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Abstract

This work describes a method to create submarine artificial structures based on light
metallic structures covered by calcareous layers obtained by electrolysis in sea water, with
full environmental safety of the process. For structures based on meshes of cylindrical steel
wire, the thickness of the deposited layer increases linearly with time for widths up to 2 mm.
In the case of thicker layers, mathematical modelization suggests that the evolution of the
deposited layer width might not be linear. Under the experimental conditions of this work,
the deposited layers were mainly composed of stable crystalline forms of calcium carbonate.
No significant presence of magnesium containing minerals was found in the deposited
layers. The composition and texture of the obtained surfaces might be deemed as optimum
from the point of view of providing colonization sites for the sessile benthic organisms
of interest. These structures may be used as elements that can be included in the design
of environmental remediation applications. Regarding their potential applications, once
deployed in the marine environment and colonized by sessile benthic filter-feeding species,
the structures could contribute to the improvement of sea water quality in commercial
ports or marinas, which might be affected by organic pollution.

Keywords: artificial reefs; electrolytic reefs; biofouling; marine eco-engineering

1. Introduction
The degradation of marine habitats can be attributed to numerous factors, among

which are marine heatwaves that deepen the seasonal thermocline, illegal fishing activities,
degradation caused by organic waste originating from fish fattening cages in industrial
aquaculture facilities, organic loads generated by discharges, stagnant waters and overflow
outlets, as well as the potential overcrowding of divers. Diverse strategies have been
proposed to mitigate these problems. The use of artificial structures deployed in the
marine environment might represent a potential solution for some of the abovementioned
problems [1].

Among these artificial structures are artificial reefs, which are installed on the seabed
for a wide range of purposes—including the enhancement of fisheries through seabed
protection, recreational diving, habitat restoration, and coastal defense [2]. Over the past
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two decades, research on artificial reefs has evolved from a fisheries-oriented focus toward
an approach centered on the rehabilitation and restoration of marine ecosystems and the
mitigation of anthropogenic impacts [3]. During this period, there has been a notable shift in
the materials employed [4]—from waste or so-called “opportunistic materials,” such as tires,
scrapped vehicles, ships, and oil platforms, to ad hoc construction materials specifically
designed for particular functions (e.g., fishing, seabed protection and rehabilitation, and
diving), including concrete, PVC, fiberglass, iron/steel, and other materials. In fact, in the
Valencian Community (Spain), concrete artificial reefs have been developed primarily as
deterrent elements against trawling [5,6], with the aim of protecting seagrass meadows and
calcareous algal beds.

However, the global increase in the deployment of such structures has raised con-
cerns regarding their potential negative impacts [7], particularly in relation to the use of
unsuitable materials, which has led to the development of operational guidelines and pro-
tocols [8–10]. In this context, an emerging technology known as marine eco-engineering or
green marine construction [11] has been developed to minimize the environmental footprint
of submerged infrastructures and to promote the use of “eco-friendly materials” [12–16].

Among the new materials being explored are carbonated structures generated by
electrolysis on a metallic matrix, originally developed by Hilbertz in the late 1970s [17–20].
It has been known for a long-time that the main cathodic reactions on a metallic surface
during electrolysis in sea water are the reduction of dissolved oxygen and the reduction of
water molecules leading to the evolution of gaseous hydrogen:

½ O2 (aq) + H2O + 2 e− → 2 OH− (aq) (1)

2 H2O + 2 e− → H2 (g) + 2 OH− (aq) (2)

Both of these reactions give rise to a local increase of pH in the surroundings of the
cathodic zones. Hence, due to the composition of sea water, some insoluble compounds,
namely calcium carbonate and magnesium hydroxide, can precipitate at the cathodic
zones [21]:

Ca2+ (aq) + HCO3
− (aq) + OH− (aq) → CaCO3 (s) + H2O (3)

Mg2+ (aq) + 2 OH− (aq) → Mg(OH)2 (s) (4)

The formation of calcareous deposits, a term which is often used to describe
magnesium- and calcium-containing compounds, is a feature associated with the pro-
tection of steel structures immersed in sea water against corrosion through cathodic protec-
tion [22,23]. It is also well known that these calcareous deposits have the beneficial effect of
reducing the rate of corrosion of unprotected steel and iron exposed to sea water [24–26].
This effect is also found in cases of microbiologically-induced corrosion of steel in sea
water [27].

The electrochemical process for fabricating underwater structures, based on electroly-
sis in sea water, has been applied in various coastal regions worldwide for the restoration
of degraded coral reefs and other applications [28–35]. Nevertheless, to the best of our
knowledge, there are no records of its implementation along the Spanish coasts—neither as
a tool for biodiversity restoration nor as a biofiltration or impact-mitigation element.

Several patented procedures can be found in the literature that propose the use of
electrolysis in seawater for the creation of artificial reefs and other applications, employing
direct, pulsed, or intermittent current [18–20,36]. One of the possible drawbacks in the
procedure is the potential generation of toxic substances such as chlorine gas, as well as
the possible release of heavy metal ions in the case of certain types of anodes. Another
patented method [37] describes the possibility of using a galvanic pair system to obtain
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a calcareous deposit by electrolysis on an iron or steel cathode—namely, by exploiting
the creation of an electrochemical cell through electrical contact between the cathode and
an anode made of a metal less noble than steel (such as aluminium, zinc, or magnesium).
The possible drawbacks of this system include the lack of control over electrochemical
parameters (current intensity and potential difference) and, again, the potential release of
heavy metal ions from specific anode materials.

For the reasons outlined above, it would be of interest to develop a system capable of
generating carbonated structures through electrolysis in sea water, while being as innocuous
as possible without altering the ecosystem it is intended to restore.

The objective of the research project, within which this publication is framed, was to
demonstrate the feasibility of a manufacturing system for metallic structures coated with
calcareous layers induced by electrolysis. The system aims were to combine minimal distur-
bance to the marine environment with high flexibility, ease of production and deployment,
and overall cost efficiency. These structures may be used by marine biologists and engineers
as elements that can be included in the design of environmental remediation applications.
Regarding their potential applications, once deployed in the marine environment and
colonized by sessile benthic filter-feeding species, the structures could have a positive
impact on the improvement of sea water quality in commercial, fishing, and recreational
ports, which might be affected by organic pollution. Moreover, the fabrication of struc-
tures with biofiltration capacity could be valuable in the aquaculture sector, contributing
to the reduction of organic loads associated with fish fattening (e.g., feces and uneaten
feed). Likewise, the production of recreational reefs could attract sport divers, enabling the
establishment of new diving areas away from environmentally sensitive zones—thereby
redirecting interest toward potential underwater parks and reducing pressure on habitats
of high biological value. Another important objective was to test the possibility of using
renewable energy sources, such as solar photovoltaic systems, for providing the energy
needed during the electrolysis step. This possibility is relevant in cases of stand-alone
applications in zones without access to the conventional electric energy net, for instance
when trying to produce the structures on-site at locations far from the shore.

The study describes the characteristics of the structures that can be obtained through
the procedure detailed in a patented utility model developed by the authors and approved
by the Spanish Patent and Trademark Office [38,39], with particular emphasis on using
solar photovoltaic systems for providing the electric energy needed for the electrolysis. It
also presents preliminary information on the nature of the calcareous deposits obtained
by electrolysis and the growth rate of the CaCO3 layer thickness. Finally, the innovative
component and potential impacts of the proposal are discussed.

The results of our studies on the capacity of calcareous surfaces obtained by electrolysis
in sea water to promote sessile benthic species colonization compared to other reference
substrates were published previously [40,41].

2. Materials and Methods
The manufacturing process of the electrolytically produced structures in the marine

environment was described in detail in previous publications [38,39]. Through this process,
lightweight structures are obtained, consisting of a metallic substrate coated with calcareous
or calco–magnesian stony layers whose surface texture (porosity and roughness) and
hardness are comparable to those of natural marine limestone or to the material excreted
by corals.
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The device comprises a steel mesh cathode—allowing the use of any commercially
available mesh—and a metallic anode. These units (cathode and anode) form the basic
electrolytic cell responsible for the formation of the calcareous deposit on the cathode
surface. Both the shape and size, as well as the geometric characteristics of the cathode (for
example, mesh aperture), can be selected according to the requirements or objectives of the
structure. In this work the cathode consisted of an electro-welded mild steel mesh (diameter
of the wire 4 mm and square mesh openings of 150 mm) conformed with a cylindrical shape
(diameter 50 cm and height 105 cm); see Figure 1a. The anode used was another steel mesh
cylinder with larger dimensions and weight than the cathode. It should be considered that
a steel anode will progressively corrode in the course of electrolysis. This means that the
anode dimensions and mass should be designed to allow the completion of the electrolytic
process. Alternatively, the anode can be replaced by a new one in case of exhaustion of the
anode with long term electrolytic processes. The use of a steel anode makes the massive
release of chlorine gas in electrochemical anodic reactions unlikely.

 

Figure 1. Elements used in the fabrication of the carbonated structures. (a) Cathode consisting
of an electro-welded mild steel mesh conformed with a cylindrical shape. (b) Photovoltaic panel
connected to a battery equipped with a current limiting system. (c) Disposition of the cranes in one of
the docks of the Port of Alicante, Spain. (Photos: C. Antón).

The electrolysis processes were energized by using photovoltaic solar panels. Three
tests were performed, termed as A, B, and C. Table 1 contains the most relevant characteris-
tics of these tests. Three photovoltaic solar panels were used with different characteristics,
see Table 1. For test A the panel was not connected directly to the electrolytic cell. In-
stead, the solar panel was connected to an energy storage system (battery), and the battery,
equipped with a system for limiting the current intensity at 0.8 A, was the energy source
for the electrolysis process. Considering the geometric surface of the cathode, this current
intensity is equivalent to an apparent cathodic current density of 1800 mA/m2 for test
A. Unlike, in both tests B and C, the photovoltaic panels were directly connected to the
electrolysis cells. Data acquisition systems were used for monitoring the current intensity
provided by the solar panel in tests B and C. Hence, test A was performed in galvanos-
tatic conditions (constant current intensity), while tests B and C were run at non-constant
current intensities because of the variations of the current outputs of the panels, due for
instance to daily variations of the received insolation. Figure 1b shows a photo of one
of the photovoltaic panels. The duration of the electrolysis processes was approximately
125 days.
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Table 1. Characteristics of the electrolysis tests.

Test

Parameters of the Photovoltaic Panels Use of
Energy

Storage (Battery)

Constant Current
Intensity

(A)
Maximum Power

(W)
Intensity at Max. Power

(A)

A 40 2.0 Yes 0.80

B 20 1.09 No -

C 5 0.28 No -

All the tests were performed at Dock number 9 of the Port of Alicante, Spain
(38◦20′09.23′′ N–00◦29′05.81′′ W), located SE of the Iberian Peninsula. Figure 1c shows the
disposition of the cranes used for the immersion and hoisting of the structures, which were
submerged at an approximate depth of 1 m from the sea surface. The characteristics of the
sea water at the testing site were the following: sea water temperature was 14.9 ◦C at the
beginning and 19.4 ◦C at the end of the tests; pH and salinity were practically constant at
values of 8.09 ± 0.04 and 37.0 ± 0.4 PSU, respectively.

For the purpose of studying the growth process of the electrolytically deposited
calcareous layers, the structures were hoisted from the sea at 35, 66, 84, and 124 days
from the beginning of the electrolysis. At these times, measurements of the diameter of
the steel wires were taken at 10 different points to obtain the mean value of the radius
of the coated steel meshes. The ten measurement points were selected using a stratified
random-sampling approach to ensure spatial representativeness of the carbonated structure.
The cylindrical cathode was divided into ten zones distributed along both the height and
the lateral face of the cylinder, covering the lower, middle, and upper zones, as well as
different angular orientations. Within each position, the exact measurement point was
randomly selected while avoiding areas with visible discontinuities (edges, mesh joints,
local deformations of the mesh or material losses) in order to obtain representative thickness
values of the carbonated deposit. The thickness of the carbonated layer was measured
using a digital caliper (Mitutoyo Digimatic, model CD-6′′ ASX, Mitutoyo Corporation,
Kawasaki, Japan, resolution 0.01 mm). The reported values correspond to the mean of the
ten measurements obtained for each structure.

Furthermore, small samples were taken from the material constituting the coatings at
35 and 66 days from the beginning of the tests, with the aim of studying the mineralogical
composition of the coatings through X-ray diffraction (XRD) analysis. Powder samples were
obtained from each structure by cutting a fragment of approximately 10 cm from the steel
mesh at a randomly selected location. The deposited calcareous layer was mechanically
removed by gentle scraping using a spatula until the entire precipitated material from the
fragment was collected. The recovered material was then finely ground in an agate mortar
to obtain a homogeneous powder suitable for XRD measurement. One representative
powder sample was analyzed by XRD for each experimental condition and testing time.

The XRD equipment was a BRUKER, model D8-Advance (Bruker AXS GmbH, Karl-
sruhe, Germany). The radiation used was Cu Kα1 (λ = 1.5406 Å), with a scintillation
detector. The total time of data acquisition for the diffractograms was 66 min (2θ range
4–70◦ with a step-size of 0.05◦, i.e., 3 s/point). No base line correction was applied to
the diffractograms. Quantitative Rietveld analysis of the obtained diffractograms were
performed using the software TOPAS 5.
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3. Results
3.1. Evolution of the Deposited Calcareous Layer Thickness

Figure 2 shows the evolution of the mean radius of the steel wires due to growth of
the electrolytically deposited calcareous layers for the different tests (each point represents
the mean value of ten radius measurements at different locations on the cathodic steel
mesh). The study was limited to about 125 days of electrolysis. For test A, the final radius
was of about 4 mm (see Figure 2 (A)); i.e., the deposited calcareous layer had a thickness
of about 2 mm. For the practical applications of this work a calcareous layer of about
1 to 2 mm was taken as enough. On the other hand, for tests B and C the final thickness
of the deposited layer was of about 0.6 mm after 125 days of electrolysis (approximately
4 months). It appears that the use of a constant current system (test A) gives rise to quicker
growth (approximately 1 mm in 2 months). Obviously, this expected difference is due to
the discontinuous nature of the electrolysis, fed by the photovoltaic panels alone. Figure 3
shows the records of the evolutions of the current intensities delivered by the photovoltaic
panels in tests B and C. In the latter Figure 3, the saw teeth shape of the current intensities
is apparent (with peak intensities at mid-day and periods of zero current during the night
hours) due to the daily variations of the received insolation.

Figure 2. Evolution of the mean radius of the steel wires due to growth of the electrolytically deposited
calcareous layers for the different tests; see Table 1. Points: mean values of radius measurements (error
bars indicate the standard deviation of the ten measurement sets corresponding to each structure and
testing time). Dashed lines: fitted functions obtained in the least-squares linear fittings according to
Equation (5).

3.2. Characteristics of the Deposited Calcareous Layers

One of the objectives of this work was to create a new optimal surface for the develop-
ment of biofouling and colonization by sessile benthic organisms. For this reason, it was
necessary to know the composition and texture of the electrolytically-induced deposited
layers. To this end small samples, taken from the material constituting the coatings, were
subject to XRD analysis, as described in Section 2. Table 2 shows the mineralogical species
detected as components of the coatings. The quantification was performed through the
Rietveld method, see Section 2. The last two columns of Table 2 give the values of the
statistical Rietveld reliability parameters: RWP and GOF (goodness of fit). For the sake of
brevity only the diffractograms corresponding to tests A and C (at 66 days) are shown in
Figures 4 and 5, respectively.

https://doi.org/10.3390/jmse14131201
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Figure 3. Records of the evolution of the current intensities delivered by the photovoltaic panels in
tests B and C.

Table 2. Mineralogical species detected in the X-ray diffractograms as components of the deposited
calcareous layers. Component data represent mass percentages in the crystalline phase, calculated
through Rietveld analysis, see Section 2.

Test Time
(Days)

Calcite
CaCO3

Aragonite
CaCO3

Dolomite
CaMg(CO3)2

Quartz
SiO2

Halite
NaCl

Albite
Na(AlSi3O8)

RWP
(%)

GOF
(χ2)

A
35 14.53 82.04 - 3.43 - - 9.96 1.14

66 9.29 90.71 - - - - 10.96 1.24

B
35 45.63 41.90 - 4.13 8.34 - 7.69 1.10

66 53.35 - - 8.09 38.56 - 8.62 1.13

C
35 59.79 - - 29.69 10.52 - 7.15 1.16

66 51.28 - 12.38 6.60 22.79 6.95 8.88 1.17

Figure 4. X-ray diffractogram corresponding to the material constituting the calcareous coating in
test A at 66 days. A: Aragonite. C: Calcite.
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Figure 5. X-ray diffractogram corresponding to the material constituting the calcareous coating in
test C at 66 days. C: Calcite. Q: Quartz. D: Dolomite. H: Halite. Ab: Albite.

4. Discussion
4.1. Growth Rate of the Deposited Calcareous Layer Thickness

The evolutions of the mean radius of the steel wire meshes can be described as linear
with a good approximation for growths of the calcareous layers up to 2 mm; see Figure 2.
These growths can be described by the following equation:

r = a t + b (5)

where r represents the radius of the wire at time t, the slope a represents the radius growth
rate (expressed for instance in mm/day), and the intercept b should be approximately equal
to the initial radius of the wire (r0). Table 3 contains the best fit least-squares linear fitting
values of Equation (5) to the experimental values of r for the three tests. It is apparent
from Table 3 that the growth rate is about 16 µm/day for the constant current test (A),
while it is about 5 µm/day for the two tests performed by directly connecting the output
of the photovoltaic panel to the electrolysis cell (B and C). The values of the intercept b
are very close to 2 mm (initial radius of the steel wire) for the three tests. Furthermore, it
seems that for test B the linear fitting is somewhat worse; see the values of the Pearson’s
correlation coefficient in Table 3. A careful analysis of Figure 2 (B) shows that during the
first 35 days the growth rate was higher than later. After the first 35 days, the growth
rate seems to be lower. This observation can be related to the variation in peak intensity
values shown in Figure 3 (B) after approximately the 35th day. It seems that the efficiency
of the photovoltaic panel decreased notably after that day due to some unknown reason. In
fact, after the 35th day, the peak intensities of both panels B and C were practically equal,
despite panel B having a higher nominal power than panel C; see Table 1. This points
to an important aspect to be considered when using photovoltaic panels for stand-alone
applications: the efficiency of the energy source might decrease, thus lowering the growth
rate and lengthening the duration of the electrolysis process for a predetermined thickness
of the deposited calcareous layer.

It was shown that the evolutions of the radius are approximately linear, under the
conditions of this work (growth of the calcareous layer thickness of maximum 2 mm); see
Figure 2. However, from a theoretical point of view, in the case of growth of a calcareous
layer at constant current intensity (constant mass deposition rate) for a cylindrical geometry
cathode, the growth rate of the deposited layer should not be constant (non-linear growth);
see Appendix A. Most probably this non-linear behavior would be apparent for longer
periods of electrolysis, hence a larger thickness of the deposited calcareous layer. Further
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research, with longer duration of the electrolysis processes and studying a larger number of
replicate samples for each testing condition, should be performed to ascertain the evolution
trend of the growth rate of these electrolytic structures in the long term.

Table 3. Best fit least-squares linear fitting parameters of the experimental values of r for the
three tests.

Test a
(mm/Day)

b
(mm)

Square of Pearson’s Correlation Coefficient
(ρ2)

A 0.0162 ± 0.0008 1.940 ± 0.060 0.9927

B 0.0047 ± 0.0006 2.048 ± 0.045 0.9528

C 0.0049 ± 0.0002 1.976 ± 0.018 0.9928

4.2. Characteristics of the Deposited Calcareous Layers and Surface Colonization Capacity by
Sessile Benthic Organisms

Regarding the composition of the calcareous layers deposited by electrolysis in sea
water, it is appreciated from Table 2 and the diffractograms (Figures 4 and 5) that the main
components of the coatings are calcite and aragonite, while other species can be present in
some cases, such as dolomite, quartz, halite, and albite. One of the most remarkable aspects
of these compositions is the practical absence of magnesium compounds. Sea water contains
approximately 1290 mg/L (0.053 M) of Mg2+ ion and 412 mg/L (0.010 M) of Ca2+ ion. With
these ion concentrations it would be expected to find a considerable amount of magnesium
compounds, mainly brucite (Mg(OH)2), together with the stable crystalline forms of CaCO3

(mostly calcite and aragonite) in the composition of the calcareous layers; see Equations
(3) and (4). Instead, only low intensity peaks corresponding to dolomite (CaMg(CO3)2)
are found in one of the diffractograms; see Table 2 and Figure 5. Many variables have an
influence on the nature and composition of the calcareous layers deposited onto metals
due to cathodic polarization: electrochemical parameters (electric potential and current
intensity), type of metal and state of its surface, composition of the electrolyte, hydro-
dynamic conditions, presence of biofouling layers on the metal or organic matter in the
electrolyte, temperature, etc. [21]. The saturation pH values of the main components of the
calcareous layers in sea water are the following: 7.4 for calcite, 7.5 for aragonite and 9.5 for
brucite [22]. Natural sea water has an average pH of 8.1 [42]. This means that the CaCO3

(calcite and aragonite) are supersaturated, hence easily precipitated. On the other hand,
Mg(OH)2 (brucite) can only precipitate at the interfacial metal–electrolyte zone (where the
pH is higher than 9.5). Far away from this zone, the brucite formed meets unfavourable pH
conditions, due to the distance from the electrode producing hydroxide ions, and it tends
to dissolve [21,31]. This effect would be more intense due to the hydrodynamic conditions
of the natural sea exposure. The intense movement of sea water, even within ports, would
lead to an immediate mixing and homogenizing action (practical absence of a diffusion
layer), thus avoiding the maintenance of high pH conditions at regions not immediately in
contact with the metal–electrolyte interface. This would explain the absence of brucite in
the composition of the calcareous layers obtained in this work.

It seems that the presence of Mg2+ ions tends to favour the formation of aragonite
rather than calcite in the calcareous layers obtained by electrolysis in artificial sea water
and other calcium and magnesium containing electrolytes [21]. In this work both aragonite
and calcite were observed as components of the calcareous layers (Table 2), although it
seems that in the tests performed at lower current intensities (test B at 66 days, and test C
at 35 and 66 days) only calcite was detected in the X-ray diffraction analysis (Table 2). This
points to a possible influence of the electrochemical parameters on the preferred allotropic
form of CaCO3 formed, although the low number of tests performed precludes reaching
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a clear conclusion of this aspect. More research, studying a larger number of replicate
samples for each testing condition, would be necessary on the composition and distribution
of the mineralogical components of the calcareous layers obtained by electrolysis in natural
sea water exposure.

Figure 6 shows a photo of the calcareous layer surface, immediately after hoisting from
the sea water at the end of the electrolysis process. It is an appreciable texture of sufficient
roughness and distributed porosity, which might be deemed as optimum from the point of
view of providing colonization sites for the sessile benthic organisms of interest.

 

Figure 6. Appearance of one of the calcareous layers obtained in this work by electrolysis in sea water,
immediately after hoisting from sea water. (Photo: C. Antón).

A 12-month ecological succession study was performed by analysing the differences in
biofouling assemblages on two different substrates: the electrolytically induced carbonated
structures, as described in Section 2, and bare steel structures as a reference. The main
results of this research were published previously [40,41]. The study included separate
analysis of the biofouling assemblages over the four seasons of the year, from October 2019
to June 2020 [41]. The results showed that the carbonated structures in general presented
higher values of species richness, abundance, and complexity, as compared to the control
structures (bare steel). Furthermore, the target species, which are the filter feeders (Bryozoa,
Bivalvia, and Ascidiacea) were more abundant on the calcareous layers deposited by
electrolysis [40]. These results evidenced the potential of the carbonated structures to be
used as biofilters.

The capacity of colonization by non-indigenous species (NIS) of both the electrolyti-
cally carbonated and bare steel (control) surfaces was also studied in the Port of Alicante [43].
Results showed that most NIS demonstrated a preference for the electrolytically-induced
calcareous layers, as compared to the control surface [43]. This pointed to another possible
application of electrolytically carbonated structures as elements to be used for the early
detection of NIS in port areas.

4.3. Innovative Component and Potential Impacts of the Proposal

The proposed system for fabricating artificial reefs through electrolysis in a saline
medium [38] incorporates several innovative elements that collectively distinguish it from
conventional artificial reef technologies. First, the method enables the structures to be pro-
duced directly at their deployment site or, alternatively, in controlled environments such as
swimming pools, port facilities, saltworks, or industrial plants. This operational flexibility
allows for stricter process control when required, while also facilitating adaptation to
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diverse logistical and environmental conditions. In addition, the system supports a broad
range of energy sources for powering the direct current needed for electrolysis, including
transformed grid electricity, energy storage systems, and particularly photovoltaic energy.
The latter option is especially advantageous for on-site fabrication, as it ensures both energy
autonomy and environmental sustainability.

A second innovative aspect lies in the environmental safety of the process. Throughout
electrolysis, no toxic or hazardous chemicals are released into the marine environment,
nor are any foreign materials introduced apart from the metallic substrate. This substrate
becomes coated with a calcareous layer composed primarily of calcium carbonate (CaCO3),
whose composition and texture resemble natural limestone or calcareous material produced
by corals. Such characteristics significantly enhance the suitability of these structures for
biological colonization. The system also offers substantial design flexibility, allowing
manipulation of geometric features—such as dimensions, form, and mesh aperture—so
that structures can be tailored to functions including biofiltration, biodiversity restoration,
or recreational diving enhancement.

Modularity further reinforces the system’s innovative character. Lightweight basic
units can be easily transported, stored, and assembled into larger, more complex config-
urations at the deployment site, as illustrated in Figure 7. These include simple cubic or
cylindrical forms as well as more “organic” structures derived from assembling smaller
components. Due to their low weight, these units require secure anchoring to prevent
displacement by marine currents or interactions with activities such as bottom trawling.
Their metallic mesh substrate provides a high surface to volume ratio that increases the
available area for biofouling attachment, while their low weight also reduces transportation
and deployment costs. Beyond these advantages, the system might contribute to carbon
sequestration both during the electrolysis stage and later during colonization by calcareous
benthic species, thereby reducing the overall carbon footprint. However, the possible con-
tribution to carbon sequestration has not yet been studied and thus needs further dedicated
experimental research for its quantification. The calcareous coating also enhances larval
settlement of sessile organisms and may serve as a valuable tool in monitoring the presence
of non-indigenous sessile marine species.

Overall, the application of this technology for producing underwater structures with
calcareous electro-induced coatings has the potential to generate significant positive impacts
across multiple sectors—particularly within industrial and port logistics contexts—with
implications spanning economic and societal dimensions.

 

Figure 7. Examples of electrolytically carbonated structures. (a) cylinder. (b) cube. (c) assemblage
units for an organic form. (Photos: C. Antón).
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4.3.1. Economic Impact

Economically, the proposed system demonstrates a more favourable cost–benefit ratio
than many artificial reefs traditionally used in marine habitat restoration, primarily because
the structures are lighter than concrete-based alternatives. Their reduced weight simplifies
transport both on land and at sea and facilitates efficient deployment operations, which
typically represent the costliest phase of reef restoration efforts [6]. The modularity of basic
units allows larger structures to be assembled on demand, thereby limiting construction
expenditures and reducing transport-related costs.

Furthermore, on site carbonate deposition powered by photovoltaic energy offers an
avenue for lowering operational expenses, while also making the system feasible in areas
without access to conventional electrical grids. This reliance on renewable energy may
additionally stimulate activity and innovation within the clean energy sector. The tech-
nology’s versatility also opens avenues for new developments in marine eco-engineering
and “green marine construction,” potentially supporting the creation of new enterprises
and associated employment opportunities. Finally, the use of environmentally responsible
structures may improve the corporate social responsibility (CSR) standing of ports and
private companies, indirectly enhancing their economic performance.

4.3.2. Social Impact

From a social perspective, the system offers several advantages linked to its reliance on
non-polluting materials. The structures consist of benign components—steel and seawater
derived calcium carbonate—thus providing a more environmentally friendly alternative to
opportunistic reefs or concrete structures. Their presence might also contribute to mitigating
environmental impacts by helping improve the quality of sea water at marine zones with
the presence of organic pollutant loads originating from sources such as aquaculture
cages or submarine outfalls. These effects are due to the activity of benthic filter feeding
invertebrates that colonize them.

Additionally, the carbonated structures can promote the recovery of degraded habitats
by facilitating the settlement of local flora and fauna, thereby enhancing biodiversity and
increasing the availability of living marine resources. The establishment of dedicated recre-
ational diving sites can further alleviate pressure on natural ecosystems within protected
areas by reducing physical damage caused by direct human activity. Social acceptance
of this technology is high, not only because of its non-polluting nature and its capacity
to contribute to improvement of sea water quality but also due to its possible contribu-
tion to carbon sequestration through the incorporation of carbonate into calcareous layers
and skeletal structures of benthic invertebrates—such as anthozoans, serpulids, cirripeds,
bivalves, and bryozoans. The integration of renewable energy, particularly photovoltaic
systems, further reinforces its environmental and social sustainability [44,45].

5. Conclusions
The work describes a method to create submarine artificial structures based on light

metallic structures covered by calcareous layers obtained by electrolysis in sea water, with
full environmental safety of the process. Throughout the electrolysis, neither toxic or
hazardous substances are released into the marine environment nor are foreign materials
introduced apart from the metallic substrate. Other appealing characteristics of the system
are as follows: the high operation flexibility regarding the possibility of fabrication on-site
or at controlled industrial facilities; the size and shape of the structures; and the possibility
of modular construction by assemblage of small elements to obtain big complex structures.
The low weight of the structures, as compared to other artificial reefs, simplifies and
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reduces the costs of transport and the sea deployment steps. Finally, the electrolysis can be
energized with renewable sources like photovoltaic systems.

For metallic structures based on meshes of cylindrical steel wire, the thickness of
the deposited calcareous layer increases linearly with time, for widths of the layer up to
2 mm. However, in the case of thicker layers, mathematical modelization suggests that the
evolution of the deposited layer width may not be linear. In the experimental conditions
of this work calcareous layers of widths between 1 to 2 mm can be obtained in about four
months, although in cases of use of photovoltaic systems without energy storage facility,
the process might involve longer times.

In the experimental conditions of this work, the deposited calcareous layers were
found to be mainly composed of stable crystalline forms of calcium carbonate, namely
aragonite and/or calcite. No significant presence of brucite or other magnesium containing
minerals was found in the deposited layers. The composition and texture of the obtained
surfaces might be deemed as optimum from the point of view of providing colonization
sites for the sessile benthic organisms of interest.

6. Patents
The technology and know-how developed in the research project, within which this

publication is framed, led to a patented utility model approved by the Spanish Patent and
Trademark Office [38].
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Appendix A. Theoretical Description of the Radius Growth for
a Constant Rate Electrodeposition for a Cylindrical Geometry

Figure A1 depicts the main geometric parameters describing the growth of an elec-
trodeposited layer on a metallic electrode with cylindrical shape. Hence, it can describe
the growth of the calcareous layer on the cathode (steel wire of length L and circular cross
section with initial radius r0), when performing the electrolysis in sea water. After a time of
electrolysis t the radius of the coated cathode is r.

Considering that the deposited material is produced at a constant rate K1, the deposited
mass m after an electrolysis time t can be expressed as follows:

m = K1 t (A1)

m = π
(

r2 − r2
0

)
L d (A2)

where (d) d stands for the density of the deposited material. By equating expressions A1
and A2 the growth rate of r can be expressed as follows:

r = √
(K2 t + r2

0) (A3)

Figure A1. Geometric scheme of the radius growth of a cylindrical shape cathode due to deposition
of material as a consequence of the electrochemical reaction:

K2 = K1/(π L d) (A4)

From Equation (A3) the derivative of r with t is the following:

dr
dt

=
K2

2
√

K2 t + r2
0

=
K2

2 r
(A5)

By adopting an arbitrary value of 2 mm2/day for the constant K2, which corresponds
to a value of K1 = 17 g/day, for a length of wire of 1 m (1000 mm) and considering a density
of the deposited material equal to 2.71 g/cm3 (value of solid calcite). In these conditions
the theoretical growth rate of r, for a wire of initial radius r0 = 2 mm, is expressed as below:

r = √
(2 t + 4) (A6)

where r is expressed in mm, and t is expressed in days. Figure A2 shows that the radius
growth, according to Equation (A6), can be approximately considered as linear with the
time for a short duration of the electrolytically mediated deposition, up to values of 2 mm
thickness of the deposited layer; see Figure A2a. On the other hand, for longer term
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applications the non-linear character of the radius growth law should be apparent; see
Figure A2b.
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Figure A2. Theoretical growth evolution of the radius of a cylindrical shape electrode due to
deposition of material at constant rate, following Equation (A6). (a) Radius growth up to 2 mm
thickness of the deposited layer. (b) Radius growth up to 18 mm thickness of the deposited layer.
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