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A B S T R A C T   

Coastal communities face unique socio-ecological risks and vulnerabilities due to their geography and related 
resource dependencies. The resilience of such communities and their capacity to adapt to social, economic, and 
environmental change is consequently shaped by the diverse characteristics and values that guide their devel
opment. Marine renewable energy (MRE) is one promising solution for augmenting coastal resilience and 
environmental sustainability while increasing energy security, energy affordability, and socioeconomic benefits. 
The socio-technical nature of energy transitions more broadly necessitates place-based and multidisciplinary 
analyses to gain a full picture of the needs of communities. This article uses potential MRE development (spe
cifically tidal energy) in two coastal communities as a lens to explore how social perceptions and MRE's technical 
potential might be integrated to improve alignment between community values and energy development. We 
draw on semi-structured interviews with community representatives from Sitka, Alaska and the San Juan Islands 
in Washington State and present findings on how energy development objectives are shaped by community 
values, resource relations, and institutional relations. Through modeling exercises, we also show the grid benefits 
of MRE deployment in the San Juan Islands, highlighting MRE's role in deferring costly electric infrastructure 
upgrades and reducing fuel imports when paired with solar photovoltaic (PV) or battery storage. These findings 
offer viable pathways for future MRE research, commercial validation, and deployment that directly respond to 
the place-based opportunities and challenges of coastal communities.   

1. Introduction 

Given the pace of global climate change, a rapid transition to 
renewable energy sources is paramount for societies seeking to avoid its 
most severe consequences [1]. Due to their geography, coastal com
munities experience multiple, often compounding social, economic, and 
environmental challenges that leave them particularly vulnerable to the 
effects of climate change [2,3]. Renewable energy technologies, such as 
marine renewable energy (MRE), are an emerging solution for coastal 
regions that offer decarbonized, sustainable, and scalable opportunities 
for energy security and resilience [2]. MRE refers to technologies that 
harness energy potential from the ocean through waves, currents, tides, 
and salinity or thermal gradients and convert that potential into elec
tricity or other usable forms of energy [2]. MRE technologies are at an 

earlier stage in development than other renewables but are poised to 
play a key role in marine sector energy transitions. 

A community's capacity to respond and adapt to vulnerabilities 
posed by climate change through investments in renewable energy de
pends, in part, on understanding community values and the degree of 
support for new technologies. Local values and attitudes, histories, ge
ographies, culture, politics, and economic contexts provide the social 
setting in which communities are embedded. When new development or 
infrastructure is perceived to threaten those values, communities often 
engage in place-protective behaviors [4,5], which can include resistance 
to new forms of energy development. This provides a more complex and 
nuanced social picture than traditional, often problematic “not in my 
backyard” (NIMBY) arguments that characterized past explanations for 
public opposition to renewable energy projects [6]. 
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Public acceptance and buy-in are necessary for technological and 
regulatory developments to catalyze investments that support renew
able energy transitions, but conflicting values can drive social responses 
that create unanticipated barriers [7]. Changes to socio-technical sys
tems that characterize energy transitions are dependent on resolving 
value conflicts between social actors [8]. For example, MRE develop
ment can displace commercial fishers, affecting their livelihood and 
their communities [9]. Space-use conflicts between commercial or rec
reational ocean users (e.g., aquaculturists, fishers, nature-based tourists) 
and marine energy developers can affect siting opportunities and cata
lyze opposition to development, especially when multiple sectors desire 
exclusive access [7]. Adequate compensation, however, may help 
galvanize collaboration to mitigate conflict between sectors [10]. 
Resolving these disputes will require aligning the technical and eco
nomic goals of developers and utilities with the values-based develop
ment goals of communities and refocusing public engagement around 
community values and priorities [7]. 

Siting, developing, and deploying commercial MRE installations are 
complex processes that depend on specific combinations of resource and 
technology availability, marine and coastal governance regimes, local 
environmental conditions, economic factors, and integration of diverse 
publics in decision-making processes [11]. Moreover, public responses 
to development proposals can vary based on stage of development and 
technology maturity, necessitating data that integrate social and tech
nical dimensions and support decision-making [12]. Although research 
on the interrelated socio-technical challenges of MRE is rapidly growing, 
DeGroot and Bailey [13] suggest “little is known about the factors 
informing people's evaluation of MRE developments in their local area, 
the value systems people employ to evaluate the phenomena that 
contribute to local livelihoods, or how the character of local areas might 
be affected by MRE projects” (p. 81). Additionally, there are many un
certainties pertaining to the social, economic, and environmental effects 
of MRE development on local communities that affect if and where MRE 
technologies are developed. MRE systems have not been widely 
deployed, providing researchers an opportunity to focus efforts on un
derstanding the multidimensional interactions of social and technical 
components, the role of place, and how it might affect public perceptions 
“upstream” of project proposals [14]. This study employs an explor
atory, mixed-method approach to build on recent research and assess the 
role of socio-technical innovation in MRE development and environ
mental and economic justice in energy transitions more broadly [15]. 

Our analysis focuses on two remote coastal communities on the west 
coast of the United States: Sitka, Alaska and San Juan Islands, Wash
ington. We conceptualize a “community” as a subjective unit of co- 
constructed identities defined by place-based characteristics, in
teractions, and values [15,16]. For the purpose of our analysis, we focus 
specifically on tidal marine energy systems in our two case study loca
tions. We explore the compatibility of MRE technologies within in the 
context of these two coastal communities and provide a model for future 
MRE research and development that can reduce community vulnera
bilities and improve socioeconomic outcomes amid a changing climate. 
To that end, the following questions inform the research design:  

1. What vulnerabilities to the social, environmental, and economic 
well-being of coastal communities in the United States can be 
attributed to energy infrastructure and service deficiencies?  

2. How can MRE technologies and related project planning address 
community vulnerabilities?  

3. What contextual characteristics of coastal communities are critical 
for community-MRE compatibility? 

Semi-structured interviews with key community representatives 
were conducted to understand how community contexts and charac
teristics may inform renewable energy development as an energy se
curity and resilience solution. Technical analyses and modeling were 
subsequently conducted to highlight the potential value and role of MRE 

in addressing community vulnerabilities and reliability needs. Through 
integration of qualitative and quantitative approaches, we build upon 
growing mixed-methods literature at the nexus of social sciences and 
energy research to relate technical advances in MRE to energy resilience 
for coastal communities and lay the groundwork for future research. In 
the sections below, we view MRE development through the underlying 
lens of place-based values to conduct an exploratory socio-technical 
assessment of the coastal communities of Sitka, Alaska and San Juan 
Islands, Washington. This assessment highlights how community char
acteristics inform energy development pathways and vice versa—how 
energy development can better address community-specific vulnerabil
ities by identifying community values. Section 2 provides background 
information on the community vulnerabilities and local place-based 
values related to social acceptance for MRE development. Descriptions 
of the coastal communities selected as case studies are offered in Section 
3. Section 4 provides the data and methods used in the study. Section 5 
provides the study's qualitative findings, and Section 6 covers the 
quantitative results from the technical analyses. Section 7 offers a dis
cussion synthesizing the results, and Section 8 concludes the paper. 

2. Background: community vulnerabilities, values, and marine 
renewable energy 

Approximately 10 % of the global population lives in coastal areas 
(or land that is below 10-meter elevation) [3], and more than 50 % (~4 
billion people) lives within 200 km of a coastline [2]. Coastal and island 
communities refer to people living at the interface between the land and 
the sea, where ecosystems and human activities are especially inter
connected [4]. Although coastal communities are typically defined 
through semi-arbitrary geographic, environmental, or political bound
aries (e.g., inland distance from high tide) and broad socioeconomic 
characteristics (e.g., marine resource dependency), these communities 
are too diverse and dynamic to easily define [5]. Exogenous forces (such 
as population growth, urbanization, and globalization) and endogenous 
forces (such as local tourism and related economic activity) can exac
erbate changes to community composition and structure [5]. 

Coastal community vulnerabilities create basic unmet needs, as well 
as complex and nuanced resource dependencies that affect the social, 
ecological, and economic well-being of the community. Values reflect 
the sociocultural and environmental contexts in which people and 
communities are embedded, leading to a diverse array of perspectives, 
beliefs, and ideologies that structure community identity, which pre
sents challenges to achieving consensus at the community level on how 
to best address complex social and environmental problems [17]. A 
high-level overview of pertinent literature was conducted to charac
terize the vulnerabilities faced by coastal communities and the socio- 
technical linkages between community values, social acceptance of 
new technologies, and potential deployment of marine renewable en
ergy systems. A comprehensive and exhaustive review of the literature is 
beyond the scope of our analysis. The exploratory nature of our study, 
however, necessitates grounding our discussion in an understanding of 
coastal community vulnerabilities, values, social acceptance, and MRE 
technologies. Section 2.1 discusses community vulnerabilities, which 
are grouped into four key dimensions—economic, social, technical, and 
environmental—which are discussed below. Community values are 
discussed in the context of social acceptance of renewable energy 
technologies more broadly. Finally, we review the state of MRE tech
nology and its potential to address coastal vulnerabilities identified in 
our background review. 

2.1. Coastal community vulnerabilities 

2.1.1. Economic vulnerabilities 
Coastal community economics are often intertwined with geographic 

and social factors—like relative isolation and limited population—that 
drive the use of natural resources as the predominant means of 
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production. Dependence on natural resources, not only for subsistence 
needs, but also for livelihood activities, is especially prevalent in coastal 
communities. Industries dependent on natural resources and the 
ecosystem services provided by the environment, such as tourism, 
fishing, forestry, mining, and aquaculture, are among the major eco
nomic sectors in coastal communities [2]. Overdependence on one or 
two industries in these communities can introduce long-term vulnera
bility and economic instability and result in underdevelopment within 
other economic sectors [18]. For example, long-term overdependence 
on tourism can create economic vulnerabilities through seasonal un
employment [19,20], waste hazards associated with cruise ships and 
charter boats [21], ecologically destructive tourist activity [22,23], and 
fluctuating value of commercial, investment, and second home proper
ties with tourist demand for their use [24]. Beyond tourism, community 
dependencies on other industries, such as fishing and aquaculture, also 
pose unique vulnerabilities (e.g., species depletion, habitat destruction) 
[2]. By providing water and space for shipping and ports, as well as salt 
and sand for use in infrastructure and other purposes, coastal commu
nities also export or provide their limited resources for distant economic 
needs. 

Ultimately, the embedded nature of ecosystem goods and services in 
the economic profile of these communities results in vulnerabilities 
associated with dependence, including industry seasonality, boom-and 
bust-cycles tied to infrastructure construction and new housing de
velopments, and cascading economic dependencies (e.g., tourism and 
amenity migration) [25,26]. Aside from these community-scale, “micro” 
vulnerabilities, coastal communities are also susceptible to “macro” 
scale vulnerabilities, or those related to national level socioeconomic 
changes. These can include economic shocks from changes in trade 
policy, exchange rate fluctuations, sociopolitical events, shifts in com
modity prices, as well as climate change effects on resource availability 
(i.e., quality and quantity) and local industry viability [26,27]. 

2.1.2. Sociopolitical vulnerabilities 
Social characteristics can influence the extent of resource de

pendency, and therefore economic vulnerabilities, in a community 
[28,29]. Social factors influencing the economic dependency of a 
particular coastal community can include governance structures, which 
dictate access to land, resources, and means of production; educational 
attainment levels that influence skill development and related job op
portunities; and characteristics of community cohesion, such as gender 
equity, agency, and transparency in decision-making [30]. The eco
nomic longevity and sustainability of resource-based industries is 
further shaped by political actions, such as environmental regulations 
and laws that promote the conservation and management of resource 
stocks (e.g., fisheries) [31]. 

The amount of government aid and intervention plays a role in 
diversifying modes of economy or the presence of multi-generational 
poverty, which in turn limits the availability of work opportunities to 
residents (usually marine resource dependent work) or prevents them 
from leaving to develop skills outside traditional employment pathways. 
The number of subsidies and funding opportunities available to com
munities can influence the level of work diversification, with more 
diversification resulting in less susceptibility to resource changes. 
However, insulation from such variability via economic aid is often 
difficult to acquire. Social and institutional structures can also com
pound vulnerabilities associated with resource dependency. For 
example, lack of access to land tenure or ownership limits accessibility 
to other types of work; inadequate education can leave resource users 
with few useful skills outside their traditional activity; and unequal 
distribution of social capital within a community may mean there are 
limited networks for individuals to expand access to other resources or 
to decrease dependency on one resource [30]. 

2.1.3. Technical vulnerabilities 
High energy costs and energy infrastructure problems are common 

burdens for many coastal and island communities [32]. High de
pendency on imported fossil fuels can also introduce difficulties in terms 
of energy supply and energy security, especially considering climate 
change effects [33]. For example, many isolated island resort commu
nities of Alaska have diesel-generated microgrids that depend on a few 
bulk fuel deliveries each year, which are susceptible to supply chain 
disruptions and fuel price volatility. In these communities, the energy 
cost is higher than the national average—sometimes more than $1/kWh 
(compared to an average of nearly $0.14/kWh in 2021 [34]—and varies 
significantly with the price of oil) [35]. Further, lack of access to 
financing and affordable manufacturing makes it more difficult to 
implement sustainable solutions in local communities [36]. 

Another issue within these communities is aging grid infrastructure, 
which exacerbates power quality issues and outages. Climate change 
effects have only catalyzed the age and inability of existing infrastruc
ture to provide power for lighting, water pumping, and critical services. 
For example, in Maine, where coastal electrical infrastructure in some 
parts of the state is more than 50 years old, recent extreme weather 
events have caused residents to experience a 50 % increase in outage 
duration over the past two decades [37]. 

2.1.4. Environmental vulnerabilities 
Geographic isolation plays a large role in natural resource de

pendency as it can make a community reliant on one industry due to 
area, resource, or population limitations. The geographic isolation and 
remoteness of these communities, combined with limited energy re
sources for self-sufficiency and few financing pathways for develop
ment, can force communities to rely on expensive imported fuels and/or 
lead to underinvestment in sufficient grid infrastructure and energy 
services [33]. Resource dependency in coastal and island communities is 
also increasingly shaped by climate change effects, which can disrupt 
traditional livelihoods and resource-dependent value streams to com
munities vis-à-vis degraded resource quality and lower or more unpre
dictable availability of resources. For example, increased sea-surface 
temperatures in the Florida Keys have pushed marine life to their upper 
thermal temperature limits, driving coral bleaching events, massive die 
offs of sponges and seagrasses, proliferation of invasive species, and 
toxic cyanobacteria blooms [38]. 

Coastal communities are also subject to environmental vulnerabil
ities in the form of natural hazards. The size and effect potential of 
common natural hazards—including hurricanes, tsunamis, coastal 
storms, landslides, coastal erosion, and sea level rise [31]—are depen
dent on ocean conditions that are becoming increasingly unfavorable 
with climate change [39]. As climate change worsens the frequency and 
severity of these natural disasters [40], the costs paid in lives, property, 
and economic damage increases. For example, the 2020 Hurricane Laura 
that breached southwest Louisiana—the strongest to ever hit the state
—caused at least 47 deaths and $19 billion in damages [41,42]. Climate 
change not only exacerbates environmental vulnerabilities but also the 
economic effects of those vulnerabilities, making societal decisions 
related to resilience all the more difficult [6,13,14,17,43–58]. 

2.2. Marine renewable energy and socio-technical innovation 

Values reflect individual and collective priorities, or “criteria 
through which people select and justify actions and evaluate people and 
events” [54] and serve as a psychological lens for translating broader 
principles (e.g., sustainability, security, independence, etc.) into specific 
attitudes and behaviors [43,55]. Other factors shown to affect social 
acceptance (or opposition) to siting various energy projects include: 
attitudes and norms [13,51], socio-economic factors [58], place 
attachment [47], trust and confidence in governmental institutions 
[45,50], perceived risks and benefits of new technology [45], locally 
derived benefits and ownership structures [56] environmental and/or 
ecological impacts [52], and transparent and just engagement practices 
[46,48,49]. Understanding how these factors are linked to social 
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acceptance of new technologies can help developers, planners, regula
tors, and utilities anticipate barriers to their development, ensure 
equitable distribution of the benefits from technology deployment, and 
adequately engage the public in addressing the unique vulnerabilities 
that coastal communities face. 

All this to say, community values inform community responses to 
vulnerabilities. For some communities, MRE technologies have already 
been identified as a response to climate-resilient energy needs [59]. 
DeGroot and Bailey [13] found in an evaluation of community percep
tions of MRE in the United Kingdom that “local economic and social 
multipliers” created “potential for MRE to contribute toward main
taining the long-term viability of island communities by helping to 
address their economic and social vulnerabilities” (p. 92). MRE potential 
in the United States is geographically diverse: wave and ocean current 
energy resources are abundant in the Pacific Ocean and Southern 
Atlantic Ocean, respectively, while substantial tidal energy can be found 
in both. When used to capture these local resources, MRE technologies 
can help reduce vulnerabilities associated with energy prices and energy 
dependence on mainland jurisdictions, as well as flood potential when 
integrated in storm surge barrier designs [3,60]. Additionally, MRE 
systems can be developed over time, meaning that small communities 
can start with a single unit and expand thereafter. Multiple MRE tech
nologies can capture energy from different resources, although each are 
in varying stages of research and development and no MRE technology 
has achieved commercial deployment to date [61]. With low deploy
ment levels, there is still uncertainty over the technical capabilities of 
MRE, long-term reliability, and environmental effects [62] and the costs 
per kilowatt of MRE technologies remain much higher than their more 
developed wind and solar counterparts (cost estimates vary widely 
across the literature) [63]. However, MRE still offers the potential to 
support decarbonized, community-based, low-cost, and scalable op
portunities for energy security and resilience for coastal communities. 

As MRE technology improves, research and preliminary deployments 
have shown multiple ways that communities can use MRE power to 
address local vulnerabilities. Research by the U.S. Department of Energy 
[35] highlights how MRE technology can be co-located with marine 
infrastructure to expand local maritime industry, such as aquaculture, or 
help communities tap into new marine economy sectors [64]. Likewise, 
MRE can be used to power conservation initiatives, such as cleaning up 
oil spills or coral restoration, while reducing carbon emissions [35]. 
Additionally, MRE technologies could also have positive social effects by 
helping communities use local resources to promote energy indepen
dence and resilience. Preliminary projects have shown that MRE infra
structure could be adapted to address energy and water scarcity 
simultaneously in response to climate change. The Carnegie Perth Wave 
Energy Project in Australia [57] and the U.S. Navy-owned ocean thermal 
energy conversion (OTEC) plant on the Kona Coast of Hawaii [65] are 
paving the way for coastal and island communities across the world to 
expand desalination infrastructure using decarbonized energy while 
conserving water. Table 1 below offers a summary of MRE technologies, 
their commercialization status, and technical potential; maps commu
nity vulnerabilities to benefits offered by MRE technology; and dem
onstrates how these devices could offer potential solutions. 

3. Case study contexts 

U.S. coastal regions, such as southeast Alaska, face hazards related to 
the remote and isolated nature of their geography, which may limit the 
community's access to energy, water, and food resources [74]. Many 
remote coastal and island communities, such as the San Juan Islands in 
Washington State, must import fossil fuels (e.g., diesel) over long dis
tances, which can drastically increase costs and uncertainties over the 
timing of access [75]. High energy costs and aging energy infrastructure, 
the latter of which exacerbate power quality issues and outages, can 
deepen existing vulnerabilities in these communities. With a variety of 
technical vulnerabilities related to energy affordability, quality, and 

reliability, many coastal communities are in a prime position to leverage 
a resource abundantly available to them—water—in order to produce 
local, cost-effective power. Specially-engineered generators can be 
deployed along coastlines to harness the substantial energy generated by 
ocean movements, including tidal currents, which are among the most 
reliable marine energy sources for electricity generation [76]. Compared 
to other types of MRE (e.g., wave, salinity gradient), the rise and fall of 
tides is a more predictable and continuous phenomenon—lending to 
greater reliability when converted to power—but locations with suffi
cient energy for harvesting are limited (due to the large difference in 
tidal range required) [77]. The San Juan Islands, Washington, and Sitka, 
Alaska, are two locations in the United States in which preliminary 
feasibility analyses have identified strong tidal flows for electricity 
generation [78–80]. In fact, a demonstration tidal energy pilot project is 
underway at the former location, where proximity to utility infrastruc
ture and optimized siting conditions (with minimal environmental ef
fect) allow for the deployment of multiple tidal stream generators 
capable of powering up to 400 homes in the area [81]. 

Sitka (Alaska) and San Juan Islands (Washington) were selected as 
case study communities for our analysis based on their tidal resource 
quality and locational suitability for tidal generator deployment, local 
interest in exploring MRE feasibility, and experiences with strategic 
energy planning to address various socioeconomic, technical, and 
environmental community vulnerabilities. Community-based organiza
tions in both locations (i.e., the Sitka Conservation Society and Islands 
Climate Resilience group of San Juan Islands) have produced forward- 
looking reports on energy management strategies that encourage en
ergy and cost savings and reduce the local carbon footprint [82,83]. 
Partnerships have also informed various planning efforts and potential 
renewable energy projects in both communities, with collaboration from 
national agencies and laboratories in the case of Sitka [84,85], and the 
local electric provider in the case of the San Juan Islands [86]. This 
section provides a brief description of each community to provide 
broader background and set a high-level case study context.  

3.1.1. Sitka, Alaska 
The city of Sitka is located on parts of Baranof Island and Japonski 

Island in the Alexander Archipelago on the outer coast of Alaska's Inside 
Passage. Despite being only accessible by water or air, Sitka ranks as 
Alaska's fourth largest city with just under 9000 people [87]. While the 
city's poverty rate (6.6 %) is well below the national average (11.4 % in 
2020), economic disparities are large: for Sitka tribal members—who 
make up nearly half the community—the unemployment rate is over 
twice the city average at 17 % [88]. These demographics are of partic
ular relevance because broader community vulnerabilities may not be 
experienced equally; that is, the level of exposure to and impact of 
economic vulnerabilities within a community will be heightened for 
those members that are most economically disadvantaged. In terms of 
economic activity, the region has large oil, mining, and fishing in
dustries [89] and is known for its history of gold mining and fish canning 
[90]. Sitka's natural environment is very important to both the history 
and cultural context of the region. Climate change has already disrupted 
local salmon populations and reduced Yellow Cedars, both of which 
have ties to Native Alaskan culture and subsistence fishing [91]. While 
Sitka predominantly relies on hydroelectric power, diesel generators are 
used for backup power [82], heightening the pollution threat to the 
community's economy, environment, and indigenous culture. A 2012 
report by the Sitka Conservation Society states that the greatest energy 
issue facing Sitka is the rising cost of environmentally-taxing oil-based 
fuels, used mainly for heating and transport in the region [92]. An uptick 
in the use of supplemental diesel generators—at significant cost to the 
utility—has been a result of more and more households converting to 
electric resistance space heating (due to more favorable electric rates). 
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Although the report does not explore MRE options, it notes the impor
tance of using Sitka's existing energy resources to foster community 
economic development and reduce fuel imports “without over
dependence on limited hydroelectric capacity” (especially to meet 
growing heating demand) [92]. MRE potential was, however, explored 
in a 2012 Integrated Resource Plan conducted for the Southeast region 
of Alaska [93]. The report points out the significant environmental and 
project development risks (e.g., financing, transmission constraints, 
regulatory challenges) associated with MRE development that could 
hinder its overall feasibility but nevertheless highlights the need to 
continually track improvements in the cost and performance of 
emerging technologies, such as tidal, to support resource diversification 
and future energy needs [93]. A more recent study on renewable energy 
options for Sitka found tidal resources to be sufficient for baseload 
power production and more reliable than resources like solar for 
consistent power output in the critical winter months [79], yet espe
cially prohibitive in terms of project development timelines (10 years) 
and cost (requires underwater transmission build-out, although close to 
existing utility assets) [94]. 

3.1.2. San Juan Islands 
The San Juan Islands, an archipelago located off the state of Wash

ington, are home to an abundance of biodiversity, which drive the 
county's thriving tourism industry [95,96]. Although farming and fish
ing were foundational to the economy pre-1970s, private services 
currently account for 67 % of nonfarm occupations, with leisure and 
hospitality consistently representing the largest industries on an annual 
basis [97]. Due to the geographic isolation of the islands, there is little 
opportunity for economic diversification, and this, coupled with highly 
seasonal tourism, has affected the labor force and unemployment rates. 
In April 2020, the unemployment rate in San Juan County reached 19.2 
% but dropped to 3.6 % in the final months of 2021—consistent with the 
rhythm of the tourist season [97]. The isolated nature of the islands also 
spells challenges for its energy system, which until recently, had only 
one source of power: two aging submarine cables connecting the area to 
the mainland, both in need of costly replacements in the near future 
[98]. For this reason, the electric provider for the islands, Orcas Power & 
Light Cooperative (OPALCO), invested in a community solar farm and 
battery storage project to augment grid reliability, extend the life of the 
cables, and reduce peak load from the cables to save customers money 
[99]. OPALCO plans to extend this solar plus battery storage combina
tion to create microgrids throughout the islands, but there remain 
concerns about the land footprint associated with energy development 
and whether solar can even meet the county's demand for power. As 
such, the utility is exploring other options in addition to solar, such as 
tidal, which has “the potential to be for [the San Juan Islands] what 
solar is for Arizona” and account for up to 50 % or more of local gen
eration [100]. Much like Sitka, the San Juan Islands also contend with 
costly imports of fuel (mainly propane) for residential heating purposes. 
With the utility being charged $220,000 in 2018 for a single cold- 
weather electric purchase, efforts are also underway to increase 
household energy efficiency while encouraging customers to move away 
from fossil-fuel-based heating [100,101]. 

4. Data and methods 

This study builds on recent research and advances in MRE technol
ogy and social acceptance literature, including their broadening appli
cation and policy integration, to leverage new energy investments for 
environmental and economic justice [102]. This study explores the 
compatibility of MRE technologies within the context of two U.S. coastal 
communities and provides a model for future MRE research and 
development that can reduce community vulnerabilities and improve 
socioeconomic outcomes amid a changing climate. To that end, the 
following questions inform the research design: 
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1. What vulnerabilities to the social, ecological, and economic well- 
being of coastal communities in the United States can be attributed 
to energy infrastructure and service deficiencies?  

2. How can MRE technologies and related project planning address 
community vulnerabilities?  

3. What contextual characteristics of coastal communities are critical 
for community-MRE compatibility? 

To gain a grounded understanding of the socio-technical issues affect 
MRE compatibility within different community contexts, this study 
follows a mixed-method, exploratory approach to community assess
ment. In so doing, this study connects the pragmatic and constructivist 
orientations of recent community-based development research, which 
seek to value informant perceptions and experiences as knowledge and, 
in turn, understand how issues are socially constructed and contested (e. 
g., Rapid Rural Appraisal, Rapid Assessment Process, Appreciative In
quiry) [103]. Community assessment methods [104] increasingly 
require multi and transdisciplinary approaches, as evidenced in research 
on public health and medicine [105], ecological and biodiversity con
servation [106], sustainable development [107], and more recently, 
community renewable energy [108]. Community assessment methods 
often integrate three key processes: (a) mapping the system to identify 
the breadth of issues and actors that construct the local context, (b) 
collecting data through multiple methods to represent a diversity of 
perspectives embedded in the system, and (c) analyzing the findings 
through iterative engagement between the researchers and, in some 
cases, research participants. This supports data triangulation and vali
dation by providing multiple opportunities to reflect on and adapt the 
research strategy to meet community objectives. These research orien
tations and processes informed the following research methods: 

4.1. Case identification and informant interviews 

Given the exploratory nature of this research, non-random conve
nience and purposive sampling (see Miles & Huberman [109]) was used 
to identify informants within two case study locations: Sitka, Alaska and 
San Juan Islands, Washington. These locations were selected based on 
the knowledge and networks gained from past projects by the research 
team. This ensured researcher access to key informants within com
munities already pursuing strategic energy planning to address their 
vulnerabilities. Researchers contacted six key informants, and they each 
agreed to participate in an online interview. The informants represented 
local residents, non-governmental organizations (NGOs), and utilities 
who had different perspectives and could speak to broad, community- 
level developments, issues, and concerns related to MRE:  

• San Juan Islands representative from the utility cooperative  
• San Juan Islands representative from an environmental NGO  
• Sitka representative from the municipal utility  
• Sitka representative from an environmental NGO  
• Sitka representative from an energy-focused NGO  
• Sitka community member conducting MRE research. 

Semi-structured interviews were conducted with the informants in 
June and July 2022 (average length = 51 min) [109]. They were audio- 
video recorded and transcribed with consent. Researchers introduced 
the goals of the research before asking questions that addressed four 
vulnerability themes identified in the literature: environmental change, 
community livelihoods and resource dependence, energy systems and 
reliability, and coastal management. Informants were asked to speak 
from their own experience and understanding of their community. Their 
responses dictated the order of the questions asked to facilitate a more 
natural discussion about community vulnerabilities and related 
development. 

4.2. Qualitative interview analysis 

Text from the interview transcriptions were coded following an 
iterative and inductive process, which included open coding, category 
development, and thematic coding [110]. During open coding, three 
researchers coded the six transcripts, with at least two researchers 
coding each transcript for comparison and member checking [11]. Open 
coding included labeling and describing emergent concepts using 
memos within the transcripts that related to the research questions. 
More than 150 codes and sub-codes were identified by the researchers. 
As a team, the researchers compared codes for overlap and theoretical 
relevance, grouping similar codes into categories and providing pre
liminary category labels in a spreadsheet. This process facilitated the 
development of five high-level themes (energy development, institu
tional relations, resource relations, resilience, and community values), 
which were collaboratively organized and defined in a summary code
book (Table 2). The high-level themes emerged from the way informants 
reframed and connected interview topics through interactions and scales 
that were salient to them. For example, informant responses to “man
agement” questions were reframed both through specific relationships 
with formal and informal institutions as well as broader, systematic 
constructs like community values. In this case and others, there is a 
critical connection between themes. Researchers reviewed the original 
transcripts and codes to refine their memos in accordance with the 
codebook and selected illustrative quotes to aid interpretation of infor
mant perspectives in response to the research questions. The results of 
the qualitative analysis are organized around these themes and quotes. 

Table 2 
Framework for coding and thematic analysis of interviews.  

Theme Example Codes Definition 

Energy 
Development 

Renewable technology; supply and demand; cost and affordability; reliability; 
alternative systems; innovation; infrastructure; impact assessment; tradeoffs; 
feasibility 

Characteristics, conditions, or impacts of alternative or renewable energy 
technology development, including current status, interactions with existing 
energy systems, and future community priorities or needs. 

Institutional 
Relations 

Governance structures; stakeholder roles; civic engagement; social networks; 
communication; trust; regulations and rights 

Organization and outcomes of sociopolitical institutions and (in)formal 
partnerships. Their interactions and feedback influence civic engagement, 
collaboration, knowledge, and trust. 

Resource 
Relations 

Access; dependence; ownership; decision-making; knowledge and experience; 
geography; infrastructure; economics and industry; livelihoods 

Community access to and dependence on the resources needed to address 
socioeconomic vulnerabilities and maintain their livelihoods and well-being. 
Resources may include natural resources, energy, food, housing, infrastructure, 
networks, information, knowledge, and democratic participation. 

Resilience Risk and vulnerability; adaptive capacity; diversity; redundancy; planning and 
development; innovation; growth; change; historical events 

Events, actions, or characteristics that influence the structure and function of 
the social-ecological system, including community capacity to proactively plan 
and reactively respond to change despite geographic vulnerabilities or 
constraints. 

Community 
Values 

Independence; connectivity; self-reliance, sufficiency and determination; 
security; place identity; civic engagement; conservation; stewardship; 
openness; conflict; decarbonization 

Perceptions, attitudes, or beliefs about the underlying value structure and 
definition of the community, culture, and local traditions. Multiple values may 
be referenced together, including where conflicting values create tension and 
affect community priorities or decision-making.  
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Researchers reviewed the original transcripts and codes to refine their 
memos in accordance with the codebook and selected illustrative quotes 
to aid interpretation of informant perspectives in response to the 
research questions. The results of the qualitative analysis are organized 
around these themes and quotes. 

4.3. Quantitative technical analysis 

While community values and vulnerabilities inform the compati
bility of a given development strategy, technical analysis is needed to 
validate whether MRE can address those vulnerabilities. Researchers 
conducted a two-part modeling analysis focusing on grid infrastructure 
and load impacts of MRE deployment. Due to data availability con
straints, the analyses focused on one MRE technology (tidal generation) 
in one case location (San Juan Islands). First, an infrastructure deferral 
assessment was conducted to understand how MRE integration can defer 
costly upgrades to the two submarine cables connecting the San Juan 
Islands to Lopez Island. This was done by comparing technological 
scenarios with different sizes and pairings of tidal generation and bat
tery energy storage systems (BESS). Second, a load profile assessment 
was conducted to understand how MRE can support the community load 
profile and peak demands. Both assessments consider different types of 
technological compatibility with MRE. The deferral assessment con
siders integrating a BESS to enhance deferral benefits because local 
utilities, including in the San Juan Islands, are already investing in BESS 
to support critical loads during outages and improve local resilience. The 
load assessment considers integrating solar PV to enhance resource ad
equacy. A detailed explanation, including the deferral analysis meth
odology and modeling assumptions for these assessments are presented 
in Appendix A. 

4.4. Limitations 

This study offers useful insights and opportunities for future, more 
in-depth investigation to probe further into aspects that are not fully 
captured here. Although the research design carefully navigates known 
issues with community-based research approaches [111], there are 
limitations to the generalizability of findings—even with the limited 
number of study locations and key informants engaged for this study. 
Given the number of participants, the breadth of community perspec
tives was also limited. As such, this research only captures the posi
tionality of specific stakeholders (namely local residents, NGOs, and 
utilities) on the topic of community-scale MRE development; future 
research should attempt to better understand the reaction to MRE 
development from stakeholders such as commercial resource users (e.g., 
fishers). Future research can also consider how different value streams 
associated with MRE accrue differently based on stakeholder perspec
tive. Additionally, more comprehensive studies combining participatory 
appraisals and formal socio-technical assessments will be necessary to 
inform decisions on design and operation of actual projects. 

Constraints with data availability also limited the technical analysis 
to the San Juan Islands community, and although results indicate 
promising MRE benefits there, the extension of a similar analysis to the 
Sitka community is necessary to understand the breadth and relative 
value effect of MRE deployment. Moreover, we do not comment on the 
costs of adding MRE tidal generation and other distributed energy re
sources (DERs), as this study is focused on the local benefits of key 
infrastructure. The inclusion of comprehensive costs of integrating DERs 
could be explored in future works. Given that the principal aim of this 
study is to offer initial insights into the ability of MRE technology to 
address coastal community vulnerabilities and energy security using a 
grounded research approach, the findings and recommendations here 
should be used as a basis for designing more comprehensive and place- 
based investigations. 

5. Interview findings 

Remote interviews were conducted via Microsoft Teams with six key 
informants from the coastal communities of Sitka, Alaska, and the San 
Juan Islands, Washington. This section provides the findings from the 
interviews condensed into five characteristic themes (energy develop
ment, institutional relations, resource relations, resilience, community 
values) (see Table 2). 

5.1. Institutional relations 

Energy issues can be connected to governance frameworks reaching 
far beyond what might typically be considered “energy policy” [112]. 
The nature of governance strategies, policy mandates, stakeholder 
engagement processes, and public civic participation opportunities in
fluence the development of relationships between people and in
stitutions that affect local priorities for energy development. These 
interactions might include formal or informal partnerships, develop
ment of social networks, and information or knowledge sharing prac
tices. Outcomes from these interactions are key to understanding the 
attitudes of stakeholders and the ways in which institutional frameworks 
are constructed to facilitate (or not) bottom-up or grassroots organiza
tion, co-ownership and management of public resources, accumulation 
of local knowledge, social capital, and trust in government. Our re
spondents indicated that these qualities are important components of an 
engaged citizenry, as well as enablers of innovative energy design and 
alternative modes of development that achieve equitable benefits for the 
community. 

Where citizens feel empowered to participate in decision-making, 
they are more likely to advocate for collaborative solutions to vulnera
bilities, such as insecurities related to energy, food, transportation, or 
housing. Respondents in both locations connected higher education and 
affluence with greater levels of civic engagement. Interviewees from 
Sitka took pride in their community's focus on the importance of science 
and environmental education, while respondents from San Juan Islands 
reported that they have the highest number of non-governmental or
ganizations (per capita) than elsewhere in Washington. A respondent 
from San Juan Islands viewed the potential development of marine en
ergy as an opportunity for scientists and environmental groups to engage 
with energy developers to share knowledge and information while also 
affecting energy security: 

If there was potential to tap into marine energy, I would urge [de
velopers] to connect with [local] scientists and environmental 
groups … segments of the community who could help to identify 
whether what they're considering would be a good fit in terms of our 
marine ecosystem. And if that proved to be true, I think they would 
get a huge amount of public support. I think we all recognize that 
that cable is a tenuous connection to our energy source on the 
mainland. And I think a lot of people would be happy for OPALCO to 
identify ways to have more energy independence (San Juan Islands, 
NGO representative). 

Utility representatives, however, most frequently view their most 
appropriate role in a civic context as an “honest broker” [24]— 
providing alternatives and trade-offs once an objective is agreed upon by 
the community but hesitant to advocate for particular solutions: 

As the electric utility, it's not our job to lead, tell the community, 
“You need [infrastructure] here, you need it here,” because it's part 
of an overall community planning. And so, if you're banging on our 
door, you're kind of putting the cart before the horse. Because that's 
not what a utility company does. What's the cost justification that we 
have as a utility to put in a bunch of [electric vehicle] chargers when 
there is no revenue coming in and it raises their rates? And even if the 
chargers are free, unless there is the funding for transmission dis
tribution substations to go with it, you may not be able to have it 
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right away…there has to be either the funding for it from outside 
sources or the revenue projections to cost justify that investment 
(Sitka, utility representative). 

Respondents viewed energy investments in their communities as 
important beyond providing electricity. Benefits of renewable energy 
were connected to adjacent sectors, such as technology, transportation, 
communication, education, housing, and food. Highlighting these in
terconnections can help illuminate social vulnerabilities and make wider 
policy implications clear for addressing multiple challenges through 
innovative and equitable energy development. 

The utility is public and…they're trying to think of themselves as 
energy people, not necessarily electricity people. They've got some 
cool projects around food security and other applications out for 
funding, so they're kind of working through how much to involve 
people and when (Sitka, community member). 

The price of fuel going up affects shipping, which affects the cost of 
food. Food security is a really big concern and a big issue for us, and a 
lot of different groups are working on food security issues, whether 
that's mariculture or encouraging gardening or subsistence gathering 
(Sitka, NGO representative). 

Additionally, the historical relationship to Tribal governments was 
mentioned by respondents as being connected to natural resource use 
and development, particularly in southeast Alaska. Investments in 
infrastructure, including energy, were tied to legacies of broken trust 
and mistreatment of Indigenous populations by the U.S. government, 
and much work remains to remedy past injustices and ongoing racism: 

And it's amazing when I go into communities, we have conversations 
about energy, and I learned so much about awful, awful things that 
have been done to indigenous people in the communities. Oftentimes 
what I hear about is just double dealing, duplicitous dealing between 
governmental entities and their communities and just a total lack of 
trust and residual trauma that exists over time that doesn't go away 
because it hasn't been dealt with. They haven't been heard. There 
hasn't been an attempt to remediate those wrongs that were done 
(Sitka, community member). 

Tribes are considered key partners in the push for renewable energy 
and MRE, as the land ownership structure, usage rights, and access to 
resources concern issues of tribal sovereignty in the San Juan Islands: 

There's not a lot of tribal-specific lands here, but there's fishing 
rights, there's usage rights, and then there's those other rights that we 
have to be respectful of (San Juan Islands, utility representative). 

The relationships between municipalities and Tribal governments 
include formal channels to receive input and support for energy projects, 
as well as demonstrating shared values in the community that enable 
collaboration to work towards energy democracy [113]: 

I think they [Tribal government/community] might have a different 
perspective and I'm sure there are issues, but in terms of formal 
processes, they've got an established government-to-government 
relationship that's addressed at every city assembly meeting. Most 
organizations (e.g., Conservation Society, Forest Service, etc.) go to 
both governments, which seems like an established practice. (Sitka, 
community member). 

In summary, the selected interview excerpts show how institutional 
relations enable or constrain energy development and resilience. In
formants distinguished the current and desired roles of stakeholders. 
They acknowledged how those roles influence the value justifications for 
MRE developments and create tensions that cannot always be addressed 
through formal processes. 

5.2. Resource relations 

The extent to which communities can access various resources plays 
a role in their priorities for renewable energy development as well as 
overall social and economic well-being. Access to natural resources can 
provide economic security (e.g., marine-based livelihoods), while access 
to information and knowledge enabled by broadband internet and en
ergy infrastructure can open connections to broader regional markets 
and economic systems that provide employment opportunities not 
available locally: 

I think giving people the opportunity to participate in the globalized 
economy, which would be a game changer, and I see that over and 
over and over again that it's not just the cost of energy, but it's the 
access to knowledge sharing networks and the access to good paying 
jobs that can be accessed via broadband (Sitka, community member). 

There's been a big push to expand access to broadband. And I think 
that's really changed the potential for people to be here [in San Juan 
Islands] full time and work remotely. (San Juan Islands, NGO 
representative). 

Conversely, dependence on limited resources can constrict available 
opportunities for economic development and innovation while 
increasing costs of everyday commodities due to transportation needs. 
In our two interview locations, resource dependence compounded the 
vulnerabilities inherent in geographic isolation. Respondents viewed the 
potential for MRE development as one solution to the risks associated 
with their dependence on distant resources, for both affordability and 
independence value: 

We do see [off-island energy dependence] as a risk, but … we have at 
least two methods of getting power to the substation. So, in most 
submarine cable crossings we have two submarine cables, and that's 
just strictly for reliability and resiliency. If for some reason one of the 
submarine cables gets damaged, we're getting close to the limit of the 
one that's left. So, we have roughly 100 MW of threshold on both of 
our submarine cables individually. And so, for maintenance or ac
cidents, outages, our peak end is 100 MW [Megawatt]. So, whatever 
we can do to have the generation source here and not rely on the 
mainland as much means we don't have to replace super expensive 
infrastructure (San Juan Islands, utility representative). 

Where [MRE] would appeal to Alaskans is that we're not dependent 
on something from the lower 48. Right now, a lot of Alaska com
munities are dependent on oil. We don't have oil refineries in Alaska, 
so the oil moves down to lower 48, gets refined, comes back up. It's 
just as expensive here as it is anywhere else. So, with that sense of 
independence that Alaskans have, I think marine energy would ap
peal to them on that level; and a lot of people live off the grid, so I 
think it's gonna appeal to that group too. (Sitka, NGO 
representative). 

Communities are also dependent upon natural resources to sustain 
livelihoods and rural ways of life. Traditional natural resource-based 
industries (e.g., forestry, fishing, mining) rely on an abundance of re
sources to extract and transform into commodities to sustain rural 
economies. Due to local demographic and economic changes, extractive 
resource industries have recently given way to more service-based in
dustries (e.g., tourism, charter fishing) that rely on natural resources in 
non-extractive forms. Although intra-regional migration and de
mographic shifts continually restructure the population, communities 
remain dependent on their resource-based amenities to support eco
nomic development and collective goals. Interview respondents viewed 
renewable energy, including MRE, as one opportunity to pursue com
mon values-based goals of energy independence and environmental 
sustainability: 
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I think [motivations for renewable development] are definitely 
practical, but also just wanting to take steps to do what we can to 
contribute to reducing our dependence on fossil fuels. And even 
hydro energy has its issues in terms of the impact to salmon and their 
access to spawning areas (San Juan Islands, NGO representative). 

Additionally, (lack of) access to resources was a primary concern for 
community members in considering the feasibility of various energy 
development propositions: 

Hydroelectric technology works very well in almost every place in 
Southeast Alaska. You've got mountains, you've got rainforests, 
you've got valleys, you've got what you need in a very rough sense, to 
do hydroelectric in every community (Sitka, community member). 

Nobody's tapping the marine energy out here, so let's look into it. 
Let's see about the feasibilities... You can't say it's gonna be feasible at 
today's dollars and today's prices, but if you purchase it now and 
hedge it for later, you likely can make that bet (San Juan Islands, 
utility representative). 

Interview excerpts labeled resource relations demonstrate how the 
proximity of resources present opportunities and barriers to energy 
development and resilience. Informants described how their reliance on 
spatially distant resources, such as oil, increases their vulnerability, and 
advocated for proactive planning that leverages non-traditional re
sources, such as networks and knowledge, to improve local access to 
resources in the future. 

5.3. Resilience 

The theme of resilience emerged as a key community characteristic 
that reflects perceived socio-ecological risks and vulnerabilities, as well 
as the community's ability to adapt to acute and chronic environmental 
changes. Researchers often define resilience as the ability of a commu
nity to maintain the structure and function of its social and environ
mental systems in response to a disturbance, such as natural disasters 
[114]. Respondents most frequently described resilience in the context 
of energy security and vulnerability, city planning, adaptive capacity, 
and diversity. Energy security refers to the reliable and affordable pro
vision of electricity to customers: 

Overall, our goal as an islanded municipal utility is to provide the 
most cost-effective rates we can, bearing in mind that reliability and 
continuity of service is highest priority (Sitka, utility representative). 

Achieving energy security increases the resilience of a community 
when there is redundancy built into the system to better absorb distur
bances that may disrupt transmission: 

We have two hydroelectric facilities, and then we have a diesel 
standby plant, and generally we can operate on hydro, but some
times we might have an avalanche or a landslide or something like 
that, that may take out our transmission line, and then we have to 
rely on diesel (Sitka, utility representative). 

Respondents cited vulnerabilities that affect energy security, 
including geographic variability, infrastructure, costs and supply, reli
ability of service, and social relationships between community members 
and utility providers. Infrastructural vulnerabilities are related to the 
remoteness of respondent communities, which both affects the ability of 
utilities to provide reliable service and the cost of providing electricity to 
consumers based on available supply. Transmission line construction 
often necessitates development in pristine wilderness areas with little 
access, steep terrain, and variable topography. To overcome these vul
nerabilities and increase community resilience amid uncertainty, utili
ties must have a diversity of energy sources to ensure supply adequately 
meets demand and provides a buffer against unexpected events. Addi
tionally, the need for integrated expansion planning, distant grid 
connection, and/or diverse local generation and transmission services (i. 

e., microgrids) introduces complexity in achieving the support and buy- 
in from the community. For example, utilities are tasked with providing 
consistent and affordable service, and many respondents spoke at length 
about the appropriate role of the utility within the structure of city 
government and its relationship to community members. Respondents 
from Sitka perceived their publicly owned utility as more responsive to 
the needs of the community, which enables an adaptive approach to 
management that increases their adaptive capacity and resilience: 

The utility is owned by the community, and the structure of how 
utilities operate legally is really important. I think, based on plenty of 
evidence, that a utility that is municipally owned has an ability to 
bring about change more easily than utilities that are investor-owned 
or co-op structured utilities (Sitka, community member). 

Interview excerpts about resilience focused on efforts to maintain 
energy security and reliability through infrastructure redundancy and 
adapt to environmental conditions or community needs as they change. 
As mentioned above, informants felt their resilience was dependent on 
the structure of institutions, such as utilities, and ability to access eco
nomic resources. 

5.4. Community values 

Coastal communities are economically dependent on natural re
sources, which in turn structures the value systems present within them. 
A common theme that arose from respondents was the idea that envi
ronmental or place-based values often conflict with economic or growth- 
based values. Since values are a latent concept reflecting fundamental 
principles at the individual level, they underpin each of our identified 
themes (i.e., institutional relations, resource relations, resilience, and 
energy development), yet often remain unacknowledged in community 
discussions, which can result in conflicting priorities in participatory 
decision-making processes. Questions of how to develop or grow tend to 
overshadow the normative question of whether the community should 
grow at all: 

People are concerned about the cost of housing and where we can 
develop. We can't really develop too much further than we've 
developed. There's not much space here. Most of it is owned by the 
federal government. So, there's a lot of talk about how to develop and 
where to develop and who should develop and how to make low-cost 
housing (Sitka, NGO representative). 

In short, place matters, and communities are embedded within a 
nested sociocultural and environmental context that defines that place. 
How people relate to a place, then, defines the character of the com
munity. When values come into conflict due to changing dominant in
dustries, migration, resource insecurity, or development, policymakers 
face challenges balancing collective goals for energy independence, 
economic progress, natural resource conservation, integrative coastal 
management, and community resilience. 

In our two study communities, respondents indicated that environ
mental values underpin other facets of decision-making: “Sitka is a very 
environmentally conscious place. We have kind of a pristine environ
ment, and anything that we have to do has to be environmentally sen
sible” (Sitka, utility representative). Values that draw people to the 
natural amenities and access to nature enabled by coastal environments 
are also a primary motivation for many who live there: “People who live 
here, their quality of life is really influenced by the natural beauty 
around us and the quality of the marine ecosystem” (San Juan Islands, 
NGO representative). 

In general, communities sought some level of agency and self- 
determination over decisions and policies that affect civic life (as 
opposed to a top-down, command and control form of governance) 
[115]. Citizens are provided opportunities to participate in civic pro
cesses through public meetings, ballot initiatives, elections, and other 
in/formal channels that determine pathways for economic development. 
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Achieving common goals of energy, food, and housing security may 
necessitate actions, such as infrastructure development, that conflict 
with other environmental values. 

A transmission line would add [electricity] generation for Sitka and 
open up swaths of land for housing because there would need to be 
access roads. So, between that and the fact that the line would go 
through significant wilderness space that is a respite where people go 
and be in the great outdoors, those two aspects are things the city 
should be looking at (Sitka, community member). 

Geographic, economic, social, and environmental vulnerabilities not 
only shape key challenges of coastal life but also influence community 
values and the lens through which community members prioritize and 
address related vulnerabilities. The concept of self-reliance cited by re
spondents emphasized shared values such as independence, agency, and 
self-determination—values that may conflict with community objectives 
that prioritize growth, development, and connection to broader eco
nomic systems. 

Perceptions of and support for renewable energy development, such 
as MRE, are embedded within the value contexts and often conflicting 
priorities between environment and economics. Our respondents indi
cated an attitude of openness to new technology that might align with 
independence values but tempered such development with a concern for 
marine wildlife and ecosystems: 

For a lot of people, Alaska is just like this big, wide-open space, but 
every space is someone's favorite fishing place or some critical 
habitat for something. It's like, is this gonna be near kelp beds? Is this 
gonna be where lots of [species] depend on kelp? Or is this way 
offshore in shipping lanes? Is this gonna bother whales? I think those 
will be people's concerns about [MRE] (Sitka, NGO representative). 

There would definitely be support for OPALCO to identify sources of 
renewable energy they could provide through the grid that were not 
impactful to the environment and that provided us with some level, 
or maybe allowed us to be entirely self-sufficient in terms of our 
energy needs (San Juan Islands, NGO representative). 

There were differences, however, in the ways our respondents 

prioritized their values. Utility representatives from Sitka and San Juan 
Islands viewed the primary value propositions of renewable energy as 
affordability, reliability, and safety. One respondent referred to “value 
stacking” as one solution to align community values with the utility 
mandate to provide service through cost-savings, efficiency, or asset 
maintenance and replacement: 

Grab whatever values you can from wherever you can. If it's peak 
shaving from the slightest bit of saving on the BPA [Bonneville Power 
Administration] bill, that's fine. That's a value. If it's deferral of 
replacement of assets, that gives life to a system that doesn't need to 
be replaced, which is cash in the end of it. And then it's the efficiency 
of not having to transport it here. There's many other efficiencies, 
and then all the same, we get to turn to our members and say we did 
the right thing as charged to do (San Juan Islands, utility 
representative). 

This concept of value stacking was also referenced by a Sitka utility 
representative: “And we have been quite public recently that we're 
looking at all forms of renewables as and trying to rack and stack them to 
help determine what are the next most cost-effective energy resources 
for us.” In a practical example, the respondent mentioned opting for 
developing an “underground transmission line (as opposed to overhead) 
and making a gravel pathway over the top that can be used for recrea
tional hiking and other things,” thus aligning multiple community 
values, efficiencies, and utility directives while simultaneously facili
tating economic development. 

In summary, interview extracts on community values overlapped 
other themes, with informants identifying and contextualizing value 
conflicts. They focused on how renewable energy development may 
support some local values, such as self-reliance, but endanger others, 
such as sustainability. Informants acknowledged that resolving values 
conflicts requires greater collaboration and consideration of tradeoffs 
and agency over decision-making. 

6. Technical findings 

Technical analyses were performed on grid infrastructure and load 

Fig. 1. Cable loading with and without MRE integration of 4 MW tidal generation.  
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impacts of MRE deployment for the San Juan Islands. The results of the 
infrastructure deferral and the load profile assessments are provided 
below. Additional information on the methodology and modeling as
sumptions for these assessments are included in Appendix A. 

6.1. Infrastructure deferral assessment 

Submarine cables have a lifespan of approximately 40 years at the 

rated loading condition and cost approximately $5 million per mile to 
install, so deferring the near-future replacements of the two cables that 
currently supply power to the area spells substantial cost savings for the 
utility and the San Juan Island customers. MRE can do this by providing 
power locally, rather than relying on imported power that comes 
through the area's aging grid infrastructure. The dispatchability of in
tegrated battery storage can further enhance the potential benefits 
associated with infrastructure deferral (by storing and discharging 

Table 3 
Life extension in years for varying levels of penetration of BESS and MRE (with darker green shading indi
cating higher value). 

Life Extension 
in Years 

No BESS BESS 
(0.25 MW/1 MWh) 

BESS 
(0.5 MW/2 MWh) 

BESS  
(1 MW/4 MWh) 

No MRE   2.2 4.8 9.4 

MRE (1 MW) 4.4 6.5 9 14.2 

MRE (2 MW) 8.4 10.9 13.6 19.1 

MRE (4 MW) 16.9 19.8 23 29.2 

Table 4 
Deferral benefits in Million USD for varying levels of penetration of BESS and MRE (with darker green 
shading indicating higher value). 

Million USD 
Benefits 

 No BESS BESS 
(0.25 MW/1 MWh) 

BESS 
(0.5 MW/2 MWh)
 

BESS 
(1 MW/4 MWh) 

No MRE   0.084 0.184 0.355 

MRE (1 MW) 0.168 0.247 0.34 0.531 

MRE (2 MW) 0.318 0.41 0.509 0.706 

MRE (4 MW) 0.628 0.731 0.8432 1.055 

Fig. 2. Effective load-carrying capability of tidal and solar PV generators.  

Fig. 3. Histogram of power import from non-renewable resources under 
varying portfolios of on-site renewables. 
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power in the local distribution system when needed, relieving the grid 
strain caused by long-distance power delivery). 

The deferral of cable investment is therefore achieved by reducing 
the net load transported by the cable. As shown in Fig. 1, the integration 
of marine tidal power may reduce the electrothermal stress on the 
submarine cables, especially hours with sudden spikes in load, and 
hence extend the economic life. In this analysis, a tidal generator of 4 
MW peak power was assumed, combined with the tidal generation po
tential time-series obtained using the resource characterization pro
cedure conducted in Yang et al. [116]. 

With BESS integration, cable deferral benefits become greater. The 
highest level of benefits is demonstrated with the penetration of 4 MW 
MRE with 1 MW/4 MWh BESS, as shown in Tables 3 and 4. This com
bination yields a cable life extension of nearly 20 years vis-à-vis reduced 
operational strain on the infrastructure, representing nearly $1.1 million 
USD in present value. In all cases shown, the addition of MRE and BESS 
produces value. 

6.2. Load profile assessment 

While infrastructure deferral is a potentially appealing value stream 
for energy development, the justification for investing in energy tech
nology is typically to access or provide cost-effective power (that may 
also deliver a number of grid co-benefits). The financial vitality of en
ergy projects can rest on their ability to serve a customer or community 
need; if a generation source is ill-suited to the energy profile of a com
munity and fails to reach needed objectives, it may be a poor investment 
choice, no matter how well-aligned such development is with commu
nity values and characteristics. 

To understand the inherent demand supporting potential of on-site 
MRE resources, effective load-carrying capability (ELCC) is used as the 
metric. ELCC enables us to understand the potential of a new generator 
to serve incremental load (this was calculated for both MRE and solar 
PV). While actual ELCC calculation is quite resource intensive, a simple 
load time series-based approach can be used to approximate this metric. 
In this analysis, the capacity average capacity factors for a generator for 
the top n% demand hours is used as a proxy for the ELCC metric of that 

generator [117]. Through this analysis, holding a range of 1–10 % for n 
(in increments of 1 %), we find that the approximate ELCC of tidal 
generators is higher than solar generators (please see Fig. 2 for more 
details). This can be attributed to the persistent and periodic nature of 
the tidal resource. 

Although tidal power has a greater ELCC than solar, results suggest 
that when energy import requirements are accounted for, they provide 
greater value together than as standalone resources. Owing to their 
location, the San Juan Islands rely on power imported from the main
land grid to meet the fraction of its energy needs that cannot be supplied 
through on-site renewables. The submarine cables that provide this 
power are not only aging and require costly maintenance, but they can 
face service interruptions during extreme weather events such as storms 
and hurricanes. Even during normal conditions, these imports can also 
be impeded by factors such as scheduled maintenance and upstream 
contingencies within the mainland grid from which the power is being 
imported. Having on-site renewable generation can lessen the costly 
import requirement. Considering this power import requirement under 
three scenarios—(1) only on-site solar PV generation, (2) only on-site 

Fig. 4. Conceptual framework for community vulnerabilities and values analysis 
The interview themes represent different scales and levels of interaction. Institutional and resource relations influence community values and resilience, which in turn, set 
conditions for energy development. 

Table 5 
Community energy objectives that emerged from interview analysis.  

Community energy 
objective 

Description 

Energy Security Increasing energy quality and reliability, supporting 
seasonality in peak demand, increasing energy self- 
sufficiency, minimizing mainland energy reliance, 
increasing energy portfolio diversification, supporting 
local energy development 

Energy Affordability Reducing energy cost, decreasing reliance on expensive 
fuels (e.g., diesel) 

Energy Resilience Increasing redundancy, reducing system disruptions and 
vulnerabilities 

Environmental 
Sustainability 

Maintaining environmental integrity and natural resource 
conservation, protecting marine health, supporting 
decarbonization 

Economic Growth Increasing energy capacity, supporting rural development, 
enhancing community well-being, supporting local 
economic activity  
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tidal generation, and (3) both on-site solar PV and tidal generation—we 
find the greatest benefit when tidal and solar are used together, as shown 
in Fig. 3 below. However, the histograms of the import requirements 
under the three aforementioned scenarios (across 8760 h of a repre
sentative year) show that, compared to solar, tidal resources can more 
reliably reduce the power import requirement. 

7. Discussion 

Energy development served as the guiding principle for this research, 
and it informed our analytical approach, which addresses the bi- 
directional feedback between community characteristics (e.g., 
resource relations, institutional relations, community values, resilience) 
and marine energy development potential (Fig. 4). In other words, 
community characteristics not only influence a community's need for 
renewable energy development but also their response to it. When asked 
about these characteristics, community representatives frequently cited 
place-based values that were informed by institutional relations and 
resource relations. These values and relationships affected the perceived 
vulnerability, resilience, and adaptive capacity of communities and, in 
turn, the energy objectives they prioritized (Table 3). 

Geography was one community characteristic essential to under
standing energy development objectives. The isolated nature of Sitka 
and the San Juan Islands communities means they are exposed to natural 
hazards, such as landslides and tsunamis, and they are dependent on 
mainland energy sources. Their exposure to natural hazards was cited as 
a potential vulnerability that can decrease the reliability of energy 
supply and community capacity to respond to related outages. Similarly, 
their dependence on mainland energy sources was perceived to affect 
not only the reliability but also the cost of energy supply, which 
prompted community support for energy solutions that addressed en
ergy security and affordability. As a result, these communities cited 
energy security and resilience as primary energy development objec
tives. MRE is well-positioned to meet these security and reliability ob
jectives through local power production, which also reduces the strain 
placed on transmission and distribution systems to carry power over 
long distances. Technical analysis results suggest that any level of MRE 
deployment (up through 4 MW) in the San Juan Islands can limit this 
type of strain by reducing the load carried by outdated submarine cables 
connecting the islands to the mainland grid. 

The life extension of such expensive grid infrastructure via MRE 
development can potentially bolster energy security, resilience, and 
affordability objectives by providing local power and deferring upgrade 
costs that would otherwise be absorbed by ratepayers. Results suggest 
deferral savings of over $1 million USD with the max-benefit scenario of 
4 MW MRE with 1 MW/4 MWh BESS. The development of MRE tech
nology can also add redundancy to the system to better insulate against 
power transmission disruptions, including those caused by extreme 
weather events, ultimately enhancing energy security and resilience for 
community members. 

Respondents indicated that energy development in their commu
nities provides benefits beyond energy security and resilience, con
necting development potential with energy affordability and 
vulnerability reduction. For example, high fuel prices affect the cost of 
shipped goods (e.g., food in Sitka), which is further compounded when 
considered alongside the increase in housing cost and decrease in 
housing availability. In San Juan Islands, the influx of amenity-migrants 
has introduced affordability and resilience concerns as the demand on 
the electric grid and need for housing has increased. Although energy 
development potential can be constrained by land availability, Sitka and 
San Juan Islands representatives acknowledged how energy develop
ment could catalyze new development of roads, which would provide 
more access to land for housing and meet the additional community 
objective of economic growth. In other words, MRE solutions address 
more than just technical vulnerabilities associated with energy sup
ply—they can also reduce intersecting socioeconomic vulnerabilities 

(Table 5). 
Geographic factors also influence another community characteristic 

frequently cited by respondents—resource relations. Resource access 
underpins the technical feasibility of MRE solutions, both in terms of 
access to physical resources needed for operation as well as the knowl
edge resources needed to connect MRE solutions to broader regional 
markets, systems, and opportunities. However, dependence on limited 
resources (due to geographic isolation) can constrain opportunities for 
economic diversification while increasing the costs of everyday needs 
like power and fuel. In both communities, respondents viewed MRE 
development as one solution to the risks associated with their depen
dence on distant resources, indicating energy development could be a 
viable pathway for pursuing the energy objectives of affordability and 
security. The cost of infrastructure and related transport of fuel and 
power are barriers to meeting energy objectives in these communities, 
so access to resources that provide both economic and energy security 
play a critical role in the viability of MRE development as a solution. The 
technical analysis results corroborate this idea, highlighting how a fairly 
consistent yearly tidal profile and high ELCC can help address the San 
Juan Islands' winter peaking load and thereby decrease reliance on 
mainland support through imports of fossil fuels. Although the ELCC of 
solar is less than that of tidal, the load profile assessment suggests that 
these two technologies are stronger together than apart; when com
bined, they are able to support load more reliably, at a greater number of 
hours per year, than as standalone resources. 

Respondents from Sitka and the San Juan Islands communities 
indicated support for energy developments, such as MRE, that could 
increase their energy self-sufficiency; however, they also perceived a 
tension between increasing their independence and maintaining the 
economic growth associated with industries, such as tourism and rec
reation, which increasingly rely on virtual and physical connection to 
other communities. These values conflict with support for traditional, 
resource-based livelihoods and the related energy development objec
tive of environmental sustainability. As communities redefine their 
approach to resource dependence, the opportunity for “constructive 
dialog and collaboration, or intra- and inter-community power struggles 
and conflict emerges” [118]. Further, researchers have shown that rural 
communities tend to support both economic and environmental goals 
simultaneously, indicating a “value dissonance” where trade-offs and 
relative development preferences depend on other variables, such as the 
community's age structure and proportions of long-term residents to 
newcomers [119]. Given their economic dependence on natural capital, 
Sitka and San Juan Islands respondents suggested environmental stew
ardship was foundational to civic engagement and decision-making 
processes regarding energy development. MRE development may 
therefore align with community values of independence and self- 
sufficiency but also conflict with preservationist perspectives that 
concern negative effects of technology development on marine wildlife 
and ecosystems. Utility representatives suggested these conflicts can be 
resolved through conscious efforts to value-stack. For example, they 
highlighted the ways MRE development can increase affordability, grid 
reliability, and system safety while still supporting environmental 
stewardship. 

Finally, local utility and governance structures as well as related 
opportunities for civic engagement were community characteristics that 
affected the energy development objectives. Community MRE potential 
depends on the strength of institutional relations and networks because 
they dictate community capacity to understand and navigate their en
ergy security needs and economic growth potential within the bounds of 
the current system. For example, multiple respondents acknowledged a 
community-ownership model could encourage the cooperation and 
collaboration needed to address diverse energy challenges and objec
tives while lowering upfront investments through cost-sharing. 
Empowering citizens through participatory decision-making and 
knowledge sharing processes makes them more likely to support MRE 
adoption. Further, respondents in both communities indicated that 
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strong educational ties within the institutional network not only 
increased civic engagement but also the capacity to reduce vulnerabil
ities and increase energy resilience and environmental sustainability. 

8. Conclusion 

Given the modular nature of many MRE technologies and the prox
imity of island and coastal communities to vast ocean energy resources, 
MRE is well-suited to play a key role in local energy futures [3]. Much 
uncertainty remains, however, on how to best achieve community-based 
goals for resilience planning and equitable development that are 
consistent with the community's values. Our results suggest that MRE 
deployment potential is greater when strategic development and 
community-level visioning are aligned with community priorities. 
Moreover, our findings indicate that a key priority to resolving values- 
based conflicts around energy and economic development should be 
ample opportunity for engagement between citizen-led coalitions and 
various civic organizations, such as utility companies and city govern
ment. Bottom-up or grassroots participation in development decisions 
tends to engender greater trust than top-down directives aimed at sin
gular values (e.g., economic growth) or simply regulatory compliance. 
As encapsulated in this quote from Jim Cavaye [17]: “…communities 
that are successful at community development are those that do not 
necessarily have greatest access to resources or expertise. They are 
communities that are inherently good at reconciling or managing con
flict over community values.” 

Place-based values—particularly when informing questions of how 
to grow and make decisions—ultimately influence the way community 
members prioritize and address geographic, economic, social, and 
environmental vulnerabilities, which feeds into their perceptions of and 
support for marine energy development solutions. Likewise, the unique 
blend of economic, social, environmental, and technical vulnerabilities 
present in a community affects the suitability of MRE technologies to 

address the unmet needs created by these vulnerabilities. Given the 
nascent state of MRE implementation in the United States, coastal 
communities such as Sitka or San Juan Islands can serve as a “proving 
ground” through innovative pilot programs designed to assess techno
logical, economic, and social-ecological viability of MRE systems at a 
micro scale. Commercial developers, utilities, regulators, and state and 
federal agencies can then consider scalable solutions to broader energy 
problems by integrating the place-based lessons learned from rural, 
coastal environments to achieve ambitious carbon reduction goals at a 
national scale. Greater investments, however, may be needed to realize 
this vision through technical assistance grants and other innovative 
sources of funding. 
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Appendix A. Quantitative technical analysis 

An infrastructure deferral assessment and a load profile assessment was conducted to understand how marine energy can support the San Juan 
Island community load profile and peak demands. A detailed explanation of the deferral analysis methodology and modeling assumptions for the load 
profile assessment are presented below. 

A.1. Infrastructure reliability/deferral assessment methodology 

Laying new submarine cables to meet load growth, serve reliability purposes, or perform any undersea maintenance are highly cost and time- 
intensive tasks. Therefore, being able to defer investment in submarine cables by extending their economic life and/or reducing maintenance 
needs by managing stress on the cables has significant financial benefits. To support the investment decisions of MRE, the deferral benefits of MRE- 
induced cable life reduction were demonstrated via scenario analysis (Fig. A-1). This modeling exercise considered a range of tidal power generation 
and battery energy storage system (BESS) size pairings to gauge the breadth of deferral benefits possible to the San Juan Islands community. Scenario 
runs consisted of various size and technology pairings (e.g., 1 MW MRE + no BESS, or 1 MW MRE + 1 MW BESS).

Fig. A-1. Overall methodology of the cable deferral procedure.  

The overall methodology for calculating the cable life and eventually the benefits from deferring the cable is shown in Fig. A-1. The following steps 
are performed to calculate the cable life: 
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1. Collect information on the load data (Substation Load (MW) time series), cable geometry (Insulation level and manufacturing datasheet), and grid 
topology (transmission lines location etc.),  

2. Collect local generation time series data, e.g., MRE generation (tidal power generation (MW) time series) and other DERs (e.g., Solar PV etc.)  
3. Run a power flow study model to obtain losses, reactive power, and the overall power loading of cables.2 

Use power transfer across cable to calculate the cable stresses, impact on its life reduction using the following method: The approach for 
calculating cable life is adopted from [114], where an electrothermal life model estimates the life of an insulated cable when subject to a given 
loading cycle, or power transfer profile through the cable, that exposes the cable to electrical and thermal stress. The model incorporates a 
probability of cable failure in the estimation process and determines the life at a given design failure probability. The model is a replica for an 
accelerated aging tests that are first performed on mini-cable samples to estimate life model parameters which is then extrapolated to represent an 
actual cable's life-time as: 

tp = ( − log(1 − PT) )
1
β⋅α0⋅

(
E
E0

)− (n0 − b⋅cT)

e− B⋅cT , (1)  

where tp is the life of the mini-cable sample, PT is the failure probability at which the test specimen life is determined, β is the shape of the Weibull 
distribution, α0 is the life at 63.2 % failure probability, E is the electric field E0 is the electric field below which aging is negligible, B is the ratio of 
activation energy of the main thermal degradation reaction to the Boltzman's constant b is a parameter that rules the synergism between electrical and 
thermal stress, cT is the thermal stress determined using the ratio ( 1

T0
− 1

T) , with T0 being the absolute temperature of the rated cable design and the 
T = f(I) denotes the estimated cable temperature, represented as a function of current I flowing across it – which can be calculated using multiple 
methods e.g., thermal resistance method of [114], and n0 is the voltage endurance factor at T = T0. The estimated life in (1) is translated to the actual 
cable's life (LD) using the expression below. 

LD = tP

(
− log(1 − PD)

− Dlog(1 − PT)

)1/β

(2)  

where D is the enlargement factor to extrapolate life estimation from mini-cable to actual cable, and PD is the design failure probability. The factor D 
could be approximated as shown in (2) where lD, rD, and lT , rT are the length and radius of the actual conductor, and the mini-cable sample, 
respectively. 

D ≈

(
lD

lT

)

⋅
(

rD

rT

)2

(3)  

Given that these cables are exposed to a loading cycle (typically 24 h or daily load cycle), loss of life fraction (LF) of a cable is for each time interval in 
that duration. Consider the loading cycle of width tD (24, if daily cycle) contains N number segments. Then, LF for the ith number segment of can be 
expressed as: 

LFi =
tD

LD⋅N
(4)  

According to Miner's cumulative damage theory [120], the sum of all life fractions lost should yield 1 at failure. Therefore, total number of cycles 
before failure could be estimated using: 

K =

(
∑N

i=1
LFi

)− 1

(5)  

The summary of the model (1)–(5) is as follows. Eq. (1) translates thermal loading cycle (current flow) into probabilistic life impact on the cable. Eq. 
(2) converts this impact into equivalent life spent Eqs. (4) and (5) use Miner's rule to map the life spent for the loading cycle to estimated remaining 
life.  

4. Using the life-time of the cable extended, the cable deferral benefit was calculated using the present value method, where: 

cinv,base($) = ccable,base⋅(1 + α)tnow − tbase ,

2 A power flow model representing the sub-transmission system of OPALCO was developed to estimate the losses and power flow across the cables. Inputs to these 
models include grid data, time-series information on the load, and distributed generation (such as solar PV), along with BESS operational models. Any open-source 
power flow modeling software (e.g. OpenDSS [116]) could be deployed for this, which can accept inputs such as cable insulation thickness and material, conductor 
geometry, and rated operating conditions to estimate cable resistance and inductance. These values are then utilized in the power flow model to calculate realistic 
power flow across the cable. The modelled submarine cable is a 69 KV XLPE (Crosslinked Polyethylene) submarine cable, using the specification obtained from its 
design data sheet. 
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along with the investment value of cable at end of its life: 

cinv,eol($) = cinv,base⋅(1 + β)teol − tnow .

Using the same calculation method, the investment value of cable at deferred life is given as: 

cinv,def($) = cinv,base⋅(1 + β)tdef − tnow .

With the above investment values, the present value of cable investment without deferral: 

NPVcable,non− deferred($) =
cinv,eol

(1 + γ)teol − tbase
,

and with deferral is calculated: 

NPVcable,deferred($) =
cinv,def

(1 + γ)tdef − tbase
,

Resulting in net cable deferral benefit of: 

BenefitCable− deferral($) = NPVcable,deferred − NPVcable,non− deferred 

The explanation of the above-mentioned variables along with their assumed values are described in Table A-1.  

Table A-1 
Variables used for calculating deferral benefit.  

Variable Explanation Value 

ccable,base ($) Cost of cable at the time it was purchased $13,900,000.00 
α percentage inflation during time of cable purchase till now 3.25 % 
β percentage inflation for years beyond current year 4 % 
γ percentage cost of capital  
tnow (year) Current year 2023 
tbase (year) Year of purchase of the cable 2021 
teol(year) Cable end of life year, year of installation+ cable life 2057, (2017 + 40) 
tdef (year) Cable end of life year with deferral, year of installation+ cable life+ years deferred Resulted from life in years determined from (1)–(5)   

A.1.1. Data and assumptions 
The modeling assumptions used to model cable life is demonstrated as follows. Cable specifications deployed in the power flow study is obtained 

using assumptions listed in Table A-2. Table A-3 shows the electrothermal cable life model assumptions, from which a representative fitted cable life 
model is shown in Fig. A-2.  

Table A-2 
Cable specification.  

Parameters Values 

Length 2.78 miles 
Conductor Size 350 kCM 
Conductor Diameter 15.7 mm 
Insulation Thickness 16.5 mm 
Rated Current 460 A   

Table A-3 
Electrothermal life model parameters.  

Parameters Values 

E0 5.5 kV/mm 
E 6.25 kV/mm 
T0 284 deg. K 
α0 1.4 × 1015 

b 4308 
B 12,937 
no 18.8 
PD 0.05 
PT 0.632   
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Fig. A-2. The electrothermal cable model assumption– The nominal cable temperature is assumed at 283-K or 10-C (corresponding to cable temperature in winter times), i. 
e., the life is approximately 15,500 times the rated life at 363-K. Using this model, the loss of life is determined as the operating temperature changes due to its power 
transfer loading. 

The load data, cable geometry, grid topology, and combination of MRE and other DERs were used to generate a power flow study model.3 For this 
work, a sub-transmission model of OPALCO was created and power flow across all cables in the network was calculated. Based on different integration 
levels of MRE and other DERs, different power transfers were obtained. A steady-state power flow simulator tool was used to conduct this power flow 
study. With this, an accurate estimation of the losses, reactive power, and the overall power loading of cables can be reached. An electrothermal cable 
life model4 was used to calculate the cable life extension or reduction, given the assumption of nominal cable life. With different technology scenarios, 
different cable life extensions were calculated, which yielded a range of cable operation costs and associated value benefits of deferring cable life. 

With available resource data from the San Juan Islands area, tidal power generation profiles were generated. These tidal generators were assumed 
to feed into the San Juan Island Substation to reduce the net demand of the load transported to the island customers. Aggregated power of all tidal 
generators for hourly time resolution was determined to be sufficient for this analysis. Fig. A-3 shows the tidal power generation profile (scaled to 
nominal power) assumed for this study. The hourly community load (recorded at the substation) was also incorporated in the power flow model.

Fig. A-3. Assumed tidal generation profile for MRE integration scenarios, obtained from the resource characterization of locations around the San Juan Islands.  

Resource assumptions were also made for the BESS integration scenarios. We assumed a utility-scaled Li-Ion battery with aggregated modelled 
charge/discharge efficiency and energy and power ratings of 1 MW/4 MWh, 0.5 MW/2 MWh, and 0.25 MW/1MWh. An example of the assumed daily 
charge/discharge profile of a 1 MW/4MWh BESS is shown in Fig. A-4. 

3 A power flow model representing the sub-transmission system of OPALCO was developed to estimate the losses and power flow across the cables. Inputs to these 
models include grid data, time-series information on the load, and distributed generation (such as solar PV), along with BESS operational models. Any open-source 
power flow modeling software (e.g. OpenDSS [116]) could be deployed for this, which can accept inputs such as cable insulation thickness and material, conductor 
geometry, and rated operating conditions to estimate cable resistance and inductance. These values are then utilized in the power flow model to calculate realistic 
power flow across the cable. The modelled submarine cable is a 69 KV XLPE (Crosslinked Polyethylene) submarine cable, using the specification obtained from its 
design data sheet.  

4 The life estimation engine was built based on the approach presented in [114], where an electrothermal life model estimates the life of an insulated cable when 
subject to a given loading cycle, or power transfer profile through the cable, that exposes the cable to electrical and thermal stress. Also defined as a multi-stress 
model, it considers the impact of thermal and electrical stress simultaneously. The model incorporates a probability of cable failure in the estimation process and 
determines the life at a given design failure probability. The Weibull distribution function was used to fit the life model. Per the electrothermal model employed in 
this paper, it is held that at 283-K or 10-C (corresponding to cable temperature in winter times), the life is approximately 15,500 times the rated life at 90 ◦C, and 
exponentially reduces as operating temperature increases and converges to rated life at 90-C or 363-K. 
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Fig. A-4. BESS profile used for BESS penetration scenarios.  

We ultimately ran three main cases with varying levels of MRE (1 MW, 2 MW, and 4 MW) resources in the San Juan Islands and their impact on 
cable life deferral. The nominal tidal power profile shown in [115] [114] [116]Fig. A-4 was scaled to represent the peak power production of 1 MW, 2 
MW, and 4 MW. Similarly, the 1 MW/4 MWh BESS charge/discharge profile of Fig. A-4 was scaled to represent scenarios for 0.5 MW/2 MWh, and 0.25 
MW/1MWh. 

A.2. Load profile assessment methodology 

The extraordinary high capital costs of energy development cannot typically be justified without a need for that development. In other words, there 
is little incentive to invest in a particular technology for distributed use unless it adequately serves a community's load profile. Even if community 
values and characteristics are well aligned with MRE-driven objectives such as energy security, resilience, and economic growth, technological 
deployment may not be financially feasible without some guarantee that the technology can sustain peak loads and resource adequacy needs. In order 
to understand the degree to which MRE can do this, a load profile assessment was conducted. The modeling exercise considered scenarios with 
standalone MRE deployment and MRE paired with solar PV to see how well these resource profiles aligned with community electric demand. 

A number of assumptions were made to conduct this assessment. The OPALCO load was rescaled to reflect the peak load of the San Juan Islands 
(13.75 MW). Note that the load here is winter peaking in nature. Four locations near the San Juan islands were selected based on resource potential for 
tidal energy development. In each of those locations, a 1.5 MW tidal energy turbine was assumed to be installed, thereby causing the net cumulative 
tidal capacity to be 6 MW. For each of this turbine, cut-in and cut-out speeds of 1 and 3.5 m/s are assumed. The tidal velocities, obtained from [115] 
were converted to tidal energy through a first-order model, as in [111]. A representative profile of solar energy generation in the San Juan islands was 
also assumed, with solar expected to be sparsely available during daytime hours of the winter season. In comparison, tidal energy is expected to be 
largely periodic, more consistent, and more uniformly available across the year. The peak capacity for the cumulative pool of solar-based generators 
was input as 2.5 MW (Fig. A-5).

Fig. A-5. Representative solar, tidal and load profiles for the selected case study in San Juan Islands, WA.  

The effective load carrying capability (ELCC), a standard reliability metric used to understand the potential of a new generator to serve incremental 
load, was applied in this analysis. We used a data-driven method similar to that of [111] to approximate the ELCC of both tidal and solar PV generators. 
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Under this method, the top n% of the peak demand hours were selected from an hourly dataset of a typical year, and the average capacity factor for the 
added generation resource across those selected hours was treated as the approximate ELCC. 

After we approximated the ELCC value of each resource, we considered the power import requirement from non-renewable resources within the 
island power system under three scenarios: (1) with only solar resources available for onsite renewable generation, (2) with only tidal resources 
available for onsite renewable generation, and (3) with both solar and tidal resources available for onsite generation. 
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