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H I G H L I G H T S

• RCOM model developed for renewable energy system analyses in remote communities.

• Novel ‘allowable cost LCOE’ assessment for hydro, solar and wave energy systems.

• Diesel mitigation potential of variable renewable energy systems quantified.

• Wave energy as allowable LCOE of $0.59/kWh and $23,206/kW installed.

• Impact of resource variability, fuel cost, and emission pricing on allowable LCOE.
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A B S T R A C T

Many remote communities are reliant on diesel-fueled electricity generation. The extra-ordinary logistical and
financial complications in acquiring fuel often result in energy poverty. To alleviate these realities, and si-
multaneously mitigate noise and emissions, communities are focused on harnessing local renewable resources to
achieve aggressive decarbonization and renewable energy penetration.

This study quantifies the diesel and emissions mitigation potential of micro-hydro, solar and wave energy;
and defines ‘allowable-cost’ Levelized Cost of Energy (LCOE) targets. Through the application of a bottom-up,
time domain energy systems model, Remote Community Optimization Model (RCOM), differing renewable
options (including wave, micro-hydro and solar) are compared. The RCOM model formulates the community’s
energy system operation as a cost minimization optimization problem and generates an hourly dispatch strategy.
Comparing hybrid renewables-based systems to the diesel only case, the maximum allowable LCOE values for
each renewable energy system to provide economic benefit to the local community are quantified. Additional
sensitivities to resource availability, emissions pricing and fuel costs are explored through scenario-based sen-
sitivity analyses.

Utilizing RCOM for Hot Springs Cove (remote Canadian community), the diesel system results in LCOE of
$0.76/kWh. The development of a small hydro system (225 kW) reduces the community’s fuel costs by ~$5.2 M
over the 30-yr. project lifetime. However, these savings are less than the upfront construction capital, and the
associated LCOE increases to $1.36/kWh. Based on the novel ‘allowable-cost’ analysis, wave energy was found to
provide economic benefit if the supplied power could be delivered for less than $0.59/kWh; with the added
benefit of reducing diesel consumption by 40%, and returning $23,206/kW installed. Comparatively, integrating
solar had an allowable-cost LCOE of $0.53/kWh, reduced diesel consumption by only 12%, and gave a return of
$6844/kW installed.

1. Introduction

Globally, many remote communities suffer from exorbitant elec-
tricity costs, a reliance on fossil fuel sources, and ageing energy infra-
structure. Electricity costs, up to 10x utility costs, severely handicaps

the community’s abilities to provide reliable services and to seize on
economic development opportunities. This results in migration away
from historically, and culturally, significant community locations
[1–3]. Additionally, the reliance on fossil fuel-based generation – gen-
erally diesel – is often at odds with the communities’ cultural view
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points on the interactions between people and place. The coupled ef-
fects of ageing infrastructure and diesel reliance conspire to place these
communities as some of the least resilient to the economic and en-
vironmental change [4].

The built capacity of off-grid renewable energy has tripled in the
last 5–10 years, reaching a global installed capacity of approximately
7000 MW in 2017 [5]. Amongst many drivers, the sustainable devel-
opment and energy system decarbonization [6] goals set by the United
Nations are motivating the use of local renewable energy supplies to
mitigate, or eliminate, diesel fueled energy generation. For coastal
communities, marine energy is the obvious renewable option. The wave
energy resource is proximate, relatively stable and vast [7–9].

However, marine energy technologies remain pre-commercial.
While there exists a wealth of literature on resources [10–15], specific
technology concepts [16–19], control concepts [20,21], and utility-
scale integration [21–29] there exists is little-to-no quantified research
detailing the economic merit of wave energy systems relative to busi-
ness-as-usual diesel only or hybrid systems (generally focussed on ma-
ture hydroelectricity or solar PV technologies) for remote communities.
In addition, for the marine energy sector to advance, uncertainty in
marine energy costs must be countered with greater certainty in the
diesel displacement, allowable-cost Levelized cost of energy (LCOE),
and any broader energy system savings accrued by integrating marine
energy. In contrast to previous works on wave energy or tidal system
LCOE [30,31], this study focussed on calculating the ‘allowable’ LCOE.
By utilizing a ‘bottom up’ energy systems model [32], with exogenously
defined zero cost solar and wave energy technologies, this work
quantifies the maximum allowable costs at which a renewable energy
generator creates economic benefit.

In general, broad research and understanding of Hybrid Renewable
Energy Systems (HRES) is either completed via detailed measurement
data [33], or via numerical energy system models. Getting a broad
understanding of HRES solely via measured data, like Diaz et al. [33], is
extremely data-intensive. This method suffers from two major draw-
backs: 1) Getting consistent reliable data, and 2) the lack of ability to
look forward to future scenarios. Utilizing numerical models, like
HOMER, OSeMOSYS, R2HES, DER-CAM, TIMES/MARKEL [34,35],
allow system operators, communities, and project developers to analyze
the coupled nature of technical, economic and natural systems in both
existing systems and future potential systems. There is a wide body of
literature on Hybrid Renewable Energy Systems (HRES) energy system
modelling – see comprehensive literature reviews in [33,35–39]

To provide an example parameter used to differentiate available
HRES modeling tools is the system foresight available for dispatch; ei-
ther myopic or perfect foresight. Myopic foresight reflects that the
system operator makes decisions on energy dispatch from different
sources with very limited knowledge of future resource availability and
community demand. In a myopic foresight HRES model, dispatch is
either simulated based on heuristic rules that ensure that supply and
demand are always balanced [39], or are based on a full-factorial
search, as used in HOMER, RETScreen and H2RES [40]. These tools

compare all feasible system simulations to rank the most cost-effective
energy system designs.

This study uses the Remote Community Optimization Model
(RCOM), built on the General Algebraic Modelling System (GAMS)
platform [41], to compare different energy system designs, associated
‘allowable-cost’ economics and diesel offsets. RCOM uses a perfect
foresight approach in which the operation of a specific energy system
design (e.g. a scenario with set generation technologies and capacities)
is formulated as a cost-minimization optimization problem. By main-
taining the system cost as a linear function of system state variables,
and enforcing the supply-demand balance also as a linear function of
the state variables, a minimum cost operation of the energy system can
be determined using a mixed integer linear programming approach.
The dispatch strategy follows no heuristic rules but is rather derived
directly from the linear programming problem solution. Whereas
myopic foresight tools allow for optimization across various system
scenarios but sacrifice true optimality due to the heuristic dispatch,
RCOM ensures optimal dispatch but only for the user specified scenario.
Alternatives to RCOM include DER-CAM and MARKAL/TIMES as de-
scribed in [29].

It is expected that a perfect foresight approach will yield the lower
lifecycle cost boundary and is thus best suited to the calculation of
’allowable’ costs. Due to massive uncertainties in the capital, operation
and maintenance costs of wave energy devices, the front-end en-
gineering design of wave energy projects are unable to resolve a value-
proposition in terms of standard Levelized Cost of Energy (LCOE) cal-
culations. In this work we use RCOM to consider a variety of HRES,
including wave, solar and hydroelectricity options, to find the ‘allow-
able-cost’ LCOE values for each renewable option. Comparing allowable
costs across the renewable options reveals the raw potential of each
resource to serve decarbonization efforts; without introducing bias
based on the maturity of each technology class or the ability to manage
variability through storage. In this work we explicitly avoid including
energy storage, as we are focussed on establishing the relative merits of
wave energy technology and resources, not combinations of renewables
and energy storage.

The RCOM framework is applied to a case study aimed at comparing
diesel mitigation potential of a wave technology to that of solar and
hydroelectricity alternatives for a coastal high latitude (north or south)
community. Hot Springs Cove on the West coast of Vancouver Island,
British Columbia (BC) Canada is indicative of these communities and
can be characterized by high winter and low summer loads. Despite
British Columbia’s utility grid being more than 98% supplied by re-
newable hydro-electric generation, Hot Springs Cove is symptomatic of
32 BC coastal off-grid communities that remain reliant on diesel gen-
eration [42,43]. The Hot Springs Cove case is relatively unique in the
sense that this community has access to local wave, solar and hydro
resources, making it ideal for a comparison of the relative value pro-
position of emerging wave energy technology against established solar
and micro-hydro competitors.

This paper is structured as follows: Section 2 introduces the Remote

Nomenclature

TCsystem PV, Total present value cost for a specific energy system
C t( )tech Cost at hour (t) for specific generation technology
P t( )tech Power output at hour (t) for specific generation tech-

nology
Pd max_ Maximum power output from the diesel generators
Ph max_ Maximum power output from the hydro generators
X t( )tech On/Off state for specific generation technology
V t( )fuel Volume of usage at time (t)
A Diesel generator fuel consumption performance coefficient
Q t( ) Water flow rate through hydro facility

Qo Minimum flow rate required for hydro power output
A B C, , Diesel and hydro generator performance coefficients (from

linearized performance curves)
Hs Hydro generator turbine start-up coefficient
YI/0 Hydro generator binary for turbine start.
PV Present value
CRF Capital Recovery Factor
d Discount rate
N Project lifetime
LCOE Levelized Cost of Energy

B. Robertson, et al. Applied Energy 264 (2020) 114677

2



Community Optimization Model, while Section 3 provides a detailed
overview of the electricity demand and renewable resource options
available for Hot Spring Cove, Canada. Section 4 details the re-
presentation (performance, cost, reliability, emissions) of the different
generation options available at Hot Springs Cove. Section 5 details the
results from the RCOM model at our case study location and quantifies
the system performance over a year of operation. Section 6 provides a
broader discussion of the results and includes contextual perspectives
future work. Finally, Section 7 reviews the results and provides a con-
cise overview for integrating hydroelectricity, solar and wave energy
systems for a case-study high latitude remote community.

2. Remote Community Optimization Model (RCOM)

Energy system models are widely used for optimization of energy
system capacity expansions, operational cost-minimization and detailed
power flow analyses. These models inform operational efficiency, aid
investment planning and identify policy opportunities/implications. As
discussed in the Introduction, a wide variety of tools and models have
been developed and are routinely utilized to answer specific questions
of energy system composition and operational strategy (i.e. dispatch).

The Remote Community Optimization Model (RCOM) is used to
produce a priori assessments of the economical, technical and opera-
tional impacts of candidate energy systems in small communities. Built
on the General Algebraic Modelling System (GAMS) platform [41],
RCOM optimizes the dispatch of known generation assets and resources
to meet hourly electricity demands at the lowest cost (objective func-
tion), subject to a technology-specific operational and availability
constraint. More technically, RCOM is a cost-minimization optimization
that formulates the hourly resolved supply-demand energy balance
problem as a linear, mixed integer programming problem [44]. The
energy balance equation is an equality constraint for all generation
sources, and includes a sink variable to equal the demand. Other con-
straints are defined by generator performance functions (from manu-
facturer data) or resource availability. Magnitude limits are defined for
variables that represent the generator, or system capacity, and may also
include minimum values. The mixed integer framework allows for on/
off variables – very applicable to representing generator dispatch –
whilst maintaining linear operational constraints. RCOM has perfect
foresight for the entire modelling period.

Storage time domain variables are dependent on t( 1) and +t( 1)
states, which requires additional processing to optimize values in
period t( ). The addition of any time domain variables or constraints
increase model complexity, yet impart more energy system attributes.
To improve optimization efficiency, post processing calculates sec-
ondary system data. These include: CO2 emissions, fuel efficiency, ca-
pacity factors and annualized data sets.

Fig. 1 illustrates the RCOM process flows for a simple hybrid hy-
droelectricity (hydro) and diesel-powered electricity system. RCOM
requires input data on costs, demands, resource availability (diesel,
water), then determines the cost minimal dispatch (subject to con-
straints) to meet the demand. Outputs include time series of generation,
fuel use, emissions, costs, etc.

Given that generation resources and associated capacity are inputs
to RCOM, any comparisons between different energy systems, installed
capacities or technologies is completed via scenario-based studies.
Scenarios could additionally include higher fuel costs, lower water flow
years, emissions pricing, etc.

2.1. Technology operating constraints

Utilizing the hydro-diesel system (shown in Fig. 1) as an illustrative,
Table 1 provides an overview of the objective function and technology-
specific constraints. The objective is to optimize the dispatch of the
hydro and diesel generators to minimize the Total Cost (TC) of gen-
eration.

All constraints must be met at every time step. Constraint #1 is the
energy balance for the whole system, i.e. power generation from hydro
(Phydro) and diesel (Pdiesel) must meet demand (Pdemand) in each of the n
model time steps (t). Constraint #2 represents the minimum and max-
imum output from the diesel generator; where Pd min_ represents the
start-up or minimum generation, and Xdiesel is a binary variable and
indicates whether the generator is available. Constraint #3 represents
the diesel fuel consumption; which relies on the current power pro-
duction (Pdiesel), the generator fuel consumption performance (A), and
the fuel consumption required for start-up (V0).

The remaining constraints are associated with the hydro-electric
generation. Constraint #4 shows the power from the hydro system stays
between the maximum (Ph max_ ) and the ‘shut-down’ minimum (Ph min_ ).
Constraint #5 indicates the power production for the specific hydro
turbine; which is dependent on the turbine being available (Xhydro), the
current water flow (Q t( )), the associated turbine performance (B), and
the initial power losses required to run the turbine (C). The water

Fig. 1. RCOM process example – hybrid hydro-diesel energy system.

Table 1
RCOM Objective function and operating constraints for hydro-diesel system.

Objective function = +minTC C t C t( ) ( )n
hydro diesel0

(1)

Constraint #1 + =P t P t P t( ) ( ) ( )hydro diesel demand (2)
Constraint #2 P P t P( )d min diesel d max_ _ (3)
Constraint #3 = +V t AP t V X t( ) ( ( ) ) ( )fuel diesel diesel0 (4)
Constraint #4 P X t P t P X t( ) ( ) ( )h min hydro hydro h max hydro_ _ (5)
Constraint #5 =P B Q t C X t( ( ) ) ( )hydro hydro (6)
Constraint #6 +Q Q Q t Q( ) ( )start design0 (7)
Binary Variables =X X, 0, 1diesel hydro
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‘consumption’ for hydro is slightly more complex as ‘start-up’ and ‘shut-
down’ flow rates differ. Constraint #6 enforces that flow rates are be-
tween the design (Qdesign) and minimum (Q0) water flow during opera-
tion. An incremental additional flow (Qstart) is required for turbine start-
up (when <X t X t( 1) ( )hydro hydro ). Any generator in an RCOM model
will feature a set of constraints similar to those demonstrated in
Table 1.

For example, as wave and solar generators are added to the system,
the set of constraints in Table 1 must be adapted. Constraint 1 must
include the contributions of solar and wave to the supplied power. As is
described in sections Section 4.3 and Section 4.4, the available output
of the solar and wave plants at any time is set by exogenously defined
resource profiles. RCOM determines how much of the available re-
newable to use at any time. This can be seen as an addition of solar and
wave constraints similar to Constraint 2 where the lower bounds on
solar and wave power are 0 and upper bounds are drawn from the re-
source annual profiles.

2.2. Technology economic constraints

For each generator, there are capital costs associated with project
development, operations and maintenance (O&M) costs, and equipment
overhaul costs. For existing generators, capital costs are considered
sunk and only additional fuel costs (consumption and delivery) are
included. For a diesel generator, the present value costs associated with
generation are detailed in (8), and include fuel, O&M, overhaul and
barging costs.

= + + +TC C C C Cdiesel PV Fuel PV DieselO M PV Overhaul PV Barge PV, , & , , , (8)

For renewable energy generators, such as solar or wave, the fuel and
delivery costs are general zero. However, total present value system
costs (TCsystem PV, ) include upfront capital costs for construction and
lifetime operating costs. Overhaul and O&M costs are dependent on
usage, age, equipment, etc. In the case of hydroelectric system, water
rental costs (capacity and output) can be included.

Utilizing the hydro-diesel system example, Fig. 2 provides an
overview of the costs associated with the operation of the example
hybrid electricity system.

Within this study, the Levelized Cost of Energy (LCOE - $/kWh) and
the cost of installed capacity ($/kW) will be the primary economic
metrics of comparison. The LCOE is calculated as:

=LCOE
TC CRF
AnnualDemand

Â·system PV,
(9)

where TCsystem PV, is the total present value cost for meeting the elec-
tricity demand.

Capital Recovery Factor (CRF) is calculated using (10):

= +
+

CRF d d
d

(1 )
(1 ) 1

N

N (10)

where d is the discount rate and N is the selected project lifetime.

2.3. Allowable-cost methodology

For well-established generators, renewable or otherwise, the
TCsystem PV, can be tabulated with historical site-specific performance
data and input into RCOM. However, for nascent and emerging tech-
nologies, these baseline financial quantities are difficult to obtain or
simply don’t exist. Without quantified value proposition for new gen-
erators, it is difficult to determine the economic variability of the
technology within a remote community electricity system.

In such scenarios, an allowable-cost cost analysis can be used to
identify the TCnewgen allowable for the new generator. The allowable
cost is the difference between the baseline system cost, and the scenario
with the new generator; albeit with zero cost.

For example, the capital and operating expenses for a wave energy
system are unknown. In order to identify the allowable-cost LCOE
(LCOEallow), a baseline scenario is modelled (TCdiesel) and a new system
with wave energy is modelled (TCwave) and calculated according to (11):

=LCOE
TC TC CRF

WaveGeneration
( )Â·

allow
diesel PV newgen PV, ,

(11)

where WaveGeneration is the total site specific or local wave generation
in kilowatt-hours (kWh). A similar methodology can be used to de-
termine allowable-cost system capital costs if details on O&M are
known.

In addition to allowable-cost LCOE, the total system-cost reduction
(equally positioned as revenue opportunity) per kW of installed capa-
city provides insight into the value proposition for the various tech-
nologies investigated. The total system cost reduction is henceforth
termed the ‘return per kW’. See (12); where capacity is the total install
capacity of wave, solar or wave + solar:

Fig. 2. RCOM economic analysis for hydro-diesel example system.
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=kW Return
TC TC

Capacity
_ allow

newgen PV diesel PV, ,

(12)

3. Hot Springs Cove electrical system and resource options

Hot Springs Cove is a First Nations community, is located at
49°22′N, 126°16 W, and is only accessible by boat or seaplane. The
community consists of ~123 people, 3 administrative and community
buildings, and 30 residential homes. The electricity demand system at
Hot Springs Cove is met through entirely through diesel generation, and
is indicative of global remote communities. The community aspires to
achieve 100% penetration of renewable energy and utilize their wealth
of proximate, raw renewable energy resources [5] – hydro, solar and
wave energy resources.

3.1. Existing demand and generation

In 2014, Hot Springs Cove installed electrical meters to record
community electricity load data at 15 min resolution (shown in Fig. 3
for 2015). Hot Springs Cove features a winter peaking demand profile -
representative of many high latitude locations. The winter demand
peaks at 193.5 kW, while summer load averages just 50 kW. This de-
mand profile is dominated by heating and lighting demands, as most
cooking demands are met by propane gas.

The existing electricity system at Hot Springs Cove consists of two
(2) Volvo 250 kW generators and two (2) 100 kW generators – sche-
matically shown in Fig. 2. The larger 250 kW units are designed to meet
winter peak loads, while the smaller 100 kW units are specified for
summer operation; allowing the generators to run at more efficient,
higher load regimes. The generator duplication is for redundancy and
reliability concerns.

3.2. Renewable resource options

Hot Springs Cove has a unique but limited suite of renewable re-
source opportunities to draw from. Dominant amongst the options are
traditional small scale hydroelectric (micro-hydro) generation and
wave energy generation. However, given the rapidly decreasing capital
costs and their modular nature, solar PV is additionally investigated to
provide comparative analyses.

3.2.1. Hydroelectric power
Ahtaapq Creek is conveniently located 2 km from Hot Springs Cove

and is currently being investigated by the Community for a small-re-
servoir run-of-river hydroelectricity system. Fig. 4 shows the creek
discharge for a water average year (2006). The maximum flow occurs
during the winter months whilst summer months feature very low flow
conditions. Immediately evident is the variability in the flow

conditions, associated with both short-term storm events (duration of
days) and longer-term seasonal changes (duration of months). The ex-
tended low-flow conditions during winter, due to clear sky and below
freezing climatic events, are notable (as noted in Feb-March in Fig. 4).

As noted, 2006 is represents an average Mean Annual Discharge
(MAD = 0.39 m3/s) year for Ahtaapq Creek. To investigate the impacts
of increased/decreased water flow years on the electricity system op-
eration, flow conditions for 1985 (MAD = 0.20 m3/s) and 1997
(MAD = 0.55 m3/s) will also be utilized.

3.2.2. Solar power
Solar data for this location was taken from the Government of

Canada’s Canadian Weather Year for Energy Calculation (CWEC) dataset
[45]. CWEC datasets are collected from ground stations across Canada
and compared against similar NASA and National Resources Canada’s
Geostationary Operational Satellite system datasets for validation [46].
Fig. 5 shows the normal solar irradiance for an average solar year in the
Hot Springs Cove region. As shown the resource is maximal during
summer months with significantly reduced resource during the winter.
However, even during the summer, the resources maintains significant
variability due to the presence of coastal ‘fog’. The maximum resource
of 914 W/m2 is available during the spring (April/May) and an annual
average of 138 W/m2.

3.2.3. Wave power
Numerous studies have been conducted on assessing the future

prospects of wave energy on the west coast of Canada [47–49]. For Hot
Springs Cove, a location ~2 km from shore and in 40 m of water was
identified based on a Simulation WAves Nearshore (SWAN) model [50].

Fig. 6 shows the gross wave energy transport (kW/m) over the 2015
period. As with the creek flow and solar resource, there is significant
variability in the resource availability. The wave resource is dominated
by seasonal trends – with highly active winters and relatively benign
summers – and short-term storm events (multiple days). Generally, the
wave energy resource is most active during the winter months with the
gross wave energy flux reaching almost 250 kW/m. Note that wave
energy flux is measure per m of wave crest; the energy flux through a
1 m diameter circle from the sea surface to the seafloor.

In order to maintain temporal coherence between community
electricity demand and wave energy resources, 2015 wave data is used
as the default. However, 2015 was a relatively active wave energy year
on the West Coast of Canada, with an average wave energy transport of
21.4 kW/m. It is important that more benign wave conditions are also
investigated for impact on the energy system. 2013 had an average
wave energy transport of just 11.3 kW/m and the temporal character-
istics are shown in Fig. 7 (note the y-axis scale difference)

Table 2 provides a quick overview of the average, minimum and
maximum resource potential for hydro, solar and wave energy. The
table provides a quick relative perspective of the opportunities for the
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Fig. 3. Electrical demand for Hot Springs Cove (2015).
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different resources, depending on the ability to reliability generate
power from each.

4. RCOM scenarios and technology characterization

As previously discussed, RCOM inputs capital, fixed and variable
operating costs, emissions intensity, and resource performance and
availability for individual technologies. The following section details
the technology representations and associated modelling constraints for
the Hot Springs Cove resource and economic conditions.

A schematic of possible hybrid energy systems at Hot Springs Cove
is presented in Fig. 8. The RCOM model optimized over 8760 h for

representative or scenario-based years.
In order to elucidate the impacts and benefits of various energy

systems, a scenario-based study is utilized. The results are presented for
different hybrid energy systems, scenarios of installed capacities, and
resource availabilities. Table 3 provides an overview of the systems and
scenarios to be analysed.

In terms of economic analyses, all technologies were assumed to
have a consistent 30-yr lifespan (slightly higher than [51] but utilized
to maintain consistency with hydro system), a discount rate of 10% (as
per [51]), and an inflation rate of 1.6% (mean of Canadian inflation
rate over last decade [52]). For diesel fuel, a fuel escalation rate of 5.2%
(mean of fuel increases in local community of Nanaimo between 2001
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Fig. 4. Ahtaapq creek annual flow rates.
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and 2015 [53]) was utilized.
The community of Hot Springs Cove is currently exempt from

carbon taxes so all default RCOM analyses do not include carbon pri-
cing. However, in each scenario, the additional costs associated with
carbon pricing at $30/tonne (current British Columbia provincial
price), $50/tonne (Canadian federal price) and $100/tonne (possible
future price) are investigated via post-system optimization processing.

4.1. Diesel system and constraints

The diesel fuel use for the 250 kW and 100 kW generators is based
on Volvo performance curves [54] and linearized; based on the
minimum generation, maximum generation and percentage load on the
generator. See Table 4. As expected, operating the generator at higher
percentage rated loads increases fuel efficiency per kW and reduces
emissions per kWh.

The diesel system generation costs are detailed in Table 5, and the
total costs (TC) formulated in (13). Additional fuel deliveries were at a
unit volume of 49,400L/delivery (all fuel delivered by a barge carrying
fuel trucks).
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Fig. 7. Wave energy transport at Hot Springs Cove in 2013.

Table 2
Renewable resource options overview.

Renewable Resource Hydroelectric (m3/s) Solar (W/m2) Wave (kW/m)

Average 0.39 138 21.4
Minimum (month) 0.05 (August) 0 (night) 0.2 (July)
Maximum (month) 7.5 (November) 914 (May) 248 (December)

Fig. 8. Complete hybrid energy system options for Hot Springs Cove. Each energy system scenario includes/excludes certain generators from system as described in
Table 3.

Table 3
Overview of energy systems and scenarios.

System/Scenario Scenario Generation Capacities

Diesel System - Diesel: 100 kW & 2x 250 kW
Hydro-Diesel System - Diesel: 100 kW & 2x 250 kW

- Hydro: 225 kW
Solar-Diesel System - Diesel: 100 kW & 2x 250 kW

- Solar: 100 kW or 200 kW
Wave-Diesel System - Diesel: 100 kW & 2x 250 kW

- Wave: 200 kW or 100 kW
Wave-Hydro-Diesel System - Diesel: 100 kW & 2x 250 kW

- Hydro: 225 kW
- Wave: 200 kW (Sys. A)/100 kW (Sys. B)

Wave and Hydro Resource Sensitivity - Diesel: 100 kW & 2x 250 kW
- Hydro: 225 kW
- Wave: 100 kW
(Low/High hydro flow year: 1985/1997)
(Low activity wave year: 2013)

Table 4
Diesel generator fuel consumption.

Rated Capacity Minimum Generation Fuel Consumption (L/hr)

250 kW 50 kW +P t0.25 ( ) 5.5d
100 kW 20 kW +P t0.24 ( ) 3.6d

where P t( )D is the power generation at each time step.
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= + + +TC C C C Cdiesel PV Fuel PV DieselO M PV Overhaul PV Barge PV, , & , , , (13)

Minimum generation was set to 20% of rated capacity and a
minimum of 4hr ‘up’ time enforced to eliminate harmful cycling im-
pacts on the equipment. No minimum ‘down’ time was included. It was
assumed that the diesel generators could ramp to 100% capacity within
the hourly time step. Emissions were based on Tier 2 off-road diesel
engines as per [56] and CO2 determined to be 5.0 and 3.5 g/kWh for the
250 kW and 100 kW generators respectively.

4.2. Hydroelectric system and constraints

Hydro generation is defined by the incoming creek flow rate, sto-
rage reservoir size, and the desired turbine capacity. The incoming
creeks flow rates have been previously defined, and the reserve storage
opportunity is limited to 6000 m3 [55]. Additionally, in order to
maintain the ecological biodiversity in the creek, an inflow stream re-
quirement (IFR) is 0.011 m3/s [57] must be met at every time step.

The investigated hydro system has a capacity of 225 kW and a
maximum volume flow of 0.125 m3/s. Turbine generation shutdown
and start-up generation is assumed to be 5% and 10% of rated capacity
respectively.

Fig. 9 illustrates the total efficiencies and power output for the
225 kW hydroelectric generation system. The RCOM hydro generation
system representation includes turbine efficiency losses, power station
losses, and transmission losses. Accumulating these losses, the total
peak efficiency only reaches 80%.

The costs associated with hydroelectric plant design, construction,
permitting are formulated in (14) and detailed in Table 6. Note that the
water rental costs two contributions: a capacity C( )hydro cap_ and a gen-
eration output cost C( )hydro gen_ .

The capital and fixed costs (design, turbine and generator, con-
struction, environmental monitoring, land lease, insurance, etc. costs),
variable operation and maintenance costs (water rentals, management

frees, vehicles, repairs and maintenance) are based on estimates from
the local utility (BC Hydro [58]).

= + + +TC C C C Chydro PV hydro cptl hydro PV hydro PV hydro PV, _ , , ,fix cap gen (14)

Finally, the hydro system is given a 95% availability factor. To ac-
count for this availability factor, the RCOM model has 1.25% hrs per
quarter assigned to zero hydro-electricity output (within the optimi-
zation framework).

4.3. Solar system and constraints

Locations for solar at Hot Springs Cove are somewhat limited by
significant tree cover and limited suitable roof space. For this study, a
potential 100 kW or 200 kW ground mounted systems was deemed
favourable due to suitability of locations [46]. A panel slope of 34˚, an
azimuth of 180˚ (due South) and Canadian Solar 310 W panels were
assumed. The resulting solar PV electrical output for the 100 kW system
is shown in Fig. 10. This output was simple scaled to provide RCOM
inputs for the 200 kW system.

4.4. Wave system and constraints

A wide variety of wave energy converters (WECs) are in develop-
ment, all with differing energy capture and power-take-off concepts

Table 5
Diesel System Generation Costs [55]

Items Costs

Fuel & Oil =C 1.6 $/LFuel =C 0.005 $/kWhOil
Operations & Maintenance (O&M) = +C C P t C· ( )DieselO M Oil D FixedO M& & =C 57, 200 $/yrFixedO M&
Overhaul =C 2 $/hOverhaul kW,100 =C 5.20 $/hOverhaul kW,250
Barge =C 3, 500 $/deliveryBarge

Phydro = 1802·Q - 6.05
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Fig. 9. 225 kW Hydro-electric generation power relationship.

Table 6
Hydroelectric system generation costs.

Items Costs

Capital Construction Costs =C $7.73 Mhydro cptl_
Fixed Operating Costs =C 119, 200 $/yrhydro fix_
Water Rental Costs =C 2.6 /yrhydro cap_

$
kW =C 1.4 /yrhydro gen_

$
MWh
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[7,17,58–61]. For this study, WEC technology of choice was the Sea-
Wood Designs ‘SurfPower’ system [62,63]. This choice was driven the
relative simplicity of the concept and the ability to approximately scale
WEC rated capacity with the buoyant wing width. Fig. 11 provides an
overview of the system, and additional details on the numerical mod-
elling can be found in Bailey et al. [19].

The power production potential from the SurfPower system is re-
lative to the wave-perpendicular width of the device, the efficiency of
conversion from ‘wave-to-wire’, the wave climate and the Power-Take-
Off (PTO). The WEC power production (Pw) is sea state dependent
power and calculated using (15):

=P L g H T
64w WEC s e

2
2

(15)

where WEC is the efficiency of the WEC (Fig. 12), is seawater density
(1025 kg/m3), g is gravity (9.81 m/s) and L is the wave-perpendicular
width of the WEC. The device output (Pw) is capped at the rated capa-
city.

Two WEC width and capacity scenarios are investigated; 24 m/
200 kW and 12 m/100 kW. Whilst the rated power will not scale exactly
with device width, the assumption provides an illustrative example of
appropriate scale for integration. Fig. 13 shows the annual power
production from a 200 kW WEC installed during 2015 at the chosen
location off Hot Springs Cove. The wave energy system is given a 95%
availability factor to mimic the hydroelectric facility (Note that the 95%
availability is not shown in Fig. 13 since availability factor timing is
endogenous to the RCOM framework).

Given the nascent nature of the WEC industry, costs are uncertain.
As previously noted, a allowable-cost cost analysis is utilized for WEC
generation system costs to identify the allowable $/kWh and $/kW for
the community to benefit from wave energy.

5. Results

In the following sections, the impact of temporal compatibility and
technology performance between local demand and a variety of re-
newable resources will be detailed. For nascent technologies, like wave
energy, the system-wide economic allowable-cost point is based on
diesel fuel consumption mitigation.

5.1. Diesel system

The costs and operational characteristics of the existing diesel
system serve as the baseline system and the comparison point for all
future energy systems. shows the seasonal and distribution of diesel
system generation during 2015. The 250 kW generator primarily
functions for winter peaks loads, while the 100 kW generator is dis-
patched during lower demand summer loads.

The total cost of running the diesel energy system is $6.44 M, it
generates 909 MWh, and has an LCOE of $0.75/kWh. Diesel fuel costs
dominate the economics, accounting for 80% of total annual costs. Over
the year, the 250 kW and 100 kW generators have capacity factors (CF)
of 31% and 25% respectively. Finally, the diesel energy system emits
780 tonnes/yr. of CO2.
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Fig. 10. Solar PV output at Hot Spring Cove.

Fig. 11. Seawood designs 'Surfpower' WEC.
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If these emissions were subject to carbon prices at $30, $50 or
$100/tonne, these emissions would increase the LCOE by $0.24/kWh,
$0.40/kWh & $0.81/kWh.

Finally, fuel costs have been shown to dominate the system costs. In
order to assess the impact of increased fuel costs, and associated re-
duced LCOE, the RCOM model was rerun using a high and low fuel cost
($2.0/L and $1.2/L). This 25% change in fuel costs results in a 20%
increase/decrease in system LCOE ($0.90/kWh and $0.60/kWh re-
spectively).

5.2. Hydro-Diesel system

Fig. 14 illustrates the significant renewable penetration potentially
achievable by hydro-electricity at Hot Springs Cove. Based on an
average rainfall year (MAD = 0.39 m3/s), hydro can meet 65% of
community electricity demand over the year.

The integration of hydroelectricity system saves ~193,000 L of
diesel fuel (66% reduction) and reduces the number of fuel deliveries/
barges from 6/yr. to just 2 deliveries. The hydro-diesel system saves
$324,000/yr. in direct fuel and delivery costs. Over the 30 yr project
lifespan, this accounts for $5.23 M of savings.

The LCOE for the hydro-diesel system is $1.36/kWh; an 80% in-
crease over the baseline diesel only system. This is primarily driven by
the $7.73 M capital cost of developing the hydroelectric system – an
upfront cost that is greater than the total diesel saving over the 30-yr.
lifetime.

The CF of the 250 kW diesel generator being reduced to just 2%, yet
it is still required in all seasons. This is partially due to the unavail-
ability constraint assigned to the hydro-electric system. Conversely, the
100 kW generator CF increases to 31%. The 66% reduction in fuel use
reduces carbon dioxide emissions to just 260 tonnes/yr.

If these emissions were subject to carbon prices at $30, $50 or
$100/tonne, these emissions would increase the LCOE by $0.08/kWh,
$0.14/kWh & $0.28/kWh. While substantial, these relative increases
are much lower than those associated with a diesel-only energy system.

5.3. Solar-diesel system

As shown in Fig. 15, introducing 100 kW or 200 kW reduces the
diesel generation by a marked amount during the summer, yet has
limited impact during the winter months. For summer (Q2 and Q3), the
penetration of solar for the 100 kW/200 kW systems are 23%/24%,
while this drops to just 4%/7% in winter (Q3/Q4).

The solar systems save 36,485L and 58,385L of diesel fuel each year
(12%/19%) for the 100 kW and 200 kW systems respectively. In order
to provide comparative ability between wave and solar, solar has not
been assigned any capital or operating costs. As such, the allowable-cost
LCOE’s for the 100 kW and 200 kW systems are $0.53/kWh and $0.44/
kWh; the lower value for the 200 kW system is due to 7.7% of gen-
eration being curtailed.

The breakeven prices per kilowatt are $6844/kW and $5678/kW for
the 100 kW and 200 kW solar system respectively.
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The CF’s of both diesel generators are slightly reduced when solar is
installed; between 5% and 6% for the 250 kW generator and 1%-4% for
the 100 kW generator. Carbon dioxide emissions are slightly reduced to
1435 tonnes/yr. and 1313 tonnes/yr. for the 100 kW and 200 kW solar
systems respectively.

If these emissions were subject to carbon prices at $30, $50 or
$100/tonne, these emissions would increase the LCOE by $0.19/kWh,
$0.32/kWh & $0.65/kWh for the 200 kW solar system. These carbon
price impacts would increase the allowable-cost LCOE and price per
kilowatt to $0.46/$0.47/$0.50 and $5899/$6046/$6414 respectively.

5.4. Wave-diesel system

As with the previous systems, the analysis of the wave-diesel system
is based on operational and economic implications of installing dif-
fering levels of WEC capacity (detailed in Table 3).

Fig. 16 shows the system generation with a 200 kW and 100 kW
WEC (same capacities as the solar systems). Wave energy penetration

accounts for 43% to 71% of total annual energy demand for the 100 kW
and 200 kW WECs respectively.

The 200 kW WEC reduces fuel consumption by 68% (total usage of
92,520L), but also generates excess electricity energy; up to 16% of
annual demand. The 100 kW WEC reduces fuel consumption by 40%
(total usage of 175,310L) and only generates 3% excess energy during
the non-peak/summer seasons.

Financially, the 100 kW will save $2.32 M over a 30 yr. project,
while the200kW will save $3.96 M. Using (10), the breakeven LCOE for
a wave energy system can be calculated. For the 200 kW and 100 kW
WEC systems, these are $0.51/kWh and $0.59/kWh respectively. The
increased value for the 100 kW WEC is due to the higher utilization and
reduced excess generation.

The breakeven price per kilowatt are $23,206/kW and $19,773/kW
for the 100 kW and 200 kW wave systems respectively.

The CFs of the 250 kW generator drops to just 6% and 3%, while the
100 kW generator is more effective and has a CF of 44% and 21% re-
spectively. The CO2 final emissions for the 200 kW and 100 kW devices
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are 246 and 467 tonnes/yr. respectively.
If these emissions were subject to carbon prices at $30, $50 or

$100/tonne, these emissions would increase the LCOE by $0.08/kWh,
$0.13/kWh & $0.25/kWh for the 200 kW WEC. These carbon price
impacts would increase the allowable-cost LCOE and price per kilowatt
to $0.52/$0.54/$0.57 and $20,529/$21,034/$22,294 respectively.

5.5. Wave-hydro-diesel system

Our case study location, Hot Springs Cove is moving forward with
the 225 kW hydroelectric facility, so it is important to understand how a
wave project will impact the performance of a hydro-diesel system. This
activity is in line with the fact that hydroelectric systems dominate non-
fossil fuel remote community electricity systems. Given this, and the
temporality complementarity between wave energy and community
demand, a 100 kW WEC and a 200 kW WEC scenario was investigated.

Fig. 17 shows the generation mix for each quarter. Overall, zero-
carbon generation (e.g. 225 kW hydro + 200 kW wave) would account
for 89% of total generation; a significant penetration. For the 100 kW
and the 200 kW systems, wave energy accounts of 44% and 87% of
renewable generation, vs. 37% and 16% respectively for hydro. This is
partially driven by the merit order of the supply stack and wave being
assigned zero costs for operation or maintenance. It is also evident that
the larger 200 kW WEC system creates significant over generation
(~16%) with the majority of this occurring during the fall months; a
period of high rainfall and wave. This over generation is expected given
that the system includes zero-carbon generation capacity that is ~218%
higher than peak demand.

The 200 kW scenario results in $5.1 M in fuel savings, while the
100 kW system account for $4.5 M in savings. However, primarily due
to the $7.73 M capital cost for the hydroelectric facility, the 200 kW
system has a total cost of ~$14.4 M and the 100 kW system a total cost
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Fig. 16. Wave-diesel system generation.
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of $13.2 M; significant numbers when compared against the $6.4 M cost
to continue to operate the existing diesel system.

If the system emissions were subject to carbon prices at $30, $50 or
$100/tonne, these emissions would increase the LCOE by $0.03/kWh,
$0.05/kWh & $0.10/kWh for the 200 kW WEC and 225 kW hydro
system. These carbon price impacts would increase the allowable-cost
LCOE and price per kilowatt to $0.53/$0.55/$0.59 and $15,612/
$15,916/$16,676 respectively.

Interestingly, both systems still require the 250 kW and 100 kW
diesel systems to ensure 100% reliability. The diesel generator CF’s are
shown in Table 7. Finally, total emissions are significantly reduced in
these systems; varying between 78% and 88% reduction.

5.5.1. Impact of low/high water year
As with all renewable generators, the natural variability in resource

availability (on a variety of temporal scales) drives the value proposi-
tion associated with integrating it into an electricity system. The pre-
vious sections quantified the impact of intra-annual variability, this
section will utilize a scenario approach to quantify plausible best and
worst cases for resource availability for hydro and wave energy systems
(see Fig. 18).

Utilizing a 100 kW WEC, a 225 kW hydroelectric system and the
existing diesel generation, annual water flow variability has significant
impact on the performance of the system; in terms of penetration, cost
and emissions.

Relative to MAD = 0.39 m3/s average, a low flow of 0.20 m3/s
(experienced in 1985) would impact the system in a variety of inter-
esting ways: (1) overall renewable penetration would increase slightly,
(2) over-generation would increase, (3) cost would increase by ~
$0.16 M, and (4) emissions would increase by 50 tonnes/yr. At first
glance, these results are counter intuitive and contradictory, yet this
behavior is indicative of the complicated temporal aspects of realistic
real-time supply-demand dynamics.

An increasing flow regime (MAD = 0.55 m3/s), would impact the
system by: (1) significantly increasing the renewable penetration (80%
to 92%), (2) saving ~$0.74 M, and (3) decreasing emissions by 205

tonnes/yr. The results for high flow conditions follow expectation for
increasing availability for hydro generation.

5.5.2. Impact of low/high wave energy year
Utilizing the same energy generation system as the high/low water

flow years analyses, the impact of high/low wave energy years are now
compared. 2013 represented a low wave year and features approxi-
mately half (50%) less available wave energy transport than the high
wave energy case (2015). As shown in Fig. 19, the reduction of wave
energy impacts the system in the following ways: (1) total renewable
penetration drop by 6%, (2) overall system costs increase by $0.40 M,
and (3) overall emissions increase by 115 tonnes/yr. The significant
reduction in gross wave energy is buffered by the flexibility of the
hydroelectric facilities.

A full overview of all scenarios and a breakdown of performance
against the key metrics is shown in the Appendix A in Table 10.

6. Discussion

The presented results provide a host of interesting quantified im-
plications for the integration of renewable energy resources into re-
mote, diesel reliant energy systems; both for current systems and the
next generation of systems. Table 10 in Appendix A provides a full
overview of all scenarios and associated performance metrics.

Firstly, it should be noted that the existing diesel energy system at
Hot Springs Cove supplies the community with reliable electricity. In
none of the scenario’s presented, despite increasing renewable energy
penetrations to 218% of peak demand and 100% diesel generator
ramping capabilities, does the need for diesel generation disappear.
However, the associated costs, emissions, noise impacts, and depen-
dence on marine transported diesel fuel are significant risks and limit
the community’s ability for economic development. Renewables reduce
this diesel dependency and associated diesel consumption reduction is
significant and immediately evident. Annually, the community burns
293,000 L of fuel, emits 780 tonnes of CO2 and requires 6 deliveries of
fuel. The resulting LCOE is $0.75/kWh (with a $1.6/L fuel cost), with
fuel costs accounting for ~80% of this. It is important to note that these
LCOE values do not account for capital previously invested to purchase
and install the diesel generation systems.

On the hydroelectricity front, the development of a 225 kW hy-
droelectric system significantly reduces the community’s fuel con-
sumption, emissions and fuel delivery reliance. Fuel consumption falls
by 193,000L, emissions are reduced by 66%, and only 2 annual fuel
deliveries are required. However, the capital costs to design, permit and

Table 7
Diesel generation capacity factors.

DIESEL CF 200KW WEC 100KW WEC

250 kW Diesel 1% 8%
100 kW Diesel 3% 13%
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Fig. 18. Wave-hydro-diesel system generation – low and high flow scenarios.
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construct the hydroelectric scheme are significant ($7.73 M). While the
hydroelectric system is able to save $5.23 M over the next 30 years, the
development of the hydro-diesel energy system actually increases the
LCOE by 80%; to $1.36/kWh. It is important to note that, despite these
known cost increases, small scale hydroelectric plants are the second
most common generation resource for remote high-latitude commu-
nities (after diesel) and continue to be developed. In the Canadian and
Hot Springs Cove context, the construction of energy systems in these
remote communities has often been heavily subsidized through federal
government funding and, as such, inclusion of capital costs in the
economic analysis is valid but maybe not representative of project
success.

For the 200 kW solar PV scenario, summer time renewable pene-
trations are high (20% of total), yet this useful energy is also curtailed
due to over-generation (~7%). In the winter, very limited generation
results from the solar PV (< 3%). Battery storage would undoubtedly
provide significant assistance in reducing the former issue (summer
over-generation) but would have little benefit in winter due to the
natural seasonal variability of solar. The allowable-cost LCOE’s for the
100 kW and 200 kW solar systems are shown to be $0.53/kWh and
$0.44/kWh respectively.

Integrating the same capacity (200 kW) of wave generation in-
creases total renewable penetration by 35% (up to 71% total) and re-
duces diesel demand by twice the amount as solar. For the 100 kW and
200 kW WEC systems, the allowable-cost analyses show higher values
for wave energy ($0.59/kWh and $0.51/kWh respectively). Fig. 20
shows a comparison between the generation output from wave and
solar. Cleary observable is the lack of generation from solar for 50% of
the year (night) and a mean generation of less than 50 kW (25% of
installed capacity) for 75% of the year.

Coupling wave and hydro allows the system to utilize the small
storage reservoir to concurrently increase renewable penetration (up to
87%) while reducing over-generation compared to the wave-only sce-
nario.

This research clearly quantifies the additional value of adding sea-
sonally-compatible (in this case, wave) generation resources to the
energy mix. Regardless of technology, the availability of the natural
resource is a major driver in optimizing a HRES. As shown in Table 8,
the annual solar energy profile exhibits negative correlation with the
community energy demand while wave has a correlation co-efficient of
+0.44 (Shown in Table 8).

Building on the presented results, there are a host of additional
sensitivity factors will influence both the physical and economic metrics

used to quantify system performance. Natural renewable resource
variability, emissions pricing and fuel costs are detailed below.

Natural variability in renewable water and wave resource flows.
Low-water years (1985) and high-flow years (1997) has expected re-
sults on systems with hydro generation – more water increases re-
newable penetrations and lowers LCOE, while less water reduces pe-
netration and increases LCOE. However, it is interesting to note that the
low-flow year actually has greater amounts of over-generation than the
high flow year (5% vs. 1%). The temporal nature of energy systems is
such that generation must occur to meet demand and any imbalance
becomes excess. Low wave energy resource years increases the depen-
dence on diesel and hydro, indicating the need to investigate a wide
variety of historical, and plausible future, wave energy resource years
when sizing the capacity of remote community systems.

Emissions pricing. In many jurisdictions, a monetary value is being
placed on emissions from energy services. As presented, the impacts of
$30/tonne, $50/tonne and $100/tonne emissions price on the LCOE
and installed system costs are significant. As shown in the overview
Table 9, the increased costs of burning fossil fuels increase the value
proposition for each renewable system. However, even at $100/tonne,
the associated increase in allowable-cost LCOE is below $0.06 (13%) for
the 200 kW solar system. The impact is greater on systems including
hydro. For the hydro-diesel system, the allowable LCOE increase is
$0.28 (21%) and return per kilowatt increases by $7,816/kW (88%) for
the wave-hydro-diesel system. In order to benefit from emissions pri-
cing, the renewable energy system needs to have significant penetra-
tions over the year – something solar is unable to do during winter
months. Given that emissions pricing is on the rise globally, these costs
should be accounted for when planning future energy systems.
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Fig. 20. Solar and wave sorted by generation output.
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Fuel pricing. Fuel prices can change dramatically due to a wide
variety of global socio-economic and technical reasons. For this com-
munity, the fuel price was varied by +/− 25% to determine the as-
sociated impact on the costs of the current diesel system. The fuel cost
increases have an almost linear response on increasing or decreasing
the true system LCOE by 20%. Fuel cost impacts will be lower in the
hybrid renewable energy systems and increase/decrease in tandem with
the total amount of fuel brunt.

The are a number of important caveats that need to be notes as they
provide important contextual information when assessing this research.
This include temporal coherence, global applicability, and energy sto-
rage.

Temporal coherence and perfect foresight. In the baseline scenarios,
the MAD data for Ahtaapq Creek is from 2006, the community demand
from 2015 and the wave data from 2015. While all these datasets are
representative of the ‘average’ conditions, the lack of temporal co-
herence means that the impacts of infrequent events will not be cap-
tured. For example, large winter high atmospheric pressure events will
result in increased electrical heating demand, but will also reduce
stream flow (due to freezing) and reduced wave heights. During these
times, the reliability of the energy system will rely on the diesel systems
exclusively. These impacts are somewhat illustrated through the high/
low water/wave scenarios, but a thorough examination is warranted for
final system design. Additionally, it should be noted that the RCOM
model has perfect foresight and can optimize the generator dispatch
with perfect knowledge of future loads. This is not the case in reality
and, as such, these results should be viewed as an impossible ‘perfect’
scenario.

Location and technology specific. Whilst this research does provide
important results for integrating variable renewable resources into re-
mote community electrical grids, they are not universally applicable.
The quantified results are locational, technology and assumption spe-
cific (e.g. ability for diesel generators to ramp to 100% generation
within an hour). The impacts could be significantly better, or worse, in
differing communities, with differing renewable and demand profiles.

Energy Storage. As noted, energy storage was explicitly not included
in these analyses for a number of reasons. The RCOM architecture is not
conducive for accurately representing storage performance (energy vs.
capacity, charge & discharge rates, round trip efficiency) and cost
(degradation and lifetime expectancy) uncertainties. Additionally, if
storage was to be included in a allowable-cost analysis, then the
avoided costs identified would have to be split between the WEC and
the battery storage; this is not a simple task and make the beneficial
defragmentation identification of comparative resources would be less
clear. Finally, it should be noted that power quality impacts of HRES
integration was beyond the study scope, yet is an ancillary service
where battery storage provides significant system value.

7. Conclusion

Many remote communities suffer from exorbitant electricity costs, a
reliance on fossil fuel sources, and ageing energy infrastructure.
Electricity costs, up to 10x utility costs, severely handicaps the com-
munity’s ability to provide reliable services and to seize on economic

Table 8
Correlation between demand and renewable re-
sources.

Correlation Analyses

Demand – Solar: −0.13
Demand – Wave: 0.44
Demand – Hydro: 0.35
Solar – Wave: −0.11
Wave – Hydro: 0.24
Solar – Hydro: −0.11
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development opportunities. As such, they are often cited as potential
‘break-in’ markets for wave energy projects or other nascent renewable
energy technologies.

This study utilizes the Remote Community Optimization Model
(RCOM) to study the full system dynamics for hydroelectricity, solar PV
and wave energy for Hot Springs Cove; a remote community on the
West Coast of Canada, and quantifies the ‘allowable-cost’ LCOE. This
new metric indicates the maximum allowable system costs in order for
energy new energy system to provide economic benefit to the com-
munity. The energy system fuels savings, ‘allowable-cost’ LCOE, emis-
sions reduction are quantified. In addition, sensitivities to fuel cost
fluctuations, emissions pricing and natural resource availability are
investigated through scenario-based sensitivities studies.

The RCOM models quantified the total system costs of business-as-
usual diesel-based generation at $0.76/kWh with 780 tonnes/yr. of
emissions. Fuel price fluctuations of 25% result in almost linear 20%
increases/decreases in the system LCOE. The development of a small
scale 225 kW hydro-electricity system reduces the communities fuel
costs by ~$5.2 M over the 30-yr. project lifetime. However, these
savings are less than the associated capital required to build the hydro-
system ($7.73 M), and the associated LCOE is increased to $1.36/kWh.
However, the hydroelectric system reduces emissions by 1079 tonnes.

Based on a ‘allowable-cost’ LCOE analysis, and a 100 kW example
system, wave energy and solar PV is cost optimal if it can be installed
for $0.59/kWh and $0.53/kWh respectively. Wave energy conversion is
additionally attractive when looking at the financial return per kilowatt
installed; where wave would account for $23,206/kW while solar is just
$6844/kW. Finally, wave energy integration would have a significantly
higher impact on reducing annual emissions; 313 and 97 tonnes for
wave and solar respectively. In jurisdictions with emissions pricing, the
system-wide allowable LCOE increases and enhances the economic
viability of integrating renewables.

The RCOM model and developed ‘allowable-cost analysis, applied at
the Hot Springs Cove community, have clearly identifies the diesel
displacement, allowable-cost Levelized cost of energy (LCOE), and
broader energy system savings accrued by integrating marine energy.
While wave energy technology designs are still pre-commercial, this
research clearly identifies the competitive advantages and economic
opportunities needed to help the sector advance.
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Appendix A. Results overview

See Table 10.
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