archipelago); (2) Blue mussel mariculture (West coast, Skagerrak); (3) Blue mussel mariculture (East coast,
Sankt Anna); (4) Ascidian mariculture (Skagerrak); (5) Harvest of beach-cast seaweed (Gotland); (6) Harvest of common reed (Stockholm
Archipelago); (7) Harvest of the invasive Pacific oyster (Orust)

also varied by +20% simultaneously to those of the biomass yields. Combined, the variations portray maximum and minimum results under scenarios

considered to be extreme and are represented by error bars in the main results.

3 | CASE STUDIES AND LIFE CYCLE INVENTORIES

Four cases of low-trophic mariculture and three cases of wild biomass utilization were selected to explore low-trophic blue growth developing in
different parts of Sweden today, namely on the West coast (Skagerrak) and the Baltic sea (see Figure 2). In Table 1, the seven cases are summarized
including species names, productivity estimates, and a brief description of system boundaries. Some context for each case is further described in
the text. Table 2 presents the biomass composition collected from the literature and interviews. For each of the seven cases of marine biomass
utilization, one or several stakeholders, typically project or company representatives, were interviewed using a semi-structured approach to build
LCls. The LCls are presented in Table 3. For both the wild biomass harvest and the mariculture cases, interviewees were asked to describe typical
operations and biomass usage, and to compile LCls including all material and energy inputs of typical activities, and estimations of life expectancy
of infrastructure or machinery. When possible, these inventories were validated by follow-up interviews, published material, and laboratory-based
quantifications (e.g., of biomass composition) as a way of minimizing potential bias from interviews.

For the aquaculture cases, wide ranges or likely variations of typical operations needed to be managed to enable comparison of extractive poten-
tials. For instance, mussel farm sites may be located less than 1 km from the port while other farms were located more than 20 km away. To balance
these variations and present the result for each case in a context of fair comparison, key parameters were selected to be standardized as though
each case (1-4) had exactly the same equipment available to conduct operations. This was done in line with the (estimated or mean) values from the
large commercial-scale activity, the West coast mussel mariculture case. Specifically, standardized parameters for cases 1-4 include the number of
harvest boxes (limited to 2), boat fuel consumption (13.3 L/h), max boat load at harvest (15 tons), harvest duration (3 h), travel time at sea (48 min
one way).

In terms of transportation, each of the seven cases (detailed in Section 3) assume 1 km of transport to processing facilities by means of a tractor,
following their arrival to land. However, the cases differ in terms of transport during the harvest. Transport at sea for each of the four mariculture
cases are based on the assumptions outlined in the previous paragraph. However, given that transportation (at sea and/or on land) makes up a much
larger share of the LCI of the three wild biomass harvest cases compared to the cultured cases, vehicles and transportation distances were selected

to be representative of usual practices (specified hereafter as each case is presented).
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TABLE 1 Casestudies’ summary table

Case study (location) Species Biomass yields Cradle-to-gate system description Case references
(1) Kelp mariculture Saccharina ~25tons FW halyear'! Hatchery, longline cultivation, harvest, Thomas et al. (2020)
(Koster Archipelago) latissima transport at sea, and transport of
biomass for 1 km on land
(2) Blue mussel mariculture  Mytilus edulis ~100 tons FW ha™! Dropline cultivation, harvest, transport Bergentz (2017); Granhed (2018)
(West coast, Skagerrak) year™1 at sea, and transport of biomass for 1
km on land
(3) Blue mussel Mytilus edulis ~10tons FW ha ' year'?  Dropline cultivation with “fuzzy” rope,  Emilsson and Bailey (2018)
mariculture(East coast, harvest, transport at sea, and
Sankt Anna) transport of biomass for 1 km on land
(4) Ascidian mariculture Ciona ~900 tons FW ha™! Dropline cultivation, harvest, transport Bergentz (2017); Hackl et al.
(Skagerrak) intestinalis year™! at sea, and transport of biomass for 1 (2018); Norén (2018)
km on land
(5) Harvest of beach-cast Mix? ~00-300 tons FW day™!, Transport (equipment to and from Dessle (2017); Franzén et al.
seaweed (Gotland) or 10,000-12,000 tons location) and harvest using a (2019)
FW year! specially adapted tractor
(6) Harvest of common Phragmites ~6 tons FW day~t or up Transport (equipment to and from Hahlin (2018); Gillerblad (2018);
reed (Stockholm australis to 360 tons FW year~1P location) and harvest by specialized Spoérndly (2020)
Archipelago) amphibious machinery
(7) Harvest of invasive Magallana gigas  ~160 kg FW day™%, or 9 Transport (equipment to and from Van Der Plasse (2018)

Pacific oyster (Orust)

tons FW year~!

location) and harvest by hand,

transport back to storage facility

aThe mixture of species found in beach-cast is known to vary considerably. Franzén et al. (2019) report samples consisting of a mixture of the eelgrass Zostera
marina, Furcellaria lumbricalis, a range of other species including Polysiphonia spp., Ceramium spp., Fucus vesiculosus, Cladophora glomerata, and Potamogeton
pectinatus.

bOver a 60-day harvest window from July to September.

The potential of seaweed biomass as a raw material has long been apparent in Sweden. Projects were first initiated in the 1970s and 1990s;
however, financial viability was not achieved. Following calls for bioeconomy and blue-growth strategies to be developed 20 years later (European
Commission, 2012a, 2012b), the Seafarm project was initiated as a collaboration of five universities in Sweden to lay the foundations of a seaweed-
based industry with the aim of developing a biorefinery approach to producing food, feed, biomaterials, and fuel from cultivated seaweed (Gréndahl
et al., 2013). The project was concluded in 2020 and from it has emerged a start-up that produces cultivated kelp (Saccharina latissima) for food and
serves as the basis of the present case study using data from Thomas et al. (2020).

Mussel farming (Mytilus edulis) on the Swedish west coast was pioneered in the mid 1970s and has since then increased to a peak of approximately
2,500 tons per year in the end of the 1980s, after which the production has varied between 1,000 and 2,000 tons per year (FAO global aquaculture
production). In 2018 the production was 1986 tons (Kielén, 2019). The mussels are mostly cultured using traditional longline systems although new
systems are under development. Mussel farms have also been tested at several locations on the east coast of Sweden during the last decade (e.g.,
Sankt Anna, Hagby, and in the Stockholm archipelago). Due to the brackish conditions in the Baltic Proper, adult mussels are too small for human
consumption, so other products such as feed for livestock or fish (Wilhelmsson et al., 2019) or organic fertilizer (Spangberg et al., 2013) have been
suggested as alternatives. Pilot projects in the Baltic have preliminarily harvested approximately 8-10 tons (FW) of mussels per hectare farm and
year (Emilsson & Bailey, 2018). The technical development of the farms (longline, nets, etc.) is ongoing, notably at the Sankt Anna site that forms the
basis of the current case.

Typically perceived as marine fouling and a nuisance, ascidians (Ciona intestinalis, a type of tunicate commonly known as sea squirts) are also seen
as having significant biomass potential. Over the past few years, cultivation trials have been successful using mussel farming rigs on the west coast
and a start-up is producing food products and driving the exploration of alternative potential uses such as fish feed (Hackl et al., 2018).

Since 2007, the Pacific oyster (Magallana gigas, formerly Crassostrea gigas) established self-sustaining populations in Scandinavian coastal waters
(Laugen et al., 2015; Wrange et al., 2010). Aquaculture of the species is not allowed in Scandinavia due to the species status as invasive, but both
commercial harvest of wild populations and harvest for management purposes is now established (Mortensen et al., 2019). This LCA case therefore
depicts a small-scale wild harvest operation contributing to invasive species management near to the island of Orust and includes transport back to
a storage facility 50 km away from the harvest location (Van Der Plasse, 2018).

Beach-cast algae and seaweed have traditionally been harvested for fertilization in agriculture in coastal Baltic Sea provinces such as the island
of Gotland (Linnaeus, 1975 [1745]) but is largely out phased in modern agricultural practice. However, its harvest has been gaining attention in

recent years notably due to, amongst other reasons, increases in eutrophication and associated filamentous algae drifts (Chubarenko et al., 2021).
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TABLE 2 Dry matter, N, P, and C composition data of the biomass presented in both kg per ton fresh weight (FW) and as a percentage of dry
matter (in brackets)

Marine biomass case Dry matter content % Nitrogen content kg ton™1 Phosphorus content kg Carbon content kg ton"! FW

studies fraction of FW FW (% of dry matter) ton~! FW (% of dry matter) (% of dry matter)

Cultivated kelp: 15.1 (Schiener et al., 2.42 (Pechsiriet al., 0.362 (Pechsiri et al., 40.2 (Schiener et al.,
Saccharina latissima 2015) (1.60) 2016) (0.24) 2016) (26.6) 2015)

West coast cultivated 38.5 (Strand, 2019) 7.47 (Hedbergetal, 0.669 (Hedbergetal, 28.9 (Zhou et al., 2002)
blue mussels: Mytilus (0.68° 2018) (0.02¢ 2018) (12.7¢
edulis 9.939) 1.15%) 46.0%

East coast cultivated 327 BBG 7.60 BBG 0.642 BBG 45.0 (Bailey, 2020)
blue mussels: Mytilus Submariner? (2.05) Submariner? (0.16) Submariner? (13.8)
edulis

Cultivated ascidians: 5.0 (Hackl et al., 2.55 (Hackl et al., 0.270 (Hackl et al., 25.0 (Hackl et al.,
Ciona intestinalis 2018) (5.10) 2018) (0.54) 2018) (50) 2018)

Mix of beach-cast 237 (Franzén et al., 4.43 (Dessle, 2017) 0.369 (Dessle, 2017) 66.5 Average® from
seaweed species 2019) (1.87) (0.16) (28) species in

Schiener et al.
(2015)

Wild common reed: 35.0 (P-A. Hansson 3.14 (P.-A. Hansson 0.313 (P.-A. Hansson 150.5 (Soetaert et al.,

Phragmites australis & (0.90) & (0.09) & (43.0) 2004)
Fredriksson, Fredriksson, Fredriksson,
2004) 2004) 2004)

Wild invasive Pacific 63.2 (Strand, 2019) 3.95 (Kellogg et al., 0.606 (Kellogg et al., 48.5 (Zhou et al., 2002)

oyster: Magallana gigas (0.21¢ 2013) (0.04¢ 2013) (11.5¢
9.274) 1.269) 44.99)

2Baltic Blue Growth project data. Average DM, N, and P content data of mussels from the Ecopelag test sites and the established Sankt Anna farm.

b Average carbon content accounting for seasonal variation of four common seaweed species (Laminaria digitata, Laminaria hyperborea, Saccharina latissima,
and Alaria esculenta) reported in Schiener et al. (2015).

“Percentage N, P, or C content as a fraction of shell dry matter.

dpercentage N, P, or C content as a fraction of meat dry matter.

The nutrient capture potential combined with a demand for reducing the nuisances that excessive amounts of beach-cast imply for beach visitors
has motivated the Swedish government to introduce funding for harvest initiatives. Our case study is based on harvest initiatives on the island of
Gotland, where more than 40 projects have harvested about 11,000 tons FW per year during the last decade, with local farmers as the main end-
users. The data for this LCA case include transport of harvesting equipment to and from beaches over an average distance 175 + 25 km per day
(Smedberg, 2018). The harvested biomass is collected in piles, emissions from which are not included in the present case as it is assumed that the
piled beach-cast will be utilized.

The common reed (Phragmites australis) is one of Sweden'’s most ubiquitous biological resources and is virtually untapped, covering an estimated
230,000 ha (Sporndly, 2020) of which around 200,000 ha are thought to be in coastal marine environments (Kiessling & Rustas, 2020). Most reed
harvesting today is either undertaken privately for water quality or aesthetic management of water bodies/fronts. Only a small fraction of total
harvested biomass is currently used, either in agriculture or animal husbandry, though a range of possible uses are well established (K6bbing et al.,
2013). Research is ongoing to revisit traditional uses of reed, notably as animal feed, bedding, and as a roofing material, and to develop new uses
that would contribute to the bioeconomy/circular economy. The present case study depicts the harvest of reed in the Stockholm archipelago using
an amphibious harvesting machine and includes transport of harvesting equipment to and from harvest locations by flatbed truck over an average
distance of 390 + 60 km per day (Gillerblad, 2018).

4 | RESULTS

Table 4 presents a summary of the main results from the LCA of the seven cases. Results show that supply chain emissions (CO,-eq and PO4-eq) are
typically low when compared to the amount of N, P, and C contained in the harvested biomass. This highlights that the acquisition of the biomass
(through wild harvest or mariculture) may indeed contribute to low-carbon circular flows of nutrients. In addition, specifically for the mariculture
cases only—for which climate and eutrophication impact mitigation can be accounted as nutrient and carbon assimilation is specifically the result
of human activities—more PO4-eq and CO,-eq are removed from marine environments than are emitted from the mariculture value chains to gate
(i.e., they resulted in net impact mitigation, and C-ROI and Nutrient-ROl values >1). It should be noted that some of the cases could be the subject
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TABLE 3

Inventory items or process
Aeration unit!

Anchoring buoys?

Anchors (concrete)?
Anchors (steel)?

Aquaria?

Autoclave’

Bottom rail?

Bucket?

Buoys (PET)?

Buoys (PVC)?

Carrying cable (PP fraction)?
Carrying cable (steel fraction)?
Chains?

Collector?

Culture rope “Christmas tree” (PP)?2
Diesel: during harvest!
Growing lights'

Harvest bags?

Hawser?

Longlines (PET)?

Longlines (PP)2

Nutrient mix?

Rebar?

Seawater filters?

Seeding line?

Shackles?

Temperature control®

Tractor harvest plough?

Transport (during harvest): Diesel at sea’
Transport (during harvest): Diesel on land®

Transport: deployment and maintenance of

infrastructure’

Transport biomass to gate (processing facility)®

Truxor harvester (aluminum fraction)?

Truxor harvester (steel fraction)?
Water heating®
Water pump’

JOURNAL OF
INDUSTRIAL ECOLOCY

Lltem or process categorized as “energy and transport” contribution.

2|tem or process categorized as “material and infrastructure” contribution.

“Item or process resulting in a eutrophication impact hotspot and therefore selected to be included in the sensitivity analysis.

THOMASET AL.
Life cycle inventories of the seven cases with each input expressed per ton fresh weight of harvested biomass
Blue Blue
mussels mussels Harvest of
maricul- maricul- Ascidians  Harvestof Harvestof invasive
Kelp mari- ture (west ture(east maricul- beach-cast common  Pacific
Units culture coast) coast) ture seaweed reed oysters
MJ 7.98
kg 0.66 0.48
m3 0.03 0.06
kg 8.40* 0.93*
kg 0.29
MJ 0.17
kg 6.00 0.67
kg 0.02
kg 0.12 0.27
kg 0.57 0.60
kg 1.77 0.20
kg 0.44 0.05
kg 2.55*
kg 0.27
kg 5.52*
L 0.75* 3.65*
MJ 28.40
kg 0.32 0.48 1.60 0.05 0.70
kg 0.14 0.02
kg 7.23 0.04 2.78 0.00
kg 1.65 3.53 0.39
L 0.40
kg 4.23 0.47
kg 0.05
kg 0.16
kg 0.15 0.10
MJ 27.80
kg 0.01
L 3.20* 3.20* 3.20* 3.20* 6.00*
L 0.47* 16.70* 60*
tkm  0.61 0.27 3.97 0.02
tkm  1.00 1.00 1.00 1.00 1.00 1.00 1.00
kg 0.003
kg 0.003
MJ 1.20
MJ 0.11
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of additional emissions, for example, from metabolic activities that are not accounted for in the present study. Furthermore, this is a cradle-to-gate

study, so while emissions are low relative to assimilated N, P, and C, this study does not account for downstream processing into bioproducts, their
use, nor their end-of-life disposal.

When comparing the seven cases as a whole, the best performing case was found to be the beach-cast harvest, which had relatively low CED, cli-
mate impact, and eutrophication impact potentials across all functional units. While the assimilation nutrients (N and P) and C in the wild-harvested
biomass (in this case beach-cast) means these should not be accounted for as human activity-based impact mitigation, the harvest does involve the
capture of these elements for eventual reuse in human consumption systems, and thus as a form of resource acquisition. With this in mind and given
an estimated harvest of around 13,750 tons FW per year of beach-cast in Gotland (Smedberg, 2018), linear scaling of results suggests this could
amount to an annual capture of approximately 61 tons N and 5 tons of P that could be returned to human consumption systems for an emission of
around 0.148 tons of PO4-eq. Thus, beach-cast has high potential to close nutrient loops by recirculating N and P to human consumption systems,
and it may also provide long-term sequestration of C depending on later stages of the life cycle. Stabilizing C content while maintaining the avail-
ability of N and P, for instance by pyrolyzing beach-cast to produce biochar to be used for soil enrichment, may allow the N and P to be re-captured
in agriculture while sequestering the C for longer timeframes in the ground (Macreadie et al., 2017). Recent studies suggest beach-cast can decom-
pose and produce greenhouse gases if left in situ on beaches or in piles (Liu et al., 2019), which indicates that harvesting and utilizing the biomass as
soon as possible after being cast on the beach should be preferred from an environmental performance point of view. Further research is needed to
understand these dynamics so that avoided emissions (e.g., from decomposition when harvested) can be accounted for to lend greater accuracy to
follow-up studies.

All the mariculture cases were found to have net nutrient uptake potential and net C uptake potential (i.e., negative net emissions in Table 4)
from a cradle-to-gate perspective. The ROl indicators give a sense of the relationship between emissions, uptake, and net emissions of CO,-eq and
PO4-eq for the mariculture cases. The higher the ROI, the greater the uptake efficiency will be, that is, the more N, P, or C will be taken up per
unit of equivalent emissions. This in turn is indicative of the upstream environmental performance of each biomass as inputs to the (downstream)
bioeconomy, that is, ROl enables the comparison of the production performance of the different biomasses. For example, the C-ROI of the ascidians
was found to be the highest at 5.4:1, meaning that for each unit of cradle-to-gate CO,-eq emissions there are 5.4 units of CO,-eqs assimilated in
the biomass as carbon. In other words, there is a high relative surplus of assimilated carbon (having discounted emissions to gate) that might be
converted into long-term climate impact mitigation depending on downstream use, substitution effects from products, and end-of-life destinies of
the assimilated carbon in the ascidians. Similarly, the Nutrient-ROI result for the Baltic mussel farming case (Mussels E) case is 78:1, meaning that
for each unit of cradle-to-gate emission there are 78 units of nutrients taken up from the water when the mussels are harvested, a relatively high
Nutrient-ROI compared to that for kelp (26:1). The differences between the Nutrient-ROls of kelp and Baltic mussel mariculture are a function of
emissions per functional unit: whereas both the kelp and Baltic mussel mariculture systems are based on similar mariculture infrastructures, the
Baltic mussel case results in greater total yields of biomass, thus providing the same unit of function (e.g., 1 kg of P or 1 ton DM) with relatively less
infrastructure and operations (energy and material inputs, and associated emissions).

The eutrophication and climate impacts as well as renewable and non-renewable CED of the seven cases are broken down in detail in Figure 3,
with contributions of the LCl items and processes categorized in two groups. The first is energy and transport contributions, which includes emis-
sions from the consumption of electricity (e.g., in hatcheries) or other energy sources notably for transport (e.g., diesel consumed in boats). The
second are contributions owing to material and infrastructure use (e.g., from the production, installation, and maintenance of infrastructure at sea,
vehicles in use). From Figure 3, some patterns can be linked to our three functional units. First, impacts per ton of dry matter (B) are always greater
than those expressed per ton fresh weight (A), with the relative difference being due to the water content of each biomass type. For instance, the
blue mussels dry matter fraction ranges from 32.7% to 38.5% in Table 2, and so impacts are approximately 3 times higher when expressed per ton
of dry matter in contrast to 20 times higher for the ascidians given their dry matter content of around 5%. Similarly, impacts expressed per kg of
P uptake (C) are also always greater than those expressed per ton fresh weight (A), because there is less than 1 kg P per ton FW of each studied
biomass. The three functional units together provide a perspective that would be missing if choosing one single functional unit, as there is much
variation between the biomasses in water and nutrient content. For example, for eutrophication, ascidians perform worse than kelp if measured per
ton DW, but better than kelp if measured per kg P uptake. This is an effect of relatively higher water content in ascidians but also relatively higher P
content.

The efficiency of the seven cases in terms of inputs (energy and material inputs) per unit output product (FW biomass) seems to be closely related
to the operational scale of each case. The larger the scale (i.e., the more gross tonnage of biomass produced/yielded), the lower the contributions
of the rest of the supply chain become. For instance, mariculture of ascidians uses a similar infrastructure as mussel mariculture on the west coast;
however, as can be seen from Table 1, far more ascidians can be harvested per hectare of similar infrastructure, thus reducing the impact of ascidians
per ton fresh weight (but not per ton dry matter). A similar pattern is evident with the wild harvest cases. The relatively large average daily harvest
of around 200 tons FW of beach-cast is achieved using approximately 180 L of diesel (equivalent to 0.9 L per ton FW), as compared to the relatively
small daily harvest of 6 tons FW of reed achieved from an estimated 122 L of diesel (20 L per ton FW) or the even smaller daily harvest of 0.16 tons
FW of oysters achieved from 11 L of diesel (equivalent to around 69 L per ton FW). Thus, comparing the cases per day, the beach-cast case utilizes

the most diesel, followed by the reed case, and with the oyster harvesting case utilizing the least diesel;however, in the present study the focus is on
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FIGURE 3 Environmental impact profiles for eutrophication potential, climate impact potential, renewable and non-renewable cumulative
energy demand of the seven cases. The impacts of each case are expressed in terms of the three functional units: (a) per ton fresh weight, (b) per
ton dry matter, and (c) per kg of phosphorus uptake from the water. Impacts are also classified in two groups: materials and infrastructure
contributions, such as cultivation rigs and harvesting vehicles, and energy and transport contributions such as diesel or electricity use. The error
bars represent plausible ranges of results and model sensitivity to the numerical variation of key parameters by +20% (see items marked with " in
Table 3), specifically for biomass yields and hotspot LCI items

Underlying data used in this figure are provided in Tables ST2-5 in Supporting Information S1 and are additionally provided in numerical form in
Supporting Information S2

nutrient/biomass uptake from the water, and when comparing the cases in these terms, the beach-cast performs best while oysters perform worst.
In summary, the cases indicate that the scale of biomass production is closely tied to efficiency in terms of environmental performance across all the
selected functional units.

The wild harvest and mariculture cases contrast strongly with one another as they represent very different types of activity, as reflected in
their LCls. While the wild harvest activities typically involve fossil fuel intensive machinery and transportation but little material and infrastructure,
mariculture requires infrastructure and material investments at the production stage. Accordingly, the impact profiles of the mariculture cases
show large material and infrastructure shares of impacts, whereas those of the wild harvest cases are largely dominated by energy and transport
contributions. Only the ascidians have a larger proportion of energy and transport contributions when compared to material and infrastructure
contributions, owing to the high biomass yield per rig that offsets the contribution of the infrastructure per ton but does not offset contributions of
transport, which still require the same number of trips per ton. The relative differences in energy and transport versus material and infrastructure

inputs for the mariculture and wild harvest cases is also reflected in the renewable CED charts. Wild harvest renewable CED contributions are
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negligible given they mostly depend on diesel to function. In contrast, the mariculture cases contribute both to the renewable and non-renewable

CED: the manufacture of materials and infrastructure requires both renewable and non-renewable primary energy, transport contributions depend
primarily on non-renewable primary energy, and kelp mariculture stands out as the most energy intensive case due to the energy intensive hatchery
on land. Kelp mariculture also performs worse (on average) than the other mariculture cases in terms of eutrophication and climate impacts across
all functional units, with the exception of the ascidian eutrophication impacts per ton dry weight, because of the ascidians high water content. It
should also be mentioned that while the present mussel farming cases do not involve hatcheries, some mussel farming techniques do (Kamermans
& Capelle, 2019). This exemplifies likely variations that are possible between each case and across averages of their sectors.

Some impact hotspots were identified across the LCAs (see Supporting Information S1 for impact profiles of infrastructure of mariculture sys-
tems (SF1-4), and associated impact hotspots). One of the most important identified hotspots recurring across the cases was for transport-related
diesel emissions. These account for a majority of the wild harvest cases’ LCls, so any gains in efficiency related to diesel consumption or alterna-
tive transport and harvest energy sources (e.g., low emission biofuels or electric alternatives, or reduction in transport distances) will appreciably
improve environmental performance, especially the non-renewable CED and climate impacts. Transport-related diesel emissions, especially result-
ing from the use of boats during the harvest, were also relevant hotspots for the mariculture cases. This finding is in line with other studies of
marine-based production, for example, Ziegler et al. (2016). It also suggests that small improvements to marine transport in the direction of reduc-
ing diesel emissions may result in large impact reductions, for example, more efficient engines, use of alternative fuels, faster harvesting, higher
boat-load capacities, and selecting mariculture sites near shore. Other key impact hotspots for the mariculture cases relate to the use of steel com-
ponents (e.g., steel anchors, rebar, and chains) and of polyethylene or polypropylene components (e.g., longlines/culture lines or other cultivation
rig ropes), which together make up most of the infrastructural inputs by mass. These findings are also in line with similar LCAs in literature (e.g.,
Aubin et al.,, 2018; Seghetta et al., 2017; Thomas et al., 2020), and highlights that major gains in overall environmental performance could be made

by tailoring mariculture infrastructure designs to the conditions and requirements of each site.

5 | DISCUSSION

Theresults of this study indicate that the four mariculture cases and three wild harvest cases all contribute to P loop closure by securing P for human
consumption, while displaying relatively low climate and eutrophication-related emissions and CED. Though performance in terms of P uptake and
the provision of biomass (dry or wet) is slightly lower for the mariculture cases on average, these should not be compared as they are fully human-
induced activities that would not take place without human intervention. This also means that nutrient and carbon assimilated in biomass as a
result of low-trophic mariculture can be accounted for as a form of impact mitigation. Though providing unique insights on the circular economy
roles (contribution potential to phosphorus security) of these biomass mariculture/harvest activities, this study is subject to methodological uncer-
tainties and limitations, which are discussed in detail in the Supporting Information S1 (Section SI3). Overcoming these challenges and enhancing
the relevance of LCA to marine sustainability research questions will be key for industrial ecology to contribute to the imminent decade of ocean-
science for sustainable development. In the following section, the potential and usefulness of industrial ecology tools such as LCA to support ocean
science for sustainable development are discussed (Section 5.1). This is followed by a discussion of the potential of marine biomass utilization to
bridge marine-land loops in Swedish coastal regions, and key research gaps that should be addressed to catalyze the emergence of such activities
(Section 5.2).

5.1 | LCA and industrial ecology in support of ocean science for sustainable development

A wide range of assumptions, methodological choices, and limitations affect the results of this study (elaborated in Supporting Information S1 -
Section SI3), many of which provide key opportunities to build a stronger knowledge base for more reliable LCAs to be conducted in support of
ocean-based sustainable development. Ocean science has been progressing at a rapid pace over the past few decades, and from it has emerged new
environmental concerns for which new impact categories are needed. Examples could be related to the marine-specific degradation of materials
that may contribute to nanoparticle and microplastic pollution (e.g., ropes, chains, buoys, anchors), underwater sound pollution (e.g., due to installing
screw anchors in the sea floor), or associated with marine ecosystem services (e.g., habitat provision, oxygenation). Inherent to and coupled with the
development of new impact categories, spatial integration of LCA methods will be needed to account for spatial aspects of waterborne emissions
and assimilations that are typically more localized than atmospheric emissions and assimilations. There is a need to catalyze transdisciplinary efforts
between ocean science and industrial ecology so that tools may serve—more reliably and effectively—to shed light on sustainability questions. This
is most notable in the context of critical sustainability concerns such as climate change and ocean acidification that represent significant risks to
blue sector and associated human welfare.

While such developments would add value to LCAs of marine production systems, opportunities to add robustness to LCAs also exist in smaller,

more strategic tasks. The present LCA, for instance, would have benefited from availability of processes in the Ecoinvent database relating to the
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use of vessels typically used in small-medium scale aquaculture, with deck loading limits ranging from 5 to 20 tons and operating with a range
of different types of marine-grade fuels. Similarly, there is currently a lack of specific processes for commonly utilized materials in aquaculture,
fisheries, or other blue-growth marine activities such as different types or thicknesses of marine-grade ropes and chains. Such small steps may go a
long way to increase the reliability of findings, to strengthen comparability, and improve the relevance of ocean-based production LCAs.

From the complexity of marine ecosystem dynamics to single organism metabolic fluxes, much marine and/or coastal ecology and biology remain
a mystery, is subject of debate or of ongoing research. A critical example affecting the methodology applied to cases 5-7, for instance, relates
to whether or not to consider the growth of wild biomass as a direct result of human intervention (i.e., Baltic eutrophication), and thus how to
account for carbon and nutrient assimilation and associated changes in emissions relative to “natural” baselines. Similarly, a lack of consensus in the
literature can have an important effect on the certainty and generalizability of results. In carbon accounting studies of shellfish aquaculture, some
studies include emissions of CO, equivalents owing to calcification (i.e., shell production) while others do not (Filgueira et al., 2019), resulting in
very different conclusions. A recent study by Ray et al. (2018) highlights that CO, emissions resulting from calcification may increase emissions in
cradle-to-gate studies by approximately 250%; in contrast, another recent study by Alonso et al. (2021) reports lower calcification emissions while
also suggesting pathways for net negative carbon balances from cradle-to-grave, highlighting that much depends on the collection of shell waste
and finding applications for these shells that ensures inertization of assimilated carbon for as long as possible (e.g., using shells in construction
materials). Similarly, some practices common to present small-scale operations may have unintended consequences, both positive and negative.
For instance, when beach-cast is piled up for temporary storage on a beach, anaerobic conditions inside the pile may result in methane emissions
that would greatly affect the climate impact of beach-cast harvesting activities (Liu et al., 2019). Such unknowns and unidentified emissions can
therefore be involuntarily overlooked by LCA practitioners, or may be intentionally excluded given the high degrees of uncertainty, as is the case
in the present study. It will therefore also be important to continue the scrutiny of blue bioeconomy developments in parallel with the study of the
complex dynamics of organism metabolisms and marine ecosystems, how these affect each other and how they are affected by human activity over
prolonged time horizons, in view to inform—with a high degree of certainty—environmentally optimized supply chain practices.

In summary, industrial ecology tools such as LCA have an important role to play in shedding light on critical issues and in support of ocean science
for sustainable development. There are literally vast oceans of issues and questions relating to the marine environment that need to be addressed,
to protect and conserve biodiversity, to bring climate change and ocean acidification under control, and to sustain life as we know it on this planet.
But it is also clear that this is a two-way street: not only will industrial ecology clearly have a role in the support of ocean science for sustainable

development, but ocean science will also contribute to enhance the relevance and effectiveness of industrial ecology.

5.2 | Growing the blue bioeconomy to close nutrient loops

Recognized as a key part of the European bioeconomy strategy, a European “blue revolution” is now well underway, and it is hoped to trigger eco-
nomic opportunity and sustainable growth that can contribute to revitalizing coastal regions, notably by developing the utilization of untapped
marine resources, such as marine biomass (European Commission, 2012a). In Sweden, Europe, and indeed across the world, low-trophic marine
biomass is already being harvested or cultivated, for many species at small scales. Given the results of this study, there is a need to map out these
contributions to circular economies and their associated social and economic benefits, a need that is particularly urgent in the context of the twin
looming climate and phosphorus crises. One particular challenge will be to explore how seasonality affects biomass composition and properties, and
usage, something already explored in the context of cultivated kelp (e.g., Forbord et al., 2020) but lacking for other biomass such as reed. Studies
should also focus on the role that blue growth could have for securing phosphorus (and thus food security) at national/regional scales in the context
of scenarios for coming decades. Sinha et al. (2021) have produced a first attempt at such a study, setting the N and P loop closing potential of the
same seven cases that are portrayed in the present study using element flow analysis. Follow-up LCAs with extended scopes (to include the whole
system as depicted in Figure 1) will be needed to assess P uptake to biomass, reuse in products, and recovery at end-of-life (cradle-to-grave and
cradle-to-cradle perspectives) to inform how P can most efficiently be used to reduce dependence on finite mineral P sources.

Of the seven biomass harvest cases, only the west coast mussel mariculture can be considered to be well established; most cases are either
innovative blue-growth start-ups from a Swedish perspective and European perspective (e.g., kelp mariculture, ascidian mariculture, Baltic mussel
mariculture, and Pacific oyster harvesting) or are driven by societal benefits such as having clean seafronts or improved water quality (beach-cast
and reed harvesting). To catalyze the development of these young initiatives into sectors that can substantially contribute to phosphorus recovery
and circular blue-green bioeconomies, a range of measures are needed. In the course of the interviews conducted to develop the LCls of the seven
low-trophic marine biomass utilization cases, stakeholders shared some preliminary ideas that might facilitate scaling for more widespread marine
biomass utilization. Stakeholders noted, for instance, that the often case-specific and dynamic social and economic benefits associated with the har-
vest or mariculture of low-trophic biomass need to be better understood. Improved knowledge of such benefits may be crucial to create an enabling
environment to unlock and catalyze the development of marine biomass activities, by providing a more solid basis for motivating governmental sup-
port toinitiatives such as start-ups and small businesses for ecosystem services rendered. Stakeholders also often referred to the complex and often

outdated policy and regulatory landscapes, which often hinder the development of marine biomass and of innovative uses, discouraging investors
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from blue-growth-related enterprises. Efficient and targeted governance may support blue growth (Hishamunda et al., 2014; Stead, 2019), as exem-

plified by, for example, Norway, Canada, and the United Kingdom (BIM, 2020; Hishamunda et al., 2014; Walker, 2019). Lessons could be extracted

from those cases to enhance a sustainable blue growth of marine biomass utilization in Sweden. The salience and relevance of these stakeholder

insights are a stark reminder of the need to bridge the knowledge chasms between researchers, industry, policy makers, and the public as efforts
are directed toward blue growth, both to enhance smooth development and to ensure that the benefits of these activities are reaped by humans
and society (Costa-Pierce, 2010; Diana et al., 2013; Krause et al., 2015).

6 | CONCLUSIONS

The results of this study confirm that, when taking into account emissions from a cradle-to-gate life cycle perspective, the linear flows of nutrients
and notably of finite P can be captured by low-trophic marine biomass and recirculated for use in human consumption systems, bridging the marine-
land loop. Furthermore, the mariculture cases assimilate more nutrients (N and P) and carbon (C) from marine environments than are emitted (as
PO4-egs. and CO5,-egs.), thus resulting in net impact mitigations (in a short-term cradle-to-gate perspective) as indicated by nutrient and carbon
ROl indicators. As raw materials for the bioeconomy, therefore, low-trophic marine biomass should be recognized as a renewable/circular source
of P, whose harvest can reduce nutrient levels in marine environments (thus potentially mitigating local eutrophication) and from which low-carbon
products could be made. The study also demonstrates the value of and points toward useful future developments of industrial ecology concepts and

tools (LCA in particular) in support of a more sustainable development of circular blue-green bioeconomies.
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