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Abstract

Biofouling on recreational boats reduces hydrodynamic efficiency, increases fuel use, and
contributes to air pollutants. In the Baltic Sea, the primary strategy to combat biofouling is the
use of copper-based antifouling coatings which release copper ions that act as biocides to prevent
the settlement and growth of marine organisms. While effective in biofouling prevention, this
approach is a major source of toxic copper emissions in an already vulnerable marine
environment. This raises the question of whether biocide-free alternatives can provide effective
and sustainable protection against biofouling. Previous research has shown the ecological risks of
copper, including impaired growth and genetic damage in marine species, and identified
recreational boating as a contributor to localized copper loads. However, there is still a demand
for knowledge about the real-world performance and practical adoption potential of biocide-free
coatings. This study evaluated the performance of seven biocide-free antifouling coatings in
comparison to conventional copper-based coatings. Assessments included biofouling intensity,
modelled fuel consumption penalties and associated air emissions, copper and zinc emissions to
the marine environment, coating composition, and economic costs. Findings show that foul-
release coatings performed comparably to copper-based coatings while avoiding copper
emissions, though with moderate increases in fuel use. Hard and hybrid systems demonstrated
lower efficacy, at equal or higher cost. The results highlight foul-release coatings as the most
promising biocide-free option, while emphasizing the need for integrated antifouling strategies to
balance ecological protection of the Baltic Sea and user feasibility for the individual boat owner.



Sammanfattning

Biologisk pavéxt, fouling, pa fritidsbatar minskar den hydrodynamiska effektiviteten, okar
brinslefdrbrukningen och bidrar till utsldpp av luftfororeningar. I Ostersjon dr den dominerande
strategin for att bekdmpa biofouling anvéndningen av kopparbaserade antifoulingfarger som
frigdr kopparjoner som fungerar som biocider for att forhindra att marina organismer féster sig
och viixer. Aven om denna metod ir effektiv for att forebygga biofouling, 4r den en viktig kiilla
till giftiga kopparutslédpp 1 en redan utsatt marin miljé. Detta vicker frdgan om biocidftria
alternativ kan ge ett effektivt och hallbart skydd mot pévixt. Tidigare forskning har visat de
ekologiska riskerna med koppar, inklusive nedsatt tillvixt och genetiska skador hos marina arter,
och identifierat fritidsbatar som en bidragande faktor till lokala kopparbelastningar. Det finns
dock fortfarande ett behov av Okad kunskap om den verkliga prestandan och den praktiska
anvandbarheten hos biocidfria farger. Denna studie utvdrderades prestandan hos sju biocidfria
antifoulingféarger 1 jamforelse med konventionella kopparbaserade beldggningar. Beddmningarna
omfattade biofoulingintensitet, modellerade brinsleforbrukningsforluster och  dérmed
sammanhéngande luftutslédpp, koppar- och zinkutslipp till den marina miljon, fargernas
sammansittning och ekonomiska kostnader. Resultaten visar att silikonfarger presterade
jamforbart med kopparbaserade farger samtidigt som de inte licker nagra biocider, dock med en
mattlig 6kning av brinsleforbrukningen. Harda farger och hybridsystem presterade mindre
effektivt, med likvérdiga eller hogre kostnader. Resultaten visar att silikonfarger dr de mest
lovande biocidfria alternativet. Samtidigt visar studien behovet av integrerade strategier for att
motverka pavixt, dir bidde Ostersjons miljo och anviindbarhet for individuella bétigare
tillgodoses.



1. Introduction

Biofouling, defined as the accumulation of microorganisms, algae, plants, and invertebrates on
submerged surfaces such as ship hulls (Yebra et al., 2004), is a persistent challenge both in
commercial shipping and recreational boating. By increasing surface roughness and drag,
biofouling reduces hydrodynamic efficiency and elevates fuel consumption (Schultz et al., 2011).
Even moderate fouling has been shown to substantially increase fuel use, thereby raising
operational costs and emissions of greenhouse gases and air pollutants, including carbon dioxide
(CO2), nitrogen oxides (NOy), sulphur oxides (SOy), non-methane volatile organic compounds
(NMVOC), and particulate matter (PM>5) (Schultz, 2007). As a result, biofouling contributes
simultaneously to economic loss, air pollution, and climate change. Along the Swedish coast of
the Baltic Sea, nearly half of recreational boat owners report persistent biofouling (Swedish
Transport Agency, 2021) underscoring the need for effective and sustainable antifouling
strategies.

One of the most common mitigation strategies for recreational boats is the use of antifouling
coatings, differing in mechanism and environmental impact. These include:
(1) Traditional biocidal coatings, which include inorganic copper and zinc compounds,
that continuously leach into surrounding water;
(i1) Biocide-free foul-release coatings (FRCs), typically silicone-based, which reduce
adhesion and facilitate detachment of fouling;
(ii1))  Biocide-free hard coatings, such as epoxies, which offer mechanical durability but
often lack inherent antifouling properties.
Despite the availability of alternatives, biocidal coatings remain a commonly used choice among
recreational boaters, with inorganic copper currently being the only biocide approved for use in
antifouling coatings for this sector in Sweden (Swedish Transport Agency, 2025); Swedish
Chemical Agency, 2025). Although copper is an essential micronutrient, concentrations only
slightly above physiologically optimal levels have shown to be toxic. Elevated copper exposure is
associated with impaired growth, genetic damage, and developmental abnormalities across a
broad range of marine taxa (Wang et al., 2020; Watson et al., 2018). Zinc, commonly
incorporated into copper-based antifouling paints to stabilize formulations and regulate copper
release, is also a chemical of concern due to its accumulation in marine sediments and organisms
(Muller-Karanassos et al., 2021).

The Baltic Sea is particularly vulnerable to copper contamination. Only one of its sub-basins
currently meets Good Environmental Status for copper, and antifouling coatings contribute
approximately one-third of the total copper load (Lagerstrom et al., 2021). While emissions from
recreational vessels (57 tonnes/year) are lower than from commercial shipping (509 tonnes/year),
emissions are highly localized, seasonal, and concentrated in sensitive coastal ecosystems
(Ytreberg et al., 2022). The ecological risks are further intensified by the Baltic’s low salinity,
which increases copper bioavailability and toxicity (Lee et al., 2010), and by its limited water
circulation, which promotes the accumulation of pollutants (Lagerstrom et al., 2021). In
recognition of these risks, HELCOM has identified copper as a key indicator of chemical stress in
the Baltic Sea and, through its Baltic Sea Action Plan, has set the goal (HL30) of minimizing

biocide release from antifouling products by 2027 (HELCOM, 2021).
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As regulatory pressure to phase out copper-based coatings grows, demand for biocide-free
alternatives is increasing. Recent advances in foul-release and hard coatings aim to provide
effective fouling control without the release of copper. However, some coatings may introduce
other substances that pose new environmental concerns. Additionally, although most recreational
boat owners are positive to of boat owners are reportedly positive toward a ban on biocidal
coatings, reflecting growing awareness of environmental impacts, surveys indicate that their
willingness to switch depends largely on access to knowledge and information. Specifically, boat
owners emphasize the need for data demonstrating that biocide-free paints are effective, as well
as guidance on alternative antifouling methods (Swedish Transport Agency, 2025 Successfully
transitioning to non-biocidal solutions requires a comprehensive approach that simultaneously
addresses ecological imperatives and user requirements. Accordingly, the generation of robust
data on the effectiveness, environmental implications, and practical applicability of biocide-free
coatings is necessary for informing this transition and in turn protecting the ecological integrity of
the Baltic Sea.

2. Aim

This study evaluates the potential of biocide-free antifouling coatings for widespread adoption in
the recreational boating sector of the Baltic Sea, with copper-based paints included in the
evaluation as a reference for comparison. The evaluation focuses on three key aspects: coating
efficacy, environmental emissions, and practical relevance for boat owners. Specifically, the
study addresses the following research questions:

(1) How effective are biocide-free coatings at preventing biofouling, and what are the
implications for fuel consumption and associated air emissions?

(11) Quantify the copper load originating from vessels coated with copper-based paints and
estimate the potential reduction in copper emissions achievable through the adoption
of biocide-free alternatives?

(ii1))  What economic factors for individual boat owners influence the feasibility of large-
scale adoption of biocide-free antifouling systems in the Baltic Sea region?

3. Material and method
3.1. Coatings and study site

To reflect the range of products available for Swedish recreational boat owners, seven antifouling
coatings commonly marketed for recreational boats in the eastern Baltic Sea were evaluated
(Table 1). Two were conventional copper-based biocidal paints (C1-C2), and five were biocide-
free alternatives: two foul-release coatings (P1-P2), one hybrid foul-release/hard coating (P3),
and two hard coatings (P4-P5). A primer-only treatment served as control. Test panels (10 x 10
cm) were prepared from polyvinyl chloride (PVC). Panels were sanded and coated following
each manufacturer’s instructions. For P1-P3, the complementary conversion primer and tie coat
were applied; all other treatments used Hempel’s Underwater Primer 26030. XRF analysis
confirmed no measurable Cu or Zn in primers or tie coats. Three replicate panels were prepared
for each coating type and the control.



Tabel 1 Summary of product name, manufacturer, colour, and type of coating for the antifouling coatings included in the study

Coating Product name Manufacturer Colour Type of coating

C1 Cruiser One International Black Copper-based biocidal coating
C2 Mille Light Hempel Black Coppre-based biocidal coating
P1 Silic One Hempel Black Foul release coating

P2 B-Free Explore International Black Foul release coating

P3 Hempaspeed TF Hempel Black Foul release/hard hybrid coating
P4 Ecopower Racing Hempel Black Hard coating

Ps BaSilicCoat HIRPA Yellow Hard coating

Control Underwater primer Hempel Gray Primer

After curing, panels were mounted on grids and immersed statically at ~1 m depth at the Asko
study site (58.823369°N, 17.635424°E), with a salinity of 6.4 PSU. Exposure lasted 58 days (19
May to 15 July 2025), corresponding to roughly 40% of the Swedish recreational boating season.
The stationary setup reflects boating behaviour, as recreational vessels typically remain moored
approximately 89-97% of the season (Swedish Transport Agency, 2021).

3.2. Efficacy evaluation

Following the exposure period, the test panels were retrieved and assessed according to the
fouling rate (FR) scale from the Naval Ships’ Technical Manual (NSTM) of the US Navy (2006)
(Appendix 1). This scale quantifies biofouling in 10-point increments from 0 to 100, where FRO
represents a clean hull and FRI100 represents extensive composite fouling. The scale
differentiates between soft fouling such as micro- and macro algae growth (FR10-FR30), and
hard fouling that consists of calcareous organisms like tubeworms, oysters, and barnacles (FR40-
FR100). To determine the overall efficacy of the coatings, a single weighted fouling rate (FR,)
was calculated for each panel. This value was derived by multiplying each fouling rate category
(0-100) by the corresponding percentage of the panel surface it covered. The products were then
summed across all categories and divided by 100 to yield a single value representing total fouling
intensity. This method follows the approach outlined by Lagerstrom et al. (2020), and is
calculated using the following equation (where n = 100):
zn: FR; X Surface coverage;
100

i-0

To evaluate differences in antifouling performance among the antifouling coatings, FR, values
were analysed using one-way ANOVA, followed by Tukey’s HSD post hoc comparisons. All
analyses were conducted in R 4.5.1, with the significance threshold set at 5% (a = 0.05).

3.3. Modelling of increased fuel consumption and subsequent air emissions

To assess the impact of biofouling on hull hydraulic roughness, the weighted NSTM fouling rates
(FRy) were converted to equivalent sand-grain roughness (k) expressed in micrometres, using the
model by (Oliveira et al., 2022), based on Schultz (2007):

ks,foull'ng = 46927 X 60.056614><FRW
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The resulting ks values were then used to estimate fuel consumption increases, applying
correlations compiled by the GloFouling Partnership (2022). The model assumes that relative
increases in fuel consumption equal proportional increases in greenhouse gas (GHG) emissions.
While developed for commercial vessels, this framework was adopted as the best available
approximation for recreational boats, acknowledging uncertainties due to differences in hull
design, engine efficiency, and operating patterns.

Figure 1 Impact of ship hull fouling roughness on greenhouse gas (GHG) emissions. The x-axis indicates fouling roughness,
expressed in equivalent sand-grain roughness (ks), and the y-axis the associated increase in GHG emissions, with case studies
shown as blue circles and a trendline in red. Summary of results from published research studies. (GloFouling Partnership,
2022).
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To estimate the increased fuel consumption attributable to biofouling in a regional context, the
analysis combined the modelled fouling-related penalties with data on total theoretical fuel
consumption, seasonal activity, and air emissions from recreational boats along the Swedish East
coast (Appendix 2-3) (SMHI, 2025; Swedish Transport Agency, 2021) Finaly, to model the
temporal development of fouling impacts, a day-by-day linear interpolation model covering the
period May 19-July 15 was applied. For each coating scenario, the estimated fuel penalties were
derived from the measured FRy at day 0, day 30, and day 57. Linear interpolation was applied
between day 0-30 and day 30-57 to yield a time-dependent fuel penalty factor (p(d)). Monthly
fuel consumption for the entire Swedish boat fleet, as well as for an individual motorboat, was
estimated based on seasonal activity and distributed evenly across the days of each month, giving
a baseline daily consumption (F(d)) for each day. The additional daily consumption was then
calculated as A(d)=F(d)p(d), and the total increase over the study period was obtained by
summing across all days:

57
Brotar= ) F(Dp(d)
d=0



3.4. Release rate determination of copper and zinc

The release rates of copper (Cu) and zinc (Zn) from antifouling coatings were quantified using X-
ray fluorescence (XRF) analysis, conducted with an Innov-X Delta-50 handheld instrument in
accordance with the methodology described in more detail in previous studies (Ytreberg et al.,
2017). Calibration of the XRF was performed using paint standards with known concentrations of
Cu and Zn, expressed in pg/cm?, allowing for direct quantification on coated surfaces. Each
coated panel was measured at four predefined points using XRF both before and after 58 days of
field exposure. Measurements were taken at 40 kV beam energy with a 10 mm beam diameter
and an acquisition time of 20 seconds. The cumulative release rate was then estimated by
calculating the difference in metal concentration between the initial and final measurements. To
verify the precision of the instrument Cu and Zn standards with low (~200 pg/cm2), medium
(~800 pg/cm?2) and high (~2000 pg/cm?2) concentrations of Cu and Zn were measured after every
third panel measurement. This quality control yielded relative standard deviations (RSDs) below
one percent, indicating high measurement reliability.

To confirm that the dry film thickness (DFT) of the coatings remained within the XRF's linear
measurement range, coatings were also applied to 100 um Mylar® film and measured with a
thickness gauge (Defelsko Positector 6000). Previous studies determined that the critical DFT
threshold for reliable XRF analysis of copper in coatings with similar copper content to coatings
Cl and C2 (Biltema Baltic Sea 7.5%), is approximately 52 pm for Cu and 54 um for Zn. The
critical thickness threshold for accurate XRF measurement decreases as the copper content in the
coating increases (Ytreberg et al., 2017). If the DTF exceeds this threshold, the XRF signal may
be attenuated, potentially leading to an underestimation of the actual metal content. In this study,
the average DFTs of the coatings were 51 um +7 for C1 and 45 pm +6 for C2, both of which are
below the critical threshold. This indicates that the copper concentrations in these coatings could
be measured with high reliability. Although the post-exposure DFTs were not measured at day 58
the coatings are expected to have become thinner due to polishing during exposure, suggesting
that the final thickness likely remained within or below the critical DTF thickness.

3.5. Additional evaluations

To account for environmental and practical aspects not captured by the above-mentioned method,
two complementary evaluations were conducted. Safety data sheets were examined to identify
potential emissions of substances other than Cu and Zn. In addition, the cost of using each
coating was assessed using manufacturer data on initial and annual expenses. The cost of
applying each antifouling coating was evaluated using manufacturer data on initial and annual
expenses. Calculations were based on a representative motorboat with a wetted surface area of
11.4 m? that consumes 250 L of gasoline over a boating season. Cost estimates assumed that
copper paints are reapplied over existing layers, while alternative systems are applied onto old
copper coatings with the required primers. Price estimates were based on 0.75 L containers and
excluded both volume discounts and hull-stripping costs.



4. Results and discussion
4.1. Efficacy evaluation

Biofouling was observed on all coatings at varying levels of intensity by day 30 (Figure 3.a). The
highest FR values were observed on the control, the hybrid coating (P3), and one of the hard
coatings (P4) (average FRy+sd: Control = 5.742.3, P3 = 7.3+4.5, P4 = 6.7£1.5). In contrast, both
the copper-based and the fouling-release (FRC) coatings showed a comparatively lower fouling.
On the hard coating (P5) fouling was nearly absent during this initial 30-day period. However,
the interpretation was complicated by curing defects on P5 which produced a markedly rough
surface texture and reduced the reliability of visual FR assessment.

From day 30 to day 58, fouling on the panels painted with the hard coating (P4) and the control
increased gradually. In contrast, P5 showed a sharp increase in fouling over the same interval.
The fouling community on P5 was dominated by FR10 (>80%), whereas the other coatings
exhibited a more balanced distribution between FR10 and FR20 (Figure 3.b). The FRC and
hybrid FRC coatings (P1, P2, and P3) demonstrated a decrease in FR values between day 30 and
day 58, suggesting that a fraction of the organisms that initially colonized the surface did not
achieve permanent attachment, consistent with the release mechanism of fouling-release coatings.
It should also be noted that the release effect of such coatings is enhanced under conditions of
hydrodynamic stress, such as when vessels are in motion. Since the present study was conducted
under static immersion, the extent of fouling recorded on the FRCs may overestimate what would
occur under operational conditions where periodic sailing facilitates fouling detachment. The
apparent reduction in FR performance of P1, P2 and P3 may also reflect procedural variation, as
different staff retrieved the grids at day 30 and day 57, potentially applying unequal lifting forces
when retrieving the grids. At day 58, FRC coatings (P1 and P2) exhibited no significantly higher
FR than copper-based coatings (C1 and C2) (p < 0.05; Figure 2).

Throughout the study, only soft fouling was recorded, with no evidence of hard fouling (FR40-
FR100). This result is consistent with typical fouling succession patterns in temperate brackish
waters (Weber and Esmaeili, 2023). The water column during the study was dominated by Fucus
vesiculosus, filamentous green algae (Cladophora and Ulva), and barnacles. However, barnacle
settling in the region typically occurs in late July—August (Wrange et al., 2020), outside the
temporal scope of the study. The absence of hard fouling likely reflects the short exposure period.
Longer-term studies in the same region have reported up to 40% coverage by hard fouling (FR50)
after five months, particularly on panels painted with primer only (Lagerstrom et al., 2020).
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Figure 2 Average weighted fouling rating (FRw) at day 58 of panels (n = 3) treated with different antifouling coatings (CI1-P5)
and controls painted with primer only. With error bars representing standard deviation, and different letters (a,b) above the bars
denote statistically significant differences between coatings, based on one-way ANOVA with post hoc testing (p < 0.05).
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Figure 3 Percentage fouling type and coverage on panels coated with antifouling coatings after 30 days (Figure 3.a) and 58 days
(Figure 3.b) of static immersion in the Baltic Sea. Error bars represent the standard deviation of replicates (n = 3) and are shown
only in the negative direction.

4.2. Modelling of increased fuel consumption and subsequent air emissions

To assess the broader implications of adopting alternative antifouling systems, increased fuel
consumption attributed to friction from fouling was modelled assuming all leisure boats along the
Swedish east coast were coated with a given paint type, and that each coating performed similarly
to those tested at Askd. Under these assumptions, the projected fuel demand varied markedly
depending on the antifouling mechanism. Foul-release coatings (P1-P2) resulted in moderate
increases in fuel use and emissions. P1 required 481 ton of fuel, about 14-16% more than copper-
based coatings, while P2 increased fuel consumption to 650 ton, representing a 54-57% rise
compared with copper-based coatings (Table 2). These increases were followed by proportional
rises in CO, NMVOC, and NOx emissions. The hybrid FRC/hard coating (P3) performed equally,
resulting in a fouling related fuel penalty of 649 ton of fuel, 54-57% higher than with copper-
based coatings, doubling emissions relative to traditional biocidal coatings.

The hard coatings (P4-P5) were associated with the greatest penalties on average. P4 consumed
755 ton of fuel, an 79-83% increase over copper coatings, while P5 used 604 ton, 43-46% more
than copper paints. Emissions in this group were similarly elevated, with CO, NMVOC, and NOx
up to ~70-90% higher than copper-based coatings. Although the fuel penalties from fouling on
biocide-free coatings accounted for no more than 7% of total fuel use during the study period
(10447 ton), their relative increases compared with copper-based coatings were high, highlighting
the trade-offs inherent in alternative antifouling strategies.

Tabel 2 Modelled increases in fuel consumption and air emissions by coating. The table shows additional fuel use and associated
emissions of CO, NMVOC, NO., and PM2.5 expressed in tonnes (10° kg) for each coating scenario and control.

Coating Increased fuel consumption 10° kg CO 10° kg NMVOC 10° kg NO, 10° kg PM,510° kg
C1 421 103 36 11 3
C2 413 101 36 10 3
P1 481 118 41 12 3
P2 650 160 56 16 4
P3 649 159 56 16 4
P4 755 185 65 19 5
P5 604 148 52 15 4
Control 651 161 56 16 4
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The fuel consumption values reported here reflect only the additional friction related fuel
penalties caused by fouling, not by surface irregularities from the coatings. However, the total
hydrodynamic impact may be greater, since the coatings themselves contributed to surface
roughness. During the first 30 days of testing, the coatings appeared visually rougher than the
fouling layer. This roughness was a direct result of the application method as the coatings were
applied with rollers, which produced uneven surfaces. Although the hydrodynamic effects of
coating roughness were not quantified, it remains possible that these irregularities influenced both
the settlement of biofouling and the associated increase in fuel consumption.

4.3. Release rate determination of copper and zinc

The release of Cu and Zn from the tested antifouling paints was evaluated by XRF measurements
before and after 58 days of exposure (Figure 4.a and 4.b). The tested coatings exhibited distinct
differences in metal leaching over the test period. For the copper-based paints (C1-C2), measured
surface concentrations decreased after exposure. C1 leached 9.95 pug Zn/cm?*/day and 2.52 pg
Cu/cm?/day, while C2 leached 5.62 ng Zn/cm?/day and 1.35 pg Cu/cm?/day. Both coatings
released measurable amounts of zinc and copper, with C1 consistently showing higher release
rates than C2. When compared to the commonly cited critical Cu release rate of 10 ng/cm?day,
which is considered sufficient to prevent attachment of most macrofouling organisms (Barnes,
1948; WHOI, 1952), the observed Cu release from both samples remained well below this
threshold. This indicates that, although metals are leached from the coatings, the amounts of
copper released are lower than what is generally recommended for effective antifouling action.

Among the tested coatings, one of the foul-release coating (P2) and one of the hard coatings (P4)
contained measurable Cu and/or Zn at day 0. Specifically, P2 contained 334.4+5.0 Cu pg/cm?,
while P4 contained 2.8+0.5 Cu pg/cm? and 107.3+2.0 Zn pg/cm?. However, leaching from these
products was either small or within the variance (P2: 2.1£5.0 Cu pg/cm?; P4: 0.3+£0.5 Cu pg/cm?,
6.1£2.0 Zn pg/cm?). Importantly, neither Cu nor Zn is listed as a declared component in the
safety data sheets for these paints. This suggests that the detected elements may be present as part
of other constituents, such as copper chromite as black pigment, rather than as active biocidal
ingredients. In such a case, leaching of Cu or Zn would not necessarily be expected. No
measurable concentrations of Cu or Zn were detected in the remaining coatings. Taken together
these results indicate that biocide-free coatings do not contribute to copper and zinc
concentrations in coastal waters. In contrast, for each typical motorboat (~11.4 m? wetted surface)
copper-based coatings would release 8.9—-16.7 g of copper over 58 days. Widespread adoption of
biocide-free antifouling coatings could therefore substantially reduce biocide inputs from
recreational boating in the Baltic Sea.

4.4. Other chemicals of concern

While copper, used as a biocide, along with zinc are two of the primary chemical stressors from
antifouling paints, the biocide-free coatings in this study also contain other substances of
potential concern, as several coatings included compounds with relatively low chronic effect
thresholds.
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Figure 4 Amounts of Cu (a) and Zn (b) leached from the panels during the exposure period (58 days) for the antifouling paints
that contained measurable amounts of Cu and Zn. Error bars show the standard deviation of the replicate measurement points. In
parenthesis below the paint names are indicated the percentage of Cu20 (Figure 4.a) and ZnO (Figure 4.b) as obtained from the
Swedish Chemical Inspectorate's pesticides register and the safety data sheets of the paints.
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Biocide-free foul-release coatings (P1 and P2), for example, include hydrophilic-modified
silicone oils such as octamethylcyclotetrasiloxane (D4, <0.1%), a compound of low acute toxicity
but classified as Aquatic Chronic 1 due to persistence and potential for bioaccumulation (Hempel,
2025; International,” 2024). In these coatings, octamethylcyclotetrasiloxane forms an amphiphilic
PDMS hydrogel at the surface, enhancing slipperiness and in turn deterring attachment of fouling
organisms (Lagerstrom et al., 2022). Once released, PDMS can persist in the environment, adsorb
to particles, and accumulate in sediments, where oil films may reduce pore water exchange.
Concerns have therefore been raised that leaching of silicone oils could, at high exposures, impair
sediment quality and suffocate organisms, despite their low bioaccumulation potential (Nendza,
2007; Wang et al., 2021). However, ecotoxicological studies have shown that the acute toxicity of
silicon based coatings is lower than for copper-based coatings (Karlsson and Eklund, 2004;
Watermann et al., 2005).

Other formulations contain additional compounds with different mechanisms of action. The
hybrid coating (P3) contains stabilizers and plasticizers, along with monomeric binders such as
styrene and n-butylmethacrylate. One hard biocide-free coating (P4) contained similar surfactants
and stabilizers, including dipropylene glycol dibenzoate, styrene, and hydroquinone derivatives,
several of which are chronically toxic (H412-H410) but generally present at <3% (Hempel, 2024;
Hempel, 2024). Alternative hard biocide-free coatings (P5) based on alkaline salts (sodium
metasilicate, hydroxide) work by locally elevating pH (HIRPA, 2024).. This may cause additional
stress in poorly buffered environments.

In addition, all coatings, except one hard coating (P5), also contained volatile organic solvents
such as naphtha, xylene, and butyl acetate. However, these compounds evaporate to a large extent
during the curing process and are therefore absent from the paint film upon immersion. Indicating
that hazard classifications may overstate their ecological relevance, as the mere presence of a
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substance in a formulation does not necessarily correspond to environmental risk. Instead,
potential impacts are determined by factors such as leaching dynamics, environmental conditions,
and chemical persistence. Finally, it is important to note that all polymer-based coatings (P1-P4)
contribute to microplastic pollution over time, as their polymer matrices gradually degrade into
small particles in aquatic environments (Tamburri et al., 2022).

4.5. Difference in cost for individual boat owners

The cost analysis was conducted for a wetted surface area of 11.4 m? over the entire study period.
Fouling-release coatings (FRCs) are reapplied every other year, whereas other paints require
annual reapplication, which affects their overall cost. Among the tested coating systems, P3
exhibited the highest overall cost, amounting to 127 € more than the copper-based reference
system. This increase was primarily attributed to the high cost of the coating itself rather than
fuel-related expenses. In contrast, the fouling-release coatings (FRCs) and hard coatings (P1, P2,
P4, and P5) demonstrated a more balanced cost performance, with total increases ranging
between 57 € and 69 € (figure 5). These systems therefore appear more economically favourable
compared to P3, while still incurring higher costs than copper-based coatings.

Figure 5 Comparison of product cost (including primers, conversion coats, and tie coats) and efficacy-related increases
in fuel costs for different antifouling coating systems. (including primers, conversion coats, and tie coats), Based on a
motorboat with a wetted surface area of 11.4 m? and a regular fuel consumption of 106 L over the study period. Costs
are shown relative to copper-based coatings, which serve as the baseline for comparison.
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A closer breakdown of the cost structure revealed that coating application, including primers,
conversion coats, and tie coats, accounted for most of the expenses. Additional coating-related
costs ranged from 57 € to 120 €, whereas fuel-related costs were relatively minor, spanning only
1-7 € depending on the system. This indicates that, for an individual boat owner, the primary
financial burden is associated with the coating process itself, while the effect of increased fuel
consumption remains comparatively negligible. The primer-only scenario, on the other hand,
resulted in an apparent cost saving of 20 € compared to the copper-based baseline. However, this
scenario is not realistic in practice. Even when an antifouling system is not selected, a hard
protective coating is typically applied to prevent hull damage from mechanical wear and
corrosion. In this context, P4 provides a more accurate representation of the option to not use an
antifouling coating, whereas the primer-only case underestimates practical costs and does not
reflect common maintenance strategies.
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5. Methodological limitations and uncertainties

This study has several methodological limitations. The 58-day experimental period represented
less than half of the Swedish boating season, likely underestimating fouling later in summer when
increased fouling could highlight differences in coating performance and fuel penalties. Fouling
assessments, though based on established schemes, were insensitive to soft fouling such as
biofilms and slime, limiting the accuracy of comparisons between coatings. In addition,
variations in personnel conducting panel retrieval and photography at days 30 and 57 may have
introduced inconsistencies. Fuel consumption estimates introduce further uncertainty, as they
were based on commercial vessel data that may not translate directly to smaller recreational craft
with different hull forms, sizes, and operating patterns. Finally, leaching measurements were
limited by methodological constraints, highlighting the need for more robust approaches such as
standardized laboratory release tests or in situ passive samplers.

6. Conclusion

This study evaluated the potential of biocide-free antifouling coatings as alternatives to copper-
based paints for recreational boats in the Baltic Sea, focusing on coating efficacy, environmental
emissions, and practical feasibility. Over the 58-day exposure period, one fouling-release coating
(FRCs) performed on par with copper-based paints, while hard and hybrid systems were less
effective. Modelled fuel penalties and air emissions reflected these trends. FRCs caused moderate
fuel increases (13—42% above copper paints), while hard and hybrid coatings led to much higher
penalties (up to 83%). These findings suggest that FRCs provide the most effective biocide-free
protection against fouling in the Baltic Sea, although large scale adoption may still result modest
increases in greenhouse gas and air pollutant emissions, though these values are likely
overestimated due to static testing conditions which negatively affect the efficacy of FRCs.

Environmental assessments further underscore the benefits of biocide-free coatings. Unlike
copper-based paints, which are major contributors to Baltic Sea copper loads, the tested biocide-
free products leached no measurable amounts of copper or zinc. However, the coating systems
may leach other substances of ecological concern, and all coatings contribute to microplastic
generation through polymer wear. Thus, while biocide-free coatings significantly reduce copper
emissions, they do not fully eliminate chemical pressures on marine ecosystems.

From a practical standpoint, biocide-free coatings are more expensive than traditional copper
paints, typically adding €57—69 per season, with hybrid systems being considerably costlier. For
boat owners, these upfront costs outweigh the relatively minor costs due to fuel penalties, making
price and perceived reliability the main barriers to adoption. However, cost is not the only aspect
of concern for individual boat owners. Other factors, such as environmental concerns or the
perceived reduction in vessel speed due to fouling, may also play a critical role in the selection of
antifouling coating. Additionally, it is important to note that coatings are not the only available
antifouling strategy. Mechanical techniques, such as hull covers that reduce oxygen exposure, in-
water cleaning with brushes, or storing vessels on land during periods of inactivity, can also
provide effective alternatives or complements to coating-based approaches.
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In line with HELCOM’s goal (HL30) to reduce biocide release from antifouling products by
2027, this study demonstrates that FRCs provide the most promising biocide-free option for
recreational vessels in the Baltic Sea. They provide effective fouling control with no copper
emissions compared to traditional paints, though challenges remain in balancing cost, user
acceptance, and alternative chemical risks.
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Appendix 1

Naval Ships’ Technical Manual fouling rate scale (US Navy, 2006).

Fouling Rate Fouling Type Description

0 - Clean, foul-free surface

10 Soft Incipient slime, painted surfaces visible beneath the fouling

20 Soft Advanced slime, painted surfaces obscured by the fouling

30 Soft Soft fouling up to 76 mm in length and up to 6.4 mm in height (e.g. filaments, sea cucumbers)
40 Hard Tubeworms less than 6.4 mm in height or diameter

50 Hard Barnacles less than 6.4 mm in height or diameter

60 Hard Combination of tubeworms and barnacles less than 6.4 mm in height or diameter

70 Hard Combination of tubeworms and barnacles greater than 6.4 mm in height or diameter

80 Hard Closely packed tubeworms or barnacles (less than 6.4 mm in height) growing on top of each other
90 Hard Dense growth of tubeworms with barnacles, 6.4 mm or greater in height

100 Composite Soft and hard fouling present, with soft fouling growing over various forms of hard growth.
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Appendix 2

Summary of fuel use, emissions, and energy consumption by region (North, East, West) and boat type (OMB: Fully open boat,
MB: motorboat, LMB: large motorboat, LMSB: large motorsailer, SB: sailboat). Includes fitel consumption, CO, NMVOC, NO,
PM?2.5 emissions, and total energy use consumption per region and boat type (SMHI, 2025).

Table 4 Fuel usage per region and boat hpe.

Fuel OMB MB LMB LMSB sB
(10° kg)  diesel gasoline  diesel gasoline diesel gasoline  diesel gasoline diesel gasoline
north 0 2 32 888 129 219 19 g a5 34
east 5 70 125 3805 3022 5148 521 vy 2034 823
west 4 a2 a2 1888 1038 1767 2224 SO 1099 445
total L 133 219 bba2 4189 7133 3164 1281 3218 1302
Table 5 OO0 emdssions per reglon and boal hipe.

CO( 10" kg) oMB MEBE LmMB LMSEB SB total
north 2 407 7 4 17 507
east 57 1568 1809 174 396 4010
west 51 778 621 433 214 2097
total 110 2754 2508 B16 B26 6614
Tahle 6 NMVOC emissions per region and hoat nipe.

NMVOC (| 10" kg) oMB ME LMEB LMSE 5B total
north 0 139 25 2 B 174
east 15 535 587 85 187 1405
west 13 2k 202 205 101 TBb
total 28 940 £14 291 2956 2365
Table 7 NO, emissions per region, boal tvpe and fuel type.

NO, oMB MB LB LRASE 5B

(10" kg) diesel gasoline  diesel gasoline diesel gasoline diesel gasoline diesel gasoline
north 0.0 0.0 21 74 4.0 3.4 1.2 o0 5.4 02
east 0.3 0.6 £.0 0.6 54.6 80.5 59.1 149 1303 4.2
west 0.3 0.5 4.0 15.2 2.5 2768 1426 4.6 70.5 2.3
total 0.6 11 14.0 53.7 1311 1115 2028 6.5 2063 6.7
Tahle 8 PM2 5 emissions per region and hoat fype.

PM2.5 (10" kg) OMB ME LB LMSE SB total
north 0.0 7.7 2.0 0.2 0.8 10.7
east 0.5 29.8 47.0 B.4 18.6 104.4
west 0.5 14.8 16.1 20.4 10.1 G6l.8
total 1.0 52.3 65.1 29.0 29.5 176.9
Table U Energy consumption per région and boal hpe,

Energy (10° kWh) OMB MB LMB LMSE sB total
north 5 1791 Bl 79 352 3088
east 137 GE9G 20200 3826 2445 39503
west 121 3422 6937 5236 4566 24281
total 262 12109 27998 13141 13363 baET2

20



Appendix 3

Monthly distribution of boating activity, and associated fuel consumption and exhaust emissions, along with monthly copper and
zinc emissions (SMHI, 2025).
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Appendix 4

Efficacy assesment of

Weighted fouling

Product name Coating Replicate Day % Cover 0 % Cover 10 % Cover 20 rating (FRw)

Cruiser One Cl 1 30 95 5 0 0.5
Cruiser One Cl 2 30 95 5 0 0.5
Cruiser One Cl 3 30 95 5 0 0.5
Mille Light Cc2 1 30 100 0 0 0
Mille Light C2 2 30 95 5 0 0.5
Mille Light C2 3 30 95 5 0 0.5
Silic One P1 1 30 80 20 0 2
Silic One P1 2 30 85 10 5 2
Silic One P1 3 30 80 15 5 2.5
B-Free Explore P2 1 30 70 25 5 35
B-Free Explore P2 2 30 40 40 20 8
B-Free Explore P2 3 30 85 10 5 2
Hempaspeed TF P3 1 30 15 50 35 12
Hempaspeed TF P3 2 30 55 20 25 7
Hempaspeed TF P3 3 30 80 10 10 3
Ecopower Racing P4 1 30 50 30 20 7
Ecopower Racing P4 2 30 60 30 10 5
Ecopower Racing P4 3 30 35 50 15 8
BaSilicCoat PS5 1 30 90 10 0 1
BaSilicCoat P5 2 30 100 0 0 0
BaSilicCoat PS5 3 30 100 0 0 0
Underwater Primer 1 30 40 50 10 7
Underwater Primer 230 45 40 15 7
Underwater Primer 3 30 70 30 0 3
Cruiser One Cl1 1 57 95 5 0 0.5
Cruiser One Cl1 2 57 89 5 6 1.7
Cruiser One Cl 3 57 95 5 0 0.5
Mille Light C2 1 57 100 0 0 0
Mille Light C2 2 57 95 5 0 0.5
Mille Light C2 3 57 91 5 4 1.3
Silic One P1 1 57 89 5 6 1.7
Silic One P1 2 57 90 5 5 1.5
Silic One P1 3 57 94 0 6 1.2
B-Free Explore P2 1 57 57 25 18 6.1
B-Free Explore P2 2 57 71 15 14 4.3
B-Free Explore P2 3 57 92 5 3 1.1
Hempaspeed TF P3 1 57 55 30 15 6
Hempaspeed TF P3 2 57 66 25 9 4.3
Hempaspeed TF P3 3 57 86 10 4 1.8
Ecopower Racing P4 1 57 33 35 32 9.9
Ecopower Racing P4 2 57 26 30 44 11.8
Ecopower Racing P4 3 57 31 30 39 10.8
BaSilicCoat P5 1 57 5 75 20 11.5
BaSilicCoat P5 2 57 20 60 20 10
BaSilicCoat P5 3 57 10 60 30 12
Underwater Primer 1 57 17 60 23 10.6
Underwater Primer 2 57 16 60 24 10.8
Underwater Primer 357 15 50 35 12
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Appendix 5

Increase in fuel consumption, CO, NMVOC, NOx, and PM:s as a result of increased friction from fouling on each panel painted
with copper-based coatings (C1-C2), foul-release coatings (P1-P2), foul-release/hard hybrid coating (P3), and hard coating
(P4-P35).

Fuel consumption CO NMVOC NOx PM:s
Coating Replicate (10°kg) (10°kg) (10°kg) (10°kg) (10°kg)
Cl 1 415 102 36 10 3
Cl 2 433 106 37 11 3
Cl 3 415 102 36 10 3
C2 1 395 97 34 10 3
C2 2 415 102 36 10 3
C2 3 427 105 37 11 3
Pl 1 476 117 41 12 3
Pl 2 479 118 41 12 3
Pl 3 487 120 42 12 3
P2 1 592 145 51 15 4
P2 2 886 218 76 22 6
P2 3 473 116 41 12 3
P3 1 793 195 68 20 5
P3 2 649 159 56 16 4
P3 3 504 124 44 13 3
P4 1 754 185 65 19 5
P4 2 732 180 63 18 5
P4 3 778 191 67 20 5
P5 1 630 155 54 16 4
P5 2 566 139 49 14 4
P5 3 617 152 53 15 4
Primer 1 749 184 65 19 5
Primer 2 581 143 50 15 4
Primer 3 623 153 54 16 4
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Appendix 6

XRF-measurements of copper (Cu) and zinc (Zn) from copper-based coatings (CI1-C2), foul release coating (P2), and hard
coating (P4). Expressed in (ug/cm2), including measurement deviation.

Before exposure

After 58 days of exposure

Panel Point Zn (ug/cm?)  (+/-) Cu (ng/cm?)  (+/-) Panel  Point Zn (ug/cm?)  (+/-) Cu (ng/em?  (+/-)
Clrepl A 2696,00 37 970 14 [ Clrepl A 2060 28 831 12
B 2469,00 33 893 13 B 1901 25 765 10
C 3159,00 44 1163 17 C 2520 34 987 14
D 3013,00 41 1102 15 D 2521 35 1011 14
Clrep2 A 1924,00 26 661 9| Clrep2 A 1299 32 545 14
B 2893,00 40 1040 15 B 2211 30 910 13
C 3298,00 46 1184 17 C 2724 38 1007 15
D 2250,00 31 802 12 D 1621 22 646 9
Clrep3 A 2995,00 41 1055 15| Clrep3 A 2327 32 892 13
B 2586,00 35 906 13 B 2038 27 796 11
C 2831,00 39 1109 14 C 2235 30 876 12
D 3051,00 42 1070 15 D 2467 34 937 13
C2repl A 1922,00 26 1211 17 | C2repl A 1603 21 1077 18
B 2002,00 27 1239 17 B 1726 23 1154 16
C 2375,00 32 1539 21 C 2090 28 1459 20
D 2136,00 29 1360 19 D 1849 25 1271 17
C2rep2 A 2171,00 29 1383 19 | C2rep2 A 2080 27 1357 19
B 1908,00 26 1189 16 B 1718 25 1143 17
C 2640,00 37 1697 24 C 2396 32 1593 22
D 2327,00 31 1470 20 D 2091 28 1382 19
C2rep3 A 2396,00 32 1544 21 | C2rep3 A 2196 29 1498 20
B 2084,00 28 1336 18 B 1767 23 1216 16
C 2209,00 30 1440 20 C 1965 26 1376 19
D 2258,00 30 1482 20 D 1039 27 1425 19
P2repl A 328 5| P2repl A 309 4
B 321 5 B 320 5
C 347 5 C 353 5
D 333 5 D 326 4
P2rep2 A 304 4 | P2rep2 A 313 4
B 341 5 B 333 4
C 322 4 C 318 4
D 349 5 D 349 5
P2rep3 A 372 5| P2rep3 A 376 5
B 346 5 B 346 5
C 301 4 C 294 4
D 349 5 D 351 5
P4repl A 110,80 1,9 3 0,5 | P4drepl A 105 1,8 2,2 0,5
B 108,40 1,9 3,3 0,5 B 106 1,7 2,7 0,5
C 117,80 2 3,6 0,5 C 116 1,9 42 0,5
D 115,50 1,9 3,4 0,5 D 106 1,8 3,4 0,5
P4rep2 A 115,10 1,9 3,1 0,5 | P4drep2 A 108,1 1,8 2,1 0,5
B 97,80 1,6 2,5 0,5 B 91,2 1,6 1,9 0,5
C 107,10 1,8 2,4 0,5 C 103,3 1,7 2,4 0,5
D 115,60 1,9 2,4 0,5 D 109,7 1,8 2,9 0,5
Pdrep3 A 97.40 1,7 28 05| Pdrep3 A 86,7 1,5 205
B 98,10 1,7 19 05 B 92,6 1,6 17 05
C 100,70 1,7 2,4 0,5 C 96,6 1,7 1,9 0,5
D 103,70 1.8 31 05 D 936 1,6 28 05
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