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Disclaimer of warranties
This document has been prepared by SeaClear project partners as an account of work carried out within
the framework of Grant Agreement no. 871295. Neither the Project Coordinator, nor any signatory party
of the SeaClear Project Consortium Agreement, nor any person acting on behalf of any of them:


makes any warranty or representation whatsoever, express or implied, with respect to the use of
any information, apparatus, method, process, or similar item disclosed in this document,
including merchantability and fitness for a particular purpose, that such use does not infringe
on or interfere with privately owned rights, including any party’s intellectual property; or



makes any warranty or representation whatsoever, express or implied, that this document is
suitable to any particular user’s circumstance; or



assumes responsibility for any damages or other liability whatsoever (including any
consequential damages, even if the Project Coordinator or any representative of a signatory
party of the Project Consortium Agreement, has been advised of the possibility of such
damages) resulting from your selection or use of this document or any information, apparatus,
method, process, or similar item disclosed in this document.

SeaClear has received funding from the European Union’s Horizon 2020 research and innovation
programme, under Grant Agreement no. 871295. The content of this deliverable does not reflect the
official opinion of the European Union. Responsibility for the information and views expressed in the
deliverable lies entirely with the author(s).
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Definitions




Beneficiary: A legal entity that is signatory of the EC Grant Agreement no. 871295.
Consortium: The SeaClear Consortium, comprising the below-mentioned list of beneficiaries.
Consortium Agreement: Agreement concluded amongst SeaClear Beneficiaries for the
implementation of the Grant Agreement.



Grant Agreement: The agreement signed between the beneficiaries and the EC for the
undertaking of the SeaClear project (Grant Agreement no. 871295).

Beneficiaries of the SeaClear Consortium are referred to herein according to the following codes:









TU Delft: Delft University of Technology.
DUNEA: Regional Development Agency Dubrovnik-Neretva County.
Fraunhofer: Fraunhofer Center for Maritime Logistics.
HPA: Hamburg Port Authority.
Subsea Tech: Subsea Tech SAS.
UTC: Technical University of Cluj-Napoca.
TUM: Technical University of Munich.
UNIDU: University of Dubrovnik.

Abbreviations

















EC: European Commission.
GA: Grant Agreement.
WP: Work Package
UAV: Unmanned aerial vehicle
ASV: Autonomous surface vehicle
ROV: Remotely operated vehicle
USV: Unmanned surface vehicle
UUV: Unmanned underwater vehicle
AI: Artificial Intelligence
UXO: Unexploded ordnances
LARS: Launch and Recovery System
PADI: Professional Association of Diving Instructors
RDP: Recreational Dive Planner
KPI: Key Performance Indicator
RNT: Residual Nitrogen Time
ABT: Actual Bottom Time
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Executive summary
In order to evaluate the performance of the SeaClear system the robots are compared to diver and shipbased detection and litter collection processes. This is done in two separate use cases in Dubrovnik and
Hamburg.
The Dubrovnik case is designed based on the data of actual clean-up events carried out by divers. The
metrics used include the amount of litter collected per hour in kg, the area surveyed per hour and
respectively days in square meter, as well as the costs resulting from that when using a diver-based
solution versus the robotic approach. The known capacities of the SeaClear system are calculated in a
best, middle, and worst-case scenario. The litter collection rate is set to 90%, in accordance with KPI
1.5 of the SeaClear project. The robotic and diver performances are calculated in various water depths.
Extended operating hours of the SeaClear system as well as the opportunity to reach greater depths are
the main benefits compared to the natural limits of a scuba team. The potential will be demonstrated
through this report.
The second use case focuses on Hamburg and an actual order for a sounding procedure of a port basin
surveying and mapping the sea floor for obstacles that need to be removed. The traditional ship-based
approach is compared to SeaClear in terms of area surveyed per day in square meters, overall duration
as well as the resulting costs. Additionally, stakeholder interviews in Hamburg have revealed, that divers
operate much slower in turbid environments as compared to the clear waters at the Croatian coast. To
take up this circumstance, a diver-based mission is calculated as well. SeaClear is compared to the
diver’s worst and best-case performance in terms of area surveyed, duration and costs. The SeaClear
performance is evaluated considering a worst, middle, and best-case scenario.
The comparative analysis shows, that SeaClear can compete with and outperforms a team of divers even
in water depths of as little as 10 m. If the robotic team is half as fast as the divers, this effect shows at
water depths starting between 16-20 m. In any operation depth greater than that the robots prove to be
the better solution in terms of costs, mission duration, and litter collection capabilities.
While the comparative costing produces usable results from a financial point of view, the overall impact
SeaClear will have on the marine ecosystem is less clearly defined. This is justified by the lack of data
on the effects of waste collection in general and therefore for a robotic solution in particular. The positive
impact of the robotic system lies in the reduction of dangers for divers, the possibility of using the system
at greater depths that are inaccessible to humans, and the extended operation time of the system.

H2020 – SeaClear no. 871295
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1. Introduction
1.1 SeaClear at a glance
The main goal of the proposed Search, Identification and Collection of Marine Litter with Autonomous
Robots (SeaClear) project is to develop a collaborative, heterogeneous multi-robot solution engaged in
collecting marine waste. The proposed solution will be the first that uses autonomous underwater robots
for marine litter collection. This goal will be reached by bringing together state-of-the-art technologies
from the fields of deep learning, sensing, control, manipulation, aerial and marine technologies and by
building reliable system capable of tackling a highly disputed social, economic, and environmental issue, namely ocean pollution.
The SeaClear system will deploy a state-of-the-art autonomous surface vehicle (ASV), capable of
launching simultaneously two remotely operated vehicles (ROV) and serving as a landing platform for
an unmanned aerial vehicle (UAV). The UAV and one ROV will be responsible for mapping the litter
on the seabed, while the second ROV will collect the waste and transfer it to a collection basket, which
in turn, is launched from the ASV and lowered to the seabed. Besides an initial bathymetry survey, the
ASV will serve as a bridge of communication for the shore center, from where the entire operation is
overseen and commanded. Clients can demand the service provided by the SeaClear system and follow
up the progress by simply accessing the web interface from their internet browser.

1.2 Objective
The designated aim of the project is the development of a team of autonomous robots working
collaboratively to search, identify and collect marine litter from the seafloor. The development work
conducted in this project covers robotic hardware and robotic software components, the overall system
software architecture, and the communication scheme.
While some hardware components like sensory equipment and an aerial drone are standardized products
available on the market, other parts like the underwater and surface vehicles, gripper and collection
basket and the respective launch and recovery systems are specifically developed and tailored to fulfill
the task of litter ocean cleanup efficiently.
On the software side, two development paths need to be considered. On the one hand, data collected by
the aerial drone, underwater and surface vehicles, need further processing through the land- and ASVbased shore control stations, initiating the following actions of the SeaClear system like navigating,
mapping and collecting. This asks for the establishing of a communication structure and perceptional
and control links between those hardware components. On the other hand, SeaClear is intended for a
wide range of users and potential use case environments. A web interface serves as platform for all users
with various roles and authorization levels. An environmental conscious tourist or a yacht owner
recognizing, and reporting litter findings will have more limited access rights than port personnel
requesting the SeaClear service, a supervisor granting a mission or an operator, who monitors the
implementation process and is enabled to manually intervene at all times.
The aim of this deliverable is to take all the above-mentioned development robotic software and
hardware entities as well as the software architecture and overall communication scheme into account

H2020 – SeaClear no. 871295
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and justify their complexity and costs in terms of effectiveness and impact. The purpose of this costeffectiveness report is to determine the potential of the SeaClear system for the use in different settings
and for different demands. It will give an overview on the capability and financial opportunity for local
governments, administrative financial entities, and economic enterprises.
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2. Methods and assumptions
The overall evaluation of the SeaClear System will be based on available data from the work done within
the respective work packages and proposed requirements. The chapter is divided into two parts. First,
the database is introduced. Second, key figures for the cost-benefit analysis are derived accordingly.
The information supplied will consist of determining the current costs of performance of the use case
activities, the impact of the enhanced SeaClear service offer for envisioned clients in ports responsible
for the maintenance of waterside infrastructures and ecosystems as well as local authorities in coastal
and touristic areas, safety aspects for human work, and impact on the environment.
At the time of publication of this deliverable, two years of the overall project duration have passed. All
tasks of the projects’ work packages (WP) have either been started or are already terminated in form of
respective deliverables at this time. The work packages are interconnected as shown in the figure below,
their findings serve as input for this report. This covers the concept and use cases (WP2), robotic
hardware developments (WP3), robotic software developments (WP4), system integration (WP5) and
demonstrations (WP6). A cost breakdown to the single components is available from WP7 as part of the
dissemination and exploitation activities.

Figure 1: Interconnection of work packages

To establish the cost effectiveness analysis the following factors are considered and will be further described:


The specific use cases in Hamburg and Dubrovnik (Section 2.1.1)



The production costs of a SeaClear system (Section 2.1.4)



The costs of current approaches to handle marine pollution involving human labor and the costs
for using a SeaClear System (Section 2.2.1)



The limits of underwater works for human divers and the chances for the SeaClear System (Section 2.1.5)



Key Performance Indicators as an estimate of the SeaClear performance (Section 2.1.6)

H2020 – SeaClear no. 871295
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The overall evaluation of the SeaClear System will be based on available data from the work done within
the respective work packages and requirements. The data base will be outlined and the method to establish the calculations will be introduced in this chapter.

2.1 Data base
2.1.1 Use cases
WP 2 examined the boundary conditions and use cases for the SeaClear System highlighting the end
user perspective from the Regional Development Agency Dubrovnik Neretva County (DUNEA) and
Hamburg Port Authority (HPA). The highly different locations offer a broad range of challenges in
terms of environmental and weather preconditions, flora and fauna, maritime data – such as salinity,
turbidity, currents, litter fractions – as well as ship traffic occurrence. Besides that, local laws on nature
protection, rules and permitting procedures on the use of unmanned aerial vehicles (UAV), autonomous
surface vehicles (ASV) and unmanned underwater vehicles (UUV) regulating ship traffic and air space
need to be considered. The use of the SeaClear system has been manifested in specific use cases for
each location.
Dubrovnik
The Croatian mainland coast and the near-shore islands are heavily affected by litter inflows from the
Adriatic Sea currents. The region’s economic wellbeing relies on clean beaches and healthy bays. To
foster touristic prosperity as an economic factor, taking care of nature reserved areas and coastline is an
ongoing task. Conservation of the vivid wildlife like the protected sea grass species Posidonia Oceanica
is of equal importance. Ensuring that this vulnerable ecosystem is not disturbed any further, SeaClear’s
ability to differentiate between overgrown litter fractions with biofouling and living creatures to prevent
harm is crucial. At the same time, the mitigation of risks and dangers for divers during underwater litter
collections is a designated aim.

Figure 2: Dubrovnik Old Town and Lokrum Island; Posidonia Oceanica bed3

The two locations chosen in the greater Dubrovnik vary in litter fractions ranging from touristic waste
like cans and plastic bottles to larger items from shellfish-farming. The island Lokrum is located right
3

First picture by Claudia Hertel-ten Eikelder, second picture:
www.nationalgeographic.com.es/medio/2019/06/13/pradera-de-posidonia_d68bedfc_1316x796.jpgz, 19.11.2021
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in front of Dubrovnik Old City and a popular location for daytrips. Touristic waste such as bottles, cans,
plastic wrappers will be found caught up in the Posidonia Oceanica meadows and sand beds. The sea
floor is characterized by rocky bottoms and partially submerged sea caves. Mali Ston Bay, on the other
hand, is known for shellfish-farming. The waste fractions there tend to be rather large items covered in
biofouling.
Because of its geographic position, orientation, and morphology of the coastline in relation to sea
currents, Dubrovnik-Neretva County is especially vulnerable to pollution by marine litter. Although
there is no systematic research of the origin of the litter, it can be assumed from the analysis of the
collected debris, that the most part of is cross-border litter, generated by sea currents from the southern
part of the Adriatic, but also partly by the river Neretva. The subsequent pollution of the numerous bays
at the coast and nearshore islands has been closely documented on two occasions. In December 2010
and December 2017, Dubrovnik-Neretva County suffered from heavy storms spilling large amounts of
litter ashore. The debris was collected, analyzed, and the costs recorded as shown in Table 1.
Table 1: Litter Clean – ups and respective costs in Dubrovnik-Neretva County after two great storms in December
2010 (blue) and December 2017 (green). 4

2010
2017
amount in m³ Costs (HRK kn) amount in m³ Costs (HRK kn)
Dubrovnik
15
0,00 €
504
188.329,84
Korčula
216
70.000,00 €
360
92.400
Blato
70
28.405,00 €
270
27.000
Lastovo
19
25.000,00 €
0
0
Mljet
235 150.000,00 €
65
74.915,63
Lumbarda
75
40.000,00 €
300
50.000
Orebić
130
96.967,00 €
104
36.350,00
Smokvica
20
35.670,00 €
10
15.000
Ston
210
93.000,00 €
110
123.230,03
Vela Luka
5
3.200,00 €
48
33.125,00
Konavle
0
0,00 €
35
17.357,50
Dubrovacko Primorje
0
0,00 €
650
77.975,00
Total
995
542.242,00
2456
735.683,00
= 72.172,41 €
= 97.019,41 €

Within the course of seven years, the amount of litter more than doubled while the respective costs are
comparably cut in half. In 2017 however it shows that the costs for removing the washed-up debris as
well as the amount of litter have increased. Both values represent only the one major event in each year,
giving just an idea on how the situation might really look like under water. Also, the data does not
determine the actual annual costs arising in connection with the removal of marine litter. However, it
underlines the fact, that debris handling generates expenses for the coastal regions if plastic pollution at
sea rises in upcoming decades as outlined in the SeaClear Project.

4

Data provided by DUNEA
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Hamburg
The port of Hamburg is the largest seaport in Germany, handling over 130 million tons of goods from
over 10.000 incoming ships per year. Due to its location in the city center, the room for expansion is
limited to the actual dimensions of 7.200 ha, of which roughly 2.900 ha are accounted for as waterside.
To customize the port to future needs, all construction work to transform the port accordingly is done
within the given spatial limits. When it comes to litter findings, the knowledge base from Hamburg is
unclear. There is hardly any reliable knowledge on litter fractions, quantities, and types of small-scale
litter fractions as aimed for in SeaClear, mainly because the systematic search and collection of litter
from the seabed is not part of port operations yet. Visible items are located on the water surface and
consist of plastic bags, food and beverage containers, wrappers, bottles, etc. At some point it presumably
sinks to the bottom and gets even buried in the loose silt and sediments layers. Reports of fishermen
from the North Sea suggest that litter from the Elbe River not only reaches open water with the currents
but also potentially with dredged sediments. Usually, the sediment itself is checked for pollutants in
terms of toxic contamination. Either the sediments are cleaned in a complex process or, if free of
poisonous substances, reshipped directly to one of the designated areas in the Elbe or in the North Sea.
Aiming to be a plastic-free port, it is therefore of great interest for the HPA to get a clearer picture and
collect the items from the seabed.

Figure 3: Aerial bomb retrieved from Elbe River in 2017, DPA/Ralf Hirschberger5.

Besides the smaller litter elements mentioned above, there are also findings of large structures like
fishing gear, machine parts, shopping carts, e-Scooters, steel beams, bikes, and tires. Additionally,
construction sites need to obtain clearance of unexploded ordnances (UXO) in advance to commencing
work. The process usually involves a boat equipped with magnetic and electromagnetic sensors,
scanning the area for anomalies. Collecting small objects like iron rivets, and mapping large ones

5

https://www.focus.de/regional/hamburg/bombenentschaerfung-in-hamburg-fliegerbombe-in-elbe-entdeckt-evakuierung-amdonnerstag_id_7350315.html, 18.10.2021
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exceeding the SeaClear capacity for tailored lifting, is a requirement for the SeaClear system from the
Hamburg point of view.
2.1.2 Diver based clean-ups in Dubrovnik
All efforts dealing with marine waste occurrence in Dubrovnik have been based on the work of divers.
The close documentation in some of the clean-up activities gives great insights into the capabilities of
divers operating within a specific time frame, area, and water depth. The waste is weighed, and analyzed
in terms of materials, fractions, sizes, and origin from sea or landside sources. All waste fractions have
been identified with short descriptions of the item and of the determined composition in seven
categories: artificial polymer materials rubber (1), cloth/textile (2), paper (3), wood (4), metal (5),
glass/ceramics (6). Lastly six size classes were defined according to the range of fractions:
A. < 5 cm x 5 cm = 25 cm²
B. < 10 cm x 10 cm = 100 cm²
C. < 20 cm x 20 cm = 400 cm²
D. < 50 cm x 50 cm = 2,500 cm²
E. < 100 cm x 100 cm = 10,000 cm² = 1 m²
F. > 100 cm x 100cm = 10,000 cm² = 1m²

Figure 4: Litter samples from clean ups in Dubrovnik-Neretva County6.

Four clean-ups at 0-20 m water depth lasting about an hour and involving 5 – 21 divers have been
executed once in Brijesta Bay in Mali Ston Bay and Tiha Bay in Cavtat. Lokrum bay has been cleaned
twice at an interval of one year. The total area covered was 33.608,88 m² and 417,65 kg marine debris
6

Images supplied by Regional Development Agency Dubrovnik - DUNEA
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of all sorts has been removed. The largest amount in terms of mass collected is attributed to sea origin,
consisting especially of fishing gear and equipment from shellfish farming. Inland sources usually show
large numbers of plastic bottles and cans, as well as glass bottles, textiles, and clothing. Except in case
of Tiha bay in September 2020 the litter pieces have been counted as well.
Table 2: Overview on data retrieved from diver-based litter clean ups in Dubrovnik-Neretva County and calculation
of average dive missions and diver performances.
Name of location & date

Area in m²
Water depth
Waste
Total number of items collected
Litter density
Fraction Class

Fractions in type

Fractions namely
Origin
Time spent
divers involved

Brijesta bay in Mali Ston Bay

Portoč bay on Lokrum island

Tiha bay in Cavtat

(11/07/2020)

(19/09/2020)

(13/09/2021)

4.677,85 m²

9.900,00 m²

Portoč bay on Lokrum island

Average diver
performance

Average mission

(18/09/2020)
9.131,03 m²

9.900,00 m²

33.608,88 m² :4 8.402,22 m² :14
= 8.402,2 m²
= 600,15 m²

0-20 m

0-20 m

0-20 m

0-20 m

226,44 kg

90,2 kg

43,46 kg

57,55 kg

104,41

7,46

173

1.018

-

592

1783: 3
= 594

594:17
= 35

173: 4677
= 0,037

1.018:9.900
=0,103

-

592:9.900
=0,060

1783:24.477
=0,073

35:600
=0,058

A-D

A-D

Plastic, Metal, concrete, Glass

Plastic, Metal,
concrete, Glass

A-C

A-D

A-C

A-D

Rubber: 140.9 kg

Plastic: 60 kg

Plastic: 17.3 kg

Plastic: 22.6 kg

Metal: 32.3 kg

Other: 30 kg

Glass: 11.1 kg

Concrete: 11.32 kg

0 -20 m

0-20 m

417,65 kg :4

417,65 : 14

Plastic: 29.9

Concrete: 6.2 kg

Glass: 8.2 kg

Glass: 13.2 kg

Textile: 5.6 kg

Rubber: 7.89 kg

Other: 49.7 kg

Metal: 32.3 kg

Textile: 5.15 kg

Other: 3.3 kg

Metal: 1.78 kg

Swim goggles, hair band, cans,
Cans, plastic bottles, glass bottles
plastic bottles
inland
inland

Wood: 0.6 kg
Plastic bottles, cups, cans, tire,
anchor, clothing
inland

all

all

Sea/ inland

Sea / inland

Glass and plastic bottles, tires,
fishing nets & gear
sea
1 hour

1 hour

1 hour

1 hour

1 hour

1 hour

13

17

5

21

14

1

Using this data, an average cleanup mission and diver performance can be calculated. An area of roughly
8.400 m² would require 14 divers, each covering about 600 m² and collecting 7,46 kg litter per person
in 60 minutes.
2.1.3 Litter detection in Hamburg
The range for underwater works in Hamburg is broad involving different measures and equipment. To
give an actual example fitting the scope of the SeaClear project, a recent order is introduced, taking into
account the capabilities of divers.
Ship
Prior to construction works at the Oderhafen, a sounding for ammunition on an area of 38.000 m² was
ordered by HPA. A two-way approach was chosen to establish clearance by doing magnetic and
electromagnetic sounding. At first the magnetic sounding was done for the whole area at a price of 2,00
€ per m². This took 15 days of eight working hours, managing 2.533,33 m² per day. Since
electromagnetic sounding is not a SeaClear feature yet, it will not be further assessed in this document.
Diver
When working near quay walls, narrow spaces, or small-sized areas divers are involved. According to
HPA stakeholders, it takes about an hour to investigate an area of 80-160 m² by divers. The slow pace
is justified by low visibility and dependent on the location. Close to bridges and quay walls where regular
port-related construction takes place or illegal dumping is done, the number of anomalies is the highest.
In contrast to Croatia, findings are not documented as carefully since there is no other interest than
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ensuring the removal of the respective objects. The experience of diving companies working in the port
environment has established a random knowledge base, stating that roughly 95% of the objects marked
as anomalies during soundings are lost tires usually used as boat fenders, steel beams, cans, tools, wires,
rivets as well as shopping carts, e-scooters, motor and machine parts, barrels, and similar. In 5% of the
cases actual ammunition or unexploded ordnance is detected.
2.1.4 SeaClear production costs
Within WP 7 a cost structure for the overall system has been established as part of the deliverable
“Dissemination and Exploitation plan” and updated within the course of the project. It covers the costs
for development and purchase of the UAV, USV, UUVs. Sensors like a multibeam echosounder,
imaging sonars, a metal detector and the shore control are included. Furthermore, the Launch and
Recovery System (LARS) for UUVs and UAV, Gripper, basket, and the respective integration work
complete the list of components. Tests, trials, container packaging, marketing and royalties are
calculated as well.
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Table 3: Cost of the individual development entities forming the overall SeaClear System7.

Component

Unit Cost
Vehicles

SeaCat USV
Tortuga (collection UUV)
Mini-Tortuga (observation UUV)
UAV + winch
Communication and shore control
Vehicle Sensors
Multibeam Echosounder
Multibeam imaging sonars (x2)
Metal Detector
Hardware sub-components
LARS Tortuga
LARS Mini-Tortuga
Gripper and Suction Device
Collecting Basket
Integration works
Test and delivery
Factory acceptance test
Sea Trials
Training
Packaging (20’ Container)
Total Production Cost
Overheads and Marketing costs (30%)
Royalties for Software
Total costs
Targeted Sales price
Net result in %

125.000,00 €
65.000,00 €
25.000,00 €
18.000,00 €
15.000,00 €
60.000,00 €
35.000,00 €
3.000,00 €
24.500,00 €
7.800,00 €
15.000,00 €
15.000,00 €
18.000,00 €
5.000,00 €
2.500,00 €
5.000,00 €
9.000,00 €
447.800,00 €
134.340,00 €
30.000,00 €
612.140,00 €
660.000,00 €
7,25

2.1.5 Diving procedures and limits
To estimate the performance of divers in comparison to the SeaClear system, a closer look is taken at
diving procedures and limits of single and multiple dives at certain depth levels. Example calculations
consistent with the field of activity targeted in SeaClear will be done based on certified diving practice
according to the information of the Professional Association of Diving instructors (PADI)8. An

7
8

SeaClear - D7.1 Dissemination and Exploitation Strategy Plan – Annex, 17.12.2020; updated in October 2021
PADI; Open Water Diver Manual, 2016
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introduction to diving procedures will be outlined to establish a general understanding of how humans
can plan a healthy underwater stay and which boundaries and limitations need to be taken into account.
When working under water, divers are stressing their bodies in a physical way that is related to water
pressure expressed in bar (metric) or atmosphere (imperial – abbreviated ata). Outside the water or at
the water surface, humans are exposed to the pressure of one bar by the air in the atmosphere surrounding
them. When in water this pressure increases gradually by one bar every 10 meters of water depth and
decreases when returning to surface. Other than water, air (or any other gas) will be compressed when
diving and therefore volume and density are in constant change the deeper a diver goes. While the
volume of gas decreases through compression, the density increases.
During diving, the increased pressure under water causes nitrogen from the breathing air to be absorbed
by dissolving into body tissue. The deeper the dive, the faster nitrogen dissolves into the body and the
longer a dive lasts, the higher is the nitrogen level. When ascending, the nitrogen expands. If the excess
nitrogen in body tissues is too high, while returning to surface, it may come out of solution faster than
the body is able to eliminate it. As a result, it forms bubbles that may cause a serious medical condition
called decompression sickness. This leads to health issues like joint and limb pain, numbness, difficulty
in breathing, unconsciousness and even death in severe cases.
There are preventive safety measures to dissolve the nitrogen, which include safety stops during
ascending, diving under the condition of no decompression limits and spending time at the surface. Good
and healthy diving practice asks to ascend no faster than 18 meters per minute. Taking a safety stop
during ascending at five m below surface and residing there for three minutes helps the body adjust to
the lower water pressure and allows for nitrogen leveling. Empiric recommendations have manifested
in maximum underwater stays per depth as shown in Table 4. Dive planning ideally stays within these
boundaries.
Table 4: Suggested maximum time to spend in certain water depths without requiring a decompression stop.

Depth in meters

10

12

14

16

18

20

22

25

30

35

40

No stop time in minutes

219

147

98

72

56

45

37

29

20

14

9

Depending on the depth and number of diving missions, the duration of the missions, (mandatory) stop
times and surface intervals are estimated in regard to the nitrogen levels. Excess nitrogen remains
dissolved in the body tissue, even for hours after the dive. Therefore, (especially repetitive) dives need
to be planned carefully to maintain a good health condition of the humans involved.
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Dive planning
When planning dives according to PADI a recreational dive planner (RDP)9 is used to calculate the
surface time and residual nitrogen to determine the start for the subsequent dive(s). The calculation is
based on a 3-table dive planner as shown in Figure 5. The red framed table consists of two charts, where
the upper right defines pressure groups and no decompression limits per depth and underwater time. The
lower right at the same side shows surface times in between two dives. The green framed second table
is used to estimate residual nitrogen time (RNT) and a possible diving time after a surface interval, also
valued as pressure groups.

Figure 5: Front page of a dive planner. 10

9

Dive values generated from the RDP also apply for commercial divers as the effects on the body are the same
whether diving is a hobby or a profession.
10
https://www.a1scubadiving.com/wp-content/uploads/2018/06/PADI-Recreational-Dive-Table-Planner.pdf, last
accessed 15.11.2021
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Figure 6: Backside of a PADI-Recreational Dive planner.

By using all three tables, a dive profile is created informing about the boundary conditions to do three
consecutive dives. In the example mission outlined in Figure 6, the known variables are the desired
depths (20 m, 14 m, 24 m) and underwater times (referred to as ABT). With those fixed variables surface
intervals (SI) and pressure groups (PG) are determined and filled into the profile as well. Especially
after the initial dive residual nitrogen time is taken into account by summing up ABT and RNT to a total
bottom time (TBT). This value is used as reference to estimate the pressure group after surface interval.
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Figure 7: Visualization of dive profile showing parameters for a series of three subsequent dives.

Limiting factors to dive planning besides the water pressure are air consumption, currents, and water
temperature. Neither currents nor temperature will be considered as variables in the upcoming
calculations. Instead, it is expected that water temperatures are handled by wearing appropriate clothing/
equipment like wetsuits, and litter collections are done in knowingly low current areas like the described
Dubrovnik sites.
However, the aspect of air consumption needs to be considered carefully. An average person uses 25
liters of air per minute when moving ashore. A standard scuba tank with a volume of 10-12 liters at a
filling pressure of 200 bar holds approximately 2.000-2.400 L of air. It is recommended to always spare
some air and never go empty, when diving, hence a total available volume of 1.800-2.200 is assumed.
At the surface this would hold up for 72-88 minutes (filling pressure in L:25 min =L/min) 11. The air
consumption increases with the water depth and has effects on the bottom time as the following table
shows:

11

“Luftverbrauch beim Tauchen”, last time accessed October, 2021 (online): https://www.tauchenwissen.com/luftverbrauch-beimtauchen.html#:~:text=Der%20Luftverbrauch%20von%2025%20Litern%2FMinute%20ist%2C%20zumindest%2
0f%C3%BCr,ca.%2045%20bis%2060%20Minuten%20unter%20Wasser%20bleiben.
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Table 5: Bottom times according to air use when diving with oxygen tanks of 10- and 12-liter capacity.

0m

1 bar

25 L / min

min. - max bottom time 10 L
(= 1.800 - 2.000 L)
72 - 80 min

10 m

2 bar

50 L /min

36 - 40 min

44 - 48 min

42 min

15 m

2,5 bar

62,5 L /min

28,8 - 32 min

35,5 -38,4 min

33,6 min

Depth

Pressure

Air Consumption

min. - max bottom time 12 L
(= 2.200 - 2.400 L)
88 - 96 min

Ø bottom time
84 min

20 m

3 bar

75 L / min

24 - 26,6 min

29,3 - 32 min

28 min

25 m

3,5 bar

87,5 L/ min

20,5 - 22,8 min

25,1 - 27,4 min

23,9 min

30 m

4 bar

100 L/ min

18 - 20 min

22 - 24 min

21 min

40 m

5 bar

125 L/ min

14,4 - 16 min

17,6 - 19,2 min

16,8 min

Underwater stays may be prolonged using enriched air nitrox which contains a higher oxygen
proportion. This will not be considered in this report.
2.1.6 Key performance indicators
When setting up the cost effectiveness analysis, the Key Performance Indicators (KPI) from the project
proposal are considered to compare SeaClear to the performance of divers. Once fully operational, the
SeaClear system aims to detect and classify underwater litter with 80% success rate and collect it with
a 90% success rate; all this at 70% reduced cost compared to divers.
-

KPI 1.3: Successful detection of marine waste during demos: >80%.

-

KPI 1.4: Successful classification of detected marine waste during demos: > 80%

-

KPI 1.5: Successful collection of classified marine waste during demos: > 90%

-

KPI 5.1. Robots successfully collect objects from the seafloor: success rate 90%

Especially KPI 5.1: Robot collects objects from the Seafloor at a success rate of 90% is a benchmark
when comparing divers to SeaClear. The above outlined data established within the projects respective
work packages and requirements as well as the cost reduction aim will serve as guideline for further
considerations.

2.2 Key figures
The performance evaluation of SeaClear in comparison to conventional diver- and ship-based missions
in this report will be created on the values introduced in the previous section. Therefore, the current
section is divided into three parts with the first subsection focusing on the establishing of cost structures
in terms of daily rates for different solutions used to conduct underwater detection and collection.
Underwater times for diving operations SeaClear will compete with are defined in the second subsection.
Three different scenarios of consecutive dive planning are considered to determine the overall best ratio
of surface intervals and bottom times. At last, the capacity for litter detection and pick-up in the specific
environments of Dubrovnik and Hamburg with the current diver and ship-based approaches are
highlighted. Section 2.2.3 closes with a consideration on the expected SeaClear capability based on the
projects KPIs.
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2.2.1 Cost structures
To enable a performance comparison in terms of costs, the individual rates for the SeaClear System,
divers and ship-based missions are outlined starting with SeaClear, followed by the divers and lastly
the ship.
SeaClear
The development of the SeaClear system including each component individually results in a final sales
price of 660.000 €. Considering amortization, fuel, and maintenance as well as two operators the daily
rate adds up to 2.584, 00 € for a single SeaClear System.
Table 6: Single and multiple SeaClear System costs on a daily rate.12

SeaClear
Unit costs 2 SeaClear systems
amortized rate
1.320,00 €
2.640,00 €
Consumables & Maintenance (20%)
264,00 €
528,00 €
two operators
1.000,00 €
1.000,00 €
Total / day
2.584,00 €
4.168,00 €

Divers
When comparing the performance, one SeaClear system including the operators equals a team of two
divers, a supervisor, and a captain with boat. The costs for a whole day of underwater debris detection
and collection according to stakeholders at DUNEA and HPA based diving companies are listed at 2.000
€ per day. Depending on depth, divers can carry out a total of four to eight hours of work including dive
time and surface intervals.
Table 7: Daily rate for one or multiple diving teams.13

Diver mission
Diver Team (2 divers, 1 operator)
Boat & Pilot
Total

Unit costs 2 diver units
1.600,00 €
3.200,00 €
400,00 €
800,00 €
2.000,00 €
4.000,00 €

The daily rates of SeaClear compared to divers reveals a price difference of 584 € in favor of a group of
divers. Assuming the use of multiple SeaClear systems or dive teams working parallel in different
locations still shows a cost advantage for the divers in total, but the difference now is only at 168 €. The
costs for the dive team simply double, as still one supervisor is responsible for two divers and a boat
with captain are needed. In SeaClear however, the same team of operators can handle two robotic
systems, while their fixed costs remain constant from an operator point of view. The economic potential
of SeaClear additionally lies in the much longer operation time compared to divers.
Ship
Sea floor scans in Hamburg involve the detection of large, potentially metallic, and explosive objects.
Large areas are examined through a two-way approach. An initial ship survey is done by using a
12
13

Values based on information supplied by SubSea Tech
Rate calculated based on information given by DUNEA and HPA stakeholders
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magnetometer locating ferromagnetic objects in the water. This so-called passive process picks up the
deviations in the earth´s magnetic field indicating potential ordnances. The respective areas showing
external magnetic disturbances in form of e.g., sheet pile walls are then examined in a second survey by
using the active electromagnetic method. At present those sensors are commonly lowered from the ship
to no deeper than five meters below surface. For both, the closer to the ground they are used, the more
accurate the results.
According to HPA stakeholders, the costs for magnetic soundings range between 2,00-3,00 €/ m²
depending if the evaluation of the findings is part of the offer. Due to the more complex procedure and
technology involved, the cost for electromagnetic surveys is at 4,00 €/ m². A ship can manage to scan
2.533 m² on an 8-hour shift resulting in a minimum daily rate of 5.066,66 €.
2.2.2 Dive measures
In order to compare SeaClear to a team of divers, three scenarios (marked blue, green and orange in
table 9) of dive planning will be simulated to establish the best ratio of underwater time. This will be
done in regard to the duration of the overall mission including surface time. Additionally, the following
principles for repetitive dives are applied:
-

Water depths considered range from 10-40 m. In general dives at a depth shallower than 10 m
are nevertheless considered as 10 m dives for calculations.

-

Bottom times are bound to air supply when using oxygen tanks, or at a maximum of 60 minutes
considering air is supplied from the boat. Bottom time may reduce related to no decompression
limits at a specific depth.

-

Surface intervals will either be calculated according to depth of consecutive dives or set to a
fixed duration of 60 minutes unless residual nitrogen values require a prolonging or are at least
10 minutes.

-

Dive planning relies no decompression dives on air only. Diving with enriched air is not
considered.

-

The total number of dives is limited to 3. Repetitive dives including surface intervals do not
exceed 8 hours (480 min) in total assuming that this resembles a normal working day.

Since SeaClear is compared to a team of two divers, it is assumed that they are taking turns when
completing their mission. Therefore, 60-minute durations are always one fixed variable either in terms
of surface interval or desired bottom time. Residual nitrogen may prolong the surface intervals while no
decompression limits shorten underwater stays.
In the first scenario marked blue in Table 8, the dive time is limited due to air supply from oxygen
tanks. The surface interval is set to 60 minutes.
In the second scenario (green), the dive time is at a fixed maximum of 60 minutes and minimum
surface intervals are calculated, based on the desired consecutive dives of again 60 minutes.
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In the third scenario (orange), both, dive time and surface interval are set to 60-minute durations
and calculated accordingly for the consecutive dives.
Table 8: Repetitive dive planning at varying times, depths, and surface intervals, and bottom time ratios.

Bottom time according to air
supply of average 10-12 L
&
Surface Interval 60 min

depth (ABT)
10 m
16 m
20 m
25 m
30 m
40 m

1. dive (min)
42
35
28
29
20
9

SI (min)
60
60
60
60
60
60

2. dive (min)
42
35
28
16
11
4

SI (min)
60
60
60
60
60
60

Bottom time at 60 min or
maximum according to RDP
&
minimum surface intervall

10 m
16 m
20 m
25 m
30 m
40 m

60
60
45
29
20
9

10
162
165
151
139
102

60
60
39
25
17
7

10
168
165
139
130
88

Bottom time at 60 min or
maximum according to RDP
&
60 min surface interval

10 m
16 m
20 m
25 m
30 m
40 m

60
60
45
29
20
9

60
60
60
60
60
60

60
47
25
16
11
4

60
180
60
60
60
60

3. dive (min) Total time (min)
42
246
35
225
28
204
21
186
14
165
7
140
1166
60
200
60
510
39
453
25
369
20
326
7
213
2071
60
300
60
407
27
217
21
186
14
165
7
140
1415

Total BT
126
105
84
66
45
20
446
180
180
123
79
57
23
642
180
167
97
66
45
20
575

Total SI
120
120
120
120
120
120
720
20
330
330
290
269
190
1429
120
240
120
120
120
120
840

% BT
51,22%
46,67%
41,18%
35,48%
27,27%
14,29%
38,25%
90%
35,29%
27,15%
21,41%
17,48%
10,80%
31,00%
60%
41,03%
44,70%
35,48%
27,27%
14%
41%

Adding up the total dive time for each scenario in water depths of 10-40 m, the second scenario shows
the best results of 642 minutes, followed by 575 minutes in third case, or 446 minutes when diving with
limited air supply. Scenario two offers the longest bottom time at each water depth but also the longest
surface intervals required for the body to recover. The least time out of the water is spent in scenario
one with 720 minutes of surface interval. In scenario this time adds up to 840 minutes on air.
The overall best bottom time ratio is gained at the third scenario with 41%, followed by 38,25% for the
first and 31% for the second case. Further calculations on diver performances will therefore be based on
the bottom times at respective water depths from the third scenario as shown in the table above. For two
divers the overall time at each water depth will be:
Table 9: Bottom times in minutes for a three-dive mission of one or two diver at varying water depths.

Depth (m)
10
16
20
25
30
40

Bottom times (min)
1 diver
2 divers
180
167
97
66
45
20

360
334
194
132
90
40

2.2.3 Litter detection and collection
Section 2.1. elaborates on the specific use cases for each location. Diver based clean-ups in Dubrovnik
give initial insights into the work environment and capabilities of divers to retrieve waste from the
ground. For Hamburg, the specific sounding procedure that is currently performed by ships and divers
is presented and the KPIs for SeaClear are introduced. Besides, cost structures for each solution either
ship, diver or robotic are presented. All those findings will be used in the following to design an average
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dive mission in Dubrovnik, establish the competing ground for SeaClear in Hamburg and explain what
to expect from the autonomous system when detecting and collecting litter.
Diver
To define the capabilities of a diver in Dubrovnik, an average dive mission and diver’s performance is
derived from the four clean ups described in Section 2.1.2. The overall area cleaned has a size of
33.608 m² involving 5-21 divers for one hour collecting a total of 417,65 kg of litter. This leads to an
average single mission with an area of 8.400 m², and 104,41 kg of debris located on the sea floor that
would require 14 divers each collecting for one hour. Hence, a single diver can manage to cover 600 m²
and 7,46 kg litter is removed from ground within that time prospectively.
In Hamburg smaller or hard to reach areas are examined by divers who also manage to lift the objects.
When working in the environmental conditions of Hamburg Port, orientation measures need to be
installed under water before divers can commence any kind of work. Additionally, due to the time the
sounding procedures for metallic objects takes and depending on the number of objects detected, a diver
can manage to scan an area between 80-160 m² per hour as a maximum.
Ship
Underwater object detection in large areas in Hamburg is done by ships, which are equipped with
magnetic sensors to especially locate metallic objects. The ship's speed is throttled by the magnetic
technology used, which requires smooth and steady movements through the water for accurate results.
The rate for a ship exercising simple sounding procedures without evaluation of results is at 2,00 €/m²
at the lowest. The example from Hamburg involves a port basin of 38.000 m². On an eight-hour working
day for the crew, a ship can manage an area of 2.533,33 m².
SeaClear
At this point of time, the SeaClear project has passed two of the overall four years of the project duration.
As previously described, most hardware components are fully developed like the underwater and surface
vehicles. Other key components like the gripper and collection basket are at a porotype level and the
necessary software development is progressing. In summary the hardware integration and trials with the
whole system are pending but in accordance with the overall project plan.
In order to gain insight on the SeaClear behavior, simulations are run in parallel. It is assumed that the
observation ROV detecting the litter fractions moves at a speed of 0.1 m/s and can survey a ground area
of 3 m. The collection ROV following to pick up the litter needs 60-90 seconds to grab an item. The
basket is considered to take 120 seconds to be dropped. If both, the litter pick up and the basket drop, is
done simultaneously, the whole process is estimated to take 120 seconds per item. This leads to the
following assumptions:


Maximum area per hour = 0.1m x 3m x 3600s = 1.080 m²/h



Maximum picks per hour = 3.600s : 120s/pick = 30 picks/h



Max density = 30 pieces : 1.080 m² = 0.028 pieces/m²
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In three of the four litter collection missions the actual number of items has been counted as well. This
allows a realistic calculation on how much area the SeaClear system could cover per hour.
Table 10: SeaClear velocity in varying litter density scenarios.
Location

items

area (m²)

density

items / h

area / h

Lokrum 09/2020

1018

9900

0,103

33,933

292

Brijesta 07/2020

173

4677

0,037

5,767

811

Lokrum 09/2021

592

9900

0,060

19,733

502

Table 10 reveals that in the best case of Brijesta an absolute number of 173 items have been removed
from an area of 4.677 m². Considering the given detection and pick-up rates an area of roughly 800 m²
per hour can be cleared with robotic assistance. With raising numbers of waste fractions, the
performance rate shrinks proportionally. In the worst case as seen in the first clean up in Lokrum in
2020 this rate drops to roughly 300 m² as 1.018 items are found on the overall search field of 9.900 m².
One year later, new litter has accumulated in the exact same bay exposing 592 items. The team of robots
would manage around 500 m² for clearance within 60 minutes.
For the upcoming comparison the SeaClear performance will be calculated at those three speed levels
of 300, 500, and 800 m² per hour. In line with the project KPI 5.1 the litter pick-up will be completed at
a 90% rate of divers. Considering that some of the items are not recognized properly, too bulky, or heavy
to be lifted by robots.

H2020 – SeaClear no. 871295

30

D2.3: Concept cost-effectiveness report
871295

WP2: Concept and Use Case
Author(s): Claudia Hertel-ten Eikelder (HPA)

Version: V1.1
List: [PU]

3. Case design
This chapter will bring all findings of debris detection and collection in terms of capability and costs
together within the specific requirements in Dubrovnik and Hamburg. Debris removal missions with
divers define the current status quo of litter collection in Croatia. In Hamburg, the same is achieved for
the procedure of detecting metallic objects on the ground. The parameters for both use cases have been
established and will allow for the desired calculations towards the efficiency of SeaClear. The approach
is explained in the case design for each location separately.

3.1 Dubrovnik
Derived from the litter clean ups documented in Section 2.1.2, this case will focus on the litter detection
and collection in an area of 8.400 m² contaminated with 104,41 kg of marine debris evenly spread on
the ground. The calculation will be based on an eight-hour working day with those fixed mission
parameters, but alternating water depths in four gradations of 10, 20, 30 and 40 meters.
Divers
Divers are considered to cover an area of 600 m² per hour or respective 10 m² per minute, collecting
7,46 kg. The operating time for divers will be limited according to water depths and residual nitrogen
as established in Section 2.2.2. The daily rate for the dive team is 2.000,00 €. The necessary calculations
to estimate the costs for a diving operation in varying depths use the values maximum bottom time,
maximum area operated per day, the number of days it takes to clear the total area, the daily costs and
the daily rate of litter collected. The following equations are applied:


Area per day (m²) = maximum bottom time (min) x 10 m²/ minute



Days needed for total area (m²) = 8.400 m²: area per day (m²)



Litter collection rate = 104,41 kg: 8.400 m² = 0,012 kg/m²



Total costs €) = Days needed x 2.000,00 €

SeaClear
In order to establish the SeaClear performance for the above-mentioned mission, the estimations from
Section 2.2.3 are applied accordingly. The best, middle, and worst-case scenario in terms of area
surveyed and cleaned is 800 m², 500 m², or 300 m² per hour. The costs per day for SeaClear amount to
2.584,00 €. The collection of debris by robots is considered to be at a 90% success rate compared to
divers. To generate the performance values for SeaClear, the following calculations are done:


Area per day (m²) = best/middle/worst-case in m² x 8 hours



Days needed for total area (m²) = 8.400 m² : area per day (m²)



Litter collection rate = (104,41 kg/m²: 8.400 m²) *0,9 = 0,011 kg



Total costs (€) = Days needed x 2.584,00 €
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The speed is closely connected to litter density as learned from Section 2.2.3. The smaller the absolute
number of items, the faster the SeaClear operation.

3.2 Hamburg
The known challenge of marine litter in Dubrovnik does not fully apply for Hamburg. Instead, the port
has to cope with sediment dredging and construction works requiring special measures regarding nature
and environmental protection, as well as safety precautions. Depending on the setting and requirements,
ships and/or divers will be involved. The Hamburg case will look at both procedures, comparing
SeaClear to a ship-based mission at first and to a diver-based approach in a second mission.
3.2.1 Ship-based mission
The Hamburg case will be based on an actual sounding order at the Oderhafen. An area of 38.000 m²
needs a survey for hazardous items on the seafloor. In this case, a ship probes the total area using a
magnetometer to identify deviations from the earth’s magnetic field. An additional area of 10.000 m² is
then further researched with the electromagnetic sounding. As SeaClear is not equipped accordingly this
case will focus on the magnetic sounding done by ship and SeaClear.
Ship
The whole sounding mission takes three weeks or respective 15 days by ship to do the scan with the
magnetometer. The price for the procedure is at 2,00 €/m². To establish comparable metrics, the
equations for the ship performance values are the following:
Magnetic sounding


Area per day (m²) = total area (m²): number of days



Costs per day = €/ m² x area per day



Total cost (€) = cost per day x number of days

SeaClear
Based on the parameters from previous sections SeaClear can detect at maximum velocity of 1.080 m²
per hour in the best case. Due to the lack of real data on detecting specifically with the magnetometer a
worst-case scenario is assumed to slow down the robotic system to a detection rate of 540 m² per hour.
The costs for SeaClear remain at 2.584,00 €. Considering an eight-hour working day for the robots leads
to the following calculations:
Magnetic sounding:


Area per day (m²) = best/ worst case (m²) x 8 hours



Days needed for total area (m²) = total area : area per day



Total costs: days needed x daily rate
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3.2.2 Diver-based mission
In the second scenario within the Hamburg use case, a smaller area of 1.000 m² requires a survey and
removal of non-hazardous materials. SeaClear will compete with divers responsible to detect and collect
any items at a smaller area of 1.000 m².
Divers
According to divers at the HPA, their velocity under water is reduced by aggravated conditions due to
turbidity. The resulting low visibility requires the establishing of orientation measures. Therefore, they
move at 80-160 m² per hour or respectively 1,33-2,66 m²/ minute. The costs of a daylong mission amount
to 2.000 €. The calculations will be done for water depths of 10, 20, 30, and 40 m to represent the
possible work environments of divers in those conditions, even though the given boundaries in Hamburg
are no more than 20 m. The metrics serving the calculations are:


Area per day (m²) = maximum bottom time (min) x 1,33 (2,66) m²/ minute



Time needed for total area (m²) = 1.000 m²: area per day (m²)



Total costs = Days needed x daily rate (€)

SeaClear
For SeaClear, three scenarios are calculated to complete the given task of surveying the area and possibly
removing any debris detected. In a best-case scenario SeaClear covers 800 m² per hour or respectively
0,075 m²/minutes. Applied for the middle-case this ratio is at 500 m² per hour or 0,12 m² per minute and
at 300 m² per hour and 0,2 m² per minute in a worst-case scenario.


Area per day (m²) = area covered (best/middle/worst-case in m²) x 8 hours



Time needed for total area (m²) = total area (m²) : area per day (m²)



Total costs (€) = time needed x daily rate (€)
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4. Cost-effectiveness analysis
Within this chapter, the above-mentioned findings and information regarding the effectiveness of
SeaClear in comparison with divers will be measured by comparing the robotic approach to the currently
applied, diver and ship-based solutions.

4.1 Use case litter clean up Dubrovnik
In this section, calculations on the effectiveness in terms of area covered, time needed to clean the overall
area, the rate of picked up litter and the resulting total expenditures are established. This is done at
varying water depths of 10,20,30, and 40 m.
Area
When considering an area of 8.400 m² at 10 meters water depth, the overall area cleaned at different
water depths is calculated first. All respective values are available in Table 11 showing that a team of
divers will manage to achieve clearance for overall 3.600 m² in 10 m below surface. This rate slowly
declines with rising water depths to 1.940 m² at 20 m and significantly changes to only 900 m² per day
at 30 m down to as little as 400 m² in 40 m depth. The robots in turn work a constant area in each of the
water depths specified here. In the best case, SeaClear can survey and clean 800 m² per hour making it
a total of 6.400 m² per day outperforming the divers at 10 m depth by 2.800 m². If the robots move at a
velocity of 500 m² they manage to clean 400 m² more than the divers per day. In the worst case, the
SeaClear system can only achieve half of the area cleaned by divers, thus the latter are considered to be
the more advantageous in 10 m below surface. However, with increasing depth, the divers can spend
less time under water, minimizing the overall area free of waste. Between 16 and 20 m, even the worstcase performance of SeaClear is more sufficient than the diver-based solution.
Table 11: Comparison of the maximum area to survey and clean at various water depths.

Depth

Comparison area covered daily (m²)
10 m
16 m
20 m

SeaClear (800 m²)
SeaClear (500 m²)

6.400

6.400

6.400

30 m
6.400

40 m
6.400

100 m
6.400

4.000

4.000

4.000

4.000

4.000

4.000

SeaClear (300 m²)

2.400

2.400

2.400

2.400

2.400

2.400

diver (600 m²)

3.600

3.340

1.940

900

400

0

Figure 8 visualizes the values of Table 11, demonstrating the area cleaned at different water depths by
divers and SeaClear.
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Figure 8: Overview on the area cleaned at various water depths comparing the three performance scenarios of
SeaClear to a team of divers highlighted in blue. The SeaClear performance is indicated in green with the best case
scenario, the middle case in orange and the worst case scenario in red.

Knowing the potential area cleaned at the varying water depths the next step will be the calculation of
the actual ability to pick up 104,41 kg waste that is considered to be evenly spread in a region of
8.400 m².
Litter pick-up rates
Table 12 gives an overview of the overall amount of marine waste collected during the course of a day,
representing the three SeaClear scenarios and the diver’s performance. Starting to look at a depth of 10
m, the divers manage to gather 44,75 kg of waste, which is exactly the quantity a SeaClear system would
collect in the middle-case scenario. For the divers, this mass declines gradually with more significant
changes the deeper the mission is conducted. At 20 m only approximately 24 kg are retrieved. This
number halves at 30 m and reaches a minimum of roughly 5 kg per day in 40 m below water surface.
The most serious change in the diver’s performance occurs at depths between 16 and 20 m dropping
from 41,52 kg to 24 kg as mentioned before. Even though the robots survey and clean only 300 m² per
hour in the worst-case scenario, they are able to collect 26,85 kg of litter presenting to do so slightly
more efficiently than divers. The SeaClear performance remains in general at a constant level,
potentially removing a maximum of 71,6 kg per day in the best-case scenario.
Table 12: Comparison of litter picked up on a daily basis at various water depths.
Comparison litter pick up daily (kg)
Depth

10 m

16 m

20 m

30 m

40 m

100 m

SeaClear (800 m²)
SeaClear (500 m²)

71,60

71,60

71,60

71,60

71,60

71,60

44,75

44,75

44,75

44,75

44,75

44,75

SeaClear (300 m²)

26,85

26,85

26,85

26,85

26,85

26,85

diver (600 m²)

44,75

41,52

24,11

11,19

4,97

0,00
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The values from Table 12 are depicted in Figure 9 as follows:

Figure 9: Overview on the development of litter pick up for a team of divers and SeaClear in worst, best and middlecase scenarios with water depths ranging from 10-100 m.

According to the area that can be surveyed and cleaned of litter and the collection rate, the duration of
the overall operation is focused individually on next.
Duration of operation
The time divers can spend under water is limited by the water depth. The deeper the mission is planned,
the less time is available to remove debris. Both the respective values of area per day for divers as well
as the SeaClear system in the envisioned scenarios and water depths have been calculated. Applied on
the overall area of 8.400 m² it allows the derivation of the total time required to complete the mission at
each water level.
Table 13: Comparison on the overall duration of a clean-up mission at various water depths.
Overall days needed
10 m

16 m

20 m

30 m

40 m

100 m

1,30

1,30

1,30

1,30

1,30

1,30

2,10

2,10

2,10

2,10

2,10

SeaClear (300 m²)

2,10
3,50

3,50

3,50

3,50

3,50

3,50

diver (600 m²)

2,33

2,51

4,33

9,33

21,00

N/A

Depth
SeaClear (800 m²)
SeaClear (500 m²)

All the values are available in Table 13. The development indicated in the previous considerations of
area and litter pick-up rates continues when looking at the overall days that have to be planned either
involving divers or the robotic solution to fulfill the mission. At 10 m, in the best-case performance
scenario, SeaClear presents to be the fastest approach with 1,3 days followed by the middle-case
scenario that requires a little more than two days. Divers are almost as fast taking 2,33 days. Comparably
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far behind is the SeaClear system covering 300 m² per hour which results in 3,5 days to complete the
clean-up mission.

Figure 10: Visualization of the time it takes for the SeaClear team in the best (green), middle (orange), and worst case
(red) to clean 8.400 m² compared to a team of divers (blue) in alternating water depths.

This ratio only changes again at a water depth of between 16 and 20 m, as indicated in the columns of
Figure 10. Operating 30 m deep shows a comparable significant advantage for the robotic solution no
matter what their velocity is. At last, knowing the time it takes for each solution to operate at the given
water depths, the costs are calculated.
Cost development
According to the previously introduced times the overall expenditures to clean 8.400 m² from 104,41 kg
waste are assembled for missions in each water depth. For the three SeaClear scenarios the costs show
a range from a minimum of roughly 3.400,00 € and 9.044,00 € at most, representing the worst and bestcase scenarios. The middle-case is in between numbering about 5.426,00 €. Those rates stay constant
independent of water depths. When employing a team of divers, 4.666 € need to be considered at an
operating depth of 10 m. As marine litter is found in even deeper regions, the conditions to dive get
rougher impacting the dive time and therefore the absolute amount of litter to be retrieved from the
seabed. As to be read from Table 14 and Figure 11, the costs for the diving team grow with increasing
water depths.
Table 14: Cost development for litter detection and removal comparing SeaClear and divers at various water depths.
Comparison of total costs (€)
depth
SeaClear (800 m²)

10 m

16 m

20 m

30 m

40 m

100 m

3.391,50 €

3.391,50 €

3.391,50 €

3.391,50 €

3.391,50 €

3.391,50 €

SeaClear (500 m²)

5.426,40 €

5.426,40 €

5.426,40 €

5.426,40 €

5.426,40 €

5.426,40 €

SeaClear (300 m²)

9.044,00 €

9.044,00 €

9.044,00 €

9.044,00 €

9.044,00 €

9.044,00 €

Diver (600m²)

4.666,67 €

5.029,94 €

8.659,79 €

18.666,67 €

42.000,00 €
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In terms of budget the robotic solution can compete with the divers especially when conditions allow
for the best-case performance of SeaClear. In that occasion the cost-advantage is with the SeaClear
system being 1.275 € less expensive than the human-based approach. If SeaClear works 500 m² per hour
the difference to the divers is just about 760 € in favor of the divers. At 10 m water depth the worst-case
scenario of SeaClear is out of competition in terms of expenditures as it presents to be roughly twice as
expensive as the humans. This cost-ranking basically remains unchanged when the mission in carried
out in 16 m depth. But as soon as an area between 16-20 m is reached, this changes. Assigning divers
for the job in that depth region is nearly as expensive as employing a robotic team accomplishing 300 m²
per hour. The difference amounts to roughly 385€. As soon as areas at 30 to 40 m are targeted, the prices
for a diving team reach 18.666 to 42.000 €, whereas any SeaClear solution in terms of operational speed
presents to be favorable from a budget point of view.

Figure 11: Comparison of expenditures when employing a team of divers represented in the blue column, to SeaClear
in three performance scenarios. Green indicates the best-case, orange displays the middle-case and red the worst-case
scenario.

Conclusion
In conclusion, the SeaClear system can compete with a diving team in multiple aspects. However,
depending on the litter density the speed of the system is determined. If little contamination exists, the
robots survey and clean an area of 800 m² per hour which is considered as best case. If that scenario
applies, the robots are not only faster than a team of divers but also able to pick-up more litter at lower
cost. This is partially possible because the absolute bottom times of the robots exceed those of divers
even at 10 m due to of the natural limits of a human underwater stay.
For the middle-case scenario the SeaClear system is considered to work an area of 500 m² while divers
can do 600 m² per hour. The robots prove to be a highly competitive solution even at the lowest water
depth. Already at 10 m they can survey an overall larger area throughout the day, they detect and collect
just as much litter as a diving team would, while taking less time. However, they are the more expensive
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alternative compared to divers. This changes only from a diving depth of 16-20 m and beyond. In that
case the robotic team displays an overall better performance considering the decisive factors.
If the litter density is high and SeaClear operates at worst-case conditions, the velocity of the robots is
slowed down due to the litter-pick up process allowing to survey and clean an area of 300 m² per hour.
Therefore, the area covered per day, the litter removal rate and overall duration are lower as compared
to divers, and costs are almost twice as high. This is true for water depths at 10 to 20 m before a breakeven is reached for the first three parameters. Regarding the costs this applies at an operational depth
between 20-30 m and deeper. But even at a slow pace, every litter item removed is contributing to
restoring and preserving the underwater ecosystem. As diving is a stressful for the human body, cleaning
the world’s oceans efficiently cannot be a task involving only humans. As pointed out, SeaClear is a
valuable solution to cope with the ocean pollution emphasized in this project.

4.2 Use case litter detection and mapping in Hamburg
With closing of Section 4.1 the setting switches from the clear coastal waters of Dubrovnik to the
industrial Hamburg Port environment and the potential to employ a SeaClear system in this location.
Operating a port includes maintenance and construction works through supplying sufficient water depths
in fairways and port basins, monitoring ecologic integrity, and provide for safe and secure ship traffic.
To gather knowledge on the seabed structure, recurring bathymetry surveys and soundings for harmful
objects threatening water quality, the waterside infrastructure and ships are done at the waterside
premises of the port. Prior to maintenance and construction, especially large sized areas are examined
by ship. Smaller and hard to reach areas will be investigated by divers, who also remove any waste
fractions detected. Both scenarios will be compared to the SeaClear solution in the next two subsections.
4.2.1 Large-scale port basin survey
Outlined in Section 3.2.1., an actual sounding procedure serves as example for the Hamburg case. The
process is normally done in two steps, first executing a magnetic sounding followed by an
electromagnetic survey. As SeaClear is not equipped with an electromagnetic sensor, only the magnetic
detection will be considered to compare both approaches. The factors evaluated are the area covered per
day and the respective time it takes to complete the mission, as well as the related costs development.
Area and duration
As the example is based on an actual order at the HPA, the parameters to complete this mission by ship
are known. The duration to survey the port basin at the Oderhafen is 15 days. Considering the size of
38.000 m², a magnetic survey by ship is done covering 2.533,33 m² per day.
Table 15 displays the progress on the overall area scanned with a ship-based as well as robot-based
approach. In the best case, SeaClear accomplishes a detection at 8.640 m² per day. The overall area will
be completely investigated after roughly 4,5 days.14 In the worst case, though, the robots cover an area
of 4.320 m² per day, which leads to completion of the work after almost nine days.

14

For better visualization only odd numbered days are shown in Table 15, which leads to a distortion of the
actual time the SeaClear system requires to survey the 38.000 m². In the best-case scenario the robots require 4,4
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Table 15: Display of the duration to survey an area of 38.000 m² with magnetic sensors mounted on a ship and
respectively on the SeaClear system. For a complete survey an additional 10.000 m² are scanned over the course of
five days using an electromagnetic sensor. This time is added to the overall duration for each the ship based as well as
the SeaClear based mission.
Comparison Area covered per day
days
Ship

1
2.533

3
7.600

5

7

9

11

13

15

17.733

22.800

27.867

32.933

38.000

25.920

12.667
38.000

SeaClear 1.080 m²

8.640

SeaClear 540 m²

4.320

12.960

21.600

30.240

38.000

In both scenarios, the robots present to be the faster solution to complete the sounding procedure. In the
best case they will be three times as fast than the ship and in the worst case still need a third less time
than a ship doing the magnetic sounding. Figure 12 provides a visualization of the findings:

Figure 12: Visualization of the duration to survey a port basin of 38.000 m² using a ship-based solution (blue) and
SeaClear performing at worst- and best-case scenarios highlighted in red and respectively green.

The knowledge about the time it takes especially for the SeaClear system to complete magnetic sounding
allows for calculation of the costs for the respective procedure in the following subsubsection.
Costs
The ship-based magnetic sounding comes at a price of 2 € / m². For the port basin of 38.000 m² examined
in the presented use case, the overall costs add up to a total of 76.000 €. The expenses for the ship and
the SeaClear system in the respective best- and worst-case scenario are listed in Table 16, reflecting the
daily rate for each solution separately.

days displayed in the Day 5 column as it is the closest value. Respectively, the SeaClear-mission under worstcase conditions is completed after 8,8 days but stated in the Day 9 column.
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Table 16: Cost development for a port basin survey by ship and SeaClear.
Cost Comparison
days
Ship

1
5.066,67 €

3
15.200,00 €

5
25.333,33 €

SeaClear 1.080 m²

2.584,00 €

7.752,00 €

11.364,81 €

SeaClear 540 m²

2.584,00 €

7.752,00 €

12.920,00 €

7
35.466,67 €

9

11

13

15

45.600,00 €

55.733,33 €

65.866,67 €

76.000,00 €

20.672,00 €

22.729,63 €

Independent of the actual performance, the costs for the robotic system on a daily basis stay the same.
When moving at maximum velocity of 1.080 m² per hour, the sounding procedure using SeaClear will
be finished after 4,4 days15 exactly. This results in costs of 11.364,81 €. In the worst-case scenario, the
robots scan an area of 540 m² per hour, thus taking 8,8 days16 to complete the survey. The respective
budget amounts to 22.729,63 €.

Figure 13: Visualization of the cost development for a port sounding procedure over time. The expenses for a shipbased approach are highlighted in blue. The two scenarios of the SeaClear performance are displayed in red (worstcase) and green (best-case).

In either scenario, the robots present to be the less expensive solution to perform the given task as they
move faster than a ship doing the magnetic sounding. The cost benefit for the robots at their best-case
scenario is 64.636 €. Even if their worst-case is considered, the cost advantage still sums up to 53.270 €.
Of course, this assumes that magnetic probing can be performed exactly as assumed here and needs to
be verified throughout trials, once the system is fully operational.
15
16

For reasons of clarity within Table 16, this value is found in the Day 5 column.
For reasons of clarity within Table 16, this value is found in the Day 9 column.
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Conclusion
At present, large scale areas in the Port of Hamburg that require a magnetic sounding are surveyed by
ship. Due to the method applied the ships speed allows to examine an area of 2.533,33 m² daily. Based
on the assumptions for the SeaClear system, it will be able to cover 8.640 m² per day presenting to be
almost four times as fast. Even if the robots operate under worst case conditions an area of 4.320 m² per
day can be surveyed still being almost twice as much compared to a ship.
In terms of costs, the daily rate for SeaClear is 2.584,00 € whereas 5.066,66 € must be calculated for a
ship-based approach. The survey with the latter is budgeted with 76.000 € and the SeaClear price sums
up to 11.364,81 € in a best-case scenario or respectively twice as much in a worst-case setting. The cost
benefit resulting from those values depends on the speed-levels of the robots being roughly 85% in the
best case and 70% meeting the envisioned SeaClear KPI.
All of the above requires of course, that the technical equipment of the SeaClear system can deliver a
sufficient quality of results that are comparable to the traditional ship-based solution. Given that, the
robots are a highly competitive alternative for the explained work conducted in the port.
4.2.2 Small-scale survey and waste collection
In this second case in Hamburg, an area of 1.000 m² needs to be examined and cleaned of waste findings.
A diver can cover 80-160 m² of sea ground per hour at expenses based on the daily rate of 2.000 €.
Calculations will be done for the SeaClear System as well assuming the robots will move according to
the previously established best, middle and worst-case conditions at a speed of 800, 500, or 300 m² per
hour. Costs for the autonomous system are at 2.584 € per day. The water depths considered will range
from 10-40 m to give a perspective, even though the Elbe river and the port basins in Hamburg are not
deeper than 20 m.
Area
To investigate an area of 1.000 m² and remove collectable litter by a team of divers, the area covered
per day is calculated based on the values for dive times in Section 2.2.2. In the best case a dive team can
search 960 m² per day at 10 m, almost reaching the area of interest in this case. As greater depths are
associated with less dive time, the maximum value gradually decreases to only 517,33 m² per day in
20 m below surface. Additionally, in a diver’s worst-case scenario the area covered halves as listed in
Table 17. At 10 m a diver will be able to search a field of 480 m² diminishing to only 258,67 m² in 20 m
representing the maximum depth in Hamburg.
The three operational scenarios for SeaClear allow for a maximum of 800, 500, or 300 m² searched per
hour. Considering an eight-hour working day, this leads to overall 6.400 m² in the best case and
respectively 4.000 or 2.400 m² in the middle- and worst-case scenario indicating the potential of
SeaClear compared to divers. Within the given use case, SeaClear can process the considered area of
1.000 m² within one day, regardless whether the conditions of the best, middle- and worst-case apply.
Either way, as the water depths do not affect the robots, the performance level remains the same.
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Table 17: Listing of the maximum area covered at various water depths comparing performance levels of divers and
the SeaClear System at different water depths.
Comparison area covered daily (m²)
10 m

16 m

20 m

30 m

40 m

100 m

SeaClear 800 m²

6.400,00

6.400,00

6.400,00

6.400,00

6.400,00

6.400,00

SeaClear 5000 m²

4.000,00

4.000,00

4.000,00

4.000,00

4.000,00

4.000,00

SeaClear 300 m²

2.400,00

2.400,00

2.400,00

2.400,00

2.400,00

2.400,00

Diver 80 m²

480,00

445,33

258,67

120,00

53,33

N/A

Diver 160 m²

960,00

890,67

517,33

240,00

106,67

N/A

Depth

Figure 14 clearly visualizes the difference between the human- and robot-based solutions, emphasizing
the capabilities of SeaClear marked in green, orange, and red columns. Overall, even if the SeaClearrobots are at their worst performance at the lowest water depth, they could manage to constantly survey
and clean more than twice as much area as the divers in their best-case scenario. The difference is
1.440 m² in favor for the robotic solution. Comparing both approaches in their best-case performance
shows that SeaClear can cover more than six times of the area examined by a team of divers per day.
Considering the maximum operation depth of 20 m in the port of Hamburg increase the advantage for
the robots by almost 12,5 times. Due to the given use case set up the evaluation needs to focus on the
desired area of 1.000 m² indicated with the black box at the respective value in Figure 14. For reasons
of clarity, this area is highlighted again in Figure 15.

Figure 14: Display of the maximum area searched and cleaned by divers and SeaClear at various water depths and
performance scenarios.
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Figure 15: The area covered per day focusing on the use case area of 1.000 m² highlighting the SeaClear and diver
performances at various water depths.

SeaClear will manage to finish the examination of the search field within one day due to the robot’s
velocity in any of the implied case scenarios and water depths. Assuming their best-case performance,
divers are close to completing their survey of 1.000 m² at 10 m water depth within the given bottom
time. With increasing water depths this area decreases from 960 m² to 517 m² at the maximum water
depth of 20 m in Hamburg. When moving at a pace of 80 m²/h those values reduce by another 50%. In
conclusion, the divers will not manage to accomplish the order within a day as opposed to the SeaClear
system. How long the mission will take in detail, will be established next.
Duration
The duration of the mission is based on the area each solution can survey and clean at an eight-hour
working day. However, the actual diving time of humans depends on the water depth. The deeper the
mission is executed, the less time per day is available per day to finish the work. As shown in Table 9
in Section 2.2.2 a working day of a diving team operating at 10 m equals 360 minutes. With increasing
water depths, the working day shortens to 334 minutes bottom time at 16 m, 197 minutes at 20 m, 90
minutes at 30 m and 40 minutes at 40 m depth. The previous subsubsection introduced the maximum
area a diver can cover per day resulting in the overall duration shown in Table 18. In the best-case
scenario, a diver needs a little more than a day to complete the mission in 10 m water depth. The duration
to finish the mission gradually prolongs in greater water depths to roughly two days at 20 m. Considering
the worst-case, where a diver moves at 80 m² per hour those values increase by 50%.
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Table 18: Listing of the time needed to survey and clean 1.000 m² employing divers or SeaClear at various water
depths and performance scenarios.
Overall days needed
10 m

16 m

20 m

30 m

40 m

100 m

SeaClear 800 m²

0,16

0,16

0,16

0,16

0,16

0,16

SeaClear 5000 m²

0,25

0,25

0,25

0,25

0,25

0,25

SeaClear 300 m²

0,42

0,42

0,42

0,42

0,42

0,42

Diver 80 m²

2,08

2,25

3,87

8,33

18,75

N/A

Diver 160 m²

1,04

1,12

1,93

4,17

9,38

N/A

Depth

Compared to the divers, the SeaClear system moves much faster, hence less time is needed to survey
and clean the given 1.000 m². Table 18 shows the overall days needed at the three different casescenarios of the robots. Based on an eight-hour workday the SeaClear team needs 0,16 days equaling 75
minutes to complete their mission in a best-case scenario.17 Calculating this for the middle and worstcase, two or respectively 3:20 hours are required to complete the survey and clean-up.
Figure 16 clarifies the differences in performance between a human-based approach and the SeaClear
solution:

Figure 16: Visualization of the time needed to complete the survey and clean-up of 1.000 m² employing a robotic or
diving team operating in various water depths and speed levels.

17

Converting the values for the robotic performance into minutes works by multiplying 0,16 by the total daily
operation time of the SeaClear team, which is 480 minutes, resulting in 75 minutes.
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Cost
With the established durations it is now possible to determine the costs to perform the work. The rate
for a team of divers is 2.000,00 €.
In a best-case scenario, the team of divers require a little more than a day at 10 m depth resulting in
expenses of 2.083,33 €. The deeper the work environment, the less bottom time is available for a diver
and the costs increase as more time is needed to complete the work. 20 m is the maximum water depth
in Hamburg. Therefore, the maximum budget spent to complete the work is 3.865,98 €.
In a worst-case scenario, the divers will only manage to complete 80 m² per hour. At water depths, of
10-20 m, the cost would range from 4.166,67 to 7.731,96 € accordingly.
Table 19: Comparison of expenditures when employing a team of divers or SeaClear in various performance
scenarios and water depths.
Comparison of total cost (€)
30 m
40 m
100 m
Depth
10 m
16 m
20 m
SeaClear 800 m²

403,75 €

403,75 €

403,75 €

403,75 €

403,75 €

403,75 €

SeaClear 5000 m²

646,00 €

646,00 €

646,00 €

646,00 €

646,00 €

646,00 €

SeaClear 300 m²

1.076,67 €

1.076,67 €

1.076,67 €

1.076,67 €

1.076,67 €

1.076,67 €

Diver 80 m²

4.166,67 €

4.491,02 €

7.731,96 €

16.666,67 €

37.500,00 €

N/A

Diver 160 m²

2.083,33 €

2.245,51 €

3.865,98 €

8.333,33 €

18.750,00 €

N/A

As the robotic team moves at speed-levels between 300-800 m² per hour in any given water depth, the
costs to employ them to survey and clean the 1.000 m² are at a constant level. In a best-case scenario,
the robots only take 75 minutes to complete the mission resulting in a rate of 403,75 €. In case more
items are found and collected from the ground, the velocity slows done to 500 m² or respectively 300 m²
per hour. As determined in the previous subsubsection, the mission will still be completed within few
hours. The associated costs amount to 646 € in a middle-case scenario and 1.076,67 € in a worst-case
scenario. The cost development is additionally displayed in Figure17.
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Figure 17: Visualization of the cost development when employing SeaClear in comparison to a team of divers, based
on the values shown in Table 19.

Conclusion
Whether the best, middle, or worst-case scenario of the SeaClear performance is considered, the robots
can search a larger area per day in in any water depth, hence they have more time available and can
complete the given mission at lower costs than a team of divers.
When operating in 10 m depth the SeaClear system requires 75 minutes to 3:20 hours to complete the
survey and clean-up of 1.000 m² as compared to divers who need more than one to two working days
depending on their velocity. As the robotic performance does not change with increasing water depths,
the advantage becomes even greater in the maximum depth of 20 m in Hamburg port, where divers
would require between two to four working days of time.
The associated costs are respectively low for SeaClear allowing to save roughly 80% as an operation
time of 75 minutes at 10 m in the best case calculates with 403,75 € as compared to the best-case diver
rate of 2.083,33 €. Even if the worst- case of both solutions operating at 10 m is considered, the SeaClear
approach will save about 75% cost compared to divers. This ratio will continue to develop in favor of
the robots with increasing water depths.
All findings outlined above are based on the assumption, that SeaClear moves at the determined velocity
and manages to complete the survey and pick up of items accordingly. This will need to be validated in
the trials once the overall system is fully assembled and operational.
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5. Impact
Marine litter is not a new phenomenon but only slowly starts to be considered in terms of action to take.
The topic is currently on the political agenda of e.g., the United Nations via the 2021-2030 United
Nations Decade of Ocean Science and the manifested challenge named “Understand and beat Ocean
pollution”.18 The EU is supporting the development of technological innovations to cope with marine
litter through the program Horizon 2020, which also financed the approach in the SeaClear project.
For both demonstration areas involved in the SeaClear project the analytical recording and processing
of waste in terms of origin, occurrence, fractions, amount, sources require a more careful data gathering.
The impact on nature and the costs for cleaning under water have not been ascertained nor quantified to
serve as a reliable knowledge base for further considerations. The impact of the SeaClear system
therefore cannot be measured conclusively. Nevertheless, the following will be an attempt to highlight
some aspects.
Environment
The longer litter remains in the water, the more likely it will decompose into smaller fractions and even
microplastics. On the one hand, the smaller the fraction, the more complicated the retrieving. An early
removal will interrupt the process of decomposition. Especially in case of microplastics, the probable
sinking into the sediments will make the cleaning almost impossible without heavily interfering with
nature. On the other hand, fractions may be mistakenly consumed by birds, fish and mammals and even
digested by microorganisms causing their death. As fish is part of the food chain pieces of micro plastic
will in the end find their way also into human nutrition. Involving SeaClear in the detection and
collection of litter will help to stop the long-term remain of litter in the water and therefore the
decomposition into smaller fractions also preventing the intake by living organisms of all kind.
Divers
The collection of marine litter on the seafloor as a job is up to now done by humans. Depending on the
circumstances this is associated with dangers in physical and environmental terms. As shown in Section
2.1.5 diving involves certain safety measures like nitrogen leveling by performing safety stops, keeping
time limits under water, the performance of mandatory surface intervals and the monitoring by a
supervisor. Other than that, equipment functionality and the local specification of the diving territory
need to be considered. Executing work is stressful to the body as such but may be additionally
dangerous, when executing work in locations like Dubrovnik-Neretva County which also presents
underwater caves and rocky bottoms. This offers the potential for wounding and injuries beyond
decompression sickness.

18

United Nations https://www.oceandecade.org/challenges/, last accessed 29.11.2021

H2020 – SeaClear no. 871295

48

D2.3: Concept cost-effectiveness report
WP2: Concept and Use Case
Author(s): Claudia Hertel-ten Eikelder (HPA)

871295

Version: V1.1
List: [PU]

Figure 18: Construction drawing of a quay wall built on wooden pillars in Hamburg 19

The Port of Hamburg does not offer caves, but locations exist that are equally difficult to access when
looking for waste potentially harmful for the infrastructure and pollutant to the environment. Parts of
the landside infrastructure rests on wooden pillars. Those are rammed into the ground with one meter
distance in the first row. This procedure is applied equally in the second row but proportionally offset
by 0,5 m as seen on the downward right in Figure 13. Those areas are difficult to reach and work in due
to tidal movements and the building structure itself. Inspection in regular intervals is necessary for safety
reasons of the above used space, which can be part of a terminal or similar. If the underground structure
does not obtain clearance of e.g., unexploded ordnances, the consequence may be the stop of operations
above, resulting in huge costs. SeaClear examining those areas to obtain a clear picture of the
underground of the building infrastructure and to derive recommendations of necessary maintenance
measures could be a massive impact on port operations.

19

Footage by HPA.
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Figure 19: Visualization of a quay wall construction in Hamburg.20

Insurance and monitoring aspects
The specific work environments described represent a safety risk to those performing the search and
collection of marine litter. Technology-assisted missions may become obligatory in the future to
document the underwater work and help in the clarification of insurance cases. Additionally, the
potential of injuries and worse consequences may require the replacement of divers with technologybased measures in the future for insurance reasons in the first place.
Shortage of skilled workers
Considering that litter removal from the world’s oceans becomes part of regional, federal, or
international policies an adequate solution needs to be found. As the above findings have shown, divers
are not the sustainable and efficient answer to do so for commercial and safety reasons, and a significant
number of them would be needed to accomplish this task. Finding skilled workers in the respective
profession is difficult already today and expected to be even more so in the future according to HPA
stakeholders. The use of robotic systems is crucial to cope with upcoming challenges.
Commercial aspects
The use case description for Dubrovnik in Section 2.1.1 also covers some of the little-known impact of
marine waste in Dubrovnik-Neretva County. Adriatic currents and the occasion of heavy storms resulted
in washed ashore litter in 2010 and 2017 amounting to 995 m³ and 2.456 m³ respectively. The respective
costs resulting from those events amounted to a total of 72.172,41 € in 2010 and 97.019,44 € in 2017.
The expenses for the removal of marine litter are assumed to be significantly higher on an annual basis
as this only reflects the costs for two very striking events. A clean and healthy environment is a key
factor for Croatia´s tourism sector. SeaClear could be the most cost-effective solution to cope with
marine debris coming from the Adriatic currents and therefore contribute to keep the environment
healthy and the region’s appeal for tourists.
Scale-up
As discussed previously, no matter how many divers are engaged in cleaning the oceans, their
capabilities are finite. The time under water is limited and so is the depth they can move at. Employing

20

Footage by HPA.
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one SeaClear system will outdo the divers work and help to improve the restoring of the marine habitat.
Engaging multiple systems at the same time will boost the impact, especially as more robotic teams can
be controlled by the same number of operators simultaneously. Besides, the supervising task can be
carried out remotely and therefore around the clock as it does not even matter from where in the world
the robots are supervised. Further enhancements on the system may even allow for even longer working
hours in low light conditions.
All in all, SeaClear is not the sole solution to combat marine pollution but can help alleviate the
symptoms.
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6. Conclusions
Dealing with marine litter is one of the current global challenges, politically manifested in the EU
Horizon 2020 programs as well as the 2021-2030 United Nations Decade of Ocean Science for
Sustainable Development. Different initiatives develop solutions actively aiming to collect existing litter
from the sea all over the world, to prevent ingestion by living organisms and animals, or degradation
into smaller fractions and in the end microplastics. While most initiatives focus on the surface litter,
SeaClear is the only one approaching the larger amounts of marine debris, which has already sunk to
the sea floor.
Within the fight against marine pollution, SeaClear can only be one of many approaches to do so,
because it does not tackle the origin of the problem but the symptoms. Since the majority of litter
originates from land-based sources and the fishing industry, tactics need to be developed to prevent litter
being disposed into the water in the first place. Nevertheless, the plastics production still rises and at the
same time recycling measures run behind. In consequence, a large number of waste fractions already
float in today’s oceans and further amounts are assumed to come in the future. This problem is
threatening the marine ecosystem and solutions need to come forth to improve the existing status quo.
The need for solutions on the one hand, and the current little to no available technology operational, on
the other hand, show great opportunities for systems like SeaClear.
The cost-effectiveness evaluation presented discusses the potential of the robotic system over a diveror ship-based approach in terms of collection and detection of litter especially. Given that the established
performance and cost structures can be proved, the following conclusions and recommendations can be
made:


Due to the limitations of the human physics, SeaClear can operate longer than a team of divers
during the course of a day. In 10 m water depth, the robots can operate a minimum of 120
minutes longer increasing to 440 minutes in 40 m compared to divers.



As the robotic solution is able to operate longer, the overall benefit for the best-case scenario
(800 m²/hour) shows already at water depths of 10 m and increases the deeper the operational
environment is located.



If SeaClear operates at a pace of 500 m² (middle-case scenario), the robots survey an overall
larger area and pick up just as much litter as the divers throughout a day even at the lowest water
depth of 10 m. The cost-benefit in terms of budget is reached the earliest at water depths of 1620 m.



In a worst-case SeaClear operation (300 m²), the divers moving at 600 m² per hour present to
be the favorable solution compared to SeaClear, as they manage to pick up more litter as well
as survey and clean a larger area when moving at depths of 10-20 m. However, the overall better
performance of SeaClear is detected for all considered factors at a depth of 20-30 m and beyond.



Overall, SeaClear can compete with the diver-based approach and outperforms humans in any
case as soon as water depths reach a level between 20-30 m.



In low visibility environments, a diver can cover 80-160 m² per hour or respectively 1,332,66 m² per minute. Considering the worst and best case of the SeaClear pace, this equals a
range of about 5-13,33 m² per minute. This results in a significantly faster completion of work.

H2020 – SeaClear no. 871295

52

D2.3: Concept cost-effectiveness report
871295

WP2: Concept and Use Case
Author(s): Claudia Hertel-ten Eikelder (HPA)

Version: V1.1
List: [PU]

The costs associated are respectively low for SeaClear, allowing to save roughly 80% as an
operation time of 75 minutes at 10 m in the best case calculates with 403,75 € as compared to
the best-case diver rate of 2.083,33 €.


Regarding a large-scale sounding procedure SeaClear will manage to survey an area of 1.080 m²
per hour or 6.400 m² per day as opposed to a ship taking 316,66 m² per hour or 2.533,33 m² per
day. SeaClear will manage to outperform the ship-based approach covering roughly 70% more
area per day.



In order to cope with ocean pollution SeaClear effectively, presents to be a valuable addition to
a diver-or ship-based approach. Especially as diving is stressful to the body and exposes humans
to dangerous environments, it is recommended to consider the use of the SeaClear technology
over divers to ensure the safety and health status of human divers.

All the above findings are based on the assumption that SeaClear moves at the determined velocity of
0,1 m/s and picks up litter and places items in the collection basket at the given time limit of 120 seconds.
This needs to be validated in the trials once the overall system is fully assembled and operational. A
second cost-benefit evaluation based on the then established results may need to be conducted as well.
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