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Abstract

Geospatial information systems (GIS) enable easy visualization of geospatial data representing
different criteria important for optimal siting of marine energy projects. Multi-Criteria Decision
Analysis (MCDA) is a geospatial analysis method that facilitates the evaluation of multiple,
usually overlapping, site criteria. While GIS-based MCDA has been used extensively for land-
based renewable energy projects, limited research exists on its application to marine-based
renewable energy projects. Similarly, most literature overlooks the integration of social or
environmental justice data. This project applies GIS-based MCDA to conduct site selection
analysis for two marine renewable energy (MRE) projects in Puerto Rico and Hawaii. The
results for Puerto Rico indicate that Coastal Structure Integrated Wave Energy Converter (CSI-
WEC) projects should be focused primarily along the main island, specifically the northeastern
and southern coasts. Similarly, the study in Hawaii demonstrates the feasibility of a hybrid wind-
wave-solar project near the islands, particularly off of the northern coasts. The inclusion of social
justice data yielded different site selection outcomes compared to analyses considering solely
technical and resource criteria, suggesting the importance of incorporating social data into future

site selection decisions. Between study sites, variations in the results were observed based on the



criteria chosen and their respective weightings. Both studies’ results indicate the suitability of

GIS-based MCDA methodologies across diverse locations and MRE technologies.
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1 Introduction

With the increasing threat of climate change, the need for climate action is immediate (IPCC,
2023). The global average surface temperature from 2011 to 2020 was 1.1°C warmer than 1850-
1900 (IPCC, 2023). Human-induced fossil fuel combustion is the greatest source of this rise. The
United Nations Intergovernmental Panel on Climate Change (IPCC) has released reports
showing that in order to limit the severity of future climate change impacts, global emissions
must be immediately and drastically reduced (IPCC, 2023). Therefore, there is a particular
emphasis on the transition from fossil fuels to renewable energy. Many countries have set goals
for renewable energy transition, for example, the United States has set a 2035 goal to reach
100% carbon-free electricity generation and a 2050 goal to reach a net zero emission economy
(Fact Sheet, 2021). However, in 2022, only 21.5% of electricity was generated from renewable
energy sources (U.S. Energy Information Administration [EIA], 2023a). In order to meet this
ambitious 2035 goal, the U.S. needs to utilize a wide range of energy sources, such as the ocean
which has immense energy extraction potential. However, it should be acknowledged that all
resources are finite, and the impacts of over-extraction should be heavily considered. Marine
renewable energy (MRE) includes energy produced by ocean waves, currents, tides, changes in
temperatures, and offshore wind (Caballero et al., 2023). There are many promising technologies
in the marine energy industry that range from wave energy converters to tidal energy converters.
Ocean wave, thermal, tidal, and riverine technology could provide an estimated 57% of U.S.
energy generation (Kilcher et al., 2021b). However, not all locations are equally suitable for
every energy device. In the past, the different variables that influence a site’s suitability have

only been connected to energy extraction potential, such as measurements of solar energy power



potential. The current system for site selection in MRE is inadequate due to the exclusion of
other valuable criteria. Many methods now allow for the inclusion of a broader range of criteria,
such as environmental, social, and economic data. This paper will explore a different method of
site selection in the context of the MRE industry that incorporates not only energy resource data,
but also technical, socioeconomic, and environmental data. In site selection decisions, the
inclusion of social justice factors creates better results than analysis with just technical factors
and facilitates more equitable siting decisions. Results from the site suitability analysis illustrate
the advantages of deploying Coastal Structure Integrated Wave Energy Converters (CSI-WEC)
sites in Puerto Rico and Hybrid-Wind-Wave-Solar in Hawai‘i.

Social and environmental justice movements have spurred important discourse around the
impact of energy systems indirectly and directly on communities. There is an increasing need for
the renewable energy transition to be sustainable and equitable. The MRE industry is still in the
beginning stages. Therefore, there is an opportunity to incorporate sustainable and equitable
practices into every MRE project. During a project’s timeline, site selection is the critical time
when environmental justice frameworks can characterize the impact of a project.

One of the primary tools that allows for this type of intersecting analysis is Geographic
Information Systems (GIS), which is computer software that allows for the visualization and
manipulation of geospatial data. Multi-Criteria Decision Analysis (MCDA) is a method of
analysis that allows for the integration of multiple factors (criteria) into a decision (Mueller &
Wallace, 2008). Combining GIS and MCDA allows for the analysis of various data sets that have
geospatial components important to a site selection decision. GIS MCDA has been used

extensively in Europe for onshore solar and wind projects to help identify locations with greater



energy resources and less social impact (Ali et al., 2020; Peters et al., 2020). However, it has yet
to be used extensively for marine energy projects.

The two locations selected for analysis in this study were Puerto Rico and Hawai‘i.
Puerto Rico was selected because it is in a region highly susceptible to natural disasters,
specifically hurricanes. Past hurricanes have devastated the island and disrupted energy access
for long periods (Houser and Marsters, 2017). Climate change brings the threat of increasing
intensity and frequency of hurricanes (Puerto Rico Climate Change Council [PRCC], 2013).
Puerto Rico has set ambitious renewable energy goals in order to increase energy independence
and resiliency (Blair et al., 2023). Puerto Rico has a rich marine energy resource potential,
particularly on the north shore, thus there are many potential sites for different energy devices.
However, there is a history of corruption and underinvestment resulting in worsened conditions
for Puerto Rican citizens (Pietri, 2017). Therefore, it is important to include socioeconomic data
in order to highlight areas that have been historically underserved. Hawai‘i was selected as a
comparison island site. Hawai‘i also has a strong marine energy resource. There are many
opportunities for both wave, wind, and offshore solar. Furthermore, Hawai‘i is one of the most
petroleum-dependent states in the U.S. and has some of the highest energy costs in the country
(EIA, 2023b). Marine energy projects could help diversify Hawai‘i’s energy portfolio and reduce
energy costs long-term. Both case studies highlight different communities, different energy
technologies, and use varying data sets.

The objective of this project is to use GIS-based MCDA to conduct site selection analysis
in the MRE industry. GIS MCDA methods are reviewed and then applied to two case studies for
different marine energy applications in isolated island sites. For each study area, four final maps

were created: a resource overlay, a resource and technical overlay, and a complete overlay



including social and environmental data. These were analyzed to explore the differences in site
suitability results that occur with the inclusion or exclusion of different types of data. For
example, the inclusion of social justice data might prioritize cities without well-developed
energy infrastructure, which otherwise might be classified as less desirable. This project
demonstrates an application of GIS-based MCDA methods for MRE site selection through the
comparison of two different study areas, and specifically highlights the importance of

incorporating social and environmental justice data into site selection decisions.



2 Literature Review

The literature review covers the siting considerations of different renewable energy resources,
environmental justice in renewable energy, Marine Spatial Planning (MSP), and GIS based
MCDA methods. In total, over 50 papers were reviewed, and the majority of papers reviewed
focused on GIS and MCDA methods. The two main review papers on GIS and MCDA for
renewable energy site selection analyzed literature ranging from 2001 to 2022 (Hosseinzadeh et
al., 2023; Shao et al., 2020). Most marine energy focused papers were published after 2018.
Literature on GIS-based MCDA for land-based renewable energy projects is well established,

but there are knowledge gaps in the application to marine energy.

2.1 Siting Requirements

The first step of any new energy project is site selection for optimal power production. This
process can be very complex as there are many requirements to consider. Some criteria are
essential for all projects, such as the energy resource available and the amount of surface area

required. However, many more criteria are resource specific. These are further explored below.

2.1.1 Photovoltaic

Photovoltaic (solar) projects have minimum solar irradiance and number of sun-hours
requirements that generally drive site selection (Deveci et al., 2021). Lower latitudes, locations
closer to the equator, receive higher amounts of solar insolation than higher latitudes because of
the angle that the sun’s rays strike the earth. The orientation of solar panels with respect to the
sun’s rays is critical to maximizing energy production. The specific orientation varies based on

location; for example, solar panels need to be mounted at a steeper angle in higher latitudes.



Moreover, topography is also influential, as hills or slopes can change the orientation of the rays
received by the devices and make construction and maintenance access more difficult (Janke,
2010). Another condition is the average air temperature, which impacts the efficiency of the
device (Deveci et al., 2021). Additionally, areas at risk of flooding or high amounts of rain are
less desirable. Landcover and surrounding vegetation must also be considered, as shading from
large trees can also impact the amount of solar insolation received (Janke, 2010). The proximity
to an electric grid connection is necessary for calculating the transmission cost, as locations
closer to a community or electric grid connection are often more cost-effective.

A significant environmental concern associated with solar projects is that they occupy
large amounts of surface area (Hall et al., 2022); thus, the location of critical habitats and
endangered species must be avoided when selecting project sites. Some solar arrays, especially
large commercial ones, can create a visual impact as light is reflected off the solar panel surfaces.
However, not all panel designs create this problem, thus, the panel design type determines if this

effect should be considered.

2.1.2 Wind

Onshore and offshore wind projects generally have similar technical requirements; for example,
wind speed at the specific hub height directly determines energy production potential (Bashir,
2022). In 2022, the average hub height of onshore commercial wind turbines was 98 meters
(roughly 322 feet) (Hartman, 2023). Wind speeds generally increase with height above the
ground as the effect of surface friction decreases. This principle is called wind shear, and it also
plays a role in the arrangement of wind turbines (Murphy et al., 2020). Friction and turbulence

caused by wind passing through turbine blades reduce the wind speed, thus the arrangement of



the wind farms must minimize interference of the upwind turbines (Miller & Kleidon, 2016). The
maximum wind speeds and seasonal variation in wind dictate the speeds that the turbines must
be able to withstand (Moradi et al., 2020). Distance from communities and grid connections with
sufficient electrical capacity is an essential factor for transmission lines and grid integration
(Moradi et al., 2020).

Some specific variables primarily linked to ocean conditions are important for offshore
turbines. The ocean depth and bathymetry dictate the type of moorings the device will use, which
is the method of attachment for a device to the sea floor (Flocard et al., 2016; Kaldellis et al.,
2016). Also relevant is the distance to shore, which impacts the site accessibility for construction
and maintenance activities (Bashir, 2022; Kaldellis et al., 2016). The maximum wave height
dictates the structure design and ability to withstand impact from waves (Hosseinzadeh et al.,
2023). Additionally, the frequency and intensity of storms must be assessed to avoid high-risk
locations. Hurricanes are a specific concern for the U.S. in the Atlantic Ocean, especially higher-
category storms. However, due to the unpredictability of most hurricanes, it is hard to factor
them into site selection; instead, it is important for design mitigation strategies to be
implemented (Jaramillo, 2012).

Wind turbines can have unwanted impacts on the surrounding environment. There is
evidence that turbines impact aerial species such as bats and birds (Saidur, 2011). The impact is
minimal relative to other human activities that harm bird populations, and some precautions can
be taken to mitigate impacts on species (Kaldellis et al., 2016; Sovacool, 2009). However, this is
important to consider, and areas with endangered or sensitive species should be avoided, such as
highly populated breeding grounds or migration paths. Similar to solar arrays, a significant

impact of wind farms is the associated surface area use, which can destroy critical habitats.



Offshore wind farms have the potential to further impact the environment, particularly
sensitive marine ecosystems. The moorings and cables below the surface can impact surrounding
fish and marine mammals (Bashir et al., 2022). Siting decisions should also consider the location
of critical coastal habitats, migration patterns, and nesting sites of marine wildlife. Additionally,
use conflicts become more complicated in the marine space, with boat traffic and commercial
fishing communities also competing for use (Bashir et al., 2022). High-density shipping routes
should be avoided for wind turbine sites, along with essential fishing grounds.

Wind farms can also pose a threat to the living and cultural landscape. In the event of a
malfunction, the turbine blades or any other parts are very dangerous, which applies to marine
and terrestrial spaces (Abbasi, 2000). During low temperatures, a phenomenon known as ‘ice
throw’ can occur where ice that has built up on turbine blades falls while operating. While not
common, sometimes the ice can travel a significant distance from the structure (Preziuso &
Orrell, 2022). It should be noted that ice throw is a minimal hazard associated with offshore wind
turbines. A buffer zone should be established for the safety of lives and infrastructure; thus, this
space must also be accounted for during the siting process. Another impact to consider is the
shadow flicker effect, where the sun at a low angle on the horizon can cast a moving shadow of
the turbine blades, which creates the visual of a flickering light (Office of Energy Efficiency and
Renewable Energy [EERE], n.d.). The flicker effect can affect nearby communities; however, it
is a greater problem at higher latitudes where the sun is often at a lower angle (EERE, n.d.). This
hazard should be included in siting decisions for locations at high latitudes with conditions
conducive to the flicker effect. Noise pollution can be a factor as well. Noise from moving
turbines and structure machinery can cause disturbances to nearby communities; however, there

is little conclusive research on the direct impact on people (Leung, 2012). Turbine design can be



adjusted to lessen the noise level, and siting wind farms at a distance from communities may be
something to consider. Finally, the visual impact of the turbines can be very controversial
(Kaldellis et al., 2016; Leung & Yang, 2012). Many communities have complained that the
turbines are ‘eye sores’ (Smith & Klick, 2008); however, wind farms have increased tourism or
become sources of community pride in other locations. For example, researchers saw increased
tourism in the summer months after a wind farm was built off the coast of Block Island in Rhode
Island, U.S. (Carr-Harris & Lang, 2019). The response to the visual impact of wind farms is very
community-specific and necessitates engagement with local stakeholders through the siting

process.

2.1.3 Wave

A standard wave energy converter (WEC) device design has yet to be established in the
wave energy industry; consequently, it can be hard to determine general site requirements. The
specific oceanographic requirements can vary from device to device, especially the required
depth and wave energy extraction potential (Flocard et al., 2016; Hosseinzadeh et al., 2023).
Significant wave height, wave direction, and wave period are necessary data used to estimate
total wave energy resource and predicted power production from a WEC (Flocard et al., 2016).
The seasonal wave variability is used to predict power production variability, and the peak wave
height dictates the extreme conditions a device must endure (Flocard et al., 2016). Additionally,
the distance to shore affects accessibility for installation and maintenance, and subsequent
operations and management costs (Flocard et al., 2016; Kamranzad and Hadadpour, 2020). The
further from shore a device is, the more challenging transmission and grid connection becomes.

Bathymetry is also necessary to consider as it impacts the strategy used for transmission, such as



if seafloor cables are feasible (Flocard et al., 2016; Hosseinzadeh et al., 2023). Depending on the
device’s design, bathymetry also influences mooring.

WECs have the potential to impact the marine ecosystem, though many of the impacts
are not fully understood (Mendoza et al., 2019). Electromagnetic fields associated with wave
energy equipment can interfere with the activities of marine mammals and fish, specifically
breeding and eating habits (Hildenbrand, 2014). Many biological functions of marine species
rely on sounds, such as communication, orientation, and hunting. The noise generated by wave
energy devices, during operation and installation, are potential stressors for nearby marine
species (Polagye and Bassett, 2020). Although, some studies have found that the noise generated
does not exceed surrounding ambience noise, thus it is unlikely to cause harm to marine animals
(Polagye and Bassett, 2020). Overall, areas with critical habitats and endangered or protected
species should be avoided during site selection (Hosseinzadeh et al., 2023).

Similar to offshore wind, there is potential for conflict with other marine activities.
Navigation is restricted in areas where there are WECSs, which could create conflicts with
commercial or recreational fishing, boat traffic, and shipping routes (Hosseinzadeh et al., 2023).
In order to address potential use conflicts, it is important to avoid high-traffic areas and to

include local stakeholders once locations are selected.

2.2 Marine Renewable Energy Projects

2.2.1 CSI-WECs
The sea level along the U.S. coastline is expected to rise 10-12 inches (0.254-0.3 meters) on

average over the next 30 years due to anthropogenic climate change (Sweet et al., 2022).
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Furthermore, as storms increase in frequency and intensity, coastal communities will be at
greater risk of flooding from storm surges, which is an increase in sea levels past normal levels
due to a storm’s low pressure and high winds. Coastal-protection structures, such as breakwaters
and seawalls, are often used to mitigate the impact of coastal storms. Seawalls are structures built
into shorelines to protect structures onshore from flooding and erosion. Breakwaters are often a
short distance offshore and parallel to the shoreline; they are constructed to reduce the force of
waves on the shoreline. Currently, 14% of the U.S. shoreline is hardened with protective
structures, which is predicted to increase to protect against the impacts of climate change
(Gittman et al., 2015). Coastal defense structures are effective against storms but have high
construction and maintenance costs (Hinkel et al., 2014). A major environmental concern of
defense structures is the increased erosion of shores located next to the structures (Gittman et al.,
2015). One strategy to reduce lifetime costs is to integrate wave energy converters into existing
or planned defense structures. The protective function of coastal structures remains the primary
purpose of CSI-WECs, and some models have shown increased hydraulic performance in
comparison to typical structures (Vicinanza et al., 2019; Viviano et al., 2016). This includes a
reduction of wave reflection from the devices as the WEC absorbs more wave energy, which
should decrease down shore erosion (Vicinanza et al., 2019). Furthermore, CSI-WECs can
function as non-grid-connected devices, where they are not connected to the larger utility-scale
grid but instead directly power some local activity. For example, they can serve as an emergency
backup generator after storms, power desalination for drinking water, or power local port
operations.

The site selection of wave energy converters (WECs) generally focuses on maximizing

potential power generated from the local wave energy resource, with constraints dictated by
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extreme sea states. Unlike WECs, CSI-WECs are located on or near shore, thus, they often
operate at lower wave energies. As a result, the local energy resource is less critical during site
selection. However, other criteria are important to consider during site selection for CSI-WEC
projects. For example, information on existing breakwater structures helps identify opportunities
where wave energy converters can be integrated into existing structures. Additionally,
socioeconomic data such as “energy-disadvantaged” communities that have high energy costs
and unreliable energy access, is also essential to facilitate the siting of projects in areas that have
been historically underserved or burdened. Finally, climate projection data like sea-level rise data
helps identify communities most vulnerable to storms and needing shoreline protection
structures. A compilation of this data is very important for guiding CSI-WEC site selection.
There are other locations that are often considered compatible for CSI-WEC sites. For
example, ports and marinas usually have existing breakwater structures, and port operations can
be powered by CSI-WECs. Some CSI-WEC devices have been designed to emulate reef
structures to support marine growth. This is particularly helpful in coastal ecosystems where the
reef has been degraded. Finally, coastal industry sites (wastewater treatment, electrical power

plants, oil rigs) can also benefit from the protection and energy provided by CSI-WECs.

2.2.2 Hybrid Energy Systems

A hybrid energy system typically involves a combination of multiple energy sources or energy
storage devices or both (Department of Energy [DOE], 2021). Hybrid energy systems can reduce
the costs and deployment of emerging energy technologies by pairing newer energy devices,

which have higher risks and costs, with more established energy technologies (DOE, 2021). This
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project will explore a complementary offshore wind, offshore floating solar, and wave hybrid
system. Conventional solar and wind farms have continued to grow in the percentage of total
energy production for the U.S., but the intermittency of these energy sources continues to create
challenges for continued growth. However, the collocation of wind and solar energy systems
with other emerging energy systems, such as wave energy, can allow for increased grid
reliability (DOE, 2021). All renewable energy resources have their own unique temporal and
seasonal variability, which depends on location. For example, generally, solar energy production
is higher in the summer, whereas wind energy production peaks in spring to early summer (DOE,
2021). Therefore, wave energy can fill gaps in coverage as it peaks in the winter months (Gideon
& Bou-Zeid, 2021). The benefits of hybrid systems include decreased power variability,
increased energy yields, and reduced costs due to shared maintenance and transmission costs
(Gideon & Bou-Zeid, 2021).

A general optimized hybrid configuration does not exist, as this is highly dependent on
local energy resources and energy infrastructure (DOE, 2021). Therefore, the site selection
process is particularly important for guiding the system planning (DOE, 2021). Generally, hybrid
wind-wave-solar projects are located where all three resources are abundant. Therefore, criteria
such as wind speed, wind direction, wave energy, solar insolation, and temperature are all
important. Furthermore, energy infrastructure data such as electric transmission line locations
and port locations are important for integrating the project into the existing energy grid, which
dictates costs. A hybrid wind-wave-solar project is usually located offshore in the marine space,
which creates the potential for conflict with other activities in the marine space. Data can be
included to limit overlap with critical marine activities, such as popular shipping routes and

critical fishing habitat.
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2.3 Social and Environmental Justice Factors

Beyond the technical, economic, and environmental factors that influence siting decisions, it is
also imperative to include social and environmental justice data. Environmental justice is a
movement that started in the late 1980s to protest the placement of pollution sources near
communities of color (Mohai et al., 2009). The field has continued to grow and expand to
encompass a wider definition. The Department of Energy (DOE) defines environmental justice
as the “just treatment and meaningful involvement of all people” regardless of race or
socioeconomic status in order to ensure that low-income communities are not disproportionately
burdened by environmental hazards or risks, nor deprived of access to a healthy environment in
which to live (Office of Legacy Management, n.d.).

Historically, energy projects (coal, oil, gas) have been placed in socially vulnerable
communities, subjecting these communities to adverse impacts such as increased air pollution
and exposure to toxic chemicals (Kyne & Bolin, 2016; Outka, 2012). Furthermore, many
communities have been physically displaced by energy projects or their livelihoods have been
significantly impacted. For example, one U.S. study estimated that over 1.13 million acres of
tribal land were flooded by reservoirs to form roughly 500 dams for hydroelectric power
generation (Randell & Curley, 2023). Many indigenous groups in the Pacific Northwest see
salmon fishing as an essential part of their livelihoods, not only as a food source but as a part of
religious and cultural practices (Earth Economics, 2021; McGill, 2016). The construction of
dams has drastically reduced salmon populations and destroyed many traditional indigenous
fishing spots (McGill, 2016; Randell & Curley, 2023). Finally, the cost of energy is
disproportionately higher for low-income and minority communities. Studies have found that the

majority of low-income and minority households in major U.S. cities faced higher energy costs
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in comparison to higher-income households in the same city (Drehobl et al., 2020; Jessel et al.,
2019).

As our society looks to transition to clean energy and there is an increase in renewable
energy projects, siting decisions must be made differently. There is a clear link between social
impacts and siting decisions, but researchers have found that very few energy projects
incorporate human dimensions into project development (Caballero et al., 2023). Social and
environmental justice data, in addition to technical and environmental factors, must be
considered. This will allow for the inclusion of communities that have historically been
disproportionately burdened by energy projects or overlooked by the clean energy transition.
Potential community benefits include reduced energy costs and less exposure to public health
hazards from other energy sources. Furthermore, these marginalized communities are now facing
the highest risk from climate change; therefore, integrating social data increases community
resiliency by prioritizing projects in these high-risk communities (Outka, 2012).

Including social data also encourages local engagement and representation, which is
needed to move forward with equitable energy projects. In many communities that have faced
oppression, there is deep-rooted mistrust in local government bodies. This results from a lack of
representation and exclusion of community members in decision-making (Carmichael &
McDonough, 2019; Lee & Byrne, 2019). Consideration of social data and inclusion of local
stakeholders allow conflicts to be addressed earlier and with greater transparency, facilitating
trust. For example, the Igiugig community in Alaska is a remote community in southwestern
Alaska located along the Kvichak River. The river is essential to the community as a water
source and habitat for salmon. The community relies mainly on imported diesel for energy

production, which is incredibly expensive and sometimes unreliable. The community created a
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plan to transition to a more sustainable energy source and, in partnership with the National
Renewable Energy Lab (NREL), explored renewable options for the Kvichak River (Kilcher et
al., 2021a). However, because of the importance of salmon to the community, it was critical for
the device installed to have little to no impact on the salmon population. Through the partnership
with NREL, a successful riverine energy device that provides energy to half of the community
has been deployed and tested for two years. This project was driven by the interest and
governance of the Igiugig community, aided by the technical expertise of NREL (Kilcher et al.,
2021a). The transparency and bottom-up governance allowed for the community's energy needs
to be met sustainably for the future health of the entire Igiugig community.

There is a wide range of social data sets that could be considered during site selection.
The most basic includes population data and the location of cities. This data is important for
locating energy projects near communities that can use the resource, but it can also be used to
identify communities in rural or remote areas that may benefit from access to reliable, clean
energy sources. Social vulnerability data such as the Justice40 project or Center for Disease
Control (CDC) data displays communities identified as vulnerable according to various criteria,
which range from income, air quality, unemployment, energy cost, clean water access, and more.
There is also climate change projection data, such as sea level rise models, showing which
communities will be most impacted by climate change and need support in the clean energy
transition. A final example is the National Oceanic and Atmospheric Administration’s (NOAA)
fishery data, which displays critical commercial and recreational fishing locations. This data can
be used to address use-conflicts in the marine space and for organizations to begin projects by

creating mitigation strategies based on local activities.
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2.4 Marine Spatial Planning

2.4.1 Introduction to Marine Spatial Planning

As human activity combined with anthropogenic climate change contributes to the degradation
of marine ecosystems, there is a need for thorough planning processes to be in place for future
commercial ventures and other use cases in marine spaces to prevent further degradation. Marine
spatial planning is an emerging method to provide this planning framework. Marine spatial
planning (MSP) is defined as a process of “analyzing and allocating the spatial and temporal
distribution of human activities in marine areas to achieve ecological, economic, and social
objectives, usually specified through a political process” (Ehler & Douvere, 2009). Spatial
planning for terrestrial and coastal areas has been commonly used for years, but MSP has only
recently been introduced and adopted globally. MSP is a comprehensive approach to marine
resource management that seeks to address current and future marine uses sustainably.

MSP presents complex new difficulties (Backer, 2011). Firstly, marine spaces cover large
areas and include both ocean waters and seafloor. Secondly, marine borders are more
challenging to define than boundaries on land, and there are many governing bodies involved
across the ocean. However, MSP allows for better coordination between the many management
bodies in marine space. This includes bringing together fishing, maritime traffic, and
environmental governing bodies to address use-conflicts. Furthermore, MSP provides the
opportunity for transboundary cooperation, making addressing international issues easier
(Backer, 2011).

Particularly with the rapid growth of the MRE industry to meet global climate goals,

there is a further need for MSP (Azzellino et al., 2013; Backer, 2011). MRE projects are
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occurring in a landscape with many other overlapping users and activities. Therefore, MSP
allows for efficient and effective planning for renewable energy projects while creating a more
integrated marine management plan (Azzellino et al., 2013). This integrated approach enables
conflicts to be identified and addressed early, along with increased stakeholder and public

engagement.

2.4.2 Current Issues in the Marine Space

There are many different industries and activities in the marine space. In the U.S., the list of
maritime activities includes offshore renewable energy, shipping lanes, oil and gas, scientific
research, coastal protection, cables and pipelines, mining, nature conservation, tourism and
leisure, fishing and fisheries, underwater cultural sites, aquaculture, military, and ports
(UNESCO, 2023). All these activities have their own governing bodies and strategic plans, but
no synchronized effort exists. Furthermore, each industry faces unique legal and political
challenges and dynamics (Smythe & McCann, 2018). MSP provides the perfect framework to
integrate these different activities to create a coordinated inter-agency and inter-industry
planning body. Additionally, current marine activities and planning exclude many stakeholders
and public voices. MSP provides a framework for the inclusion of public input and more

interactive engagement of stakeholders (Backer, H. 2011; Gopnik et al., 2012; Olsen et al. 2014).

2.4.3 Marine Spatial Planning Examples
Rhode Island worked to create a marine spatial plan for both state and federal waters off the
state's coast. The plan was established in 2011 and facilitated by the Rhode Island Coastal

Resource Management Council (CRMC) and associates at the University of Rhode Island. The
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plan’s ultimate goals were to achieve both marine conservation and sustainable economic
development. The plan established various boards and committees, including a committee of
technical and stakeholder experts. Furthermore, a guide was created for stakeholder engagement.
Researchers have shown the many benefits of marine spatial planning for Rhode Island (Smythe
& McCann, 2018). In particular, the committees were highlighted for establishing relationships
among agencies and stakeholders early in the planning process. This promoted early engagement
and collaboration, thus avoiding future conflicts. In addition, when conflicts appeared, these pre-
existing relationships resulted in cooperation and mutual understanding among all parties to
quickly address and work through issues. This would not be possible if these strong relationships
between stakeholders were not previously established. Furthermore, researchers found that the
MSP promoted clear communication and transparency among all agencies and stakeholders.
Therefore, expectations were set early, and trust was established between groups (Smythe &
McCann, 2018). This is especially important for facilitating businesses and agencies building
strong relationships with local communities. Overall, Rhode Island’s MSP has provided many
benefits to the community and the marine ecosystem, and it acts as a model for the rest of the
U.S.

MSP has also been used successfully to work with indigenous communities and First
Nations to collaborate and coordinate on management plans for marine spaces. MSP calls for
identifying all stakeholders and their values, thus allowing for the prioritization of indigenous
land use and activities, while also allowing for structured use and sustainable development. One
promising example occurred in British Columbia, Canada. This was a collaborative marine
planning project between 17 First Nations governments and the British Columbia provincial

government to create the Marine Plan Partnership (MaPP) (Diggon et al., 2021). The plan was
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created for marine uses spanning from northern VVancouver Island to the border of Alaska. The
MaPP area was first divided into four sub-regions in order to have region-specific goals and
strategies, which would also be integrated into a regional plan. The primary strategy for creating
the MaPP was ‘community-based planning’, where First Nations created MSP for their
respective territories based on their own values and needs, which were then used as the
foundation to build sub-regional and regional plans. Researchers argue that this community-
based strategy respects the rights, knowledge, and values of First Nation communities. From
there, the provincial governance bodies acted as facilitators of regional collaboration while
providing the necessary funding, additional technical tools, and expertise for planning.
Researchers point to the plan’s community-based foundation, resulting in trust and transparency
(Diggon et al., 2021). British Columbia’s MaPP provides a strong example of a successful MSP.
The MaPP especially emphasizes the ability of MSP to include stakeholders and connect with
local communities along with the equity that can be achieved.

In 2014, the European Parliament and Council established legislation under Directive
2014/89/EU to create a framework for marine spatial planning. The directive enforced the
creation of legal frameworks by EU members for areas in the exclusive economic zone (EEZ),
ocean area up to 200 miles off land territory in which nations have jurisdiction over resources
(NOAA, 2023), to ensure sustainable development and ecological protection in marine spaces.
The directive stated that all coastal nations must have implemented these MSPs by March 2021,
and these plans must be reviewed every ten years. This directive aims to reduce conflicts,
encourage investment in marine activities, increase economic cooperation between EU states,
and prioritize the protection of marine ecosystems. The European Commission has supported its

members through providing financial and technical support. The commission also emphasizes
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that the MSP is not a static plan; the vision is that this legislation will adapt and change as the
European Green Deal increases sustainable marine development and the environmental
landscape changes (European Commission, 2022).

In a 2022 report conducted by the European Commission, it was reported that over half
(14/22) of member states had met the Directives deadline for implementing MSP, and several
remaining member states were at an “advanced stage of producing draft plans” (European
Commission, 2022). The report gave examples of successful member nations, and Ireland was
used as an example of good public engagement and stakeholder involvement. The country had
engaged in three months of public consultation to create the original baseline for its MSP, the
country's first legislation of this kind. Furthermore, they held various public engagement events
in coastal communities to increase public awareness about MSP and encourage local engagement
in the planning process. The committee highlights this as an incredible example of creating a
participatory and transparent process. The review report also highlighted common challenges
throughout states, such as the complexity of multi-sector and multi-objective planning. This
complexity has been identified as the most significant challenge in MSP. Furthermore, the report
identified data collection and compilation as a challenge, especially across nations. The
legislation (Directive 2014/89) and success across EU states provide an excellent framework that
other nations can follow, especially the U.S., where specific states are allowed to create local

MSPs independently.

2.5 GIS and Multi-Criteria Decision Analysis

Geographic information systems (GIS) can be used to quickly visualize geospatial data,

especially data representing the different criteria that determine optimal sites for renewable
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energy projects (Mueller & Wallace, 2008). A compilation of this data is important for guiding
renewable energy site selection. However, the differing types of qualitative and quantitative data
make concurrent analysis difficult, especially on large geographic scales. GIS-integrated
analytical tools can be used to analyze typically incompatible data types, which provides a
powerful tool to conduct site selection that integrates different kinds of criteria (Ali et al., 2020;
Peters et al., 2020). Multi-criteria decision analysis (MCDA\) is one geospatial analysis method
that allows for evaluating multiple, usually overlapping, criteria to identify the most suitable site
locations.

GIS MCDA methods for site selection have been developed and used extensively in the
renewable energy field. For example, substantial literature exists regarding siting onshore wind
energy projects (Kocabaldir & Yicel, 2020; Bennui et al., 2007; Tegou et al., 2010; Effat & EI-
Zeiny, 2022; Watson & Hudson, 2015), which has helped provide a framework for research in
offshore wind energy extraction. Peters et al. (2020) reviewed the uses of GIS for offshore wind
energy research and created a framework for future usage. The most common research objective
of the papers analyzed was resource assessment, whereas the second most common was site
selection. Peters et al. identified the most common criteria as maximum water depth and altitude
of wind assessment. Across all papers, the most variability existed in the spatial resolution of the
data used. Peters et al. did not find that this was a result of differing locations or time of study;
thus, the authors emphasized the consideration of spatial resolution of data for future study.
Finally, the study highlighted that most researchers justified using GIS by emphasizing its
compatibility with managing multiple spatial datasets (Peters et al., 2020). Similarly, literature
on solar PV energy site selection using GIS is also well established. Deveci et al. (2021)

conducted an extensive review of studies that combined GIS and decision-making analysis for
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PV energy site selection. The study identified key sub-criteria and organized them into three
main categories: technical, economic, environmental, and social or political. The majority of
studies reviewed used the Analytical Hierarchical Process (AHP) combined with GIS for site
selection methods (Deveci et al., 2021).

A review of MCDA applications for renewable energy site selection (Shao et al., 2020)
identified similarities in the criteria used for onshore wind and solar energy projects. The review
identified criteria that were classified as exclusionary, meaning areas with these factors are
automatically considered unsuitable. The most frequent exclusionary criteria for both onshore
wind and solar projects were bodies of water, protected areas, urban areas, and roads. Technical
criteria were highly valued, such as solar irradiance, wind speed, and temperature, which all
impact the energy extraction potential. Other important criteria were proximity to roads,
transmission lines, and residential areas. The solar and wind industries are more mature; thus, the
selection criteria have been thoroughly reviewed and established. In the marine energy literature,
there were fewer similarities in criteria across projects. However, the most common exclusionary
criteria were a minimum energy resource, a minimum or maximum distance from shore, marine
protected areas, military exercise areas, and minimum or maximum water depth (Shao et al.,
2020). Over half of the papers used AHP for the criteria weighting method due to its ability to
eliminate bias and compare complex criteria relatively simply (Shao et al., 2020). Over half of
researchers used GIS to complete the weighted analysis to visualize site suitability. Overall, Shao
et al. (2020) show the similarities and differences in criteria across renewable energy site
selection. These established guidelines for criteria used in solar and wind projects can help guide

the selection of criteria for marine energy projects.
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A common benefit highlighted in studies was the application of GIS MCDA to address
use conflicts and combine criteria for optimized site planning. A study in Australia used GIS
MCE to evaluate sites to limit conflict with other marine space users (Flocard et al., 2016).
However, the study did not include any social or environmental justice data. Hosseinzadeh et al.
(2023) conducted a comprehensive review of combined offshore wind and wave energy site
selection by looking at 27 papers from 2009-2022. The most common exclusionary criteria were
areas too close or too far from shore, MPA, military exercise areas, and shipping lanes
(Hosseinzadeh et al., 2023). The specific criteria selected for evaluation varied across papers.
Researchers identified the most frequently used criteria across all literature reviewed (criteria
used by more than five articles), which were criteria representative of the energy resource
potential, bathymetry, distance to ports, distance to shore, and shipping density. Only two papers
were identified as considering socioeconomic data. Hosseinzadeh et al. (2023) categorized the
specific site analysis methods used. Roughly half of the studies reviewed utilized MCDA
methods; the other most common method used was a resource-based analysis (Hosseinzadeh et
al., 2023), which only evaluates techno-economic criteria and does not account for any social or
environmental factors. Of the MCDA papers reviewed, half used GIS to conduct analysis, and
the specific weighting methods varied. Hosseinzadeh et al. (2023) identified subjective
weighting as the most common criteria weighting method. This study helped demonstrate
general trends in site selection research for combined wind and wave energy projects.

Shao et al. (2020) analyzed 85 papers from 2008-2018 in a comprehensive review of
MCDA applications for renewable energy site selection. Of the papers analyzed, 96% were on
solar and wind (onshore) energy research. Furthermore, only 7% of research was conducted in

study areas in the U.S. (Shao et al., 2020). The review analyzed criteria used by separating
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papers by energy resource and then identifying similarities across all projects. However, very
few documented studies use GIS-based MCDA in the marine energy field. Shao et al. (2020)
identified only 14 marine energy papers (7 offshore wind, 3 wave, 2 tidal, 2 offshore wind and
wave). Furthermore, most of the literature in the marine energy field pertains to offshore wind
(Vagiona & Kamilakis, 2018) and hybrid wind and wave systems (Hosseinzadeh et al., 2023;
Vasileiou et al., 2017). The literature that utilizes GIS-based methods for marine energy site
selection primarily focuses on the energy resource and techno-economic considerations, thus

leaving out social or environmental justice data. Furthermore, when GIS MCDA is used, the

criteria weighting method is rarely done statistically. There is also a general lack of research with

study areas focused on the U.S., demonstrated in Figure 2.1, which displays the literature that
applied MCDA methods for marine energy site selection (offshore wind, combined wind and

wave, wave, tidal).
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Figure 2.1 Geographic locations of existing studies using GIS and MCDA methods for marine
energy site selection. Of the papers displayed, the energy resources studied were four offshore
wind (Tauofik and Fekri, 2021; Tercan et al., 2020; Mahdy and Bahaj, 2018: Elgabiri et al.,
2020), three wave (Flocard et al., 2016; Kamranzad and Hadadpour, 2020; Nobre et al., 2009),
three tidal (Defne et al., 2011; Lee et al., 2017; Wu et al., 2017), and four combined wind and
wave (Azzellino et al., 2013; Azzellino et al., 2019; Cradden et al., 2016; Vasileiou et al., 2017).

2.5.1 Criteria Weighting

A fundamental part of the MCDA process is the weighting of criteria, which evaluates the
relative importance of each criterion to assign specific criteria weightings. There are many
different methods used by researchers. Equal weighting is the simplest method, where all criteria
are assumed to be of equal importance and given an equal weight. Researchers Baban and Parry
(2001) applied this method for an analysis of wind farms in the UK. The total weighting must be
equal to 100%, so since 14 criteria were used, each criteria weight was calculated to be 7.14%
(Baban & Parry 2001). The analysis created a successful map of the UK displaying site
suitability on a scale of 0 (not suitable) to 10 (highly suitable) (Baban & Parry 2001). This is a

straightforward method; however, the resulting map does not reflect the complexity of site
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selection decisions where all criteria are not equally important. For example, for this wind farm
site selection, assigning equal weights to all factors might overlook the significance of
environmental impact in favor of other factors. As a result, sites with a high wind resource but
significant environmental impacts could be favored over less impactful alternatives. Using a
different method for weighting allows for the prioritization of minimized environmental impact,
resulting in a map that prioritizes areas with a balanced environmental impact and wind resource.

Subjective weighting is also a simple method, thus commonly used, where a single expert
assigns the weightings to criteria based on their knowledge and personal judgment
(Hosseinzadeh et al., 2023). For example, Janke (2010) conducted a MCDA analysis using GIS
to identify areas in Colorado that are most suitable for wind and solar farms. For this analysis,
Janke used his expertise and personal preference to rank the specific criteria. Examples of
criteria used are wind potential, solar potential, distance to cities, distance to transmission lines,
distance to roads, and land cover. The results successfully identified suitable locations in
Colorado for both wind and solar farms. However, a key limitation of the study was that there
was little rationale or cited research to support the criteria weightings. This is one of the
disadvantages of the subjective weighting method, as well as the lack of a standardized or
systematic approach.

The most frequent renewable energy site selection method is the AHP method which is a
hierarchical approach to complex decision making (Ilbahar et al., 2019; Shao et al., 2020). The
AHP involves pairwise matrices to calculate overall weightings. This means individually
comparing criteria against each other and using a scale to reflect relative importance. A matrix is
then used to calculate overall weightings, which reflect each individual criteria’s importance

relative to all other criteria. AHP is popular because it provides a structured approach to
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quantifying complex and subjective judgements (Vasileiou et al., 2017). For example, Vasileiou
et al. (2017) selected AHP as their criteria weighting method for analysis of hybrid wind and
wave sites in Greece. The authors used GIS software to conduct an AHP analysis for eight
criteria representing economic, technical, and socio-political factors. Twelve sites in Greece were
identified as suitable for the deployment of hybrid wind and wave sites in Greece. The authors
concluded that the use of AHP for criteria weighting significantly reduced the subjectivity in
judgments. Many other examples of literature have applied AHP for criteria weighting (Elgabiri
et al., 2021; Lemos Bulhdes et al., 2020; Moradi et al., 2020; Watson & Hudson, 2015). One
limitation of AHP analysis is the assumption that all criteria are independent (llbahar et al.,
2019). For example, if the two criteria being analyzed are proximity to ports and proximity to the
electric grid, the assumption is that these two criteria are independent of each other. However,
oftentimes this is not the case, because optimal port and transmission locations may coincide.
Ports are often located in areas with well-developed infrastructure, including energy
infrastructure, to support port operations and nearby industries. Therefore, sites close to ports
might also be close to transmission lines, meaning some interdependence exists between the two
criteria.

The Analytical Network Process (ANP) expands on the AHP method by considering the
dependencies and interactions between criteria (Shao et al., 2020). Instead of creating a
straightforward hierarchy, ANP creates a network between the criteria. This can create a more
comprehensive analysis by including the interactions between criteria, however, the analysis
involves complex calculations which can be time-consuming. Researchers Atmaca and Basar
(2012) used ANP to evaluate the suitability of six different types of power plants in Turkey. The

major criteria evaluated were technology, economy, quality of life, and socio-economic impacts
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(Atmaca & Basar, 2012). There are other less common methods for criteria weighting that are

further discussed in the comprehensive review conducted by Shao et al. (2020).

2.6 Study Goals

As explained above, GIS-based MCDA is an established method for site selection in renewable
energy, however, its use within the complex area of marine energy applications lacks substantial
research. This paper attempts to fill these gaps in the literature and successfully apply GIS-based
MCDA methods for marine energy site selection. By conducting site selection studies in two
distinct locations in the U.S. with different technical and socioeconomic conditions, this research
seeks to contribute to this underexplored area of literature. Study results provide empirical
evidence and insights into the strengths of GIS-based MCDA for different marine energy
applications. This investigation also prioritizes integrating social and environmental justice data,

recognizing their role in enhancing the strength of site selection research.
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3 Methods

The project utilized GIS-based MCDA methods to evaluate marine energy project sites in Puerto
Rico and Hawai‘i. For each study, specific criteria were selected based on the location’s unique
communities and energy systems. AHP methods were applied to calculate criteria weightings
because the method provides a structured approach to making complex siting decisions. GIS was
used to create three final suitability maps for each area: a resource overlay, a technical overlay,
and a social justice overlay. Finally, a comparative analysis was made on the technical and social

justice suitability maps within each study area.

3.1 Study Area Selection

Before conducting the site selection analysis, a study area extent was selected. This allows for
more accurate and higher-resolution geospatial data to be used for analysis. Each area has its
own unique communities, energy resource potential, and other variables that must be considered.
Traditionally, locations with the highest energy resource (wind speeds or wave energy) are
considered the most suitable. Whereas the energy resource is important, many other variables
should also be considered as there are many valuable motivations for selecting sites with lower

energy resources.

3.1.1 Puerto Rico Study

The first study area is the territory of Puerto Rico, which includes the main island, and to the
east, Isla Culebra and Isla Vieques (Figure 3.1). Puerto Rico has been subjected to increasingly
severe tropical storms, which have caused significant damage to the territory (Barreto-Orta,

2013; PRCC, 2013). Many of the communities not a part of the main metro area experienced loss
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of power and damaged infrastructure during these storms, and they have spent years rebuilding
from these damages (Barreto-Orta, 2013; PRCC, 2013). For example, more than a month after
Hurricane Maria hit the Island in 2017, 75% of the island residents remained without electricity
(Houser & Marsters, 2017). Furthermore, researchers found that low-income and energy-
insecure households faced longer wait times to have their energy restored in comparison to other
households (Sotolongo et al., 2021). During disasters, minority communities already experience
heightened impacts, so restricted energy access only exacerbates these impacts. Site selection
decisions must include data identifying these high-risk communities in order to address these
injustices. Social justice data can also help highlight communities that are at most risk due to
climate change and prioritize sites that most need coastal protection. Furthermore, the energy
produced by CSI-WECs would support the energy resiliency of Puerto Rican communities. This
green energy would also contribute toward Puerto Rico’s goal of meeting its electricity needs

with 100% renewable energy by 2050 (DOE, 2022).
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Figure 3.1 Map of Puerto Rico study area

3.1.2 Hawai ‘i Study

The second study area is the islands of Hawai‘i, which is pictured in Figure 3.2 and encompasses
the Big Island, Maui, O’ahu, Lanai, Molokai, Kuai, and Ni’ihau. The Hawaiian Islands are in the
Pacific Ocean, which provides a large untapped energy resource. The inland areas of Hawai‘i are
characterized by tall volcanic mountains, but the lower coastal areas of the islands are at high
risk to sea level rise. The coastal areas are densely populated and host most of the economic
activity. The future sea level rise projections for the region of Hawai‘i are estimated to be 20%-

30% higher than the global mean (City and County of Honolulu, 2018). Honolulu, the capital and
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largest city of Hawai‘i, is one of the most vulnerable urban areas in the U.S. to future sea level
rise. The area is predicted to experience 1.3 ft (0.4 m) to 5.8 ft (1.78 m) of sea level rise by 2100
(City and County of Honolulu, 2018). Due to the high density of economic activity vulnerable to
sea level rise, a 3.2 ft (0.98 m) rise would result in an economic loss of 66% for the state
(Hawai‘i Climate Change Mitigation and Adaptation Commission, 2017). Overall, Hawai‘i will
be severely impacted by climate change, thus the state has a vested interest in reducing its carbon
emissions and investing in renewable energy. Furthermore, Hawai‘i is one of the most
petroleum-dependent states in the U.S., and the state consumes seven times more energy than it
produces (EIA, 2023b). Consequently, the state has some of the highest energy costs in the
country (EIA, 2023b). This provides further motivation for the state to develop a larger
renewable energy portfolio to strengthen its energy independence and resiliency. In 2015,
Hawai‘i became the first state to create legislation mandating a goal of 100% renewable energy
by 2045 (Hawai‘i State Clean Energy Initiative [HCEI], n.d.). Hawai‘i has a wide range of
renewable energy sources to choose from, including geothermal, wind, solar, and wave energy.
This makes a hybrid wind-wave-solar project a perfect fit for the Hawaiian Islands. Collocation
of these energy resources can help address the intermittency concerns of most renewable energy
sources. However, in the past, Native Hawaiians have experienced deep social injustices,
including directly due to the actions of Hawaiian utility companies (Kokal, 2020). For example,
Kokal (2020) describes the population of Kapolei, O’ahu, a majority native Hawaiian
community, facing the highest rates of asthma and cancer. They are located next to the Kahe
power plant, a major source of pollution. Kahuku is a town on the northern shore of Oahu and is
also a majority native Hawaiian community. Another example is the Kahuku Wind Turbine

Project, which was constructed near schools and neighborhoods, against strong local objections.

33



Community members state that there was no local engagement or attempt to listen to their
concerns (Kokal, 2020). There is a need to acknowledge and honor the cultural heritage of native
Hawaiians. This is why social and environmental justice factors are especially important for this

hybrid systems study.

100 Miles
J

Figure 3.2 Map of Hawai ‘i study area

3.2 Criteria Selection

The criteria selected reflect the study area’s unique community, resource potential, and
stakeholders. Geospatial data for both studies were cataloged. Many of the final criteria selected

were also used in other marine energy MCDA research. However, some social and
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environmental justice data are novel additions. It is important to note too that criteria can be
limited by data availability, quality, or compatibility. For example, remote or island areas such as
Puerto Rico and Hawai‘i sometimes lack the same quantity and quality of geospatial data in

comparison to U.S. mainland areas. Quality refers to the spatial resolution of the data.

3.2.1 Puerto Rico Study

In Puerto Rico, the criteria selected for analysis were distance from shore, the wave energy
resource, proximity to cities, proximity to transmission lines, proximity to ports, proximity to
Justice40 climate change and energy disadvantaged communities, and military danger and
restricted zones. Some criteria identified as important from the literature review were not
included due to data availability, such as hurricane risk data. In Puerto Rico, military danger and
restricted zones were used as exclusionary criteria. MPA areas were considered, but not included

due to the nature of CSI-WEC technology being essentially onshore.

3.2.1.1 Distance from Shoreline

A standardized CSI-WEC device design does not exist; thus, there are no strict guidelines for
water depth or distance from shore. However, existing and proposed project sites are onshore or
near-shore, so the data layers were clipped to an offshore extent of three nautical miles (nm).
This encompasses the distance within which all existing wave energy projects have been located.
Furthermore, 3.0 nm is a common state jurisdiction boundary used nationally by coastal states as

defined by the Coastal Zone Management Act.
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3.2.1.2 Wave Energy Resource

The wave energy resource is important for understanding the economic and technical feasibility
of the project. Whereas the energy resource should not be the only criteria considered, it is
important that CSI-WECs will be producing some amount of energy, and energy production
estimates help plan for energy application planning. The wave energy resource was represented
by data from 42-year average (theoretical) omnidirectional wave power provided by Sandia
National Laboratory (Allahdadi et al., 2021; Ahn et al., 2022). Omnidirectional wave power
(kW/m) is the total energy flux arriving from all directions at a point; it is often used as a

summary metric to show the theoretical energy resource.

3.2.1.3 Proximity to Cities

Proximity to cities is used for finding the population that will be served by the CSI-WEC
installation. It is ideal to locate the projects close to the largest populations, in order to ensure
maximum energy benefits. City data was pulled from the Marine Cadastre tool managed by the
Bureau of Ocean Energy Management (BOEM) and NOAA'’s Office for Coastal Management

(Office for Coastal Management [OCM], 2023a).

3.2.1.4 Proximity to Transmission Lines

Proximity to transmission lines is important for estimating costs associated with grid connection
and energy transport. Transmission lines can also be an indicator of other energy infrastructure
which is important for installation and operation of CSI-WECs. However, for CSI-WECs

proximity to powerlines is less important because of the ability for energy produced to directly
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operate smaller-scale applications, such as desalination projects. Powerline location data was
collected from the Homeland Infrastructure Foundation Level (HIFLD) Database (HIFLD,

2024).

3.2.1.5 Proximity to Ports

Proximity to ports is important because port infrastructure can make installation and maintenance
of CSI-WEC projects easier and more efficient. For Puerto Rico, ports are also being used as a
surrogate for the proximity to existing coastal protection structures, as most breakwaters and
jetties are built near ports and harbors. Identifying locations with existing coastal structures is
crucial for recognizing areas that have historically needed protection. Additionally, it helps
identify structures that could be replaced by or upgraded to a CSI-WEC. Port location data was
pulled from the Marine Cadastre tool managed by BOEM and NOAA Office for Coastal

Management (OCM, 2023b).

3.2.1.6 Justice40

Justice40 is a federally funded initiative that has mandated environmental justice action. The
initiative ensures that 40% of environmentally related federal investments are appropriated to
environmentally burdened communities. Disadvantaged communities are defined as
communities that are marginalized, underserved, and overburdened by pollution. This is
measured with data sets that represent indicators such as energy cost, health outcomes, housing
costs, wastewater discharge, and linguistic isolation. Through the Justice40 initiative, national

geospatial data is available that identifies census tracts as disadvantaged or advantaged, along
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with specific categories of indicator data. The eight categories are climate change, energy,
health, housing, legacy pollution, transportation, water and wastewater, and workforce
development. This data is important to include for addressing environmental justice concerns. It
allows for the identification of communities that have historically been marginalized and
underfunded, and thus could potentially benefit from the addition of a renewable energy project.

For Puerto Rico, two specific categories were selected from the national Justice40
dataset, and proximity to these communities was calculated and used for the analysis. The first
specific dataset identified communities disadvantaged due to climate change risks (Climate and
Economics, 2023). Communities identified as disadvantaged are census tracts that are at or
above the 65" percentile for low-income and at or above the 90™ percentile for expected
agricultural loss, expected building loss rate, expected population loss rate, projected flood risk,
or projected wildfire risk. The second identified communities disadvantaged due to energy
access and efficiency (Climate and Economics, 2023). Communities identified as disadvantaged
are census tracts that are at or above the 90th percentile for projected energy costs and are at or
above the 65th percentile for low-income.

Energy justice researchers (Caballero et al. (2023) emphasize that identifying
communities that have received less investment in infrastructure and endure frequent power
outages helps to prioritize creating equitable energy infrastructure development and MRE
projects. In Puerto Rico, many of the local communities do not have reliable access to energy,
after Hurricane Maria it took over a year for power to be fully restored to all residents (Houser
and Marsters, 2017). By including and prioritizing community energy access as a criteria, the
final proposed sites should aid communities that need access to clean energy the most. A CSI-

WEC may help one community get reliable energy months earlier.
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3.2.1.7 Exclusionary Criteria

The only exclusionary criteria used were military danger and restricted areas, where access and
development are generally heavily restricted or prohibited. These are displayed in Figure 3.3.
Military danger and restricted zones were collected from the Marine Cadastre tool managed by
BOEM and NOAA Office for Coastal Management (OCM, 2024). After the analysis was

completed, the exclusionary zones were overlaid on the final suitability maps.
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Figure 3.3 Puerto Rico military danger and restricted zones
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3.2.2 Hawai i Study

In Hawai‘i, the criteria selected for analysis were the wave power, wind speed, solar irradiance,
proximity to transmission lines, proximity to ports, distance from Justice40 disadvantaged
communities, military danger and restricted zones, and Marine Protected Areas (MPA). Solar
and wind energy resource data were not included in the Puerto Rico study because this data is

only applicable to the hybrid system used in the Hawai‘i study.

3.2.2.1 Wave Energy Resource

The wave energy resource is important for understanding the economic and technical feasibility
of the project. Again, the wave resource was characterized by omnidirectional wave power data
(kW/m). The dataset was obtained from NREL’s Marine Energy Atlas and was generated using
WaveWatch 111 and SWAN models. The dataset is an annual 32-year average from 1979 to 2010.

(Lietal., 2021).

3.2.2.2 Wind Energy Resource

The wind energy resource is important for understanding the economic and technical feasibility
of the project. The wind energy resource was characterized by average annual wind speeds at
100 meters above the surface level generated from WIND Toolkit data provided in a geo-

database obtained from NREL (Draxl, 2015). The dataset spans seven years from 2007-2013.
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3.2.2.3 Solar Energy Resource

The solar energy resource is important for understanding the economic and technical feasibility
of the project, and especially important for projections of energy production. The solar energy
resource was represented by the global horizontal solar irradiance (GHI) from NREL’s RE Atlas,
which was created using the SUNY Satellite Solar Radiation Model (Lopez et al., 2012; Perez,
2012). The model utilized local satellite data to incorporate cloud coverage, which reduces solar
radiation that reaches the earth’s surface. The data was averaged from an eight-year hourly

model (1998-2009). The annual average daily solar resource is represented by kWh/m2/Day.

3.2.2.4 Proximity to Transmission Lines

Proximity to transmission lines is important for estimating costs associated with grid connection
and energy transport. Transmission lines can also be an indicator of other energy infrastructure
which is important for installation and operation of hybrid systems where storage is critical for
dealing with energy variability. Transmission line location data was collected from the

Homeland Infrastructure Foundation Level Database (HIFLD, 2024).

3.2.2.5 Proximity to Ports

Proximity to ports is important as port infrastructure makes the installation and maintenance of
hybrid projects easier and more efficient. It can also impact the economic feasibility of a project.
Port data was pulled from the Marine Cadastre tool managed by BOEM and NOAA Office for

Coastal Management (OCM, 2023b).

41



3.2.2.6 Justice40

The Justice40 dataset is explained thoroughly in section 3.2.1.7. For Hawai‘i, the general dataset
was used, which classifies communities as disadvantaged if they are in a census tract that meets
the thresholds for at least one of the categories of burden or if they are on land within the
boundaries of a Federally Recognized Tribe (Climate and Economics, 2023). This is an
important indicator of communities that have been historically underserved or burdened, and
many census tracts are areas where there are large populations of Native Hawaiians. Climate
change will have a disproportionate impact on the traditional lifestyle and cultural practices of
indigenous communities in Hawai‘i (Leong et al., 2014). However, in recent pushes for
renewable energy projects in Hawai‘i, there have been numerous projects proposed in locations
that impact land or activities that are critical to the cultural and social well-being of Native
Hawaiians. These projects will only further the harm to indigenous Hawaiian communities, and
with the historical social injustices, it is vital that future renewable energy projects actively
mitigate any adverse impacts on the lives of indigenous communities. Therefore, locations closer
to these Justice40 tracts will be considered less suitable, in order to create a buffer around these

communities.

3.2.2.7 Exclusionary Criteria

Military danger and restricted zones were also used exclusionary criteria in Hawai‘i, along with
MPA. These are displayed in Figure 3.4. The MPA map encompasses National Marine
Sanctuaries and Marine National Monuments, where development and disruptive activities are

heavily managed in order to protect sensitive marine environments, species, and cultural heritage

42



sites. This is especially important in Hawai‘i which is home to the Humpback Whale National
Marine Sanctuary. MPA locations were obtained from NOAA’s Marine MPA website (OCM,
2024b). Military danger and restricted zones were collected from the Marine Cadastre tool
managed by BOEM and NOAA Office for Coastal Management (OCM, 2024). Once the

analysis was completed, the exclusionary zones were overlaid on the final suitability maps.
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Figure 3.4 Map of Hawai ‘i study area and exclusionary zones: MPA locations and military
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3.3 Criteria Weighting

AHP pairwise comparison matrix analysis was conducted in the computer programming
language Python. The AHP process was created by Thomas Saaty (1990) and involves assigning
values to pairwise comparisons that represent the relative importance of one criterion over
another. These values are listed in Figure 3.1 and are used to create a pairwise comparison
matrix. Within the matrix, the values in each column were summed. Then the matrix was
normalized by dividing each point in the matrix by the column’s sum to create values from 0 to
1. Finally, the average of each row was calculated. The output was a criteria weighting, which
represents the criteria's overall importance in comparison to all other criteria. To validate the
criteria weightings and test for robustness, a Consistency Index (CI) and Consistency Ratio (CR)
were calculated in Python using Equation 1 and Equation 2 (Vasileiou et al., 2017).

Cl = Zmax -1t [1]

n-1
Cl

cR=< 2]

RI

Where 4,4 1S the maximum eigenvalue of the matrix and n is the number of criteria in the
matrix. RI is the Random Index, a standard value derived from the size of the matrix. This value
was calculated by Saaty (1990) who created a table of RI values based on matrix size. This value
increases with matrix size. If the CR is greater than 10% then the pairwise comparisons are not

consistent and should be repeated (Vasileiou et al., 2017).
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Intensity of Definition Explanation

Importance

1 Equal Importance Two criteria contribute equally to
the objective

3 Moderate importance Experience and judgment slightly
favor one criteria over another

5 Essential or strong importance Experience and judgment strongly
favor one criteria over another

7 Very strong importance A criteria is favored very

strongly, and its dominance is
demonstrated in practice
9 Extreme importance The criteria favoring one activity
over another is of the highest
order of affirmation
2,4,6,8 Intermediate values
Figure 3.1 AHP value scale chart based on Saaty (1990).

3.4 GIS/MCDA methods

After the selection of the study areas and specific criteria, data was imported and clipped to the
extent of the study location using the ESRI GIS software ArcMap 10.8.2 (ESRI 2011). The study
area extent was 3.0 nm in Puerto Rico and 50 nm in Hawai‘i. The following steps are also
described in a flow chart pictured in Figure 3.2. Data was reprojected to the same geographic
coordinate system to ensure compatibility across data layers. For Puerto Rico, the Projected
Coordinate System (PCS) Puerto Rico SPCS NAD 1983 was used. For Hawai‘i, Hawai‘i’s State
Plane Coordinate System (SPCS) NAD 1983 UTM 4 was used. The Euclidean distance was used
to calculate the proximity for feature class data (city locations, port locations, Justice40
disadvantaged communities, and electric transmission lines), providing the distance between the
layer feature and each raster cell. To allow for the compilation of the data layers, each layer was
normalized to a standard scale of 0 to 1, where 1 is considered the highest rank, and 0 is the least

desirable. This was done with the Raster Calculator using Equation 3:
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Raster —Raster Minimum [3]

Raster =1 — , —
Raster Maximum—Raster Minimum

By subtracting from 1, the equation ensures that higher values are associated with the closest
proximity (and highest suitability).

In ArcGIS, the data layers were combined using the Weighted Sum tool. The criteria
rankings from the AHP analysis were used to weight each data layer. After the analysis was
completed, exclusionary areas were overlaid to remove locations classified as unsuitable. The

resulting raster displayed the variability of suitability of sites in the study area.

46



Criteria identificationa and data
collection

1
¥ L4

Vector Data Raster Data

Euclidean
Distance

AHP analysis to calculate criteria
weightings

'

Weighted
Overlay

Site suitability overlay map

Figure 3.2 Flow chart of GIS and AHP methods used to create site suitability maps. Diamond
shapes indicate a GIS tool.
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3.5 Comparative Analysis

Once the initial weighted overlay was created, another analysis was completed without the social
justice layers included but keeping the weightings of the other criteria the same. For Puerto Rico,
this meant removing the two Justice40 proximity layers, and for Hawai‘i the one Justice40
proximity layer. For further comparison, another map was created by using the Raster Calculator
tool to subtract the social justice overlay from the technical. This created a difference map that
illustrates the differences between final site rankings between each analysis. With the creation of
these results, there were four site suitability maps to compare between each study. The first is an
energy resource map, the second is a site suitability analysis with only the resource and technical
criteria, the third is a complete site suitability analysis including social criteria, and the final map

illustrates the differences between analyses.

3.6 Measures of Success

The first measure of success is the creation of a site suitability map in ArcGIS. The next measure
of success is that the suitability map clearly identifies areas that range from not suitable to highly
suitable and at least one site is identified as highly suitable. Highly suitable sites are defined as
sites ranked in the highest quartile of the results, ideally from 0.75 to 1. Whereas, highly
unsuitable sites are defined as sites ranked in the lowest quartile of results, ideally between 0 and

0.25.
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4  Results

In total, eight maps were created across the two study areas. These include an energy resource
map, two suitability maps, one technical map with social criteria omitted and one with social
criteria included, and a difference analysis map for each case study. There are clear differences
between the output maps within study areas. Furthermore, there are differentiations between the

impact of the social justice data on the overlay results between study areas.

4.1 Puerto Rico Case Study

The criteria weights used during the suitability analysis were created from an AHP
analysis (Figure 4.1). The highest weighted criteria were the Justice40 energy disadvantaged
communities and climate change disadvantaged communities. The consistency ratio was 4.1%,
showing that the criteria weight matrix was consistent. The omnidirectional wave power map
(Figure 4.2) shows that there is a strong wave resource along the north shore of Puerto Rico, with
values at roughly 13 kW/m. Figure 4.3 displays the two site suitability maps: the overlay with
social justice criteria and the technical overlay without social justice criteria. The first analysis
used these criteria: Justice40 climate change disadvantaged communities, Justice40 energy
disadvantaged communities, wave power, port proximity, city proximity, and transmission line
proximity. This map overlay shows that there are many suitable CSI-WEC sites around the
island. The northern shore near San Juan is highly suitable, as well as small patches on the
southern shore. The second analysis used these: wave power, port proximity, city proximity, and
transmission line proximity. This map overlay shows that the most suitable CSI-WEC sites are
along the north shore of Puerto Rico. The most favorable sites are clustered around the city of

San Juan, the NE corner of the island, and the NW corner of the island. The sites with suitability
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values over 0.751 are considered highly suitable, while those with values less than 0.45 are
considered unsuitable. This applies to both maps. The final map displays the difference between
the technical and social justice map overlays (Figure 4.4) showing that the inclusion of social
justice data creates different results. In particular, the sites on the southern coast of Puerto Rico
were scored significantly higher when the social justice criteria were included in the first

analysis.
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Figure 4.1 Puerto Rico criteria weightings calculated from the AHP analysis
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Figure 4.3 This map displays the social justice and technical site suitability overlays. The social
justice map analysis used data layers: wave power, city proximity, port proximity, electric
transmission line proximity, and Justice40 social justice factors. The technical map analysis used
data layers: wave power, city proximity, port proximity, and electric transmission line proximity.
Military danger and restricted zones are overlaid on both maps. The legend applies for both
maps. Sites with values greater than 0.751 are classified as highly suitable, while sites with
values less than 0.45 are classified as unsuitable.
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Figure 4.4 Map showing the difference between technical overlay and social justice overlay. The

red values (0.1 through 0.25) favor technical criteria over social justice factors, while the green

values (-0.4 through -0.25) favor social justice criteria. The yellow/orange color corresponds to
areas similarly valued by both analyses.
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4.2 Hawai‘i Case Study

The criteria weights used during the suitability analyses were created from an AHP analysis
(Figure 4.5). The highest weighted criteria were the three energy resources, wave, wind, and
solar. The consistency ratio was 1.3%, showing that the criteria matrix was consistent. The solar,
wind, and wave energy resource map is displayed in Figure 4.6. There is a strong correlation of
wind, wave, and solar energy resources for the study area. The strongest concentration of energy
potential is along the north shore of the islands. There is also a small section along the SE tip of
the study area and another site off the south coast of Maui. The two output overlay maps are
displayed in Figure 4.7: the overlay with social justice criteria and the technical overlay without
social justice criteria. The first analysis used these criteria: Justice40 disadvantaged
communities, wave energy resource, solar energy resource, wind energy resource, port
proximity, and transmission line proximity. The first overlay indicates that there are suitable sites
located along the northern part of the study area, however, there are only a few patches of highly
suitable areas. One is located to the NE of Lihue, and another to the NE of Maui. The second
analysis used these criteria: wave energy resource, solar energy resource, wind energy resource,
port proximity, and transmission line proximity. The second overlay displays that there are
highly suitable areas along the northern parts of the study site. Additionally, there is a location
south of the Big Island that is also classified as highly suitable. The sites with suitability values
over 0.751 are considered highly suitable, while those with values less than 0.45 are considered
unsuitable. This applies to both maps. The final map of the difference between the technical and
social justice map overlays (Figure 4.8) was created using the Raster Calculator tool, to subtract
the technical map values from the social justice map values. The map highlights the differences

in scores given to sites by each analysis.
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Figure 4.5 Hawai ‘i criteria weightings calculated using the AHP analysis.
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Figure 4.7 Map of the social justice site suitability overlay and the technical site suitability. The
social justice site suitability included all layers for analysis: wave power, solar PV power, wind
speeds, transmission line proximity, port proximity, and Justice40 disadvantaged communities.
The technical site suitability analysis included all technical and resource layers: wave power,
solar PV power, wind speeds, transmission line proximity, and port proximity. The exclusionary
zones encompass Marine Protected Areas (MPA) and military danger and restricted zones. The
legend applies to both maps. Sites with values greater than 0.751 are classified as highly
suitable, while sites with values less than 0.45 are classified as unsuitable.
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Figure 4.8 Map of the difference between the technical site suitability overlay and the social
justice overlay. The red values (0.055 through 0.115) favor technical criteria over social justice
factors, while the green values (-0.043 through 0.026) favor social justice criteria. The
yellow/orange color corresponds to areas similarly valued by both analyses.
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5 Discussion

Results from the Puerto Rico case study indicate that there are highly suitable sites for CSI-WEC
deployment that should be further explored, specifically off the northeastern coast and along
areas on the southeastern coast. Furthermore, site suitability results reveal that the suitable sites
identified with the inclusion of social justice criteria differ from those identified by the technical
analysis. Results from Hawai‘i denote several potential suitable sites for hybrid wind-wave-solar
projects surrounding the islands of Hawai‘i, specifically off the northern coasts. The results of
the two case studies demonstrate general similarities, such as favoring the north and northeastern
shores. General climate patterns that affect both regions could explain this preference, namely
the westerly winds that impact the wind and wave resources. An important difference between
the studies is how the addition of social justice criteria impacts the distribution of suitable sites.
In Puerto Rico, the inclusion of social justice criteria increases the number of suitable sites,

whereas, in Hawai‘i, it decreases them.

5.1 Puerto Rico Study

The technical analysis strongly favors sites with high wave energy resources (Figure 4.3b), thus
the suitability map strongly resembles the wave resource map (Figure 4.2). In contrast, including
the social justice criteria identifies many more sites surrounding Puerto Rico as highly suitable
(Figure 4.3a). The NE corner of the island surrounding San Juan is one of these sites, which
interestingly, shows up in both analyses. The analysis with social justice criteria also identifies
multiple highly suitable sites along the southern coast that other analyses undervalued (Figure
4.3). The difference map further supports this, indicating that sites on the southern coast scored

significantly higher when including the social justice criteria in the analysis. This demonstrates
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that the inclusion of social justice criteria impacts the results of site suitability analysis by
prioritizing sites near communities that are most in need of clean energy investment. If the
analysis was conducted using only technical criteria, which is the current standard, these sites
would never have been considered for further development. While it is important for minimum
technological energy requirements to be met, site selection needs to be moving towards more
equitable decisions (Caballero et al., 2023).

Something of interest about the analysis with social justice criteria is that the neighboring
islands have very low scores, and this is most likely because most of the islands are uninhabited
or have low population counts, thus they have Justice40 data values closer to zero. Including
these islands skew the overall analysis toward highly populated places, thus any coastal space of
the main island is scored highly relative to the smaller islands. The results indicate that the
smaller islands of Culebra and Vieques are not suitable for CSI-WEC projects. For future
analyses, narrowing the study area to only encompass the main island of Puerto Rico could
provide more variation in the scores around the main island.

Overall, the results provided a successful selection of general CSI-WEC sites in Puerto
Rico to further analyze; however, an analysis that focuses solely on the main island would
provide more nuanced results. One strength of MCDA analysis methods is to easily narrow down
site possibilities, and this was less successful in Puerto Rico because the results heavily favor any
locations near the main island. The sites on the southern coast of Puerto Rico are areas that have
been reported as suffering from long power outages during storms in unreliable power access in
normal conditions (Sotolongo et al., 2021). These sites are scored higher with the addition of
social justice criteria, which highlights the ability of the tool to prioritize communities that can

benefit most from renewable energy projects.
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5.2 Hawai‘i Case Study

The northern shores of Hawai‘i exhibit the strongest correlation of the wind, wave, and solar
energy resources (Figure 4.6). The technical suitability map is very similar to the energy resource
map (Figure 4.7b); however, some differences appear to be related to the technical data.
Infrastructure proximity, such as transmission lines or ports, may cause moderately suitable sites
on the energy resource map to score higher on the technical suitability map. For example, while
the area to the south of Maui was ranked as least suitable on the energy resource map, it was
scored as moderately suitable on the technical suitability map. The analysis with social justice
criteria yields similar results to the technical suitability results but with lower overall suitability
(Figure 4.7a). This is likely due to the classification of the Justice40 data, where locations closer
to shore were weighted lower to protect disadvantaged communities. This is supported by the
comparison map (Figure 4.8), which demonstrates that the technical suitability map heavily
values locations closer to islands, suggesting that the buffer created by the social justice criteria
strongly influences the analyses.

Overall, this case study demonstrates the success of GIS-based MCDA methods to assist
in making siting decisions. The results identified several suitable sites for hybrid systems located
along the northern coasts of the islands. These sites have abundant energy resources and
available infrastructure, but they are also far enough from shore to avoid marine spatial use
conflicts. Enhancing the results of these analyses would involve adding more marine use or

social justice criteria to ensure that sites do not adversely impact native Hawaiian populations.
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5.3 Case Study Comparison

Both GIS MCDA results highlighted sites that could be further analyzed for the deployment of
each marine energy technology. This demonstrates two successful case studies of GIS-based
MCDA in the marine energy space. Both studies shared a similarity in that the technical
suitability analyses were heavily influenced by the energy resource criteria. The northern and
northeastern shores of the islands got the highest scores on the energy resource map, which could
be due to the general climatic processes that impact both areas. Puerto Rico and Hawai‘i are at
similar latitudes (between 19-22) where the trade winds play a role in the wind and wave
climate.

A key difference between the studies is the impact that adding the social justice criteria
had on the results. The three maps of Hawai‘i look relatively similar, with only small differences
between sites scored highly. The maps of Puerto Rico do not look similar. This difference likely
arises from the variations in population distribution across each area. The surrounding islands of
Puerto Rico, Culebra and Vieques, have very low population numbers. Therefore, areas closer to
the main island scored much higher with the inclusion of the social justice criteria. In contrast,
the Hawaiian Islands have a population that is less clustered and better distributed. Another
difference is that including the Hawai‘i social justice criteria created a more limited number of
highly suitable sites, whereas including the Puerto Rico social justice criteria increased the
number of sites. Once more, this difference could be attributed to the variations in population
distribution between the islands of the two studies. This difference is also likely due to the way
the proximity to Justice40 communities was ranked. In Puerto Rico, closer proximity was ranked
higher to prioritize communities that have been underserved, whereas in Hawai‘i closer

proximity was ranked lower in order to protect overburdening native communities. These results

62



indicate that how social data is used and weighted have a significant impact on the results. For
this reason, the different criteria included in site selection analysis should be very thoroughly
outlined and discussed. The site selection process is an important time when prospective
stakeholders should be approached in order to hear local concerns and questions that could be
addressed with data during site selection.

It’s important to note that, historically, energy projects with negative impacts, such as
pollution risks, have often been disproportionately placed in socially vulnerable communities.
Care should be taken that these methods are not used to create more injustices. The
environmental and social impact of each technology should be carefully considered, and local
communities should always be included in planning in order to ensure that their concerns are

being heard.

5.4 Future Considerations

During this research, one of the greatest limitations was the availability and quality of geospatial
data for both study areas. Many studies have highlighted this issue (Flocard et al., 2016;
Vasileiou et al., 2017) and something that marine spatial planning, such as the MSP in the EU, is
working to address (European Commission, 2022). In both cases, energy resource data is crucial
for technical suitability analysis, but the nearshore resolution of wave data is very low. For
Puerto Rico, where the CSI-WEC technology is on or near shore, the nearshore wave resource is
vital. This type of data is key to further development of site selection tools for CSI-WECs, and
marine energy projects in general. Data on the frequency and intensity of storms would also be
valuable in identifying locations that most need storm surge protection provided by CSI-WECs.

Furthermore, geospatial social data was especially difficult to find, likely leading to the underuse
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of social data for GIS analysis. The Justice40 dataset is an excellent example of social data that
can be very impactful on site selection decisions, which is why it was used for both sites. For
example, in Hawai‘i it is important to acknowledge the right of native Hawaiians to their native
lands and cultural practices, thus data representing culturally significant areas and areas essential
to cultural practices could be incorporated to make siting decisions that avoid these areas. There
is also a general lack of geospatial data classifying marine activities throughout marine spaces.
For example, locating marine areas that are used by native Hawaiians for fishing would be
invaluable to add to site selection analysis. These types of marine social data would help
proactively address marine use conflicts and enable more transparent and equitable project

development moving forward.
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6 Conclusion

This study demonstrated how GIS-based MCDA methods optimize marine energy site selection
while also ensuring equitable and just development. Results from Puerto Rico and Hawai‘i
identified highly suitable areas around the islands for future exploration and development.
Moreover, the results of the suitability analysis with social justice criteria highlighted different
suitable locations than the suitability analysis with technical and energy resources, underlining
the importance of considering socioeconomic factors in the decision-making process. The GIS-
based MCDA methods applied in this study provide an efficient tool for marine energy site
selection, enabling the consideration of a wide range of criteria across various technologies.
Additionally, the flexibility to adjust criteria based on specific site conditions and energy device
requirements enhances the adaptability of these methods. Site selection is a lengthy part of a
project timeline; thus, this tool can streamline projects and accelerate the deployment of marine
renewable energy devices. This efficiency is essential for scaling up the world’s renewable
energy portfolio to meet global climate targets; however, it is also imperative to prioritize equity

and environmental justice.
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Figure 8.1 Puerto Rico populated cities
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Figure 8.2 Puerto Rico Justice40 disadvantaged climate change communities
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Figure 8.3 Puerto Rico Justice40 energy disadvantaged communities
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Figure 8.4 Puerto Rico electric transmission lines and port locations
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Figure 8.5 Puerto Rico electric transmission line proximity map. Red represents close distances,

while green represents far distances.
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Figure 8.7 Puerto Rico port proximity. Red represents close distances, while green represents
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Figure 8.8 Puerto Rico Justice40 energy disadvantaged communities’ proximity map. Red

represents close distances, while green represents far distances
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Figure 8.10 Hawai ‘i port and electric transmission line locations
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Figure 8.11 Hawai i Justice40 disadvantaged communities
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Figure 8.12 Hawai ‘i omnidirectional wave power in kW/m.
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Figure 8.14 Hawai i wind speeds at 100 meters in m/s
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9

Glossary

BOEM - Bureau of Ocean Energy Management

CSI-WEC - Coastal Structure Integrated Wave Energy Converter
DOE — Department of Energy

EEZ — Exclusive Economic Zone

GIS — Geographic Information Systems

MCDA — Multi-Criteria Decision Analysis

MRE — Marine Renewable Energy

MPA — Marine Protected Areas

MSP - Marine Spatial Planning or Maritime Spatial Planning
NOAA — National Oceanic and Atmospheric Administration
PV — Photovoltaic

WEC — Wave Energy Converter

96



	GIS-based Multi-Criteria Decision Analysis for Marine Energy Site Selection: A Case Study Comparison between Puerto Rico and Hawaii
	1 Introduction
	2 Literature Review
	2.1 Siting Requirements
	2.1.1 Photovoltaic
	2.1.2 Wind
	2.1.3 Wave

	2.2 Marine Renewable Energy Projects
	2.2.1 CSI-WECs
	2.2.2 Hybrid Energy Systems

	2.3 Social and Environmental Justice Factors
	2.4 Marine Spatial Planning
	2.4.1 Introduction to Marine Spatial Planning
	2.4.2 Current Issues in the Marine Space
	2.4.3 Marine Spatial Planning Examples

	2.5 GIS and Multi-Criteria Decision Analysis
	2.5.1 Criteria Weighting

	2.6 Study Goals

	3 Methods
	3.1 Study Area Selection
	3.1.1 Puerto Rico Study
	3.1.2 Hawaiʻi Study

	3.2 Criteria Selection
	3.2.1 Puerto Rico Study
	3.2.1.1 Distance from Shoreline
	3.2.1.2 Wave Energy Resource
	3.2.1.3 Proximity to Cities
	3.2.1.4 Proximity to Transmission Lines
	3.2.1.5 Proximity to Ports
	3.2.1.6 Justice40
	3.2.1.7 Exclusionary Criteria

	3.2.2 Hawaiʻi Study
	3.2.2.1 Wave Energy Resource
	3.2.2.2 Wind Energy Resource
	3.2.2.3 Solar Energy Resource
	3.2.2.4 Proximity to Transmission Lines
	3.2.2.5 Proximity to Ports
	3.2.2.6 Justice40
	3.2.2.7 Exclusionary Criteria


	3.3 Criteria Weighting
	3.4 GIS/MCDA methods
	3.5 Comparative Analysis
	3.6 Measures of Success

	4 Results
	4.1 Puerto Rico Case Study
	4.2 Hawaiʻi Case Study

	5 Discussion
	5.1 Puerto Rico Study
	5.2 Hawaiʻi Case Study
	5.3 Case Study Comparison
	5.4 Future Considerations

	6 Conclusion
	7 Bibliography
	8 Appendix
	9 Glossary

