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This study fills an important gap in policymaker understanding of the effectiveness and implementation costs of
marine plastic cleanup technologies. Previous studies have mainly listed inventories of different plastic litter
cleanup technologies, not systematically examined their cost-effectiveness. Through a survey in Europe and
North America that asked for cost and cleanup capacity data, per kilogram cost figures were calculated for
several categories of cleanup technologies, ranging from fixed-in-place filters in stormwater drainage systems to
mobile skimmers on water. Mobile skimmers and dredgers appear to be most cost-effective. Adding performance
criteria related to operational conditions and ease of use, such as energy use and economies of scale, dredgers and
stormwater filters rank higher. Litter traps in drainage systems are most preferred when furthermore considering
weather sensitivity and whether technologies operate standalone, making them an interesting complementary
technology to skimmers and dredgers to prevent plastic litter from entering water courses. These results show
how sensitive the outcome of the ranking is to the inclusion of additional operational criteria, how different
categories of technologies can effectively be combined in the plastic waste supply chain, and what the cost
implications are for the future upscaling of plastic litter cleanup technologies.

plastic use and disposal, plastic pollution has been deemed a ‘wicked’
problem, i.e., a problem without clear solution (Landon-Lane, 2018).

1. Introduction

Plastic litter has accumulated rapidly and presents serious threats to
the marine environment and society (Maes et al., 2021). Plastics are the
largest marine litter category, accounting for at least 85% of total marine
waste (Maes et al., 2021). Much of the plastic litter (80%) originates
from land-based sources and finds its way to seas through a variety of
pathways, including river, atmospheric transport, and beach littering.
The remaining 20% of marine plastic litter are from water-based sour-
ces, i.e. they are produced directly at sea by aquaculture, shipping and
fishing activities (Li et al., 2016; Lebreton et al., 2017). Less than 10% of
all plastics ever produced have been recycled (Geyer et al., 2017), and
plastic production and consumption are expected to continue to grow
despite recent bans on, for example, single use plastics worldwide
(OECD, 2022). Plastics’ persistence in seas makes it a major concern
(Lebreton et al., 2017). Due to the complicated and uncertain impacts of

The massive abundance of litter in our natural environment, in partic-
ular plastics in our oceans and seas (Ritchie and Roser, 2018), has made
it imperative to improve our scientific and technological understanding
of how to best address marine plastic litter (Maes et al., 2021).

There has been a rapidly increasing number of studies focusing on
marine plastic litter cleanup technologies (e.g. Schmaltz et al., 2020;
Winterstetter et al., 2021; Nikiema and Asiedu, 2022). These technolo-
gies target a full range of litter, from micro litter that is invisible to the
naked eye to visible macro litter. This study presents a new and unique
overview of the main characteristics of different types of visible plastics
clean-up technologies, including their costs and effectiveness in
capturing and removing plastic litter from freshwater and marine water
bodies. Technical and cost data were collected through an international
survey targeting companies that develop and market plastic litter
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capture and removal devices in Europe and North America. Compared to
the existing literature, these data allow us to conduct a more detailed
cost-effectiveness and multi-criteria analysis. The results of these ana-
lyses inform policy and decision-making not only about the available
different types of marine plastic litter cleanup technologies, but more
importantly the least cost way to capture and remove plastics at pre-
vention and cleanup points along different plastic litter pathways. The
collected data include details that technology owners prefer to keep
confidential in order not to undermine their competitiveness, especially
when a technology is relatively new and has not yet reached market
maturity. Due to the sensitivity of the data, they have been anonymized
and aggregated in the analysis so results cannot be traced back to in-
dividual technologies.

2. Existing inventories of marine plastic technologies

Inventories of different marine plastic technologies are reported in
Schmaltz et al. (2020) and Bellou et al. (2021). Based on a systematic
global literature review, the latter identified 177 technologies, most of
which (60%) relate to monitoring devices developed primarily by the
scientific community, including sampling and detection. Out of the
remaining 71 technologies that can either prevent or clean marine litter,
only 15 had the highest Technology Readiness Level (TRL 9), which in-
dicates they are ready for full operation. In a similarly extensive and sys-
tematic review of internet resources, including news articles and the
environmental solutions platform Ubuntoo, Schmaltz et al. (2020) iden-
tified 52 technologies, 14 of which prevent the leakage of plastic pollution
into waterways and 38 collect plastic waste, mainly macroplastics.
Although no TRL information is provided, 9 of the 14 preventive tech-
nologies (64%) and 27 of the 38 collection technologies (71%) are “in use”.

Using the same global online platform (Ubuntoo), Winterstetter et al.
(2021) asked 13 anonymous experts to identify available plastics pre-
vention and cleanup technologies for deployment specifically in devel-
oping countries, based on information provided by technology owners.
Only 55% of the technologies had TRL 9 and 51% consisted of marine
litter cleanup technologies (the rest focused on plastic processing and
treatment, digital solutions like citizen’s apps, remote sensing or inte-
grated waste management solutions), of which 23% was land-based
(mainly beaches) and the other 77% were either employed in rivers and
streams or in the sea. Most sea-based solutions furthermore focused on the
recovery of fishing gear. For each intervention point from land to sea two
examples are highlighted. Winterstetter et al. (2021) conclude that the
most cost-effective solutions tackle land-based sources of marine litter,
which they defined as technologies that recover plastics from harbors,
lakes and areas of the ocean within easy reach of land. They estimated
that the average costs of these solutions are roughly USD 400 per ton of
collected plastic waste. Ocean cleanup is not considered a first-choice
solution, because the overall amount of floating plastic and the concen-
tration of litter in oceans is considered relatively low. The important role
of the presence of litter is highlighted in Falk-Andersson et al. (2020), who
discuss the various factors that influence the cost-effectiveness of marine
litter clean-up technologies based on the fisheries literature. They iden-
tify litter density and accessibility as a key factor, pointing out that
density may vary spatially and over time, giving acute spills such as
through ship wrecking, container loss and storm events as an example.

Besides technical background descriptions and geographical focus,
also the costs per ton of captured litter is presented in Winterstetter et al.
(2021), but in half of the cases (for 3 of the 6 technologies) part of the
cost data are missing, mainly because of corporate confidentiality of
investment and operation costs. Helinski et al. (2021) similarly reviewed
solutions that can be deployed in rivers, including booms, watercraft
vehicles and receptacles and found only 35% reported capacity or effi-
ciency. Costs were also context dependent and not always publicly
available, which led the researchers to create categories of cost esti-
mates, i.e. low (<$10,000), medium (>$10,000 and <$100,000) and
high (>$100,000). Most devices were categorized as medium cost, but

Ocean and Coastal Management 238 (2023) 106555

this was not tied to their effectiveness.

Dijkstra et al. (2021) identified 105 companies active in marine
plastic management and reviewed their business models using publicly
available information. The companies rarely publish data on the effec-
tiveness of their litter management strategies, and the study concluded
that more comprehensive sustainability reporting is needed in the in-
dustry. Murphy et al. (2022) identified the lack of consistent cost ac-
counting as a major gap in the literature and present a conceptual
framework for the identification of different types of economic, social
and ecological costs and benefits of plastic pollution interventions for
different sectors and stakeholders. They illustrate their framework with
the help of two examples, a solid waste management project in the
Philippines and the Clearwater Mills Trash Wheel in the inner harbor of
Baltimore, also included in the reviews by Schmaltz et al. (2020) and
Winterstetter et al., 2021. Although Murphy et al. (2022) provided a
detailed overview of the various cost items related to the Trash Wheel,
no indication is given of its cost-effectiveness.

Winterstetter et al. (2021) estimate that the cost of operation
(including transport and disposal of waste) and maintenance for the
Trash Wheel amounts to approximately USD 750 per ton of waste,
excluding installation costs, which were estimated at USD 382 to 895
thousand depending on the location. Using a 10-year time frame (the
time period over which the Trash Wheel was evaluated in Murphy et al.
2022) and an interest rate of 5%, the total cost per kg of waste for the
Trash Wheel including the mentioned installation costs would be be-
tween USD 1.00 and 1.30 (own calculation).

This is on the lower end of the range of unit costs presented in
Nikiema and Asiedu (2022) for three in-stream plastic capture tech-
nologies, i.e. sea bins, booms and trash racks. Sea bins are floating trash
bins installed like the trash wheel in ports or marinas that skim the
surface of the water by pumping water into the device which allows it to
intercept floating debris, including plastics. A boom is a floating barrier
designed to prevent litter from continuing to float downstream, while
trash racks are structures with bars that block and guide litter into a set
trap before it flows downstream. Although no information is provided
about the TRL of the technologies, most seem to be applied already. Cost
data originate mainly from the Seabin project (http://seabinproject.co
m/), the company Elastec in the USA for booms and the UK Govern-
ment costing tool of a wide range of flood and coastal risk management
measures for trash racks. In their cost calculations, Nikiema and Asiedu
(2022) estimated that trash racks are orders of magnitude more
expensive (USD 4.87-8.46 per kg of plastic) than sea bins (USD
1.24-1.55 per kg of plastic), while booms are the most expensive tech-
nology to capture 1 kg of plastic (USD 22.5-30.1).

3. Methodology
3.1. Data collection

Existing inventories and reviews of technologies (e.g. Schmaltz et al.,
2020; Winterstetter et al., 2021) were used as a starting point for the
identification of companies that develop marine plastic litter capture and
removal technologies. The focus here was on companies in Europe and
North America (Canada and the USA). Company websites with technolo-
gies that were already in the market were screened. Digital platforms such
as Google, Facebook and LinkedIn were used to search and obtain contact
information. Thirty-seven companies were identified for which contact
information was available, including 2 companies that participated in the
Horizon2020 project CLAIM (https://www.claim-h2020project.eu/).

An online survey was created and set up using Qualtrics, with tech-
nical questions about the technologies and their costs and effectiveness
in capturing and removing plastic litter. Technology companies were
contacted via a standardized email that included a link to the online
survey. The survey consisted of thirty questions and is reproduced in the
supplementary information (SI) to this article. The questions aimed at
improving the understanding of the functioning and operation of the
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various technologies, in particular their costs and clean-up performance.
The survey participants were guaranteed that their responses would be
treated confidential and the information they provided would only be
used for this study and not for commercial purposes.

A total of 53 survey links were sent to 37 technology companies
across Europe and North America between May 13 and May 17, 2021.
The number of links is greater than the number of companies, because
some companies developed and market more than one technology. Out
of these 53 links, 27 are for technologies developed by 20 European
companies, 20 for technologies from 12 American companies, and 6 for
technologies from 5 Canadian companies. To encourage survey partic-
ipation, reminder emails were sent to 12 companies that had not clicked
on their survey links or left the survey incomplete two weeks later. After
this first reminder, more questionnaires were completed. Ten days later,
a second reminder email was sent, but this did not result in any more
completed surveys.

We also offered companies the opportunity to do an online interview
instead of the online written survey. Three companies preferred to
provide the information during a Zoom call. These interviews took place
between May 20 and June 3, 2021, and data was collected in this way for
five plastic litter cleanup technologies. Feedback was ultimately
received from 20 of the 37 companies, yielding a response rate of 59%,
for 25 of the 53 technologies.

3.2. Data analysis

3.2.1. Cost-effectiveness analysis

The purpose of a cost-effectiveness analysis is to find out how an
objective, for example a predetermined target of resource recovery or
removing a certain amount of plastics from water, can be achieved at the
lowest cost possible (e.g. Brouwer, 2022). Various possible marine
plastic cleanup technologies are ranked in increasing order of their
marginal costs, i.e. the costs (€) to capture and remove one extra unit
(kg) of plastic waste. Besides a different marginal cost, each technology
usually also has a specific cleanup capacity. The least-cost technology is
the one that is able to remove 1 kg of plastic litter at the lowest unit cost.
Typically, marginal costs are hard if not impossible to find in practice
unless a detailed cost function can be specified, and the analysis for
cost-effective solutions therefore often relies on the average costs to
remove one unit of waste. This also applies to the cost information
provided in the survey in this study. These costs are based on the com-
panies’ expert judgment of the average capital, operation and mainte-
nance costs of their specific technologies in the year 2021 to capture and
remove plastic litter.

Using the information provided by the technology developers, a first
step was to harmonize the measurement units across all technologies, e.
g. kilograms in Europe and Canada, pounds in the US; US dollars in the
US, Canadian dollars in Canada and Euros in Europe. All values are
expressed in Euros and kilograms. Then one-off capital expenditures
(CAPEX) were annualized to make them comparable with the annual
operation and maintenance expenditures (OPEX). To this end, we
amortized the one-off costs of the technologies equally over their life-
time using a 5% annual interest rate. By combining the annualized one-
off costs, annual operation and maintenance costs and the technologies’
clean-up capacity, the total annual costs per unit of litter capture and
clean-up can be calculated.
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VRAW -

performance score of a specific alternative — minimum performance score

maximum performance score — minimum performance score

maximum performance score — performance score of a specific alternative

Vi,L’
RAW= - .
maximumnt performance score — nunimum performance score

Ocean and Coastal Management 238 (2023) 106555

Table 1
Design of the multicriteria analysis (MCA).
Criterion ~ Description Criteria set MCA method
1 3 SAW TOPSIS
1 Technical lifetime v v v v v
2 Annualized costs (€/year) v v v v v
3 Clean-up capacity (kg/year) v v v v v
4 Number of people v v v v v
5 Energy use (kWh) v v v v
6 Economies of scale (%) v v v v
7 Standalone/automated (yes/no) v v v
8 Training needed (yes/no) v v v
9 Weather sensitive (yes/no) v v v
Number of evaluation criteria 4 6 9
Number of plastic cleanup technologies 14 11 11

3.2.2. Multi-criteria analysis

Additionally, we extend the cost-effectiveness analysis to a multi-
criteria analysis (MCA). We include various other evaluation criteria,
such as technical lifetime, labour input, energy use, and weather
sensitivity. As not all questions were answered for all technologies, we
utilize three criteria sets containing 4, 6 and 9 criteria to minimize the
dropout of technologies. The overview of MCAs conducted in this study
is shown in Table 1.

Because the outcome of an MCA is often not just sensitive to the
selection of criteria, but also the method of analysis, we use two different
methods: simple additive weighting (SAW) and the Technique for Order
of Preference by Similarity to Ideal Solution (TOPSIS) (Kaliszewski and
Podkopaev, 2016). For simplicity reasons and because we are particu-
larly interested in the possible change in ranking of technologies due to
the addition of new evaluation criteria, we weigh each criterion equally.

As the number of evaluation criteria increases, the number of plastic
litter cleanup technologies decreases due to missing information for
specific criteria. We start with the 14 technologies for which we have
both cost and effectiveness data, but we include the annualized costs and
cleanup capacity as separate criteria. Beyond costs and effectiveness, the
decision to implement a cleanup device faces other considerations such
as operational conditions and ease of use (Helinski et al., 2021). We
therefore construct three MCAs with additional relevant criteria. The
first includes technical lifetime of the technologies and the number of
people needed to operate the technologies (criteria set 1). We then
extend this with the criteria energy use and economies of scale (criteria
set 2), and finally several binary criteria related to whether the tech-
nology can be operated as an automated standalone technology,
whether specialized training is needed, and whether the technology is
vulnerable to stormy weather conditions (criteria set 3).

The normalization procedure to make the effect scores of each
technology comparable across criteria is slightly different when using
SAW and TOPSIS (see Eq. (1)- Eq. (4)). The main difference between the
two methods lies in how the integrated performance score, which is the
basis for the ranking of the technologies, is derived. SAW ranks based on
weighted averages (see Eq. (5)), whereas TOPSIS ranks technologies
based on their similarity to the positive ideal solution (see Eq. (6)).
Based on these two different normalization procedures and assuming
equal weights for each evaluation criterion, the different marine plastics
cleanup technologies can be ranked.

Eq. (1)

Eq. (2)
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Cleveland, USA. For an overview of the extent to which the technologies
overlap across studies, see the SI.

Eq. (3) Despite targeting technologies that are already on the market, one
technology is just an idea (TRL 1), 5 technologies are between TRL 5 and
TRL 7, which means that the technologies have been validated in their
Eq. (4) operational environment, and two technologies are in TRL stage 8,
which means that they are complete and qualified. The two technologies
focusing on microplastics in wastewater treatment both have a TRL of 6.
One of the two TRL5 technologies is merely described as treating and
reducing the volume of a variety of waste materials at the source and

reuse of waste by-products and aggregates.
The variety of marine litter capture and removal technologies in the
database is illustrated in Fig. 1. Participating companies focus on plastic
N ) litter cleanup on the land, like a beach, and in the water. Most of the
Scoresaw = Z @; @ Viaw Eq. (3) technologies (68%) operate on the water and try to capture and remove
= litter from surface waters. This includes booms, which are typically
located near river mouths preventing litter transported by rivers to enter
lakes, seas or oceans; skimmers that either actively (mobile) or passively
(immobile) suck up litter, and dredgers that remove litter from the

performance score of a specific alternative
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where V is the normalized performance score of an alternative (i.e. a
technology) on each criterion, superscript i denotes the index of each
criterion, superscript ¢ and b means that the i-th criterion measures the
cost or benefit of a technology respectively, and the subscript shows the
specific methods for MCA.
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where N is the number of criteria, ®; denotes the i th criterion’s weight, surface or bottom of a water body, or accumulated litter in smaller water

and superscript ¢ or b is removed because we do not consider whether a bodies such as channels and ditches.

criterion is cost or benefit in this final step. Unfortunately, not all 25 information sets included sufficient data to
conduct a cost-effectiveness analysis, including the two microplastics

4. Results technologies and the unknown technology treating waste materials at
source. Out of 25 sets of information, only 14 were complete to conduct

4.1. Plastic litter cleanup technologies a full cost-effectiveness analysis.

Most of the surveyed technologies (32%) are implemented in the
USA, followed by Canada and the UK (16% each), and most have a TRL
of 9 (68%). The list of companies and a brief description of each tech-
nology is provided in the SI. Twelve of the 25 technologies are also
included in the inventories of previous studies, in particular Schmaltz
et al. (2020). Hence, just over 50% of the technologies in our database
are not covered anywhere else and therefore presented for the first time
in this study. The Clearwater Mills Trash Wheel in Baltimore, USA is by
far the most highlighted plastic cleanup technology, followed by the
WasteShark developed in the Netherlands by RanMarine Technology,
and the Bandalong Litter Trap sold by Storm Water Systems in

4.2. Ranking of technologies based on their cost-effectiveness

The average one-off CAPEX and annual OPEX for the different plastic
litter cleanup technologies are presented in Fig. 2. All categories listed in
Fig. 1 are included except microplastics removal in wastewater treat-
ment. In the case of CAPEX, the costs mainly consist of materials and
installation costs, while labor and energy are the main underlying
drivers of OPEX. For the labor component, the litter capture devices in
stormwater drainage systems, booms, and immobile skimmers only
require labor input for installing the technologies and removing the
captured litter from the site where the technologies are implemented.

Plastic litter capture and removal technologies

Beach Stormwater Municipal Immobile Mobile

5 i = Dredgers
cleanup filters wastewater skimmers skimmers g

Frog Creek Partners
Gutter Bin

Osprey Litter Boom Ocean Clean Up

Stormwater Filtration Ecofario Liverpool Water
i UsA " USA Netherlands Witch Surface
Hoola One High-G-Separator Dredger UK
Canada Germany

Clean Ocean Access
Marina Trash Skimmer
USA

Fig. 1. Examples of the various types of plastic litter collection and removal technologies from around the world included in the database (pictures are downloaded
from the companies’ public websites).
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Fig. 2. Average capital expenditures (CAPEX) (left) and operation expenditures (OPEX) (right) per plastic litter cleanup technology category.

Note: values have been rounded.

The technologies are otherwise stand-alone and need no labor between
litter removals. Especially immobile skimmers require specialized
operational skills. Often the organization hiring or purchasing the
immobile skimmer is trained on site during installation, with mainte-
nance services offered by the company marketing the skimmers. Simi-
larly, booms and other litter capture devices in stormwater systems are
installed by experts working for the companies that sell them, and their
services are usually hired prior to technology implementation to identify
where to best install them, and once installed to remove the captured
litter off-site and regularly maintain the devices.

Booms need to be checked approximately every fortnight, while
immobile skimmers and beach cleanup technologies need monthly
maintenance. The maintenance of filters in stormwater drainage systems
occurs approximately quarterly. The booms and stormwater filters do
not use energy during operation, while energy use is considerable for the
mobile and immobile skimmers and dredgers. Only three technologies
indicated that they operate on solar energy.

The mobile skimmers have by far the highest CAPEX and OPEX. The
CAPEX of mobile skimmers are, on average, three times higher than
those of immobile skimmers or dredgers, while their OPEX are a factor 4
to 8 higher. The average CAPEX of devices in stormwater drainage
systems are lowest and merely a fraction (1%) of those of mobile
skimmers. Preventing floatable plastics from entering the water through
drainage systems therefore is a much cheaper solution than trying to
capture and remove them afterwards using skimmers, dredgers or
booms.

Beach cleanup is also a relatively cheaper solution, both in terms of
CAPEX and OPEX. This technology targets a different source, i.e. litter
either left behind by beach visitors or washed ashore, but also seems to
confirm, as also concluded by Winterstetter et al. (2021), that litter
capture and removal on the land is cheaper than litter capture and
removal from the water. Interestingly, beach clean-up has the lowest
OPEX to CAPEX ratio (less than 2%), followed by immobile skimmers
and booms (7-9%). Dredgers and mobile skimmers have equally higher
ratio’s (19-21%), while stormwater filters have a similar but slightly
lower OPEX to CAPEX ratio (16-17%).
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3,000,000

2,000,000

Litter cleanup capacity (kg/year)

1,000,000

1,345 184,540 11,970
o —
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Fig. 3. Average cleanup capacity of plastic litter per cleanup technology
category.
Note: values have been rounded.
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Fig. 4. Average unit costs per plastic litter cleanup technology category.
Note: The unit costs consist of CAPEX and OPEX. Error bars reflect the average
unit costs’ standard errors.
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Plastic litter cleanup technologies

Fig. 5. Unit costs per plastic litter cleanup technology.

Notes: The unit costs consist of CAPEX and OPEX. MS: mobile skimmer. D:
dredger. IS: immobile skimmer. B: boom. SF: stormwater filter. The numbers
refer to the individual technologies within each technology category in
the database.

While the most expensive, mobile skimmers also collect and clean up
the most floatable plastic litter. This is shown in Fig. 3. Mobile skimmers
and dredgers can remove between 5 and 7 thousand tons of plastic waste
annually. The devices installed in stormwater drainage systems remove
just over a ton per year, which is around 10% of the amount of plastics
removed by booms from rivers. An important reason for this is that the
filters installed in stormwater drainage systems are mainly effective
when it rains, allowing water flows to transport the plastic litter,
whereas rivers typically flow constantly and have been shown to be an
important source of plastics and thus capture overall more litter than
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filters in drainage systems. No information is available about the
cleanup capacity of the beach technology.

There exists a lot of variation in litter capture for both stormwater
filters and booms, most likely because their performance is highly
dependent on the presence of litter at the locations where they are
implemented. The estimated annual amount of litter captured by the
filters in stormwater drainage systems varies between 110 and 3800 kg
per year, while for booms this is between 135 and 46,000 kg.

The average annual unit costs (consisting of CAPEX and OPEX) to
capture and remove one kg of plastic waste across the various cleanup
technology categories are presented in Fig. 4, and the ranking of the
anonymized individual technologies in terms of their increasing unit
cleanup costs per kg of plastic litter in Fig. 5. As in Fig. 3, beach cleanup
is not shown in Fig. 4 or 5 because it lacked information about its
cleanup capacity.

Fig. 4 shows a gradually declining increase of average annual
cleanup costs when moving from the cheapest cleanup technology
(dredgers) to the most expensive cleanup technology (booms). It also
shows, as can be seen from the standard error bars, that there is
considerable unit cost variation within each category of cleanup tech-
nology. Overall, Figs. 4 and 5 tell a similar story. The water-based
dredgers and immobile and mobile skimmers are the most cost-
effective plastic waste cleanup technologies. In the case of dredgers,
the average unit cost is just €0.01 per kg of litter, whereas this is €0.24
per kg for immobile skimmers and €0.74 per kg in the case of mobile
skimmers. The unit costs go up considerably to over €5 per kg when
moving to the land-based technologies installed upstream in stormwater
drainage systems, while the booms are, on average, the most expensive
plastic litter capture technologies as also shown in Nikiema and Asiedu
(2022).

4.3. How does the ranking change when more performance criteria are
added?

When considering in addition to the technologies’ implementation
costs and cleanup capacity also their technical lifetime and the number
of people involved in their operations, the ranking of technologies
changes, irrespective of the MCA method (Table 2). Instead of mobile
skimmer MS1, now the two dredgers are ranked first (D1 and D2). Using
SAW, D1 and D2 are ranked first and second, respectively. Using TOP-
SIS, dredger D2 is ranked first, followed by the two mobile skimmers
MS1 and MS2. Both SAW and TOPSIS rank MS2 third, but differ in the
next ranked technology. One of the two devices installed in stormwater
drainage systems (SF2) is ranked fourth when using SAW, followed by
the most cost-effective mobile skimmer MS1, whereas dredger D1 is
ranked fourth based on TOPSIS, followed by SF2. Notably, both methods
rank the same immobile (IS2) and mobile skimmers (MS4) last.

When adding energy use as a negative criterion and economies of
scale as a positive criterion into the MCA under criteria set 2, two of the
mobile skimmers (MS1 and MS3) and one of the immobile skimmers
(IS2) drop out of the analysis because of missing values. Under this
second criteria set, the rankings seem to stabilize, and dredger D1 is
ranked first under SAW and TOPSIS. The top two ranking under TOPSIS
is the same as under criteria set 1. The litter filter in stormwater drainage
systems (SF1) is ranked second and third under SAW and TOPSIS,
respectively. The ranking of the second stormwater filter SF2 remains
the same as under the first set of criteria. Remarkably, the previously
third ranked plastic litter cleanup technology MS2 drops to the second
last position under criteria set 2, and the same mobile skimmer (MS4)
remains ranked last.

Adding the last three binary criteria, i.e. automated standalone
(positive), necessary training (negative) and weather sensitivity (nega-
tive), results in the two dredgers D1 and D2 remaining in the top 3 under
TOPSIS, but not under SAW. The first stormwater filter SF1 is ranked
first when using 9 criteria. The second drainage system device SF2 is
ranked second under SAW, while one of the booms (B2) is ranked third
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this time. As before under the second criteria set, the two mobile
skimmers are ranked last. The normalized scores of the various tech-
nologies on the 9 criteria are visualized in radar graphs in Fig. 6 for both
SAW and TOPSIS. The same graphs for 4 and 6 criteria are available
from the authors upon request.

5. Discussion and conclusions

The main objective of this study was to assess the performance of
existing plastic litter cleanup technologies in Europe and North America.
Compared to previously published reviews of plastic litter cleanup
technologies, this is the first assessment that provides a more detailed
break-down of the costs and litter removal capacity of different tech-
nologies in a cost-effectiveness analysis using the same cost accounting
framework. It also presents the first MCA of marine plastic litter cleanup
technologies. Previous studies either present an inventory of different
types of available technologies (e.g. Bellou et al., 2021; Schmaltz et al.,
2020) or a more limited comparative evaluation of selected technolo-
gies. The study by Winterstetter et al. (2021) present incomplete unit
costs of 4 different marine litter cleanup technologies, while the study by
Nikiema and Asiedu (2022) report what they refer to as the ‘typical’
investment and operation and maintenance costs per kg of plastic for 3
technologies, namely booms, trash racks and sea bins.

In this study, we collect data for 25 plastic litter capture and removal
technologies, more than half of which are not covered in any of the
previous reviews, and categorize them based on their point of inter-
vention in the plastic litter supply chain. For 14 of these technologies,
we manage to collect sufficient data to conduct a more detailed cost-
effectiveness analysis and MCA. Although still relatively limited, this
is a substantial increase in the number of observations compared to the
existing empirical evidence base. Moreover, for each type of technology
between two and four data points are available.

Comparing the unit costs from previous studies with the values found
in this study, our unit costs are generally lower. For example, converting
the unit cost for the Trash Wheel in Winterstetter et al. (2021) into Euros
per kg, their estimated value without installation costs is substantially
higher than the value derived in our study.' Similarly, the midpoint
estimate for the range of unit costs reported for booms in Nikiema and
Asiedu (2022) is almost a factor two higher than the same midpoint
estimate in our study for booms. The highest unit cost for booms in our
study overlaps with the lower end of the range presented in Nikiema and
Asiedu (2022). Only the unit cost range of the trash racks overlaps in our
study and theirs.

What is also remarkable is that the unit cost of the sea bin is a factor
two higher in Nikiema and Asiedu (2022) than in Winterstetter et al.
(2021). Hence, also across previous studies substantial differences exist
between unit cost estimates. These differences are either caused by
differences in cost estimates or, more likely, differences in the amount of
on-site litter capture and removal. Although companies were asked to
consider the technologies’ average annual cleanup capacity, many
indicated that this is highly dependent on the presence of litter, as also
pointed out by Falk-Andersson et al. (2020). The self-reported cleanup
estimates within technology categories therefore varied widely, and we
had no possibility to independently cross-check the self-reported infor-
mation from the technology companies. An important recommendation
for future cross-validation would be to identify the exact locations where
the technologies are implemented. This could provide more background
information about how much litter was present on-site. However, even if
the locations are known where the technologies are implemented, not
many urban watersheds, ports or marinas have such detailed litter
monitoring data.

! The CAPEX for the trash wheel in our study is exactly the same as the total
capital asset costs reported in Murphy et al. (2022). The OPEX in our study are,
however, lower than in Murphy et al. (2022).
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Table 2

Ranking of the plastic litter cleanup technologies applying different criteria sets.
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Cost-effectiveness Criteria Set 1 Criteria Set 2 Criteria Set 3

Plastic litter clean-up technology analysis SAW TOPSIS SAW | TOPSIS SAW TOPSIS
Stormwater filters SF2 12 4 5 4 5 2 4

SFI 9 7 7 2 3 NS
Immobile skimmers IS1 4 8 8 5 6 8 8

1S2 7 13 13 n.a. n.a n.a n.a
Mobile skimmers MS2 5 3 3 10 10 10 10

MS1 _ 5 2 n.a. n.a n.a n.a

MS3 6 11 12 n.a. n.a n.a n.a.

MS4 10 14 14 11 11 11 11
Dredgers Dl 2 4 4 3

D2 3 2 8 2 6 2
Booms B4 14 6 6 3 4 7 7

Bl 8 9 9 7 7 5 5

B3 13 10 10 9 9 9 9

B2 11 12 11 6 8 3 6

Explanatory notes: SF: stormwater filter. IS: immobile skimmer. MS: mobile skimmer. D: dredger. B: boom. The numbers refer to the individual technologies within
each technology category in the database. n.a.: these technologies drop out because of missing data when adding evaluation criteria.

Ranked second [ Ranked third

- Ranked first

Rank: 8 Rank:9

Ms4

Rank: 11

Rank: 10

Rank: 4 Rank: 5 Rank: 6

B3

a1

B4

a1

Rank: 8

Rank: 10 Rank: 11

Fig. 6. Example of SAW (left) and TOPSIS (right) normalized performance scores of plastic litter cleanup technologies across 9 evaluation criteria.
Explanatory notes: Crl: technical lifetime (years). Cr2: annualized costs (€/year). Cr3: litter cleaning capacity (kg/year). Cr4: energy use (kWh/day). Cr5: Number of
people. Cr6: Economies of scale (%). Cr7: automated standalone (yes/no). Cr8: training needed (yes/no). Cr9: weather sensitive (yes/no).

Similarly, although we asked companies to truthfully share the
actual installation, operation and maintenance costs, the reported cost
estimates could not be cross-checked. Murphy et al. (2022) present one
of the most detailed cost assessments for a particular technology (the
Baltimore trash wheel) in the literature. An important reason for this is
that the city of Baltimore has been paying for a large share of these costs
over the past 10 years and hence has a detailed cost record. The question
is whether such detailed cost breakdowns will ever be available for all
other technologies. Besides the resources needed to look up the detailed

cost data, data confidentiality will play an important role, and data may
not be shared as it might undermine the competitiveness of the com-
panies offering the technologies and operation services in this rapidly
emerging market of plastic litter cleanup.

We acknowledge that additional criteria could have been included in
the MCA that capture important risks associated with the implementa-
tion of the technologies. For example, the possible negative effects of the
water-based technologies on aquatic habitats or wildlife. Although we
asked the technology providers about possible side effects of their
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technologies, almost nobody answered this question. Some mentioned
that organic materials would be captured and removed at the same time,
but this did not seem to be considered a negative byproduct. Other risks
include congestion of stormwater infrastructure as a result of the
installation of stormwater filters, clogging up the pipes that transport
excess stormwater and increasing the risk of local flooding. This infor-
mation will most likely have to be collected from other sources than the
technology providers self, for example the municipalities that imple-
ment the technologies to hear their experiences.

Despite these possible shortcomings, the cost-effectiveness analysis
shows unequivocally that mobile skimmers and dredgers are least costly
to remove plastic litter from water, with an average unit cost ranging
between 1 and 74 Euro cents per kg. Their annual costs can be sub-
stantial, but so is their litter reduction capacity. Although there exists
some variation in unit costs across dredgers and skimmers, these solu-
tions are largely substitutable. Filters installed in stormwater drainage
systems upstream on the land are much cheaper than skimmers and
dredgers, but have less litter trapping capacity. Moreover, their cleanup
capacity is surrounded by more uncertainty due to the fact that they
depend heavily on stormwater flows. This requires careful inspection of
the watershed to identify the best locations to install them. However,
stormwater filters move up in the ranking quickly and become the first
ranked technology when accounting for additional criteria such as en-
ergy use, autonomy of application, training and weather extremes,
making them an interesting complementary technology to skimmers and
dredgers to prevent plastic litter from entering water courses. Filters
installed in drainage systems have also been argued to be able to capture
a broader spectrum of sinkable pollutants besides floatable plastic, such
as sediments and tire treads. Contrary to the above mentioned risk, they
have also been argued to have the advantage of avoiding clogging of
stormwater drains with debris when emptied regularly. These results
show how sensitive the prioritization of specific cleanup technologies is
to the inclusion and exclusion of specific selection criteria. Local policy
and decision-maker input will therefore be indispensable. Criteria such
as necessary manpower and training, autonomy of technology imple-
mentation, energy use and economies of scale are expected to play a key
role in decision-making related to the future implementation and
upscaling of plastic litter cleanup technologies.
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