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Abstract: Although the technologies involved in converting saline gradient energy (SGE) are rapidly
developing, few studies have focused on evaluating possible environmental impacts. In this work, the
environmental impacts of a hypothetical 50 kW RED plant installed in La Carbonera Lagoon, Yucatan,
Mexico, are addressed. The theoretical support was taken from a literature review and analysis of
the components involved in the pressure retarded osmosis (PRO) and reverse electrodialysis (RED)
technologies. The study was performed under a three-stage scheme (construction, operation, and
dismantling) for which the stress-inducing factors that can drive changes in environmental elements
(receptors) were determined. In turn, the possible modifications to the dynamics of the ecosystem
(responses) were assessed. Since it is a small-scale energy plant, only local impacts are expected.
This study shows that a well-designed SGE plant can have a low environmental impact and also be
of benefit to local ecotourism and ecosystem conservation while contributing to a clean, renewable
energy supply. Moreover, the same plant in another location in the same system could lead to huge
modifications to the flows and resident times of the coastal lagoon water, causing great damage to
the biotic and abiotic environment.

Keywords: salinity gradient energy; RED; PRO; coastal systems; stress factors; receptors; environ-
mental impact

1. Introduction

As the supply of fossil fuels diminishes, the opportunity of switching to renewable
sources of energy will put an end to some of the negative environmental impacts seen since
the first industrial revolution [1,2]. The oceans are a major source of renewable energies,
such as marine and tidal currents, wave energy, thermal, and salinity gradients, which can
all be harnessed [3,4].

Chemical energy known as salinity gradients (SGE) or saline gradient potential (SGP)
is available in coastal zones where two water flows of different saline content coincide,
e.g., where a river meets the sea [5,6]. By controlling this mixture and capturing the energy
before it is released, electricity can be produced without greenhouse gas emissions. It is
possible to use only naturally occurring water flows, but it is also possible to employ hybrid
systems, which use effluents of anthropic origin, such as residual waters from desalination
plants [7–9]. Similarly, the effluent from wastewater treatment plants, of low salinity, could
be used as input for an SGP system [10,11].

The methods for producing energy from a saline gradient are varied, but the most
advanced methods are reverse electrodialysis (RED) and pressure retarded osmosis (PRO),
both of which have already been tested outside the laboratory. Regarding RED, the companies
WETSUS and REDstack have developed a 50 kW device in the Netherlands [12,13], while for
PRO, the company Statkraft developed a 10 kW plant in Norway [14].
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The International Energy Agency has reported that 15,102 TWh of electricity could
be produced through salinity gradient in river mouths worldwide; that is 74% of global
electricity consumption [15]. However, various physical and environmental limitations
were not included in this estimation. Today, taking some of these restrictions into account,
and counting only river mouths where this type of energy plant would be feasible, the
estimation is 625 TWh, 3% of world consumption [5].

There have been many technological advances in PRO and RED around the world,
but there is little information on the impacts the operation and maintenance of SGE plants
could have on the functions of nearby ecosystems. The scientific literature surrounding
the implementation of SGE at a given study site is scarce. Early works addressing en-
vironmental conditions to be monitored mention the amount of water to be extracted
(defined as environmental flow, maximum extraction factor, extraction flow, design flow,
the annual variation of flow, etc.), the physicochemical characteristics of the water, the
physical and chemical characteristics of the input solutions (fresh, marine, treated) and
other characteristics, such as salinity structure and temperature (temporal and annual
variations) at the extraction and discharge sites [5,12,16–19]. Few works address the very
important effects that the SGE implementation could cause on the sediment balance, care
in the use of cleaning products (which when accidentally released pollute), and care and
disposal of final effluents and membranes [16]. Other studies mention the importance
of hydrodynamic studies and environmental forcings that may affect the thermohaline
structure and therefore the amount of energy generated from the saline gradient [16].
Even so, there are very few case studies that mention potential environmental impacts. A
study proposing a potential site for SGE at Lake Urmia, in Iran, (a Ramsar wetland with
a Biosphere Reserve status with endemic species) only assessed in detail the economic
implications of implementation [17]. One reason for this is that no operational devices
exist.

Some papers mention that the impacts are similar to those of water treatment, desali-
nation, or other renewable energy plants [1,18,20–22]. These works give an overview of
potential impacts to habitat, local vegetation and associated fauna, water quality, sediment
properties, and social issues related to fisheries and navigation rights and hydrodynamic
modifications (changes in flows and their directions and mixing zones). All these impacts
are caused by the location of the devices or their interactions with the environment. Specific
work on the impact of saline gradient technology highlights potential impacts regarding
water intake, final effluent disposal, and impacts associated with infrastructure [23]. How-
ever, the study in [22] summarises the overall potential impacts of SGE implementation
using a three-phase scheme (construction, operation, and decommissioning).

This paper aims to present a scheme for an environmental impact assessment (EIA)
that allows the identification of possible environmental impacts from the implementation of
SGE in a coastal lagoon within an environmentally protected area. Through the description
of stressors, receptors, and responses, an EIA is developed for the coastal system of La
Carbonera, in the state of Yucatan, Mexico.

2. Materials and Methods
2.1. Study Area

The area considered in this work is La Carbonera lagoon, in the northeast of the
Yucatan Peninsula, Mexico (21◦13′41.80”–21◦14′4.79′′ N, 89◦53′21.66′′–89◦54′0.45′′ W)
(Figure 1) [24]. This coastal lagoon lies in a region of karst characteristics and is ap-
proximately 16.5 km2 in area. More detailed information concerning the geology of the
region can be found in Appendix A. The channel connecting it to the sea, the Gulf of Mexico,
is quite recent, a result of the passage of Hurricane Gilbert, in 1988. The fresh water of the
system comes from submarine groundwater discharges, or springs, carrying continental
water, which is the result of regional precipitation. The main inlet of fresh water, locally
called a ‘peten’, is located southwest of the system. ‘Peten’ is a colloquial Mayan name that
refers to islands of vegetation which are associated with freshwater springs that allow the
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development of perennial rainforests, frequently exposed to flooding [25]. It is a shallow
lagoon, 0.30–2.0 m, and as such is very much influenced by the local atmospheric climate.
The bathymetry of the lagoon and the coastal zone are presented in Appendix A. The mean
annual rainfall is 1025 mm and there are three seasons: dry (March to June), rainy (July
to October), and ‘Nortes’, characterised by a decrease in temperature, storm clouds, and
heavy rains (November to February) [26–28]. The region is influenced by the transit of
tropical storms during the summer months, which commonly intensify into hurricanes.
Appendix A contains more detailed information on the climate of the study area.
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Figure 1. Location of La Carbonera lagoon, Yucatan, Mexico, showing areas with significant saline properties, the location
of the CTD sensors (red dots), and sites proposed for the RED power plant (A and B). The polygons SZR1, SZAE1, and
SZUR6 are areas with protection categories within the Cienegas and Manglares State Reserve of the North Coast of Yucatán
(RECMY).

La Carbonera is part of a system of wetlands along the coast of Yucatan. It has a sand
bar of 1.5 km in length, a sandy beach, and coastal dunes of medium height. Mangroves lie
behind the dunes, around the lagoon, and sometimes further inland. There are springs and
an area of swampland around the lagoon [29]. Geological data on the lagoon are given in
Appendix A.4.

On the coast, the waves have low energy, except in the Nortes season or tropical storm
or hurricane conditions, when the waves, currents, wind, and precipitation are extreme.
The tidal regime is mixed, predominantly diurnal, with tides ranging from 0.40 m spring
tides to 0.08 m neap tides. Appendix A has more information on the hydrodynamics,
currents, and tides. The mean air temperature is between 24 ◦C and 26 ◦C, with variations
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of up to 10 ◦C throughout the day, minimums in December and January and maximums in
July and August [30].

2.2. Legal Framework

This lagoon system is part of a Natural Protected Area (NPA) in the region known as
the Cienegas and Manglares State Reserve of the North Coast of Yucatan (RECMY), which
has a total surface area of 55,000 ha and covers several municipalities of the State of Yucatan.
The aim of officially recognising the ecological importance of the region was to protect the
coastal ecosystems there, which are mainly well-conserved mangroves. La Carbonera is
in the west of the reserve, and within it, several polygons have been assigned categories
according to their uses. The lagoon is within polygon SZR1, which has the category of Buffer
Zone/Public Use. In this zone, current or future actions are given permits if they lead to
sustainable development and, at the same time, create conditions to conserve the reserve′s
ecosystems in the long term. Recreation, leisure activities, group or individual tours are
allowed in designated sites, approved for this purpose. Overnight stays and camping are
permitted, as well as the development of low-impact infrastructure, in accordance with the
Ecological Use Plan for the Coastal Territory of Yucatan. Such infrastructure must be subject
to the corresponding authorisations and permits in terms of land and environmental use;
including lodging infrastructure, walkways, trails, conditioning of water crossings, signage,
and surveillance, which are aimed at sustainable use and the inspection and surveillance
of such sites. The construction of new infrastructure, as well as actions that have an effect
on hydrological flows, must comply with the relevant environmental impact requirements
(Figure 1, polygon SZR1).

Within polygon SRZ1, there is a smaller polygon of category Core/Subzone Restricted
Use Zone, SZUR6. This is a peten zone within the lagoon. It is better conserved, or
little altered; an area that contains ecosystems, natural phenomena, and geohydrological
processes of special interest, as well as species of flora and fauna that have special protection.
In this polygon, only exceptional activities that do not modify the ecosystems and that are
subject to strict control and supervision measures are allowed, subject to having a permit
from the Reserve’s authorities [31].

There is also another polygon with the category of Buffer Zone/Subzone of Special
Use, SZAE1. This is where the main groundwater discharge to the lagoon is located.
It is an area composed of vegetation mosaics with a certain degree of conservation. It
contains natural resources which are essential for the social development of the inhabitants
of the area. The exploitation of these resources must be carried out without damaging
the ecosystem and without substantially modifying the landscape or causing irreversible
environmental impacts, in appropriate ways, subject to limited, supervised load capacities.
Ecotourism is therefore allowed if it is sustainable and compatible with the environment.
For this, operators must have the corresponding permits and management plans, from the
Reserve’s authorities. The promotion of environmental management units for the intensive
and extensive use of wild flora and fauna is also allowed, with the corresponding registers
and authorised management plans. Similarly, artisanal and subsistence fishing activities
are permitted, subject to surveillance and supervision, with fishing gear that has been
authorised, for each case, in the specific sites of these subzones [31].

2.3. Geographical Boundaries and Current Uses

Within its geographic margins, La Carbonera lagoon has no human settlements or
infrastructure around it, although it is located between two towns, to the west, Sisal, and
to the east, Chuburna. The current anthropic activities in the lagoon are local fishing, small-
scale tourism promoted in the surrounding localities, and scientific research by various
local and national institutions.

In the scientific literature, some characteristics are mentioned which imply that moni-
toring is necessary before and after the implementation of SGE exploitation: a very marked
saline structure (a horizontal gradient, in this case), low tidal amplitude, and substantial
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control of hydrodynamics with atmospheric forcings [16]. More specific biophysical details
of La Carbonera are presented in the following sections.

2.4. Thermohaline Structure

The thermohaline structure of this lagoon, similar to many coastal systems, has
important variations at different temporal scales throughout the year, giving variations
in the potential energy obtained from SGE. According to the salinity and temperature
characteristics, La Carbonera has four defined zones [32–35] (Figure 1) as follows:

• A permanent fresh water effluent in the southwest of the lagoon (<5 psu (practical
salinity units) with an almost constant temperature (27 ◦C));

• An estuarine zone in the central west of the system (where the salinity concentration
varies with tides between 5 and 35 psu);

• A marine zone in the mouth of the sea inlet (around 35 psu);
• A hypersaline zone in the east of the system (60–100 psu).

The temperatures in zones 2, 3, and 4 show seasonal (15–37 ◦C) and daily variations
of up to 10 ◦C and 20 psu or more in salinity. This lagoon has a strong horizontal salinity
gradient, with hypersaline characteristics in the east, marine in the centre, estuarine in the
west, and a freshwater zone in the southwest. In Appendix A, the salinity patterns of the
lagoon are shown.

2.5. Theoretical Potential for Generating SGE

Reyes-Mendoza et al. [35] have reported the theoretical potential of SGE available
in La Carbonera lagoon, based on the thermohaline structure and environmental factors
(evaporation, air temperature, etc.). There are three possible plant configurations to harness
the saline gradient of the lagoon: freshwater/seawater (FW/SW), freshwater/hypersaline
water (FW/HW), and seawater/hypersaline water (SW/HW). The energy available from
these are the following:

• FW/SW: 0.244 ± 0.0889 kW, with a maximum of 0.527 kW in May, in the dry season;
• FW/HW: 1.111 ± 0.277 kW, which is the maximum average of the three plants’

configurations;
• SW/HW: 0.413 ± 0.194 kW, with a maximum of 0.916 in December, in the Nortes

season.

On the other hand, the great variations in the thermohaline structure determine the
variability of the power potential throughout the year. For a capacity factor of 90%, the
installed capacity for the FW/SW configuration should be 0.133 kWh, for the SW/HW
configuration 0.25 kWh, and for the FW/HW configuration, 0.527 kWh [35]. These figures
were obtained considering the mixing of 1 m3/s of saline and fresh water.

2.6. Biological Characteristics

In this region, there are several species of economic importance (regional and local
fisheries), ecosystemic and anthropogenic applications (medicinal, construction, tourism),
or areas with some category of risk, according to the 059-Semarnat-2010 [36] or the Interna-
tional Union for Conservation of Nature (IUCN) (Table 1). Although many more species
are reported, only those with anthropic importance and/or uses, or a protection category
were assessed.
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Table 1. Species reported in the north of Yucatan, detailing their ecological and commercial importance, anthropic uses, and
protection category.

Scheme 37 Category of Protection Importance and/or Uses
VEGETATION [37,38]

Mangrove
Conocarpus erectus

Avicennia germinans
Rhizophora mangle

Laguncularia racemosa

Threatened
Erosion control and soil conservation/construction. Key in

the life cycle of various organisms (fish and crustaceans).
Carbon reservoirs, natural filter for water quality.

Coastal dune
Cordia sebestena

Jacquinia macrocarpa Uncategorised Ornamental, medicinal, substrate fixation

Bravaisia berlandieriana Uncategorised Construction, medicinal, substrate fixation

Metopium brownei Uncategorised Toxic, substrate fixation

Capparis incana
Gomphrena serrata

Rivina humilis
Capparis flexuosa

Uncategorised Medicinal, substrate fixation

Acanthocereus tetragonus
Sideroxylon americanum Uncategorised Edible, substrate fixation

Pithecellobium keyense Uncategorised Substrate fixation
Peten

Ficus cotinifolia Uncategorised Reclamation of degraded land
Manilkara zapota

Sabal yapa Uncategorised Medicinal, construction, and handicrafts

Lowland flooded forest
Sporobolus pyramidatus Uncategorised Primary cover resistant to saline soils

Solanum nigrum Uncategorised Edible
Haematoxylum campechianum Uncategorised Textile

Ipomoea carnea Uncategorised Medicinal, ornamental
Seagrasses

Thalassia testudinum Minor concern Key in the life cycle of various organisms (fish and
crustaceans). Carbon reservoirs.

FISHES [39]
Fundulus persimilis

Fundulus grandissimus Subject to special protection Endemic

Gambusia yucatana Uncategorised Endemic

Sphoeroides testudineus
Strongylura notata
Harengula clupeola

Uncategorised Traded for bait, resident, abundant species (vital in the food
chain)

Trachinotus falcatus
Lutjanus griseus

Lutjanus synagris
Floridichthys polyommus

Archosargus probatocephalus
Eucinostomus gula

Eucinostomu argenteusMugil curema
Mugil trichodon

Hyporhamphus unifasciatus
Chriodorus atherinoides

Uncategorised Marketed for local and regional consumption

Poecilia velifera Subject to special protection -

Aetobatus narinari Almost threatened Commercial importance in the region
CRUSTACEANS [40]

Callinectes sapidus Uncategorised Marketed for local and regional consumption
BIRDS [41]

Phoenicopterus ruber
Phalacrocorax brasilianus
Cochlearius cochlearius

Platalea ajaja
Ardea alba

Minor concern For tourism (birdwatching)

Campylorhiynchus yucatanicus Near threatened Endemic

Egretta rufescens Subject to special protection For tourism (birdwatching)
REPTILES [42]

Crocodylus moreletii Subject to special protection For tourism (sighting)
Eretmochelys imbricate Critically endangered Tourism (controlled releases at turtle camps)

Chelonia mydas Endangered Tourism (controlled releases at turtle camps)
Caretta caretta Endangered Tourism (controlled releases at turtle camps)

ARTHROPODS [43]
Limulus polyphemus Near threatened Medicinal
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2.7. Environmental Impact Assessment

To ascertain the potential impacts of SGE implementation at La Carbonera, an Environ-
mental Impact Assessment (IEA) was conducted [44–47]. The selection of the environmental
impacts was based on the available scientific literature, such as [1,21–23].

The impact analysis used the [48] classification framework proposed for the impact
assessment of other ocean renewable energies. The analysis was conducted for three phases:
construction, operation, and decommissioning. This EIA considered stressors, receptors,
and environmental responses and impacts. Stressors are those characteristics of the envi-
ronment that may change due to the implementation of SGE in construction, operation,
and decommissioning. Receptors are elements of the ecosystem with the potential for some
form of response to the stressor, including the various biotic and abiotic components of the
ecosystem with the potential to be affected. Effects, or responses, are how these receptors
change, without indicating magnitude or significance. Finally, impacts address the severity,
intensity, or duration of the effects and cover the direction of the effect, which can generate
positive or negative outcomes.

The impacts of this technology are similar in the construction phase to those of sea-
water desalination plants, wastewater treatment plants, or other renewable energy plants.
Since there is currently insufficient on-site experience on the impacts, the stressors con-
sidered were based on the analysis of the components of the PRO and RED technologies
(Figure 2). This figure gives a general view of the main components of both technologies.
In section A, the pipes and the filtering system are shown. In section B, depending on the
technology used, and the expected production, the site will require several, repeated PRO
or RED modules (membranes in both cases, in RED also electrolyte solutions), as well as
hydraulic installations (turbines in PRO), sanitary installations and storage facilities for in-
puts and waste. Section C shows the electrical installations for power distribution/storage
(should include cabling, towers, etc.). In both PRO and RED, a final by-product is a brackish
water or seawater, depending on the scheme used (SW/FW, SW/HW, or FW/HW).
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For the determination of receptors, shown in Figure 2 (A–C), general impacts, similar
to other engineering projects in coastal systems, are expected, including the following:

1. changes to land use (excavation, land newly used, etc.);
2. emission of pollutants (atmosphere, water, land, solid waste, etc.);
3. storage of waste (in situ, transport, waste sites, etc.);
4. overexploitation of resources (raw materials, energy consumption, water, flora, and

fauna, etc.);
5. alterations in species composition and abundance (emigration, reduction in numbers,

extinction, etc);
6. deterioration of the landscape (topography, vegetation, watercourses, surroundings,

etc.);

Finally, from the revision of biotic and abiotic features of the system shown in the case
study, an analysis of Stressors, Receptors, and general Responses to the implementation of
SGE in potential systems was presented.

It is hoped that this work can serve as a guide for other cases elsewhere.

3. Results and Discussion

A general analysis of the environmental impacts of PRO and RED technologies in three
phases (construction, operation, and decommissioning) is presented. These impacts can
also be applied to other potential systems that use salinity gradients for energy production
(river mouths, estuaries, coastal lagoons). The receptors highlight those characteristics
of coastal environments that may be susceptible to change due to the SGE (Figure 3).
The responses were analysed for each receptor, revealing the potential impacts of this
technology (Figure 3).

In this overview of possible impacts on potential systems, it is important to mention
that these may be minor or major impacts, depending on several factors, such as the size
of the plant, the characteristics of each system (biotic and abiotic), and scheme used for
energy harvesting (natural solutions or anthropic effluents). In the case of La Carbonera,
the exploitation scheme proposed is in line with the regulations in force and adapted to the
specific characteristics of the site.

The scheme for La Carbonera is the hypothetical implementation of net output of
50 kW RED power plant of the size and production of the RED prototype located in Afsluit-
dijk, in the Netherlands. This plant included three water storage tanks, two pretreatment
systems (concentrated and dilute solution), and eight membrane stacks. The proposed
infrastructure is therefore low impact.

For the size and energy production of this hypothetical plant, it is important to
consider first that many of the environmental impacts in each phase will depend on the
characteristics of the site where the plant is built. Therefore, some aspects taken into account
to select a location, with consideration to possible responses, are reported in Figure 3 and
include the following:

• Consider the proximity of the resource (freshwater, marine, hypersaline);
• Choose building sites on land with sparse vegetation;
• Consider smaller areas for excavation and the introduction of pipelines;
• Consider that permanent effects (such as changes to hydrodynamics) have greater

effects on receptors than temporary effects (such as construction noise or increased
turbidity) in resilient systems, such as coastal lagoons [41];

• Consider final effluent discharge area;
• Consider areas accessible to tourism;
• Consider species conservation.
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letters indicate the number of stressors according to the phase of the project.

From these considerations, installing the RED plant behind a small jetty in the lagoon,
A in Figure 1, would induce significantly greater environmental impacts than with option
B of Figure 1. First, this result is because the excavation for the pipelines would be greater,
as the hypersaline water must come further, and all the impacts associated with the various
stressors (C1, C2, and C3, Figure 3) must be considered. Second, the pipeline would pass
through several mangrove patches, and therefore, the vegetation here and its associated
fauna would be severely affected. Thirdly, although the availability of seawater at this
location (at the mouth of the lagoon) would be close to the RED plant, the interruption
to the tidal flow entering the lagoon, due to the constant intake of this solution, would
generate various negative impacts. One of the main impacts possible is that large areas
of the hypersaline zone that depend on this sea–lake exchange could dry out. Exposed
sediments would therefore be salinised, and large areas of mangroves would dry out. In
addition, the interruption of this flow would change the hydrodynamic conditions that
favour the distribution and abundance of the various fish species reported in Table 1.
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Likewise, this would affect the sedimentation processes at the lagoon mouth. On the other
hand, the discharge of effluent from this location into the sea would also imply greater
excavation and the laying of pipes and damage to the mangrove and associated fauna
(Figure 3).

Although the proposed infrastructure is small, the correct location of a plant and
especially of the collecting and discharging zones may result in huge differences in terms
of impacts: in this example, locating the plant at site A may generate several negative
impacts that can be avoided with the location and design of plant at B (Figure 1). The
design process, including location selection and analyses to be considered, are presented
next.

3.1. Construction Phase

The proposed location for the RED plant is on the coastline between La Carbonera
lagoon and the coastal dune, outside the main SRZ1 polygon, and under the jurisdiction of
the Federal Maritime Terrestrial Zone (ZOFEMAT) (A, Figures 1 and 4). At this location,
several elements need to be constructed (roads and other infrastructure related to basic
services). In the literature, as an example, the design of a PRO plant with a production
capacity of 50 kW net output covers approximately 7000 m2 (the approximate size of
a football field) [49], while the area of the Afsluitdijk RED plant covers approximately
2750 m2 (measured from Google maps). The total area proposed at La Carbonera is 5250 m2,
the RED plant elements will be distributed in 3000 m2 (Figures 4 and 5), which includes
three tanks for the concentrated (hypersaline), diluted water (marine or fresh), and the
resulting effluent (brackish marine). There will also be space for the membrane modules
and for a test laboratory. Finally, spaces for storage, waste storage, sanitary facilities, and
an electrical station will be added (Figure 5).
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La Carbonera, in spite of being a natural protected area, is becoming increasingly
popular with tourists. This is encouraged since tourism is more profitable than fishing
and agriculture. In line with regulations that allow minor infrastructure in the area, it is
proposed that alongside the SGE plant a small ecotourism centre is built (with a total area
of 2000 m2), with cabins, viewpoints, rest areas, and a section for supplies, such as kayaks
and boats. (Figures 4 and 5). This centre could include a turtle camp, as the area receives
three protected species (E. imbricata, C. mydas and C. caretta, Table 1), arriving to lay their
eggs. The incubation of the eggs, laid on the beach, would improve hatching success. The
huts and nesting pens could be made using local palms (Sabal yapa, Table 1), widely used
for this type of construction [50].

The ecotourism centre would benefit from the electricity generated at the RED plant.
This energy could be used to charge mobile phones, cameras, or torches, in addition to the
electricity needed for the turtle camp (mainly the nurseries), and in the future, could also
supply energy for electric boats. The energy generated would be sufficient to make the plant
self-sufficient in electricity. An ecotourism centre would provide well-paid jobs and also
limit the pressures associated with the present mode of tourism; visitors coming into the
area on day trips from other towns and villages which has brought various environmental
problems to this area. The biological richness of the region is accessible in only a few places,
and many features of the tourism model are misguided. Excessive growth in some of these
areas has led to the infilling of swamp areas to build homes, damage to the coastal dunes
due to road construction, and poor management of solid waste and residual water, in
particular [42] (Figure 6). Using this site solely for ecotourism, scientific development, and
species conservation could help to curb such chaotic, harmful growth around La Carbonera.
In addition, the mangroves, swamps, and dune vegetation would be preserved because
the ecotourism centre would not be built in these ecosystems. It would also promote
environmental awareness among the local population.
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The stressors examined (Figure 3) include excavation, site preparation, placing pipelines,
and the construction of platforms and modules. The impacts are similar to those of
any other engineering project: removal of vegetation, habitat loss, erosion, unwanted
sedimentation, soil compaction, temporary increase in turbidity, avoidance behaviour of
birds and fish (due to construction noise), damage or removal of benthos, change of land
use, temporary air pollution, and landscape disruption. Nevertheless, all of these will
depend on the construction techniques and on the precautionary measures taken. The plant
would be located on the seashore (Figure 2, section B), and as it would be affected by the
tides, it is proposed that the RED plant be built on pillar-supported infrastructure (palafitte)
that will allow water to flow beneath. These low-impact structures do not require extensive
excavation [51] and would minimise some impacts on geomorphology and vegetation.
They would also permit the free passage of wildlife, particularly useful in storm surge
events. In terms of landscape disruption and land use change, as it is a small project,
the impacts are expected to be minimal. Given that the site proposed for the plant will
not modify the hydrodynamics of the lagoon, natural sediment transport changes are not
expected. Additionally, any increase in turbidity, damage or elimination of benthos, erosion
or soil compaction, and air pollution will only be temporary. In the case of vegetation and
habitat loss, this location was chosen (Figure 4) precisely because there are no large patches
of vegetation, except for some coastal dune species in the vicinity (Table 1).

During construction, in order to lay pipes, excavation work is required, which can
lead to temporary increases in turbidity (due to sediment movement), loss of vegetation
cover (terrestrial and aquatic) and associated habitat loss, removal of benthic organisms,
and the release of nutrients and pollutants from the bottom of the lagoon (Figure 3).

The pumping system should be low cost and easy to maintain (to avoid algal blooms,
oxygenation, and suspended particles). Three schemes are possible for the water intake in
the lagoon: Marine Zone and Freshwater Zone (MW/FW); Marine Zone and Hypersaline
Zone (MW/HW); or Freshwater Zone and Hypersaline Zone (FW/HW) (Figure 1). Water
intakes should be close to the plant, both to minimise the impact of pumping losses on
net power production and to avoid environmental impacts associated with some stressors
(excavation) [52]. One option to avoid impacts from the excavation is to lay pipes on the
surface and thus avoid the impacts associated with this stress factor. In the MW/FW and
FW/HW schemes, the first problem is that the area where the fresh water emerges is within
polygon SZAE1, and although ecotourism activities and the exploitation of flora and fauna
can occur in this area with a permit, laying pipelines may not be compatible with the
conservation laws of this polygon [31]. On the coasts of Yucatan, groundwater is used to
supply fresh water to nearby settlements. Thus, the MW/FW and FW/HW schemes could
be a possibility using wells or pumping to extract fresh or brackish water [53] in order to
avoid negative effects on other processes and activities.
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In the MW/HW scheme, which the plant is designed to use (Figure 4), hypersaline
water would be taken from the hypersaline zone to the plant, and the pipeline would pass
through parts of the SRZ1 polygon; however, low impact sustainable infrastructure would
be used (Figure 4). Seawater would be brought to the plant directly from the sea, under
the jurisdiction of the ZOFEMAT (Figure 4). Although another possibility for this region,
where there is high radiation and evaporation, generating hypersaline conditions, would
be to use seawater evaporation ponds. The volume of hypersaline water needed would
therefore not be an impediment.

For the energy production expected, an inflow of 200 m3/h of both solutions is
required [52]. These inflows will pass through a hydraulic network, which includes the set
of pipes, pumps, and other accessories (elbows, valves, etc.) that will allow the entry and
exit of the solutions. For a flow of this volume, 10-inch diameter pipes are required; hence,
the impacts associated with excavation will be less. The hypersaline water must be piped
to the plant; options to avoid the mangrove patches in its path exist, and special attention
must be paid to the protected mangrove species (C. erectus, A. germinans, R. mangle and L.
racemosa) [36]. For the discharge pipe, the same factors apply. These species are important
because they provide shelter and protection areas for birds and various species of fish, and
they deliver ecosystem services such as filtering water discharges from the mainland to the
sea [54] and protection from wind and waves that prevents coastal erosion in an area that
is also affected by hurricanes [55].

In the construction phase of the proposed design, no large-scale pipes would be
installed within the lagoon; therefore, the loss of seagrasses, the release of pollutants and
nutrients from the bottom of the lagoon, and the removal of organisms from the benthos
would be practically nil, and the increase in turbidity due to the movement of sediments
would be only temporary (weeks). Regarding the seagrass ecosystem, in areas with high
salinity, seagrasses are not found; therefore, in the water intake in the hypersaline zone,
there will be no damage to seagrasses [56,57]. In the hypersaline zone, the depths are
50 cm or less (Figure 2), and therefore, the hydraulic network here should be able to pump
hypersaline water from different points to prevent it from drying out.

On the other hand, regarding the avoidance behaviour of birds due to construction
noise (Table 1), emblematic species such as the flamingo (Phoenicopterus ruber, Table 1)
would probably modify their distribution in the area only temporarily (weeks). In addition,
with RED technology, no turbines will be used in the operation phase; hence, noise pollution
would only occur during construction.

3.2. Operation Phase

In this phase, the impacts associated with water pumping and water pretreatment
(Figure 3) are the first that should be considered. Pretreatment of the water intake is
crucial for the operation of a RED system [58]. Such a system must ensure low-cost
performance and effective sediment filtration [52]. In the RED plant of Afsluitdijk, the
filtration system is of the drum and gravity type, and even with small intakes of very
good quality water cartridges, filters can be used [52]. The impacts associated with water
pumping and pretreatment are related to the amount of fresh water and hypersaline water
that will be taken from the system and pass through it. These impacts include changes to
natural watercourses, as well as changes in the nutrients and salinity of the water. Possibly,
and depending on the intensity, these alterations may affect native species and natural
ecosystems. For instance, it is known that changes in salinity alter the reproductive and
feeding behaviour of flamingos and horseshoe crabs (Limulus polyphemus) [59].

Another impact is the possible decrease in phytoplankton biomass retained in the
filtration system. The latter is a concern at the Afsluitdijk pilot plant because large quantities
of plankton, fish, and larvae must be filtered, which has ecological implications and may
also have economic implications [60]. Since the biomass of microorganisms at the base
of food chains is affected by this, it can lead to imbalances in the food chain and local
fisheries [23,48].
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Detailed hydrological studies are therefore needed to determine the amount of water
that can be extracted from the lagoon and how much it can be altered without generating
the above-mentioned impacts. In the case of the Afsluitdijk pilot plant, the intakes in the
sea and in the lagoon area of 200 m3/h, assuming a technical potential of 1 MJ/m3 of
seawater and freshwater, can produce up to 50 kW net power output [52]. In La Carbonera,
taking the concentrated solution from the lagoon (hypersaline water) counteracts the effects
on the biomass of microorganisms to a certain extent, since the biomass is reduced due to
the hypersalinity of the area [59]. The diluted solution could be taken from wells on the
coast, in which case there would be no phytoplankton, due to the lack of light. On the other
hand, it could be taken directly from the sea, and this would have fewer microorganisms
than that of the estuarine and marine zones of the lagoon [61].

Another stress factor is the disposal of the final by-product of the RED process—the
brackish water. Even if the intended scheme is MW/HW, the water mix would have a
similar or higher salinity than seawater. The change in salinity of the effluent must be
calculated in the laboratory. The effluent must be discharged in an appropriate area, at the
appropriate time, and the dispersion of this effluent by the hydrodynamic actions of the
system should not alter the natural salinity patterns in that ecosystem [32,33].

Depending on the volume of the water, pump diffusers may be needed (alternating
or slanted) in the hydraulic network, to distribute the flows in different directions within
the lagoon, or into the sea [62]. The discharge of water used may not induce negative
impacts at sites where the hydrodynamic performance and salinity concentrations are
known prior to the design for the effluent flow. This is so at sites where there has been
salinity deterioration as a result of previous anthropogenic activities.

The change in salinity is only one of the environmental conditions responsible for
the variety and abundance of fish reported for this lagoon (Table 1) [39]. In addition,
salinity indirectly affects the distribution of species through its role in water density and
the resulting hydrodynamics [63].

The spatial/temporal variation of water masses and their salinity is important for the
distribution of organisms, especially of fish, which only live under certain salinity ranges,
according to their tolerance to this parameter [64–66]. This is important for the distribution
of various marine species of commercial interest (Table 1). Discharging a saline effluent
into the lagoon, of marine salinity or slightly higher, in the hypersaline zone, will lower the
salinity in this zone and thus limit the amount of hypersaline water available for power
generation. In consequence, the impact on different species may be significant.

It is important to mention that there are many characteristics that make this an environ-
ment that harbours great diversity in fishes, but high salinities have been associated with a
lower richness and diversity of fish [67]. Thus, for species distributed in marine/estuarine
environments, such as S. testudineus, S. notata, H. clupeola, T. falcatus, L. griseus, L. synagris, F.
polyommus, A. probatocephalus, E. gula, E. argenteus, M. curema, M. trichodon, H. unifasciatus, C.
atherinoides and A. narinari, (Table 1) [39], a potential decrease in salinity in the hypersaline
zone would alter the extent of their distribution areas.

However, to avoid changes in salinity and resulting limitations in resources, it is better
to discharge this effluent into the sea since, being saline and of a small volume, it will
not have the same effects as if it were brine [68]. On the other hand, stressors such as the
accidental release of cleaning and maintenance chemicals and electrolyte solutions must be
regulated against any facility handling hazardous chemicals.

Both in the pretreatment of solutions and in the cleaning of membranes and facilities,
products such as chlorine are used, which can be toxic to the environment [23,48]. Usually,
chlorine is used to avoid degradation of the membranes caused by biological growth in
them. There is evidence that even small amounts of chlorine (e.g., 0.1 ppm) can have
ecological impacts which induce a significant reduction in the productivity of dragged
phytoplankton and species diversity [23]. Similarly, electrolyte solutions should be han-
dled with caution [69]. The electrolyte solutions are stored in the electrode compartment
which also contains the electrodes and is sealed with membranes that generally have
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special properties to ensure the confinement of the electrolyte, recirculating it in a closed
circuit [70]. There are reports of the toxicity of this type of element [23], but there is not
much information on the toxic gases or compounds that are generated in the redox process
within such a compartment (depending on the redox couple and the electrolyte used).
Furthermore, in these compartments, some instability in pH control sometimes occurs
since anion exchange membranes have a non-negligible proton transport number. This
may allow an increase in the pH of the electrode solution, accompanied by a decrease in
the pH of the effluent, and this may not be environmentally acceptable if it is too high [70].
Although the pH of the effluent would only change in the event of an accidental release,
it is important to note that this parameter is an indicator of water quality. It affects the
toxicity of certain compounds, such as ammonia, by controlling their ionisation, as well as
the bioavailability of certain pollutants, such as heavy metals. For example, water with a
pH range of 6.5 to 8.5 is suitable for many biological systems. Values of over 9.0 and lower
than 5.8 limit the development and physiology of aquatic organisms [71].

Finally, it is worth noting the positive impacts that an SGE plant could have on La
Carbonera. In the operational phase, the pipes will provide new spaces for colonization
(bioincrustation) by sessile species [1]. These structures offer heterogeneity to the habitat
and appropriate surfaces for algae and sessile organisms to colonise, especially on the
muddy bottom. Fish and other invertebrates will be attracted by the hard surface, the shade,
the changes in turbulence, the small spaces, and eventually, by the availability of food
sources [48,72]. However, this type of infrastructure can also encourage the establishment
of non-native species, invasive species, and blooms of harmful algae; therefore, the extent
and composition of the colonisation are difficult to predict [73,74]. In the case of La
Carbonera, pipes in the hypersaline zones would be easily colonised in the short term by
barnacles, which live in the carbonated structures which stick to the surfaces and may cause
deterioration. For this reason, their colonisation should be treated cautiously since they also
damage RED membranes, encouraging the proliferation of microorganisms which impede
the free passage of water or ions and thereby reduce the functionality of the system [75].
Although the production of 50 kW of electric energy from renewable sources is by no
means a technological challenge, this work aims to provide electric power using the best
technologies available, producing the smallest possible footprint, in harmony with the land
use of this area (i.e., [76]).

With the present technological maturity of SGE techniques, these objectives do not yet
yield low costs. Firstly, because the cost of the energy depends on the establishment of the
market and industry; if the technological development is successful, the manufacturing
of the parts will become cheaper. In the meantime, support from public funding is to be
expected [77]. On the other hand, when environmental and social aspects are prioritised,
a cost–benefit analysis based only on economic variables is not sufficient [78,79]. If the
community face expensive-energy versus no-energy, their decision will be controversial.

For this specific case, the goal is not to urbanise the area or provide services that
will promote urbanisation. The goal is to offer services that may assist environmental
protection and conservation activities held in La Carbonera Lagoon and its surroundings
where only low-density ecotourism is allowed. In this sense, a pilot plant using emergent
technology is both suitable and affordable. Other technologies may not be feasible at this
site. For example, although an established solar energy industry exists, the installation
of solar panels may increase the air temperature around them, which is undesirable in
environmentally sensitive areas. Additionally, a strategy for energy storage would be
needed, thus increasing the final cost. There are similar disadvantages for wind energy,
with additional construction difficulties [21]. Thus, an SGE plant, with the proposed
additional facilities, seems to be a good strategy for promoting education, environmental
conservation, and technology development.
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3.3. Decommissioning Phase

In this phase, few impacts are expected. A RED plant built on palafittes should not
require large-scale activity using heavy machinery. In the case of the pipes that have
been colonised by algae and sessile organisms, their removal will eliminate this artificial
habitat and also the organisms that installed themselves there. The soil is not expected
to be severely impacted by the type of foundations used. On the other hand, the noise
associated with demolition may temporarily affect the behaviour of birds and fish. Finally,
the infrastructure of the proposed ecotourism centre should not be demolished since these
facilities offer attractive spaces for tourism and assist in the conservation of species in the
area.

4. Conclusions

A preliminary environmental assessment of the potential impacts of a 50 kW net
output RED power plant using SGE on the coastal lagoon of La Carbonera was carried out.
Many impacts depend on the size and location of the SGE plant and the water intake or on
the technology to be implemented. In this case, a small-scale SGE power plant, using the
RED technology, combined with an ecotourism centre, would provide renewable energy
and protection of resources for the lagoon system and the nearby area around it, as well as
providing well-paid jobs for local people that may eventually encourage an improvement
in the care of coastal ecosystems.

Although several water schemes can be used in this ecosystem (FW/MW, FW/HW,
and MW/HW), everything will depend on the availability of saline water. In both cases,
there are alternatives; for instance, to use the dilute solution (FW) through wells on the coast,
and the concentrated solution (HW) directly from the lagoon (according to hydrological
studies) or through marine water evaporation ponds.

In terms of the potential impacts, the most concerning are the change in the volume of
water in the lagoon and the disposal of the final effluent. While many negative potential
responses could be expected, if the EIA covers information on the biotic and abiotic
characteristics of the ecosystem at a given point in time, in addition to the site characteristics,
many of these impacts could be minimised or avoided.

While the study in [22] suggested that most of the impacts due to the implementation
of SGE occur in the construction phase, this study shows that although the impacts then
may be very evident, even with mitigation measures, the ecosystems in La Carbonera
could recover from these temporary effects. More damaging to the ecosystems would be
the permanent and constant changes in characteristics which an SGE plant would induce,
such as in the hydrodynamics (changes in water flows or volume) and salinity gradients.
Therefore, it must be taken into account that since they are highly variable ecosystems that
have close hydrological connectivity with the surrounding systems, any modification can
have implications for neighbouring systems.

From the results of the Receptors and Responses analysis, the importance of monitor-
ing these features during and after the construction phase must be underlined [79]. Many
of the Receptors analysed are also present in other systems with potential for SGE. Even
though methodologies for their characterisation already exist for most of them, it is still
difficult to find quantitative criteria which demonstrate how positive or negative these
Receptors are when SGE technology is applied.

Even so, this work offers the first attempt to evaluate the potential changes induced by
SGE plants. This analysis for La Carbonera is important at the present time even though the
technology discussed is as yet untested at a large scale, and there are no plants using it in
Mexico. Small pilot plants, such as that suggested here, could offer insights for successful
larger developments in the future.

Finally, although this system is healthy at present, an EIA would serve to minimise
negative impacts. In this way, the benefits of SGE, zero greenhouse gas emissions, and the
use of renewable sources could be successfully harnessed at La Carbonera.
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Appendix A

Appendix A.1. Precipitation, Evaporation, and Atmospheric Temperature

The heaviest rains, associated with tropical systems in the peninsula, occur between
June and October. In the winter, from November to February, it is also common for rain
associated with the passing of cold fronts, or ‘Nortes’. The annual precipitation varies
between 444 mm and 1290 mm and is greater north to south, and east to west, in the state
of Yucatan. The dry season, March to June, has very little rain, with high levels of solar
radiation which generate extremely high temperatures [80].

As is typical in tropical areas, the evaporation exceeds the precipitation (approximately
1800 and 1290 mm/year, respectively). The atmospheric temperature has a defined annual
oscillation, with maximums in summer. The annual average temperature is 26 ◦C, the
maximum monthly average is around 36 ◦C, in May, and the minimum monthly average is
16 ◦C, in January [35,81].

Appendix A.2. Tides, Winds, and Waves

According to [82], the tides are diurnal, with higher high water = 0.590 m; mean high
water = 0.461 m; mean water level = 0.326 m; mean low water = 0.238 m, and mean lower
low water = 0.000 m.

As explained by [83], winds in the Yucatan Peninsula are mostly Trade winds, from the
east and northeast, locally modified by a marked system of coastal breezes, with sustained
averages of 5.5 m/s. The waves are of low energy, with a mean annual significant wave
height of Hs = 0.78 m, mean peak period Tp = 4.6 s, and a predominant northeast direction
(see Figure A1).
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Figure A1. Roses showing the direction and magnitude of (a) wind velocity, (b) wave height, and (c) peak period. Reanalysis
data from [83].

In addition, the region has atmospheric systems of short duration which modify
these patterns: in summer there are tropical cyclones, which can become hurricanes, with
sustained winds of up to 44 m/s, Hs > 10 m, and Tp > 12 s, and in winter, strong ‘Nortes’
can have winds of up to 15 m/s, Hs = 4.5 m, and Tp = 8.7 s [83].

Appendix A.3. Bathymetry

The inlet linking the lagoon with the sea has depths of 1.5–2 m, the shallow interior is
only 0.5 m deep, with the exception of the channel that links the freshwater inflow area
with the lagoon (southwest), where depths are 2 m close to the inflow, and 0.5 m towards
the lagoon interior (Figure A2). The depths in the marine area show the shallow, extensive
nature of the continental shelf off Yucatan.
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Appendix A.4. Hydrogeological Characteristics

La Carbonera is part of the karst system of the Peninsula of Yucatan (Batllori-Sampedro
et al., 2006). In the lagoon, three types of sediment lie on top of the karst strata: sand, rocky
sediment, and mud [24]. The orientation of the sandy beaches on the coast is predominantly
north–northwest. The mean grain diameter is 0.2–0.5 mm [84,85].

The main hydrological feature of the coastal systems of the peninsula es that freshwater
emerges from underground springs or seeps into lagoons and wetlands [86]. Once in the
lagoon systems, it begins to mix and patterns of salinity and temperature develop between
the fresh water and the water of the lagoon, producing a complex thermohaline circulation
system [27]. Such is the case with the inflow in the southwest of the lagoon, where an
estuarine gradient is produced.

Appendix A.5. Hydrodynamics

The main hydrodynamic drivers are the tides, the predominant winds of the region
(Trade Winds, sea breezes, and Nortes). The study in [33] reported that inside the system,
the residual currents are around 0.05 m/s, both when influenced by the local breezes as
well as the winds (Figures A3 and A4). As can be seen, the tides entering through the inlet
spread east, west, and southwards in the lagoon system (Figure A3). In the centre, south,
and east of the lagoon, there are mixing zones, with higher values (close to 0.2 m/s) which
are greater during ‘Nortes’ (Figure A4).

Energies 2021, 14, x 20 of 24 
 

 

 

Figure A3. Example of the residual circulation pattern (m/s) during a spring tide with sea breeze forcing [33]. 

 

Figure A4. Example of the residual circulation pattern (m/s) during a spring tide with forcing from NE winds [33]. 

Appendix A.6. Salinity Patterns 

The general patterns of salinity in the lagoon of La Carbonera are seen in Figure A5. 

During a tidal cycle, these patterns are very dynamic [33]. At high and low tides the estu-

arine, marine, and hiperhaline zones move, due to the influence of the tides and dominant 

winds, as well as the inflow from the underground spring, which can increase or decrease 

the salinity in the lagoon. At the highest tide level, and under the effects of strong winds, 

the seawater can move further into the hiperhaline zone. At low tide, brackish water can 

reach the mouth of the lagoon [33]. 

Figure A3. Example of the residual circulation pattern (m/s) during a spring tide with sea breeze forcing [33].



Energies 2021, 14, 3252 20 of 24

Energies 2021, 14, x 20 of 24 
 

 

 

Figure A3. Example of the residual circulation pattern (m/s) during a spring tide with sea breeze forcing [33]. 

 

Figure A4. Example of the residual circulation pattern (m/s) during a spring tide with forcing from NE winds [33]. 

Appendix A.6. Salinity Patterns 

The general patterns of salinity in the lagoon of La Carbonera are seen in Figure A5. 

During a tidal cycle, these patterns are very dynamic [33]. At high and low tides the estu-

arine, marine, and hiperhaline zones move, due to the influence of the tides and dominant 

winds, as well as the inflow from the underground spring, which can increase or decrease 

the salinity in the lagoon. At the highest tide level, and under the effects of strong winds, 

the seawater can move further into the hiperhaline zone. At low tide, brackish water can 

reach the mouth of the lagoon [33]. 

Figure A4. Example of the residual circulation pattern (m/s) during a spring tide with forcing from NE winds [33].

Appendix A.6. Salinity Patterns

The general patterns of salinity in the lagoon of La Carbonera are seen in Figure A5. During
a tidal cycle, these patterns are very dynamic [33]. At high and low tides the estuarine,
marine, and hiperhaline zones move, due to the influence of the tides and dominant winds,
as well as the inflow from the underground spring, which can increase or decrease the
salinity in the lagoon. At the highest tide level, and under the effects of strong winds, the
seawater can move further into the hiperhaline zone. At low tide, brackish water can reach
the mouth of the lagoon [33].
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