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ARTICLE INFO ABSTRACT

Handling Editor: Soteris Kalogirou The cost-effective analysis (CEA) of hydrokinetic farms is typically based on simplistic assumptions regarding the
performance and cost structure of hydrokinetic energy converters (HECs) and, in consequence, may lead to ill-
informed decision-making. In this work, a novel approach to selecting the most appropriate combination of HEC
and site within a coastal area is developed, with the accurate computation of the CEA parameters as the
cornerstone. The approach, which is illustrated through a case study in the Shannon Estuary (W Ireland), en-
compasses four models, namely: (i) HEC-site selection model, (ii) energy production model, (iii) CAPEX model,
and (iv) OPEX model. By avoiding simplistic assumptions, the proposed approach improves on current pro-
cedures and enables developers to accurately compute any cost-effective parameter of interest. In particular,
operation and maintenance costs are considered, along with economies of scale, which are typically disregarded
in existing procedures. Beyond the interest of the results of the Shannon case study, the approach can be
implemented in other regions with potential for hydrokinetic energy conversion.
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1. Introduction

Coastal areas have supported human activity throughout history in
many different ways. In the socioeconomic sphere, these areas have
been traditionally used for transport and food supply [1,2]. As a result of
the increased public awareness of environmental issues, protected or
conservation areas (e.g., Natura 2000) have emerged alongside tradi-
tional socioeconomic activities, which have grown significantly (e.g.,
tourism or heritage) [3,4]. This is also the case of marine renewable
energy exploitation, which is posited as a new, promising coastal use
[5-12].

Within the different types of marine renewable energies, hydroki-
netic energy, primarily resulting from the tide (e.g. Ref. [13]), rein-
forced in some coastal areas by river discharges and density gradients (e.
g. Ref. [14]), is expected to attain a commercial stage in the forthcoming
years [15]. The exploitation of this resource is carried out by means of
hydrokinetic energy converters (HECs), of which different types exist
with varying degrees of technological maturity. Turbine-based solu-
tions, and in particular horizontal axis turbines, are considered to be
approaching the commercial stage [16-18]. The state-of-the-art third--
generation HECs are designed to operate with relatively low cut-in ve-
locities (i.e., 0.7-1.0 m/s) [19,20].

* Corresponding author.
E-mail address: rodrigo.carballo@usc.es (R. Carballo).

https://doi.org/10.1016/j.energy.2023.128373

As a consequence of this heterogeneity in technological maturity,
reliable metrics should be developed to accurately assess the technical
and economic viability of hydrokinetic energy projects in decision-
making processes. As a first approach to technical viability, the Tech-
nology Readiness Level (TRL) is usually mentioned as a standard or a
metric-based model with several applications in R&D activities, such as
the development of HECs [21,22]. However, in order to reduce the
uncertainties of hydrokinetic energy projects and ensure their economic
viability, the TRL model should be complemented by a cost-effective
analysis (CEA), which provides metrics (e.g., LCOE, NPV, IRR)
describing the techno-economic performance of technologies under
development or proposed projects [23].

The estimation of CEA parameters is usually based on simplified
methods, considering either their spatial distribution or, in a simpler
approach, delocalised approximations [24]. The main weakness of these
approaches is their unrealistic cost structure, which may produce
misleading results. In the case of tidal energy projects, the resulting
figures typically lack accuracy, which may be seen as a direct conse-
quence of the limitations of the procedure applied, namely [25]: (i)
performance computation based on limited and non-reliable HEC data,
(ii) consideration of the different economic aspects in terms of expected
percentage over the total investment, or (iii) disregard for specific
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aspects, which contributes significantly to real costs. Another aspect
closely related to the computation of CEA parameters is the selection of
the sites or areas to be subject to this analysis. This selection is typically
based merely on the available energy resource [26-28]. In a few cases, a
reduced number of geomorphological parameters (e.g., water depth)
have also been taken into account [29,30]. Notwithstanding the interest
of these methods for a preliminary selection of coastal areas, additional
information (e.g., socioeconomic) needs to be considered in more
advanced stages. In effect, an appropriate site-selection should also
consider aspects such as the coexistence of the energy exploitation with
other marine uses, or the site-specific costs of installation and operation
[31,32].

In this context, it is important to remark that miscalculated CEA
figures may result from not accurately considering specific aspects of
cost analysis, such as the operation costs, or from neglecting potential
cost reductions through economies of scale [33]. In the case of large
coastal areas, the application of the current procedures could result in
overly homogeneous CEA figures, as the spatial variability of the energy
resource over short distances is not usually accounted for in the
computation of these metrics (low to mid resolution energy resource
models) [34].

In this research, a novel approach for accurately computing the CEA
parameters of hydrokinetic energy projects is developed, leading to a
significant improvement with respect to currently available methods.
The proposed approach addresses the major difficulties and un-
certainties when computing the main aspects affecting the CEA of hy-
drokinetic energy farms, avoiding simplistic and unreliable
assumptions, and improving on current procedures. Thus, the imple-
mentation of this novel procedure will lead to the selection of the op-
timum HEC-site combination for installing a hydrokinetic farm in a
coastal area.

The novelty of this work lies in the consideration of the following
aspects: (i) the energy production, which is assessed by combining high-
resolution numerical modelling results with spatial analysis algorithms;
(ii) the installation costs, whose breakdown in terms of unitary costs is
thoroughly analysed, including the effects of economies of scale; (iii) the
operation costs, which are computed by means of an ad hoc Operation
and Maintenance (O&M) model, including several operational param-
eters and strategies.

Other aspects dealing with the energy transmission or storage related
to the specific characteristics of the electrical grid, or the integration
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with short-term energy storage to help balance the local demand with
the varying supply typical of hydrokinetic and tidal farms, are outside
the scope of the present work and require specific research [35-40].

The proposed procedure to develop the CEA of hydrokinetic energy
projects is applied, for the first time, to a specific case study in the
Shannon Estuary (W Ireland) (Fig. 1) and computed in terms of Lev-
elized Cost of Energy (LCOE). Preliminary studies have recognised the
potential of this area for hydrokinetic energy exploitation [41,42].
Previous works fully described the hydrokinetic energy resource in the
Shannon Estuary, identifying a number of areas as of particular interest
[30]. More recent studies highlighted the energy potential of Tarbert
Area in the middle estuary (Figs. 1 and 2) by considering: (i) the
exploitable resource, (ii) the costs of installation, and (iii) the socio-
economic and environmental pre-existent activities [31,43,44]. The
integration of these aspects led to the computation of the Integrated
Hydrokinetic Energy (IHE) index and, on this basis, to the delimitation
of a large area in the surroundings of Tarbert (~3 km?) (Fig. 2) with the
highest potential, with a value of IHE = 4.15 (being IHE = 1 the suit-
ability threshold for hydrokinetic energy exploitation). In the present
work, this region is retained as a case study for defining the best
HEC-site combination by applying the proposed procedure.

This paper is structured as follows. In Section 2, a brief overview of
the proposed methodology used to compute the CEA is presented. Next,
in Section 3, the tools for defining feasible HEC-site combinations are
introduced and implemented to the area of interest. Afterwards, the
main aspects considered for CEA computation are defined, and the re-
sults from its application summarized: (i) energy production (Section 4),
(ii) capital expenditures, CAPEX (Section 5), and (iii) operational ex-
penditures, OPEX (Section 6), In Section 7, the integration of results and
CEA computation is conducted for the Tarbert Area, and the results
compared with available state-of-the-art methodologies. Finally, the
major conclusions to this work are depicted in Section 8.

2. General description of the procedure

The main objective of this work is to define and apply a new
approach to accurately conduct a cost-effective analysis (CEA) of hy-
drokinetic energy farms, considering all the aspects involved in the
process, and thus leading to the identification of the best HEC-site
combination within a coastal area.

The proposed approach consists of five steps:
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Fig. 1. Location of Shannon Estuary in W Ireland pinpointing Tarbert Area.
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Fig. 3. Flowchart of the proposed procedure.

(i) The development of an HEC-site selection model (Section 3),
which employs the IHE index and spatial analysis algorithms to
define different HEC-site combinations, allowing for economies
of scale by analysing various farm sizes based on specific criteria
(Section 3).

(ii) The application of an energy production model leading to the
computation of the Annual Energy Production (AEP) of the

different HEC-site combinations previously defined, based on
high-resolution numerical modelling.

(iii) The definition of a Capital Expenditures (CAPEX) model (Section
5), which is based on a detailed breakdown in unitary costs and
an ad hoc algorithm for assessing the effects of the economies of
scale resulting from the different farms analysed.

(iv) The definition of an Operational Expenditures (OPEX) model
(Section 6), considering HEC-specific O&M procedures, including
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the analysis of human and material resources and the definition
of specific weather windows.

(v) The integration of previous results (ii to iv) to provide reliable
CEA parameters for the different HEC-site combinations, leading
to the selection of the best alternative.

For the sake of clarity, a flowchart of the procedure is provided in
Fig. 3.

This procedure is illustrated through a case study in the Tarbert Area
of the Shannon Estuary (Ireland) [30,31,41,42]. The CEA is carried out
in terms of Levelized Cost of Energy (LCOE) — a metric widely used in
marine renewable energy projects, including for the selection of sites for
hydrokinetic energy farms [24-27,45,46].

3. HEC-site selection model

The first step of the proposed approach is the definition of all the
feasible HEC-site combinations. This is a key stage upon which depend
several parameters that influence the cost structure (inter alia, the final
layout of the farm or maintenance strategies), including the possible
effects of the economies of scale and the performance of the plant and, in
consequence, the resulting CEA values.

With the aim of generalizing the results provided, generic taxon-
omies of energy converters are considered (Section 3.1), including in-
formation about their reliability, which will be retained for its use in
further sections. As regards locations, the results of the IHE index in the
surroundings of Tarbert are used as a starting point for the definition of
different areas with homogeneous levels of energy resource, which are
processed to identify the suitable areas under specific criteria by means
of spatial analysis algorithms (Section 3.2).

3.1. Characteristics and reliability of the energy converters considered

The present work aims to provide results as accurate and realistic as
possible in a nascent research field, hydrokinetic energy exploitation. As
mentioned above, only horizontal-axis turbine-based devices are
approaching commercial maturity, resulting in a lack of reliable eco-
nomic information of HECs. In order to overcome these limitations, it is
usual to resort to general taxonomies of HECs, grouping generic designs
with a certain homogeneity, especially in the field of reliability, where
surrogate data can be easily available from other renewables (e.g., wind
energy). Likewise, despite the assumptions made, this approach is
helpful to provide accurate figures of the cost structure of HECs and, in
particular, of their costs of installation (Section 5), primarily due to the
possibility of complementing their breakdown by means of different
data sources, which are assumed to be common or scalable for the whole
taxonomy considered [47].

Horizontal-axis turbines are usually classified depending on their
seabed fixing as [48]: (i) bottom-fixed and (ii) floating devices. This
division is connected with the available water depth and, in conse-
quence, with the diameter of the turbine. Monopile bottom-fixed gravity
foundations are usually prescribed up to 20-30 m depth, and floating,
moored solutions for deeper areas [31]. This general picture is similar to
offshore wind energy facilities, allowing us to use surrogate data to
compute accurate reliability figures for HECs under an assembly or
subassembly approach. The reader is referred to Ref. [47] for further
information about this approach and its procedures.

Therefore, in order to select generic energy converter designs,
representative of the aforementioned taxonomies and covering the most
common horizontal-axis turbines and a wide range of diameters, two
different HECs are considered: (i) a floating device of 4.5 m of diameter
(F-HEC), which in turn could be applied to most of the areas of interest
for hydrokinetic energy exploitation, and (ii) a bottom-fixed converter
of 16 m of diameter (BF-HEC), which is of interest in a large number of
non-depth limited coastal areas, such as deep estuaries. The main
characteristics of the HECs selected, along with their reliability data in
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terms of average annual number of reparations required, which are
retained for its use in further sections, are summarized in Table 1.

3.2. Selection of areas for CEA

Previous works have highlighted the energy potential of the Tarbert
Area by considering not only its hydrokinetic energy resource, but also
its morphological configuration, by applying the TSE,q index [30],
along with socioeconomic and environmental aspects, through the
implementation of the IHE index [31]. On the basis of the application of
the THE index, a large area of approx. 3 km? with values above a mini-
mum threshold of IHE =1 (i.e., the threshold value of the IHE indicating
suitability for hydrokinetic energy exploitation) has been delimited. The
definition of suitable smaller areas for energy exploitation requires to
take into account the spatial variability of the available resource within
this large area; in fact, within it, the maximum value of the IHE index,
IHE = 4.15, is roughly two times higher than its mean value, IHE = 2.10
[31]. The more reduced the area, the greater the IHE index; however,
the larger the area considered, the higher the number of HECs, which
would result in a cost reduction as a consequence of the economies of
scale, not considered in the IHE index. With the aim of defining suitable
areas for hydrokinetic energy exploitation considering this spatial
variability of the energy resource and the resulting effects on the
economies of scale, a complex spatial analysis algorithm (Fig. 3) is
developed and applied to the Tarbert Area as follows.

First, the entire region delimited by the isoline IHE = 1 is subdivided
into several sub-areas or polygons by considering isolines of a value
ranging from 1 to the maximum value of the IHE index within the whole
area by considering a given step. In the present application, a step of 0.2
is proposed; however, this value can be adapted based on the specific
characteristics of the site. Second, the mean value of the IHE index at
each polygon is computed along with their total surface. Third, the
polygons subsequently obtained are rearranged according to their value
of mean IHE index in decreasing order (i.e., increasing their total
available surface). Finally, some of the polygons obtained are retained
for further analysis from the rearranged list. To this end, the selection
procedure considers the following criteria, being applied from the top to
the bottom of the list.

The polygons to be retained must fulfil simultaneously two criteria:
(i) to have, at least, a minimum total surface, Spyn, and (ii) to provide a
significant relative increase in the total available surface, AS, with
respect to the preceding selected polygon in the list. In the present work,
these values are established as follows [27,49-54]: Smin = 5 hm? and AS
= 100%. This second criterion allows us to consider the effects of
economies of scale on the cost structure of the hydrokinetic farm.

3.3. Application of HEC-site selection model

The results of the application of the proposed HEC-site selection
model to the Tarbert Area in the Shannon Estuary are provided in Figs. 4
and 5.

In Fig. 4, the different polygons obtained by considering isolines of a
value ranging from IHE = 1 to the maximum value of the IHE index by
considering a step = 0.2 are plotted (in black). Likewise, in order to
facilitate the understanding of the results and of the proposed HEC-site
selection model, additional isolines with step = 0.6 are also plotted
(colour code). A total of 30 polygons are apparent. Finally, as result of
the application of the rest of the procedure and the surface criteria given
by Smin = 5 hm? and AS = 100%, in Fig. 5 the polygons retained are
plotted. Only five polygons resulting from this procedure are considered
for further analysis (A to E), allowing the consideration of the effects of
economy scale. In addition, the polygon IHE = 1 is also retained. Their
main characteristics are presented in Table 2.

Based on the characteristics (water depth) of the areas selected, and
the characteristics of the selected devices (i.e., surface occupied per unit
of HEC and minimum water depth required) (Table 1), a total of seven
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Table 1
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Main technical characteristics and reliability data of the HECs considered [rotor diameter (@), swept area (A), minimum water depth (dp;), total surface in plan view
occupied per each device (Suni), cut-in velocity (Vy), rated velocity (V;), cut-off velocity (V,), rated power (P,), power coefficient in normal operation (Cpno), power

coefficient in stall control (Cpsc), failure rate (1)].

HEC @ (m) A m?) dinin (m) Sunie () Ve (m/s) v, (m/s) Veo (m/5) P, (kW) Cono Cpsc 2 (o/yr)
BF-HEC 16.00 200.00 25.00 1920.00 1.00 2.50 3.10 1200.00 0.48 na. 4.54
F-HEC 4.50 15.90 7.00 760.00 0.70 2.70 3.75 56.00 0.35 0.20 5.37
5827800 ‘ techno-economic performance of these combinations is to accurately
IEeqa quantify their annual energy production (AEP). To this end, a high-
IHE = 1.6 resolution numerical model (Delft3D-FLOW) of the Shannon Estuary is
g ::E - g:g implemented (in its 2DH form) and successfully validated, allowing the
g 5826800 :EE:% i simulation of its hydrodynamics during a complete year [55-57]. For
E : further details about the implementation and validation of the numeri-
3 cal model the reader is referred to Refs. [30,31]. Once the hydrody-
a3 namics of this coastal area are fully described in spatiotemporal terms,
2 5595800 the electric energy production, E,, of a HEC operating during a period of
E time T can be computed as follows [58]:
>
=T
E :/% / v, &)
5824800 ——\ L =0
474000 476000 478000 480000

X (m, WGS84 UTM 29U)

Fig. 4. Isolines of the IHE index (0.2 of step for isolines in black and 0.6 for
isolines with colour code) within polygon IHE = 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

HEC-site combinations are retained for further CEA: F-HEC can be
installed within polygons A to E and IHE = 1; in the case of BF-HEC, it
can operate only within polygon E.

where A represents the turbine swept area, C, is the power coefficient
which models the efficiency of the HEC selected, p stands for the water
density and V (t) is the instantaneous vertically averaged flow velocity.

However, an accurate computation of this energy production in a

Table 2

Main characteristics of the sites selected [mean value of the IHE index (IHE,),
standard deviation (¢), mean water depth (h,,), surface (S), distance between the
centroid of the polygon and the base port (d¢.gp)].

4. AEP model Polygon IHE, + ¢ hm + 0 (m) S (hm?) de.pp (km)
A 3.93 + 0.08 9.22 + 1.09 8.26 1.36
. B 3.74 + 0.20 10.00 + 1.68 18.37 1.38
4.1. Model description C 3.43 + 0.30 12.02 + 2.96 46.32 1.54
D 3.11 + 0.43 14.34 + 3.69 99.17 1.30
Once defined the different HEC-site combinations resulting from the E 2.53 + 0.66 17.21 + 5.00 208.96 1.26
methodology described in Section 3, the next step in order to assess the IHE =1 2.15+0.80 16.97 + 5.07 297.97 1.48
Polygon A Polygon B Polygon C
5827800 9 5827800 ¥ 5827800 2
5826800 5826800 5826800
© S ’Q
— Tarbert Tarbert Tarbert
5 5825800 5825800 5825800
&
=
E 5824800 — A= 5824800 — = 5824800 — A=
3 474000 476000 478000 480000 474000 476000 478000 480000 474000 476000 478000 480000
o)
0
Polygon D Polygon E Polygon IHE =1
g 5827800 ¥ 5827800 ¥ 5827800 ya
E
>- 5826800 % 5826800 5826800
Tarbert Tarbert Tarbert
5825800 5825800 5825800
e\

5824800

80 80
474000 476000 478000 480000 474000 476000 478000 480000

X (m, WGS84 UTM 29U)

474000 476000 478000 480000

Fig. 5. Delimitation of the resulting polygons (A to E), along with polygon IHE = 1.
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large coastal region, as is the case of the Tarbert Area, is not straight-
forward. Given the heterogeneity in terms of available surface of the
different sub-areas or polygons of interest selected in Section 3, the
spatial variability of the energy resource could result in inaccurate fig-
ures of energy production. To avoid this issue, a specific procedure is
defined in order to compute the energy production of the different HEC-
site combinations. Thus, the site-specific hydrodynamic regime of each
polygon considered has been reconstructed based on high-resolution
numerical results as follows: for each time step of the numerical simu-
lation, the computed values of flow velocity of each grid cell contained
in the polygon considered are averaged, constituting a site-specific and
time-dependent hydrodynamic regime for each polygon analysed. So,
the characteristic velocity at each polygon at each time step, V, (t), can
be computed as:

LS v, @

where i and t represent the numerical cell number and time step,
respectively. Thus, the characteristic mean velocity at each polygon, V.,
can be computed as:

V*ll:Tli:”V't 3
C—T ;Z L‘(l?)~,

in this way, the energy production of the different HEC-site combina-
tions can be accurately computed, including the effects of the spatial
variability of the energy resource, by combining the time distribution of
the characteristic velocity, V. (t), with the characteristics of each HEC
considered (Table 1) by means of Eq. (1).
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4.2. Application of AEP model

The results of the application of the proposed AEP model to the
Tarbert Area are provided in Figs. 6 and 7.

In Fig. 6, the resulting time distribution of the characteristic velocity
during a complete annual year at each polygon is shown. As a result of
these time distributions, the following characteristic mean velocities, V,
are attained: 1.20 m/s, 1.05m/s, 1.16 m/s, 1.12 m/s, 1.03 m/s and 0.98
m/s for polygons A, B, C, D, E, and IHE = 1, respectively.

In Fig. 7, the figures of AEP and capacity factor (Cy) for the different
HEC-site combinations retained are plotted. AEP is computed by
combining the site-specific hydrodynamic regime and the power curve
of the HECs considered as provided by the device developers. C is ob-
tained according to Ref. [59].

It can be observed that the polygon where F-HEC produces the
largest amount of energy is that with the largest surface, IHE = 1 with
174.7 GWh, progressively reducing its energy production as the surface
reduces: polygons E with 148.0 GWh, D with 89.9 GWh, C with 45.2
GWh, B with 14.3 GWh, and A with 8.9 GWh. In the case of BF-HEC, its
annual energy production in polygon E is 45.1 GWh. This is the result of
the significantly larger number of devices in the larger polygons (at least
100% of increase in the total surface with respect the preceding polygon
according to the established criteria), which does not indicate a better
performance. In fact, the smaller the polygons, the higher their IHE, and
therefore the performance in terms of Crcould tend to be the opposite. In
the case of F-HEC: polygons A with 16.84%, B with 12.07%, C with
15.12%, D with 13.89%, E with 10.95% and IHE = 1 with 9.28%. In the
case of BF-HEG, its Cy in polygon E is 8.42%. This expected tendency
does not apply to all cases, e.g. polygon B, given that IHE index also
considers, in addition to the energy resource, the total costs although in

Polygon A
I

V_ () (mls)

T O TIPS WP ¥ [RRRBPRP 1 PR MUODPY 1 TR P PO - ki

0 - .
Jan. Feb. Mar. Apr. May Jun.

Fig. 6. Time distribution of the characteristic velocity, V. (t), in the selected polygons.
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Fig. 7. AEP (above) and Cy (below) for the selected HEC-site combinations.

a more simplified way than that proposed in the present work.
5. CAPEX model
5.1. Fundamentals of CAPEX estimation

CAPEX stand for the capital expenditures needed for the installation,
in the present case, of a hydrokinetic farm. They are usually considered
as a one-off expenditure, usually incurred in the first year of the project
or in the first payment period (prior to the beginning of the operation of
the farm). In consequence, CAPEX group all the construction costs of the
plant, commonly representing more than 70% of its total expenses [45].
As a result of their economic magnitude, and in order to make available
an accurate assessment of CAPEX, it is necessary to define in detail their
cost items and structure, for which a widely used unitary costs model
should be defined (Section 5.1) and subsequently implemented (Section
5.2) to compute the CAPEX of the different HEC-site combinations
defined in Section 3 — instead of a global percentage, which might
produce misleading results.

CAPEX is usually broken down into three cost categories [60]: (i)
management and engineering costs (CAPEX;), which encompasses the
cost of different planning activities needed to ensure the viability of the
project and the fulfilment of all its technical requirements (e.g.,
conceptualization, design, quality management, etc.); (ii)
manufacturing costs (CAPEXj), including the cost of the main structural
elements of the farm and its equipment (e.g., devices, cabling, founda-
tions or moorings, etc.); and (iii) installation costs (CAPEX3), which
include, among others, the expenses of the deployment and grid
connection of the plant. The evaluation of these cost categories in the
proposed model is explained in detail in Section 5.2.

5.2. Definition of CAPEX model

An accurate computation of CAPEX; to CAPEXj3 terms is a key point
to develop the CEA of a hydrokinetic farm, especially in the case of
CAPEXj, which has been estimated at about 80% of the total CAPEX [45,
61]. However, this value is highly dependent on the characteristics of
the farm and should be accurately computed for each specific project. In
this context, the only way to obtain realistic CAPEX figures is, as in the
case of a conventional engineering project, to assess them by means of
measurements and unitary costs. The definition of these data requires a

detailed design of the HEC, e.g., through CAD tools [62], and a reliable
breakdown of unitary costs, which is not typically available in the
literature. To this end, the use of HEC types and representative generic
designs are required.

In the present application, a detailed and validated unitary costs
model [60,63-65] has been used by combining its breakdown (Table 3)
with the specific measurements of the HECs considered, according to
their significative taxonomic similarities. For further details about this
model and its implementation, the reader is referred to Ref. [60].

Likewise, the present CAPEX model also considers the effects of the
economies of scale resulting from the consideration of different farm
sizes for installing the selected HECs, for which and ad hoc algorithmic
procedure is applied. This procedure is based on a detailed analysis of
the farm size (as a function of the installed power, P) and its influence on
CAPEX figures for a wide range of proposed hydrokinetic plants, ranging
from reduced plants, e.g., 0.5 MW [66], which were planned for the
self-sufficiency of local facilities, to large offshore farms, e.g., 50 MW,
with remarkable similarities with wind farms [25]. In this context, an
increase in the number of HECs may lead to a considerable reduction in
the costs in the case of initially proposed small to medium farm sizes;
however, as the size of the farm grows, the increase in these effects
progressively reduces up to a point at which are maximum [33]. In the
present work, these limits have been widely analysed in terms of
installed power in tidal energy and other renewables — for farms with
installed power over approx. 30 MW the CAPEX presents maximum
reductions of about 35% [67-69]. Moreover, as previously established,
this reduction is more abrupt in the case of increasing the size of small
farms than when approaching the aforementioned limit (i.e., 30 MW),
which could be represented through a logarithmic function [70]. Based
on these considerations, and by applying a parametric analysis to several
hydrokinetic farms within a wide range of installed power (i.e., 0.5-50
MW), the effects of the economies of scale in terms of CAPEX reduction
can be computed for hydrokinetic farms below 30 MW as follows:

CAPEX,.,(%) = 100 x [8.4805 In(P) +5.8782]. @

Above this limit the CAPEX reduction would be set as a constant
(35%).

5.3. Application of CAPEX model

The results of the application of the proposed CAPEX model to the
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Table 3

CAPEX breakdown: unitary costs. Adapted from [60].
Definition Value Units
Cost of occupation of the farm (taxes) 2.00 €/m?
Cost of carbon steel manufactured for the structure of the 8.00 €/kg

nacelle

Cost of manufactured carbon steel for PTO frame 4.00 €/kg
Cost of manufactured fiberglass for the fairing 10.00 €/kg

Cost of thrust bearing

Cost of brake system

Cost of electrical generator
Cost of gearbox 35,000.00 €/MW
Cost of high-speed shaft 3000.00 €/MW
Cost of yaw system 12.00 €/kg
Cost of cooling system 15,000.00 €/MW
Cost of pressure oil system 15,000.00 €/MW
Cost of condition monitoring system 110,000.00 €/MW

40,000.00 €/MW
2000.000 €/MW
180,000.00  €/MW

Cost of protection and connection switches 12.00 €/kg
Cost of control system 12.00 €/kg
Cost of bilge system 12.00 €/kg
Cost of compressed air system 12.00 €/kg
Cost of circuit board 12.00 €/kg
Cost of added elements 3.00 €/kg
Cost of blades 40.00 €/m
Cost of pitch system 500.00 €/m
Cost of core of the rotor 1000.00 €/m
Cost of low-speed shaft 500.00 €/m
Cost of base support of the HEC structure 3.00 €/kg
Cost of transition structure of the HEC 3.00 €/kg
Cost of vertical column of the HEC 3.00 €/kg
Cost of elaborated concrete of the ballast 0.20 €/kg
Cost of special concrete bags 0.30 €/kg
Cost of mooring system (catenary anchor leg mooring) 40.00 €/m

composed by three stud-link chain lines

Cost of concrete monopile foundation up to 30 m water 15,000.00 €/m

depth
Cost of protection switch 25,000.00 €/MW
Cost of submarine connector 25.00 €/kg
Cost of submarine connector installed in the base of the HEC ~ 12.00 €/kg
Cost of internal wiring 12.00 €/kg
Cost of connection box 12.00 €/kg

250.00 €/m
100,000.00  €/MW
100,000.00  €/MW
Cost of electrical boxes 20,000.00 €/MW
Cost of transformers 40,000.00 €/MW
Cost of transformation platform 3.00 €/kg
Cost of submarine exportation cables 500.00 €/m
Cost of ground exportation cables 150.00 €/m

Cost of umbilical cables
Cost of rectifiers
Cost of inverters

Tarbert Area are presented in Table 4. As can be observed, CAPEXj,
represents the lion’s share of the total capital investment, followed by
CAPEX; (about ten times less) and CAPEX3 (about forty times less).
However, their relative importance for the different HEC-site combina-
tions differs widely; in effect, as the surface considered (and therefore
the number of HECs) increases, the value of CAPEX; significantly in-
creases, whereas this increase in the case of CAPEX; is much more
contained. This means that in the case of areas of reduced surface (e.g.,
about 5 hrnz), the contribution of CAPEX; to the total CAPEX could
represent 50% of CAPEXj.
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6. OPEX model
6.1. Fundamentals of OPEX estimation

OPEX represent the expenditures incurred during the operation, in
this case, of a hydrokinetic farm. They usually include all the expenses
related with the fixed costs of exploitation and both scheduled and un-
scheduled O&M, such as insurances, taxes, salaries, facilities, etc [25]. In
consequence, OPEX are highly influenced by the performance of the
plant and the O&M strategy defined for each type of installation. As a
general rule, they constitute an important driver of the cost structure of a
hydrokinetic farm, reaching average figures greater than 30% of the
total expenses [45]; however, they may widely vary amongst hydroki-
netic farms depending on their specific characteristics [25]. Resulting
from their importance on the cost structure of a hydrokinetic farm, it is
necessary to estimate OPEX as realistically as possible, analysing in
detail the actual limitations of the state of the art. To this end, an ad hoc
OPEX model is developed (Section 6.2) by considering: (i) reliability
HEC data (Section 3), (ii) high-resolution hydrodynamic numerical
modelling (Section 4), and (iii) several O&M procedures. Finally, this
model is applied to estimate the OPEX of the different HEC-site combi-
nations defined for the Tarbert Area (Section 6.3).

In spite of their important weight on the cost structure of hydroki-
netic farms, the assessment of OPEX is subject to a large number of
uncertainties, which results from the lack of knowledge caused by the
reduced number of real projects. In order to avoid these difficulties,
OPEX estimations usually resort to considering either specific cost items
or the total cost as a function of the installed power [46,71] or as per-
centage of CAPEX [25,72]. Recent works proposed more complex
models for specific maintenance items, including O&M schemes based
on metocean data [47,73,74]; however, high-resolution site-specific
numerical modelling required for accurate OPEX estimations is not
usually considered [25]. Moreover, previous studies are focused on
specific designs of HECs and only take into account a specific O&M
strategy [25,60,63-65]. These weaknesses are considered as a starting
point for the development of an ad hoc OPEX model, which is detailed in
the subsequent section (Section 6.2).

In this regard, prior to the development of an OPEX model, it is
necessary to define an appropriate breakdown whose categories would
allow a developer to consider all the aforementioned aspects. In the
present work, as in the case of CAPEX, a breakdown of OPEX composed
of three different categories is considered [25,60,63,75]: (i) insurances
and fixed costs (OPEX;), which represent one of the most expensive
maintenance costs in renewables [76]; (ii) scheduled or preventive
maintenance (OPEXj3), covering calendar- or condition-based supervis-
ing and reconditioning works; and (iii) unscheduled or corrective
maintenance (OPEX3), which stands for unplanned repairing operations.
The evaluation of these cost categories in the proposed model is
explained in detail in Section 6.2.

Table 4

CAPEX results (M€) for the different HEC-site combinations considered.
Cost item F-HEC—A F-HEC—B F-HEC—C F-HEC—D F-HEC—E F-HEC—IHE BF-HEC—E
CAPEX; 5.72 5.92 6.48 7.53 9.73 11.38 5.75
CAPEX, 12.91 22.64 48.02 100.71 213.71 295.90 61.65
HECs 6.50 13.25 30.21 64.74 136.72 190.25 24.11
Foundations n.a. n.a. n.a. n.a. n.a. n.a. 13.54
Moorings 0.70 1.55 4.23 10.87 27.43 37.64 n.a.
Cabling 5.71 7.84 13.58 25.10 49.56 68.01 24.00
CAPEX3 0.15 0.33 0.99 1.77 3.53 5.64 1.40
Power system 0.02 0.04 0.13 0.23 0.47 0.75 0.19
Cabling 0.04 0.08 0.26 0.46 0.92 1.46 0.36
HECs 0.09 0.21 0.60 1.08 2.14 3.42 0.85
CAPEX 18.78 28.89 55.49 110.01 226.97 312.91 68.80
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Table 5
Hydrodynamic thresholds for the operation and maintenance works using OSV
and CTV vessels.

Weather criteria OSV O&M CTV O&M
Significant wave height, H; (m). Safety and (max.) 1.50 1.20
values (2.00) (1.50)
Tidal currents velocity, V. (m/s) 1.00 1.00
Wind velocity at 10 m height, U;p (m/s) 10.00 10.00

6.2. Definition of OPEX model

The approach proposed in this work addresses the abovementioned
limitations of current OPEX models by considering: (i) high-resolution
site-specific numerical modelling; and (ii) different O&M procedures,
as a result of analysing HECs representative of various taxonomies
(Section 3). The first aspect is of paramount importance to provide the
required accuracy for the definition of weather windows suitable for the
O&M works; the second one has an important influence resulting from
the differences in the maintenance protocol of floating and bottom-fixed
technologies (e.g., number of technicians required, type of vessel,
duration of works, etc.). Bearing this in mind, the evaluation of OPEXj,
OPEX, and OPEXj is developed as follows.

The accurate estimation of OPEX; represents a complex task given
the low number of real projects developed; thus, reference values should
be provided by developers and stakeholders, in particular from the
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offshore sector [76]. In this regard, as in the case of the abovementioned
simplified estimations of OPEX, it is usual to estimate this term as a
function of the installed power or as a percentage of the CAPEX. The
approach followed in this work is the second, with OPEX; computed as a
1.5% of CAPEX, which has shown to provide accurate results [25,72].
Regarding OPEXj, it encompasses very heterogeneous maintenance
works, covering from cleaning and inspection activities to the replace-
ment of minor components belonging to different systems of the hy-
drokinetic farm [75]. Thus, this term is the result of several cost items
incurred during these works, whose amounts could be highly diverse (e.
g., material, staff, transport, etc.). In this respect, the accurate definition
of weather windows suitable for conducting maintenance works has a
key role in driving the expenses included within the OPEX, term [60,
63], and therefore lead to an optimization of resources and costs [75].
The computation of these weather windows requires the definition of
specific hydrodynamic conditions, usually in form of threshold values,
considering the different weather parameters that could influence the
maintenance works and their implication for the security of the infra-
structure and workers involved. In this regard there exist different types
of vessels to conduct maintenance operations, which can be divided in
two large categories [77]: (i) Crew Transport Vessel (CTV) for offshore
reparations, and (ii) an Offshore Supply Vessel (OSV), usually equipped
with a Remoted Operated Vehicle (ROV), in the case of onshore works.
OSV operation requires specific wave, wind and current conditions,
whereas CTV operation is only limited in terms of wave height [77];
however, given that specific specialized workers (e.g., divers or

Offshore works - CTV
CTV CTV
mobilization demobilization
besp ty WW + LD b oft ty
> ------ re——mMmMm———————————————————p—>
HEC Reparation HEC
failure starts repaired
Onshore works - OSV
osv Reparation osv
mobilization starts demobilization
trosp ty WW+LD tron WwW ty ty
— PP - - - -~ >4—>ie Pt - - - - rE—><—>
HEC HEC HEC HEC
failure recovering repaired deployment

Fig. 8. Sketch of the operational protocol for offshore (above) and onshore (below) unplanned reparations (OPEX3).
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Fig. 9. Discrete frequency (non-exceedance) of velocity intervals (0.25 m/s wide) for the polygons considered.

submarine welders) also require specific conditions, CTV operation is
also limited by wind and current conditions [25]. Table 5 summarizes
the different hydrodynamic thresholds, which are defined by consid-
ering not only the limit conditions for the operation of the vessels but
also, as abovementioned, the security of workers, which results in
considerably restrictive conditions, especially in terms of current ve-
locity [25].

In the case of areas of interest for HEC operation sheltered from wave
action, it can be assumed that the only limiting condition is the
magnitude of the currents, and therefore, weather windows should be
computed based on high-resolution hydrodynamic numerical modelling
(Shallow Water models) leading to the accurate computation of its
discrete and cumulative annual velocity frequencies. This computation
should be conducted by considering the time during which the afore-
mentioned threshold is not exceeded and, therefore, the hydrodynamic
conditions are suitable for maintenance operations. It is important to
note that the need for considering waves and winds should be analysed
for each case study.

In this work OPEXj is computed based on reference values for the
different parameters involved in its computation [60] which are adapted
to the site-specific conditions of the different HEC-site combinations
(Section 3) in terms of weather windows appropriate for O&M works
(Table 5).

In the case of OPEX3, the definition of an appropriate operational
protocol is a key aspect for conducting unplanned repairing operations,
allowing the optimization of material and human resources [75]. In this
context, the repairing strategy needs to be adapted according to the
vertical configuration of the hydrokinetic farm, distinguishing between
bottom-fixed and floating converters [77]. These vertical configuration
influences not only the different resources involved in the repairing
procedure and its location (i.e., onshore or offshore) but also the
accessibility to the different components of HECs.

According to Ref. [77], these protocols are defined as follows: in the
case of bottom-fixed HECs, their unplanned maintenance is, in any case,
conducted at onshore facilities; on the contrary, the unplanned main-
tenance of floating HECs can be carried out either onshore or offshore,
depending on the duration of the works, t,. For trivial works (t, < 1 h),
the reparations can be conducted offshore. Minor reparations (1 h < t, <
24 h) are usually prescribed offshore if the components of the HEC are
easily accessible, and at onshore facilities in the opposite case. Finally,
major reparations (t; > 24 h), are always conducted onshore. This
categorization has an effect on the type of vessel required for conducting
the repairing works (CTV and OSV for offshore and onshore mainte-
nance, respectively), as in the case of OPEX2 computation (see above).
In Fig. 8 the operational protocol for both offshore and onshore

10

unplanned reparations is presented in the terms of the following timing
nomenclature [77]: trg is the response time, which represents the time
necessary to detect a failure and mobilize the human and technical re-
sources required; t; stands for the displacement time, considering the
distance between the base port and the hydrokinetic farm; WW repre-
sents the time increment incurred as a consequence of weather windows;
LD stands for time increments resulting from logistic delays; and finally,
troff and t.o, are representative timings of repairing operations for
offshore and onshore works, respectively. Further information regarding
the cost of the resources involved in both protocols can be found in
Ref. [25]. As in the case of OPEXj,, an accurate computation of OPEX3
should be based on the definition of the required weather windows as
previously defined (Table 5).

Based on the aspects previously remarked, the computation of the
OPEX3 term can be summarized in the following steps: (i) definition of
the operational protocol as a function of the vertical configuration of the
hydrokinetic farm, (ii) computation of the costs incurred as a result of
each repairing operation depending on the timing and resources
involved, (iii) evaluation of the impact of weather windows and delays
on the cost of each operation, (iv) computation of OPEX3 term by
considering the reliability of the devices (required annual number of
interventions), and integrating the results of steps (i), (ii) and (iii).
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Fig. 10. Cumulative frequency (non-exceedance) of flow velocity for the
polygons considered.
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Table 6

Timing (average values) of the different activities con-
ducted during repairing or unscheduled maintenance
works (OPEX3) for offshore and onshore operations.

Variable Duration

te 1.00 h

ta 0.50 h

ww Site-specific

LD 30% (time increase)
troff 4.00 h

tron 32.00h

6.3. Application of OPEX model

For the application of the model, in the first place the annual discrete
and cumulative velocity frequencies (non-exceedance) are obtained
from the high-resolution shallow water model, and presented in Figs. 9
and 10, respectively.

The time available for O&M for the different areas is similar, despite
their differences in total surface, with about 40.1%, 47.9%, 42.21%,
43.8%, 48.9% and 51.7% for polygons A, B, C, D, E, and IHE = 1,
respectively (Fig. 10). It can be observed that the smaller the polygons,
the higher IHE tend to have large resource, and therefore large current
magnitude which reduce the available time for O&M. However, given
that IHE index also considers the costs (in a somewhat simplistic way),
this does not apply to all cases, as it can be observed in the case of
polygon B which presents greater O&M windows than larger polygons
such as C and D.

Based on these figures, the proposed OPEX model is applied to the
Tarbert Area by considering the Tarbert facilities as base port (Fig. 1) in
order to compute the timing of the works associated to the operational
protocols for unplanned reparations shown in Fig. 8 (Table 6) [25]. The
results of the application of the OPEX model are provided in Table 7.

As can be observed, OPEX; and OPEXj represent the lion’s share of
the operational expenditures, being about one order magnitude larger
than OPEX3. Overall OPEX; is larger than OPEX; (more than double
considering all HEC-site combinations); however, their relative impor-
tance is highly dependent on the total surface and the resulting number
of HECs considered, being OPEX; greater than OPEXj; in the case of
polygon A.
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7. CEA parameters computation

The results obtained for AEP, OPEX and CAPEX can be straightfor-
wardly used to compute the viability of the proposed HEC-site combi-
nation through CEA parameters. As previously mentioned, in this
application CEA is developed in terms of Levelized Cost of Energy
(LCOE), which is usually computed as follows [45]:

,
OPEX

CAPEX + Zl =

LCOE = = , 3)

AEP

1+k)"

Eﬂﬂ

where k represents the discount rate and T is the lifetime of the project.
According to Ref. [24], values of 10% and 20 years are established for k
and T, respectively. In addition, it is important to note that the discount
rate is not applied to CAPEX insofar as this term corresponds with initial
investments which are not constant along the lifetime of the project. The
interpretation of the LCOE is straightforward: the lower the value of the
LCOE, the better the HEC-site combination for hydrokinetic energy
exploitation.

In Fig. 11, LCOE results for the different HEC-site combinations are
presented. It can be observed that LCOE values reduce as the polygons
occupy progressively a larger area as a result of the effects of the
economies of scale, and up to a point where they attain their largest
influence (i.e., reach a constant peak value), thereby providing the
largest cost reduction. In the case of F-HEC: polygons A with 0.314
€/kWh, B with 0.310 €/kWh, C with 0.196 €/kWh, D with 0.200 €/kWh,
E with 0.247 €/kWh and IHE = 1 with 0.287 €/kWh. In the case of BF-
HEG, its LCOE in polygon E is 0.260 €/kWh.

Thus, in spite of the smallest polygon (polygon A) being that with the
largest Cr and IHE index, the effects of the economies of scale lead to a
polygon with larger available area and less available resource (power),
polygon C, to be that providing the best cost-effective figures, which are
attained by F-HEC.

The results of LCOE obtained are compared with those obtained by
applying previous state-of-the-art procedures used in tidal energy pro-
jects. To this end, simplistic procedures for easily assessing the viability
of projects at their initial steps (e.g. Refs. [24,78,79]), along with
complex procedures providing more accurate results (e.g. Refs. [45,46,
61]) are considered. The comparison is conducted for the selected
combinations: F-HEC operating in polygon C and BF-HEC operating in

Table 7

Annual OPEX results (M€) for the HEC-site combinations considered.
Cost item F-HEC—A F-HEC—B F-HEC—C F-HEC—D F-HEC—E F-HEC—IHE BF-HEC—E
OPEX; 0.28 0.43 0.83 1.65 3.40 4.69 1.03
OPEX, 0.26 0.56 1.47 3.12 6.38 8.70 2.53
OPEX3 0.04 0.04 0.04 0.04 0.04 0.04 0.1
OPEX 0.58 1.03 2.34 4.81 9.82 13.43 3.66

o
~

T T
B 5-HEC I F-HEC

LCOE (€/kWh)
o o

N w

T T

o
N
T

0 I
C

D E IHE =

1

Polygon

Fig. 11. LCOE of the HEC-site combinations considered.
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Table 8
Comparison of the results of LCOE according to the proposed methodology
(LCOEyg) and other state-of-the-art procedures ([24,78,79] and [45,45,611).

HEC-site LCOEE LCOE [24,78,79] LCOE [45,45,61]
combination (€/kWh) (€/kWh) (€/kWh)
F-HEC—C 0.196 0.397 0.280
BF-HEC—E 0.260 0.688 0.560

polygon E. For the application of these methodologies CAPEX and OPEX
terms are computed, whereas AEP is determined according to section 4.
LCOE results are provided in Table 8.

As it can be observed, the implementation of more simplistic the-
ories, in particular [24,78,79] leads to significant deviations in LCOE
figures with respect to the proposed methodology in the present study,
of about 103% and 165% for F-HEC in polygon C and BF-HEC in polygon
E, respectively. The application of more detailed methodologies [45,46,
61] provides more accurate results, with deviations of about 43% and
115%, for F-HEC in polygon C and BF-HEC in polygon E, respectively.

The deviations in the results obtained are primarily due to how OPEX
is computed following the different procedures, which correspond to
either predetermined values according to general farm characteristics,
in the case of simple procedures, or are function of the installed power of
the farm, in the case of more complex methodologies. In this way, the
current available procedures do not consider cost reductions with
increasing farm size, and therefore they usually overestimate OPEX
values for large farm projects, as it is the case of the present study.

8. Conclusions

Cost-effective analyses (CEA) of proposed hydrokinetic farms are
often based on highly simplified energy performance parameters and
cost structure, which may lead to suboptimal planning decisions. In
connection with the development of CEA is the delimitation of the areas
of analysis, usually defined by merely considering the available energy
resource and, in some occasions, certain geomorphological parameters,
such as the total water depth. These simplified approaches could be
adequate in the initial stages of the design of a hydrokinetic farm;
however, further and more detailed information is required for the ac-
curate definition of the most appropriate configuration. The current
methodologies applied to tidal energy projects only approximate the
correct values of the CEA parameters, as a result of their inability to
consider specific aspects of the cost analysis, in particular O&M costs,
and their disregard of the potential effects of economies of scale, which
are related to the characteristics of the study areas (total surface, dis-
tance to existing ports, hydrodynamics, etc.).

In this work, a novel approach for accurately computing CEA pa-
rameters of hydrokinetic energy projects is developed, leading to the
selection of the most appropriate HEC-site combination within a coastal
area, and improving previous procedures. The proposed methodology is
subsequently applied to the Shannon Estuary (W Ireland) and the results
computed in terms of Levelized Cost of Energy (LCOE).

The proposed approach consists of five steps. First, a HEC-site se-
lection model is developed by means of the IHE index and spatial
analysis algorithms, leading to the definition of various HEC-site com-
binations which allow the consideration of economies of scale by
retaining different areas for analysis based on specific criteria. Then, the
application of an energy production model leads to the computation of
the Annual Energy Production (AEP) for the different HEC-site combi-
nations selected, for which high-resolution numerical modelling and
specific algorithms are considered. With respect to the cost structure, a
Capital Expenditures (CAPEX) model and an Operational Expenditures
(OPEX) model are developed. The CAPEX model is based on the detailed
breakdown in unitary costs and an ad hoc algorithm for assessing the
effects of the economies of scale of the different HEC-site combinations
retained. The OPEX model considers HEC-specific O&M procedures,
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including the analysis of the necessary human and material resources,
along with the definition of specific O&M weather windows. Finally, the
previous results are integrated to provide reliable CEA parameters for
the different HEC-site combinations, leading to the selection of the best
alternative.

This procedure is illustrated for the Shannon Estuary and, in
particular, the Tarbert Area. The CEA parameters are obtained in terms
of Levelized Cost of Energy (LCOE). It is found that the area with the
largest Cy and THE index is not that with the best CEA parameters;
instead, the economies of scale lead to a larger area with less available
resource providing the best cost-effective figures. As a result, the HEC-
site combination providing best cost-effective figures is F-HEC at poly-
gon C with 0.196 €/kWh. The results of LCOE obtained are compared
with those obtained by applying state-of-the art procedures used in tidal
energy projects. Significant variations in LCOE results as obtained from
the different methodologies considered are observed ranging from about
40% to 165%, which results from the overly simplistic OPEX computa-
tions leading to a significant overestimation of cost in the case of large
farms. In sum, the proposed approach addresses the major difficulties
and uncertainties when computing the main aspects affecting the CEA of
hydrokinetic energy farms, avoiding simplistic assumptions, and overall
improving on the current procedures. The procedure was illustrated
through a case study in the Shannon Estuary, but it could be applied to
any other coastal area with potential for hydrokinetic energy
exploitation.
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