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Highlights

Integration of tidal energy into an island energy system – a case
study of Orkney Islands

Mohammed A. Almoghayer, David K. Woolf, Sandy Kerr, Gareth Davies

• Tidal devices should be designed and tuned for a specific site and array
layout

• Limiting the turbine capacity increases the capacity factor of the in-
stalled system

• Integrating tidal energy would yield cheaper energy for islands commu-
nities
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Abstract

Islands energy systems are often separated from mainland energy markets.
Islands routinely rely on a single imported source of energy, which exposes
islands to economic risks, and an increased likelihood of system failure. Inte-
grating renewable energy into island energy systems can provide diversity of
energy supply and improved system efficiency, potentially yielding cheaper
energy for island communities. However, this requires an appropriate en-
ergy extraction strategy in combination with sufficient storage to overcome
the intermittent nature of the renewable energy resources. This paper in-
vestigates the most cost-effective method to integrate tidal energy into the
Orkney energy system. It explores various approaches to achieving efficient
energy extraction. Different energy generation patterns are examined to find
the generation strategy that best fits the energy demand pattern of the isles,
without conflicting with the existing supply. This study demonstrates the
potential of integrating tidal energy into an island energy system without
the need for expensive grid upgrades. It shows that limiting the capacity of
the tidal device, and maximising the generation time at the most frequent
flow velocities, increases the capacity factor of the installed system. This
strategy improves the economic viability and commercial competitiveness of
tidal energy.
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1. Introduction

Access to energy is absolutely essential for any community to grow and to
have a sustainable economy. This applies as much to a small remote island
as it does to a large metropolitan community. At present, 45% of the world’s
population lives in rural and island communities [1], yet they receive little
attention for energy development. The United Nations (UN) continues its
efforts to achieve reliable energy access globally by 2030 [2]. Recent studies
estimate that currently over 1 billion people still lack access to electricity, of
whom 85% live in small islands and rural communities [2][3]. Small islands
often find themselves in the worst position. They share many of the same
issues faced by rural areas, together with island specific characteristics such
as diseconomies of scale, high transport costs, specialised economies, limited
resources and fragile eco-systems. Those unique characteristics are known
as ’the island factor’ [4]. The island factor means that small islands do
not generally have access to the full range of energy options available on
mainland markets, instead relying on a limited range of imported sources
of energy. In order to reduce dependency on imported energy, small islands
need to improve their energy efficiency as well as to invest in locally generated
renewable energy.

Depending on the geographical location, most of the islands are blessed
with one or more renewable resources such as wind, solar, wave and tidal
[5]. However, the intermittent nature of those energy sources means that
generation may be out of phase with consumption [6]. Storage and demand
control can reduce the effects of renewable energy intermittency, but this
requires more complex modes of grid operation and makes network planning
more challenging and expensive [7].

Among the various renewable energy sources, tidal stream energy is unique
in providing a seasonally consistent generation, with very high levels of pre-
dictability [8]. Despite its predictability, tidal energy is still intermittent and
may not synchronise with demand. However, with the right optimisation
and appropriate storage system, tidal stream energy can provide base-load
power supply [9] without adding more complexity to the grid operations (e.g.
Shetland Tidal Array [10]).
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This paper explores a number of approaches to improve the efficiency of
the tidal energy generation. It suggests a novel cost-effective strategy to:
(a) increase the system efficiency and (b) overcome the intermittency of the
renewable energy sources. The suggested strategy is tested on a case study
to integrate tidal stream energy generation into the Orkney island energy
system. Orkney provides an ideal case study for the development of tidal
stream energy within a complex energy market with significant constraint
issues. Besides, such a development needs to provide a workable solution
within the shared marine space with the other sea users (e.g. fishing boats,
ferries and commercial vessels). Complementary to theoretical studies, this
work provides an excellent case study to explore real world optimisation of
renewable energy generation.

Orkney has a complex energy system that continues to develop rapidly.
An exceptionally large renewable energy resources has helped accomplish a
transition from a net importer - requiring an electrical distribution network
linked to mainland Scotland - to a net exporter of energy requiring a rein-
forced electrical network with active network management [11]. Given its
export constraints Orkney is now increasing local electricity consumption as
a fraction of total energy use [12] and exploring options to convert renewable
electricity supply into alternative vectors such as hydrogen.

The paper is organised as follows. Section 2 discusses Orkney’s energy
systems. Section 3 investigates the methods to achieve cost-efficient tidal
energy generation and integration. Section 4 presents the implementation of
tidal energy integration into Orkney’s energy market. Finally, conclusions
are drawn in Section 5

2. Orkney energy system

2.1. Market structure and description

Located off the north coast of mainland Scotland, Orkney is an archipelago
of 70 islands, of which more than two-thirds are uninhabited [13]. The ma-
jority of the 22,190 population live on the largest island - Orkney Mainland -
with less than 25% of the population scattered across 19 of the smaller isles.
[14].

Similar to other remote island communities, Orkney was highly dependent
on expensive imported fossil fuels to meet the island’s energy needs. This
combined with a harsh climate, poor housing, and low wages has resulted in
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one of the highest levels of fuel poverty in Scotland [11]. Until recently elec-
tricity demand was mainly supplied by two 20MW 33kV subsea power cables
connecting Orkney to the UK national grid [15], five 3MW gas turbines at
Flotta terminal and a standby diesel power generator on the island to supply
the winter peak demand [11]. However, Orkney’s energy system has changed
significantly over the past 20yrs due to the rapid development of small and
large scale wind energy. Orkney also possesses substantial untapped renew-
able energy resources in the form of wave and tide [16]. This made Orkney
an attractive place for marine renewable energy developers. The European
Marine Energy Centre (EMEC) opened in 2003 to provide wave and tidal
energy technologies developers with accredited open-sea testing facilities [17].

2.2. Electricity systems

With over 50MW of installed wind energy capacity, Orkney has been
a net exporter of electricity since 2013 (Figure 1) [18][19]. The increasing
interests in exploiting Orkney’s renewable energy resources, and the desire
to promote Orkney as a successful showcase of ‘Renewable Energy Islands’
have created a desire to develop a more integrated system to overcome the
grid’s infrastructure limitation. For many years reinforcing Orkney’s local
network, and increasing the capacity of the subsea cables between Orkney
and mainland Scotland, was seen as a local priority. However this is one
of many energy infrastructure projects across the UK requiring investment
and progress has been slow. Instead, in 2009, Scottish Hydro Electric Power
Distribution (SHEPD) upgraded Orkney’s local network to become the UK’s
first smart grid using the new Active Network Management (ANM) approach
[20]. ANM enabled more renewable generation to be connected to Orkney’s
local network without the need for substantial and expensive grid upgrades.
The ANM divided Orkney’s local network into zones, as shown in Figure 2.
Each zone represents a constraint point in the network. The ANM measures
real time power flows at several points on the network. The system then
monitors and controls the connected renewable energy generators to regulate
the power flows through the network (i.e. generators will be switched-off by
the ANM system when the power supply exceeds the demand or the network
capacity) [21].

Besides controlling the energy flow, and to reduce the power generation
curtailment, in 2013 SHEPD added energy storage system (ESS) to Orkney’s
ANM system by installing a 2MW/1MWh lithium-ion battery, which is
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Figure 1: Orkney monthly net electricity imports / exports 2012-2018 [21]

charged at times when energy flow from the core zone of the ANM network
is constrained [22].

Although implementation of the ANM and ESS systems allowed connec-
tion of more renewable generators to Orkney’s network, the limits within
the electrical connection between Orkney and the mainland continued to
force a high percentage of curtailment [11]. These constraints hindered the
growth of renewable energy developments in Orkney, which raised the need
to consider other options besides the grid link reinforcement. A number
of innovative projects have been developed in Orkney to overcome the grid
limitations, such as Surf’n’Turf [23] and BIG HIT [19, 24, 25] (Building In-
novative Green Hydrogen systems in an Isolated Territory), which aim to
convert and store energy in the form of hydrogen from curtailed electricity
(Figure 3). Hydrogen is produced from the energy generated by the tidal
turbines at EMEC test site in Eday [26], and the 900 kW community-owned
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Figure 2: Orkney ANM system zones [21]

wind turbines on the islands of Shapinsay and Eday [27], using 1MW and
0.5MW electrolysers on Shapinsay and Eday respectively [28].

The produced hydrogen is stored in fuel cells [28], which are utilised to
provide heating for Shapinsay School, power to some of the inter-island ferries
that dock overnight at Kirkwall harbour [11][29], and to supply the Hydrogen
Refuelling Station in Hatston [30].

Those projects have paved the way to explore other revolutionary con-
cepts to utilise hydrogen [31] in shipping, heating and aviation, such as
HyFlyer zero-emission aircraft testing project [32].
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Figure 3: Orkney hydrogen projects [25]

2.3. Electricity demand and supply pattern

The historical data of annual electricity consumption [21][33] show that
the total annual electricity demand for the past 10 years was almost constant;
ranging between 130-150GWh. Before 2013, this demand was mainly met
by non-renewable electricity. Over the past two decades, Orkney has seen a
rapid growth in renewable energy generation from wind in particular, which
increased from approximately 17GWh in 2003 to around 140GWh in 2014
[11], the data extracted from [21] show that since 2013 Orkney’s annual
renewable generation has exceeded the local electricity demand (Figure 4),
and Orkney has become a net exporter of electricity (Figure 1).

Orkney’s renewable generation is dominated by wind, which is known for
its seasonality [34]. Thus, it would be expected to have less energy generated
in the summer months. This reduction in wind more than offsets any summer
increase in domestic solar energy generation. The modest rise in tempera-
ture and less frequent cooling winds during the summer months reduces the
demand on electricity for heating, which accounts for a large portion of elec-
tricity consumption in Orkney. Around 41% of Orkney’s households use
an electrical heating source [35]. Although the variation in renewable energy
generation and the electricity demand follow a similar pattern seasonally, the
renewable generation is insufficient to meet all the local electricity demand
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during summer months, as outlined in Figure 5.

Figure 4: Orkney annual electricity demand vs renewable generation 2012-2018 [21]*

* There is a gap in the extracted data from [21] for Q3 2015, which results in showing lower
figures for the total annual demand and generation in 2015. However, the published figures by
[11] show that the total electricity consumption in 2015 was 144GWh.

Moreover, besides its seasonality, wind is known for its intermittent na-
ture and its diurnal variability [34][36], which means the generation pattern
is frequently out of synchronisation with demand. Figures 6 and 7 illustrate
the electricity demand pattern recorded at 30mins and 10mins intervals re-
spectively against the renewable energy generation. The variation between
supply and demand can be clearly observed. This variation makes it impossi-
ble for Orkney energy system to become 100% renewable energy dependent,
unless a comprehensive energy strategy is developed to match the demand
and the supply, and to provide a form of renewable generation base-load.
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Figure 5: Orkney monthly electricity demand vs renewable generation 2018 [21]

2.4. Other energy demand

Road transport is a major energy consumer in Orkney [11]. As part of
their efforts to decarbonise Orkney’s transport network, the Scottish Govern-
ment and Orkney Islands Council (OIC) [37][38], have encouraged and sup-
ported switching to electric vehicles (EV). There has been a steady growth
in numbers of EVs registered in Orkney; around 247 EVs registered by the
third quarter of 2019 [39]. Another benefit of EVs is that can be used as
a means to balance the electrical network and reduce the renewable energy
generation curtailment [40].

In 2020, a new smart energy project, The ReFLEX Orkney (Responsive
Flexibility), was launched in Orkney to develop a Virtual Energy System
(VES), which will interlink and monitor local electricity, transport and heat
systems powered by local renewable energy. The project will adapt smart
energy control technologies to improve the energy supply-demand balance
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Figure 6: Orkney half-hourly electricity demand vs renewable generation 2018 [21]

[41]. The success of this project will enable more renewable energy generation
to be deployed and/or the existing constrained renewable generation being
able to run longer without curtailment. This will pave the way for Orkney
to become 100% renewable energy island.

How would Orkney’s local community benefit from those new state-of-
the-art projects? Unlocking Orkney’s renewable potential will allow more
investments and faster growth in renewable energy developments in Orkney.
It will create more local jobs opportunities and achieve energy independence
for Orkney. Energy independence may lead to cheaper energy if it is im-
plemented correctly. Key factors include applying efficient energy extraction
techniques and adopting integrated energy systems that balance supply and
demand.
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Figure 7: Orkney 10mins intervals electricity demand vs renewable generation Mar2020 –
Nov2020 [21]

3. Cost-effective tidal energy generation

As discussed in the previous section, the current renewable energy gener-
ation pattern in Orkney, which is dominated largely by wind, is incapable of
achieving energy independence. Electricity imports will be needed to meet
the electricity demand when the wind is not blowing. Reducing electricity-
imports dependence requires steadier generation and an energy management
strategy that aligns demand with generation.

Among the various renewable energy sources, tides are largely predictable
for at least 100 years [42]. Therefore, with an appropriate storage system,
tidal energy could, in principle, provide base-load power generation. Orkney
has a substantial tidal stream. In some areas of Orkney, tidal current speed
exceeds 4.5 m/s [43], which makes it a very attractive location for tidal en-
ergy developments. However, to lower the energy cost and maximise the
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benefits of tidal energy generation, the energy extraction method needs to
be technically and economically efficient. Importantly this involves three
steps: (i) choosing the right device for the right site; (ii) selecting the most
efficient array configuration; and (iii) adopting an appropriate energy gener-
ation strategy.

3.1. Tidal device selection

A variety of factors are normally considered in site identification for tidal
stream energy, these include: resource availability; grid connection infras-
tructure; site accessibility; local ecology; and site geo-characteristics such as
depth [44]. However, selecting a suitable tidal device for a specific site is
predominantly driven by the device power capacity and the expected cost of
energy, besides some considerations of the site constraints.

Generally speaking, most existing tidal stream technologies are being de-
signed using generic information and not tuned to a site’s unique charac-
teristics. The main focus of the technology developers when designing their
devices is to improve the economics by maximising the energy extraction
rate and the theoretical efficiency of the device, without really considering
the distinctive characteristics of the specific development site; i.e. one size
fits all. In reality, one design does not fit all sites, even if it fits within the
site constraints. For example, Schluntz & Willden [45] conducted a study
using four different blockage ratios with four different rotors design (each
rotor was designed for a specific blockage ratio). They observed that each
rotor performed best for the blockage ratio that it was designed for. The
performance of a rotor designed for a low blockage condition was improved
in a high blockage condition, but could not match a rotor designed for high
blockage condition. A rotor designed for a high blockage condition performed
far more poorly in a low blockage condition than a rotor designed for that
condition.

In this study, we considered two different tidal sites (the Fall of Warness
and the Pentland Firth), and five different tidal stream technologies, to in-
vestigate the impact of changes in site characteristics on device performance.
The two sites were chosen as representatives of energetic sites with regular
tidal flow, and the devices were selected based on the publicly available data.
Figure 8 shows indicative power and extraction efficiency trend curves for the
selected devices, which are derived mainly from the published information
on the developers websites and the specifications of those devices.
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Using current velocity time-series extracted from a numerical model of
Orkney waters and Pentland Firth (as will be discussed in later sections),
and by interpreting the available power curves (Figure 8), the performance
of the five devices was assessed by estimating the power output and the
expected capacity factor (Table 1 & 2).

Figure 8: Indicative power & Cp trend curves for five tidal stream energy technologies

Both sites have a substantial resource and both meet all the requirements
to deploy any of the five technologies, however the results show that some
devices perform better than others at a particular site. For example, Ta-
ble 1 shows that, in terms of economics and overall system efficiency, the
SCHOTTEL-SIT250(6m) is the best choice among the five selected tech-
nologies for Fall of Warness, though its power extraction efficiency is not
the highest. By contrast, analysis for the Pentland Firth site indicates that
SIT250 is not the best choice, as shown in Table 2. Among the five analysed
technologies, the ATLANTIS turbine AR1500 would be the best choice for
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Pentland Firth.

Technology Pr Pop Pop/Pr Cp(a) CF
SeaGen-S 2MW 2,000 1,131 57% 37% 40.5%
AR1500 1.5MW 1,500 853 57% 42% 27%
SR250 250kW 250 137 55% 28.5% 39%
SIT250 70kW 70 33 48% 30.5% 43%
DG1000 1MW 1,000 483 48% 37% 33.5%

Table 1: Performance assessment of the five tidal stream technologies at Fall of Warness*

Technology Pr Pop Pop/Pr Cp(a) CF
SeaGen-S 2MW 2,000 1,420 71% 32% 48%
AR1500 1.5MW 1,500 1,143 76% 33% 51%
SR250 250kW 250 172 69% 24% 46%
SIT250 70kW 70 45 64% 26% 49%
DG1000 1MW 1,000 589 59% 36% 33%

Table 2: Performance assessment of the five tidal stream technologies at Pentland Firth*

*where Pr is the rated power [kW], Pop the average operating power over
the tidal cycle period [kW], Cp(a) the average operational power coefficient
and CF the capacity factor.

In-depth analysis of the results and the relationship between the different
power performance indicators will not be discussed in this paper. This will be
considered in a separate study. However, the preliminary results (as shown
in Table 1 & 2) are enough to demonstrate the link between the device
performance and the site characteristics, which can have a great impact on
the overall system efficiency. Therefore, to achieve efficient and cost-effective
energy extraction, tidal devices should be designed and tuned for a specific
site and even for a specific array layout configuration.

3.2. Efficient tidal array layout

Designing a tidal array is comprised of two stages: macro- and micro-
design. Macro-design focuses on the size and the general arrangement of the
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array. Whilst, micro-design deals with the position of the individual turbines
within the array and the required tuning for each turbine [46]. Optimising
the number and the distribution of the turbines within the array is the first
step to design an efficient array layout. Achieving the optimal array lay-
out requires site-specific tuning of the individual turbines to maximise the
array’s energy output. Besides maximising the power output and the extrac-
tion efficiency, the design process should consider other factors such as the
cumulative impact on the surrounding environment. Together, those factors
can dictate the maximum allowable size of the tidal array [47]. In this study,
the array layout will be configured to maximise the energy extraction effi-
ciency only, without considering the other factors, which could affect the size
and density of the array. The array here is used as an indicator to assess the
effectiveness of the proposed integration strategy.

The configuration of the array has a great impact on the amount of ex-
tracted energy by the tidal turbines. For horizontal axis turbines (other types
will not be discussed in this paper), the efficiency of the array is mainly in-
fluenced by the blockage ratio and the interactions between turbines wakes
[48][49]. Garrett & Cummins [49] suggested that packing the width of the
channel with a single row of turbines to create a tidal fence provides the
most efficient array design. This configuration eliminates the wake effects,
and enhances the blockage effect. However, in real-life, this is generally not
possible due to the need to have clear navigation routes through the channel.
Improvements on this simple tidal fence concept were proposed by [50]. They
suggested creating a partial fence, blocking only part of the channel width
with the same number of turbines (Figure 9). This arrangement maintains
high global blockage (i.e. the fraction of the channel cross-section occupied by
turbines) and increases the blockage ratio within the fence (i.e. local blockage
ratio). Increasing the local blockage will force the flow to accelerate around
the turbines. This will result in enhanced power extraction efficiency, while
allowing the marine traffic through the channel. Further improvements were
introduced by [51] suggesting that splitting the partial tidal fence into sub-
fences would increase the power coefficient from the Lanchester-Betz value
of 16/27 (= 0.593) to 0.865.

In practice, most tidal farm designs comprise multiple rows of tidal de-
vices. When arranging the turbines in multiple rows of tidal fences, the
streamwise spacing between the rows is recommended to be at least 10D
(i.e. 10 times the rotor diameter) to reduce the wake effects on the con-
secutive rows as the flow recovers 80%-90% at 10D to 20D downstream the
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Figure 9: Partial fence array covers a fraction of the channel width

UA is the flow velocity immediately upstream the array, D is the rotor diameter, S is the cross-
stream spacing between the turbines, and A is the partial-fence length equal to Nx(D+S), where
N is the number of turbines.

turbine [52][53]. In practice, a variety of constraints (e.g. the geometry of the
channel) may make such a layout impractical, or inefficient. Staggered grid
arrays can provide an alternative solution [46]. However, the shorter stream-
wise spacing between the array rows means that the cross-stream spacing be-
tween the turbines need to be greater to reduce the wake interaction effects.
Ideally, a staggered grid will be arranged with 2.5D cross-stream spacing and
at least 4D streamwise spacing [54]. The wider gaps between the turbines
cause a reduction in the local blockage ratio, and consequently a reduction
in the power coefficient compared to the tidal fence concept.

A novel solution was introduced by Almoghayer & Woolf [55], suggest-
ing that turbines be arranged in a Staggered Sub-Array SSA configuration
(Figure 10). This layout combines the benefits of a densely-packed fence
and a staggered grid. It enables high local blockage within the sub-arrays,
while the gaps between the sub-arrays eliminate array-choking and reduce
the wakes interaction with the downstream sub-arrays. Also, a SSA layout
is consistent with a number of existing tidal stream technologies in the mar-
ket, such as PLAT-I (each PLAT-I device consists of 4 turbines forming a
sub-fence). With some tuning, such an arrangement can achieve the highest
possible power coefficient.

3.3. Efficient energy extraction strategy

Selecting a suitable device for a specific site, and designing an efficient
array layout are key elements, but does not guarantee the most efficient
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Figure 10: Staggered Sub-Array SSA formation covers friction of the channel width

U is the undisturbed flow velocity in the channel, D is the rotor diameter, S is the cross-stream
spacing between the turbines, Sg is the cross-stream spacing between sub-arrays, and L is the
stream-wise spacing between the rows.

energy extraction. Several other factors can affect generation efficiency and
the cost of energy. These include site characteristics, infrastructure cost,
and grid limitation. Furthermore, these factors are often inter-linked. For
example, a higher power output requires more expensive infrastructure (e.g.
higher grid connection capacity) for a low system capacity factor, which
results in a higher energy cost. A system like that is definitely not the
most efficient or cost-effective system. In fact, the nature of the tidal cycle
implies that the higher flow velocities occur for a shorter period of the tidal
cycle compared to the lower velocities (e.g. Figure 11). Since the power is
proportional to the velocity cubed (Eq. 1), generating at higher velocities
using more powerful devices produces the greatest flows of electricity, it is
natural to make an a priori assumption that tuning turbines to generate
at high current speeds results in the best economic outcome. The analysis
presented below challenges this assumption.

Pe =
1

2
ρCpAV

3 (1)

where ρ is the fluid density, Cp is the power coefficient, A is the rotor swept
area and V is the velocity of the tidal flow.

Prioritising generation at high flows (i.e. setting a high rated capacity
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(a) Fall of Warness (b) Hoy Sound

Figure 11: Velocity probability density at two different sites over spring-neap tidal cycle

for the turbines) at sites where the average flow velocity is much lower (e.g.
Figure 11 - b) will produce steep power peaks and result in a significant
fluctuation in energy generation over the tidal cycle period (Figure 12). This
means the system capacity factor will be low, and also means that the device
structure, the Power Take Off (PTO) system, the infrastructure, the cables
and the grid connection will be designed and sized to accommodate the higher
energy flow that form only a small fraction of the overall energy generation
over time. As a result, the energy cost will be higher, and the system will
not be able to provide a reliable base-load generation.

A modified strategy based on regulating the power output will reduce the
variation in power generation over the tidal cycle, which would improve the
economics of the energy extraction and provide some form of firm generation.
This can be achieved by limiting the rated capacity of the tidal device. Thus,
it will operate at the lower rated power for longer periods of the tidal cycle,
which will increase the capacity factor of the device, Eq.(2).

Capacity Factor =
Actual Energy Generated (MWh)

Rated capacity (MW )× Period (h)
(2)

Obviously, limiting the device capacity will reduce the overall energy out-
put. However, [56][57] suggested that limiting the turbine capacity by 50%-
60% will result in approximately 10%-20% only reduction in the total power
output. Those figures are a rough estimation only, as the actual numbers
will highly depend on the site-specific characteristics and the tidal device
specification.
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Figure 12: Power generation curve for a 70kW turbine at Fall of Warness over spring-neap
tidal cycle

The power generation is truncated at 70kW (the rated power) at the times when the velocity
reaches or exceeds 2.7m/s (the rated velocity).

Limiting the capacity of the tidal device will reduce the rated rotor torque
(P ∝ τ). This will reduce the weight and the cost of the PTO components
and the device structure, which all together form about 25%-50% of the
total cost of a tidal stream development [58]. Also, lowering the maximum
energy flow will allow to reduce the size and the cost of the cables and the
associated infrastructure. The overall cost saving would offset any loss due to
the reduction in the total energy output. A cost-efficient energy extraction
strategy can be reached by selecting a capacity limiting factor that achieves
a reasonable balance between the loss in the energy output and the saving
in the cost of the development.
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4. Integration of tidal energy into Orkney energy system

4.1. Site selection

The location and the geography of Orkney’s islands means tidal flow accel-
erates significantly when passes through the various straits of the archipelago.
This creates number of potentially good sites for tidal stream energy projects
(Figure 13). Unfortunately, not all these sites are suitable for development,
either because of the non-availability of a grid connection or due to technical
requirements (e.g. minimum water depth). At the moment, only two sites
in Orkney have been developed for tidal energy: MeyGen at Pentland Firth
and EMEC tidal test site at Fall of Warness.

Hoy Sound is a alternative location possessing the key elements for a
suitable tidal energy site as outlined by [44]. Hoy Sound is situated between
Orkney mainland and the island of Graemsay, around 2km from the port
of Stromness and 1km from the nearest potential cable landfall point. Our
hydrodynamic model shows that the maximum spring peak current in Hoy
Sounds exceeds 3m/s. This has been confirmed by field measurements carried
out by Aquatera Ltd using Acoustic Doppler Current Profiler (ADCP).

Three potential sites has been identified in Hoy Sound (as shown in Figure
14) based on the following criteria:

• Highest possible power density.

• Minimum depth of at least 12m to seabed at lowest astronomical tide.

• Avoidance of navigation routes (Figure 15).
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Figure 13: Suitable tidal sites in Orkney

Figure 14: The potential development sites A, B & C in Hoy Sound
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Figure 15: Marine traffic in Hoy Sound

The average power density (APD) available across the surface area of Hoy
Sound is calculated from the time series of the predicted velocity distribution
with the equation below:

APD =
1

2
ρV 3

rmc (3)

where ρ is the fluid density and Vrmc is the root mean cubed velocity (m/s).

Site (B) has the highest power density, but it is very close to the Ham-
navoe ferry route (Stromness - Scrabster) as shown in Figure 15. While site
(C) is located in a deeper water, it has the lowest power density and it too
is close to the ferry route. Site (A) covers around 0.3km x 0.6km in 12-14m
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water depth and is located to the south of the main navigational channel,
protected from westerly seas by a shallow area known as Showbelly. The
maximum spring peak current at site (A) is around 3.3m/s, and the average
Vrmc is approximately 1.67m/s. The key characteristics of the three sites are
summarised in Table 3. It is clear that site (A) meets the selection criteria,
and is the best choice among the three sites.

Site
Min depth Vrmc Cross-stream Marine Sheltered

(m) (m/s) width (m) traffic risk area
Site A 12 1.67 300 None Yes
Site B 10 1.85 180 Medium Relatively
Site C 15 1.46 350 High No

Table 3: Key characteristics of the prospective sites

where Vrmc is the root mean cubed velocity.

4.2. Device selection

Device selection for the proposed site was governed by the site character-
istics and the availability of published data (i.e. power performance curves
and technical specifications) of the existing tidal stream technologies in the
market. The selection process will cover horizontal axis turbines only, it will
not consider other types of tidal stream technologies.

The minimum water depth of the deployment site is the key factor that
dictates the maximum rotor diameter. Several studies have investigated the
optimal ratio for rotor diameter to water depth and the effect of boundary
proximity on tidal turbines performance. It has been observed that placing
the turbine close to the seabed, or the surface, would reduce the efficiency
of the turbine. One study [59] suggested that the optimal position for the
turbine is achieved by placing the turbine at least 2R above the seabed
and 1.5R below the surface, where R is the rotor radius and the distance
is measured from the rotor centre to the seabed or the surface. Hence, the
minimum water depth should be greater that 3.5R. Since the minimum water
depth in site (A) is approximately 12m, the maximum feasible rotor diameter
that meets the suggested criterion would be less than 7m.

Another factor in choosing a suitable device is the modularity and the
ability to assemble the device in a multiple-rotor formation (i.e. sub-group
arrays), which will enable a SSA formation. Considering the aforementioned
criteria, the PLAT-I device which is equipped with 4 x SCHOTTEL SIT250
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turbines (Figure 16) offers the best suitable option for the prospective de-
velopment. Table 4 summarises the technical specification of the selected
device.

Platform
Length 32 m
Beam 27 m
Minimum water depth 10 m
Power Take Off
Rotor diameter 6.3 m
Rated power 4 x 70 kW
Rated water speed 2.7 m/s
Maximum water speed 4 m/s
Mooring
Mooring footprint 100 x 50 m
Swing radius 40 m

Table 4: Key technical specifications of the PLAT-I device [60]

Figure 16: PLAT-I tidal device [60]

4.3. Numerical model

4.3.1. Model description

The model was constructed using TELEMAC-3D software, which is part
of the TELEMAC-MASCARET modelling system. TELEMAC-MASCARET
is a set of modelling tools capable of treating every aspect of natural free sur-
face hydraulics: currents, waves, transport of tracers and sedimentology.

The TELEMAC-3D is a three-dimensional (3D) computational code sim-
ulates tidal hydrodynamics using a finite-element approximation of the 3D
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Navier-Stokes equations with non-hydrostatic (hydrostatic option is avail-
able) and Boussinesq assumptions, and a split stepping algorithm in three
computational steps on a 3D unstructured mesh, which is made of prisms
automatically constructed by TELEMAC- 3D [61]:

• The first step solves the advection terms only in the momentum equa-
tions to calculate the advected velocity components.

• The second step computes the new velocity components taking into
account the diffusion terms and the source terms in the momentum
equations.

• The last step computes the water depth from the vertical integration
of the continuity equation and the momentum equations only including
the pressure-continuity terms

Due to those assumptions, the 3D equations being solved are:
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where U, V, and W are the 3D components of velocity in the horizontal
(x and y) and vertical (z) directions respectively. v is the kinematic viscosity
and tracer diffusion coefficient, t is the time step , p is the pressure and ρ
is the water density. Fx, Fy and Fz are source terms denoting the wind, the
Coriolis force and the bottom friction or any other process being modelled
by similar formulas.

The pressure is split up into a hydrostatic pressure and a dynamic pressure
term:

p = patm + ρ0g(Zs − z) + ρ0g

∫ Zs

z

∆ρ

ρ0

dz + pd (8)
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where patm is the atmospheric pressure, g is the acceleration due to grav-
ity, Zs is the free surface elevation, ρ0 is the reference water density, ∆ρ is the
variation of density around the reference density and pd dynamic pressure.

Further details of the TELEMAC-3D are found in a number of publica-
tions and documentations (e.g. [61] [62] [63]), and thus shall not be com-
mented on further here (see also www.opentelemac.org).

4.3.2. Model set-up

To estimate the available resource in Hoy Sound and to evaluate the
efficiency of different energy extraction scenarios at site (A), a 3D model
was developed, with 6 vertical layers in a mixture of Sigma and Z-layer
coordinate system. The Z-layers were used to fix the location of the turbines
in the water column (3 Z-layers to cover the upper tip, the centre and the
lower tip of the turbines), while the Sigma layers were evenly spaced through
the reminder of the water column. In the horizontal plane, an unstructured
triangular mesh was constructed with variable resolution scales; the wider
computational domain was generated with a resolution of maximum 150m
edge length, then the resolution was increased gradually towards Hoy Sound
(the area between Stromness and Graemsay island). The mesh was refined
around the the peripheral area of site (A) and the farm area (within the
boundaries of the development site) to create a higher resolution of 2m.

A 15 day simulation was performed to cover a full tidal cycle, with the
first day of simulation excluded from analysis to allow the model to spin-
up from an initial state. The horizontal and vertical turbulent viscosity
were modelled using the k − ε turbulence model. Further, the bottom fric-
tion was modelled using Nikuradse law with a friction coefficient = 0.03.
The open boundaries of the model were forced by tidal elevation and ve-
locities with 15 tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, MM,
Mf, M4, MN4, MS4, 2N2, and S1) using the global tidal model TPXO9
(https://www.tpxo.net/global/tpxo9-atlas).

To validate the 3D model, the output was averaged over multiple layers
and compared to depth averaged ADCP data. This approach is reasonably
sufficient to provide confidence in the model’s ability to predict reality. Figure
17 & 18 display the comparison of simulated and measured tidal current
velocities for a spring-neap period.
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Figure 17: Validating model prediction vs ADCP measurements over 15 days - East com-
ponent

Figure 18: Validating model prediction vs ADCP measurements over 15 days - North
component
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4.3.3. Tidal turbines implementation

Tidal turbines can be represented in the TELEMAC as a drag force. This
function is implemented only in TELEMAC-2D module (details about using
the drag force concept to model tidal turbines in TELEMAC-2D can be
found in [64] [65]). To model tidal turbines in TELEMAC-3D, we developed
a code to emulate the drag force function by applying an additional source
term in Eq.(5), (6) & (7); the additional source term represent the drag force,
which is equal and opposite to the thrust exerted by the flow on the turbine
(Fd = −Ft). Thrust force is give by:

Ft =
1

2
ρCtAV

2 (9)

where Ct is trust coefficient, A is the rotor swept area, and V is the flow
speed.

To implement the drag / thrust force in TELEMAC-3D, the thrust coef-
ficient must be determined first. There is a relationship between the thrust
coefficient (Ct), power coefficient (Cp) of a turbine, and its axial induction
factor (α) [66]:

Ct = 4α(1− α) (10)

Cp = 4α(1− α)2 (11)

Combining Eq.(10) & (11) gives:

Ct =
Cp

(1− α)
(12)

since Cp and α are known variables, implementing Eq.(12) in the devel-
oped code would compute Ct, and consequently Ft, at each time-step. A
detailed method to represent the tidal turbines in 3D hydrodynamic models
can be found in [67] [68]. For simplicity, in this study, an average value of Ct

=0.4 is calculated based on the average Cp value for SIT-250 turbines.
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4.3.4. Tidal array configuration

The proposed array comprises 10 PLAT-I devices with a total capacity of
2.8MW. Each device is represented in the model as sub-group of 4 individual
turbines (thrust force) with a spacing of 1.12D centre to centre, and the
clearance between the sub-groups is 60m to allow enough space for each
PLAT-I device to rotate with flow direction. The devices are organised in
SSA formation (Figure 19) with a streamwise spacing between rows of 10D,
which will reduce the wake effect and allow enough space for the mooring
and for the individual devices to rotate with the flow direction.

Figure 19: Proposed tidal array of 10 PLAT-I device at site A - Hoy Sound
where the dashed line represents the outline of the proposed array, and the red squares

represent the location of the individual turbines (rotor centre)

The turbines are placed at 5m depth (rotor centre), and the undisturbed
flow velocity is taken at 3D upstream the turbine. The power coefficient Cp

is calculated at each time-step from the published power curve for SIT250
turbine (Figure 8), and Ct = 0.4.

Only the operational state of the turbines is considered in the model; any
drag due to the presence of the device structure or the static state of the
turbine is neglected in this study.
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4.4. Power regulation and integration strategy

4.4.1. Regulating power output

As discussed in section 2, the key issues with the current energy system
in Orkney are, the grid limitation, and the intermittency of the wind dom-
inated renewable generation. Integrating more tidal energy generation into
Orkney’s system and adopting an appropriate generation strategy, as de-
scribed in section 3.3, can provide some form of consistent pattern of energy
generation, which helps to plan and control the energy flow into the network,
and reduces the strain on the grid. In addition to smoothing energy flow
into the grid, limiting the capacity of the turbine would improve the overall
system efficiency.

The average Vrmc for the selected site is 1.67 m/s (Table 3) which is much
lower than the rated speed of SIT250 (70kW) turbine (2.7 m/s). Therefore,
unregulated SIT250 turbine at this site will operate at its rated capacity for
a very short period of the tidal cycle, as illustrated in Figure 20.

Figure 20: Velocity probability density over full tidal cycle at site A - Hoy Sound

In order to choose an appropriate limiting factor, a number of scenarios
were considered, as shown in Table 5. The loss in power generation was
assessed against the improvement in the system efficiency. All the scenarios
in which the regulated rated speed was set above 2 m/s resulted in approx-
imately 1% energy loss for each 2.7% increase of the system capacity factor
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(CF). Limiting the rated speed to a value lower than 2 m/s increased the
energy loss for the same gain in CF. A limiting factor of 33% (scenario 2)
was selected for the tidal farm development in Hoy Sound, which can achieve
a reasonable balance between the predicted loss in revenue (due to the re-
duction of the annual power output) and the anticipated cost saving (due
to improvement of the system efficiency and the reduction of development
capital cost) as shown in Tables 5 and 6.

Strategy
Vr Pr Generation CF

m/s kW Loss Gain
Scenario (1): 60% output 2.0 42 19% 36%
Scenario (2): 67% output 2.1 47 14% 29%
Scenario (3): 74% output 2.2 52 10% 21%

Table 5: Comparison of the loss/gain of different power regulation scenarios

where Vr is the rated velocity and Pr is the rated power of each turbine.

Technology Pr Pop Pop/Pr Cp(a) CF
Unregulated SIT250 70 22.7 32.4% 33% 27%
Regulated SIT250 47 19.5 41.5% 32% 35%

Table 6: Performance assessment of the regulated and unregulated SIT250 at Hoy Sound**

** Refer to Table 1 for the explanation of the table variables.

Limiting the power capacity of SIT250 is implemented in the numerical
model by decreasing Ct value to reflect the modified rated capacity. Apply-
ing 33% limiting factor on the array’s turbines has reduced the farm rated
capacity from 2.8 MW to 1.88 MW. Figure 21 and Table 7 present the sim-
ulation results and the power output which is generated by the unregulated
and regulated tidal array. The results show that limiting the device capacity
decreases the variation in power generation between neap and spring tides.
Interestingly, comparing the simulated power output of the array against the
anticipated power output of a single SIT250 turbine shows that although the
capacity of each turbine was limited to 67% of its rated power, the overall
farm capacity was only reduced by 26.5%. It becomes more interesting when
comparing the loss/gain due to limiting the turbines capacity. The simula-
tion results show (Table 8) that the array’s total power loss has dropped from
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14% to 4.29% and the capacity factor has increased from 29% to 42.5% com-
pared to the expected results from a single regulated SIT250 turbine. This
is attributed to the effects of the array layout, termed the array layout factor
(ALF). As discussed in section 3.2, the configuration of the array layout will
influence the performance of the individual turbines within the array. Plac-
ing the turbines in a specific formation can increase the power available for
each turbine, compared to the power available for a single turbine. Similarly,
reducing the extracted power by the turbines at each row of the array (i.e.
limiting the capacity of the turbines) will increase the available power for the
turbines in the following rows. This can be seen clearly in Figure 22. When
the flow passes through the first row of turbines, the unregulated devices will
extract more power, while the regulated turbines will extract less power, as
shown in Figure 22a. By the time, the flow reaches the last row of the array,
there will be less power available to the unregulated turbines compared to
the regulated ones (Figure 22d). Therefore, the turbines in the regulated
array will operate at a higher percentage of their rated power compared to
the unregulated array, which will increase the overall efficiency of the array.
In other words, the ALF can amplify the benefits of limiting the power out-
put, if the array layout is designed appropriately, taking in consideration the
power regulation scenario.

Case
Pr Pmax Power output CF

(MW) (MW) (MWh/m)
Unregulated farm 2.8 2.20 414 20.5%
Regulated farm 1.88 1.62 396 29.3%

Table 7: Performance assessment of the regulated/unregulated tidal farm at Hoy Sound

where Pr is the farm rated power and Pmax is the farm maximum power output at the
selected site.

Case
Limiting Generation CF
Factor Loss Gain

Regulated turbine 33% 14% 29%
Regulated farm 26.5% 4.29% 42.5%

Table 8: Comparison of the loss/gain between a single turbine and an array
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Figure 21: Comparison of the power output of the regulated and unregulated farm at Hoy
Sound

4.4.2. Integration strategy

Regulation of the turbines capacity helped to smooth the power output
and reduce the generation variation over the spring-neap tidal cycle. How-
ever, the proposed farm is situated at the wide outlet of Hoy Sound. This
implies that the tidal flow passing through the site can be described as asym-
metric flow, which can be observed in Figures 21 and 22. Hence, a second
stage regulation strategy is required to reduce the power variation over the
flood-ebb cycle.

In the second stage regulation, there will be no further cap on the genera-
tion side. Instead, a limit will be applied on the power released into the grid,
the reminder of the produced energy will be stored temporary and released
into the grid at times when the power generation is below the set limit value.

Storage provides a means to match the supply and demand, or to create
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(a) 1st row (b) 2nd row

(c) 3rd row (d) 4th row

Figure 22: Comparison of the power output for each row of the regulated and unregulated
farm

consistent base-load supply, by manipulating the energy flow. In this anal-
ysis, for simplicity, the storage strategy is applied to demonstrate the pos-
sibility to create a firm power supply that can be integrated into Orkney’s
local network without causing additional strain to the grid and can improve
the reliability of Orkney’s electricity system.

Based on the velocity distribution at the prospective site, and the power
output time-series of the regulated turbines, the mean power output of the
regulated farm turbine is about 550kW. Running various power storage sce-
narios, reveals that regulating the power released per turbine to 21kW will
produce a continuous power supply of 840kW from the proposed tidal farm as
shown in Figure 23. Part of the storage requirement can be fulfilled by util-
ising the existing storage system of 2MW/1MWh lithium-ion battery within
Orkney’s ANM system. The balance of required storage will require addi-
tion battery installation, which can be determined during the detailed design
stage.
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Figure 23: Regulated power output from the tidal farm at Hoy Sound

4.4.3. Economic assessment

The absence of publicly available device-specific cost data (i.e. manufac-
turing cost, installation cost and cables size and cost), means a comprehensive
economic evaluation of the impact of the regulation strategy on the overall
energy cost is not possible. However, an indicative economic assessment will
be presented in this paper to discuss the benefits of regulating the power
capacity of the tidal turbines.

The department for Business, Energy & Industrial Strategy (BEIS) pub-
lished estimates of electricity generation costs for various generation tech-
nologies, including tidal stream energy [69]. The cost estimate was quoted
per the development capacity (kW or MW) and was based on 18MW refer-
ence tidal farm operating at 31% capacity factor and to be commissioned in
2025. Assuming similar conditions applies on Hoy Sound tidal development,
a very rough cost estimate can be produced for both the unregulated and

35



regulated farms. Table 9 presents the reference cost estimates (which are
published in BEIS report) and the predicted cost saving as a result of lim-
iting the capacity of the turbines. Since most of the items in this estimate
are quoted per kW capacity of the development, it is reasonable to assume
that limiting the turbines’ capacity by 33% will result in approximately 33%
reduction in the capital expenditures (CAPEX) and part of the operating
and maintenance expenditures (OPEX), while the the items that are quoted
per the amount of generated energy (MWh/y) will result in a cost reduction
equal to the loss of generation percentage (i.e. 4.29%). Overall, this analysis
indicates that the cost saving as a result of regulating the power output of
the tidal devices will offset the loss in revenue due to the reduction in the
annual energy generation, and it will result in a lower levelised cost of tidal
energy (LCOE).

Item Unit Reference cost Saving(+)/Loss(-)
Annual Energy MWh -4.29%
Pre-deployment £/kW 130 +33%

Construction £/kW 4,200 +33%
Infrastructure £ 7,400,000 Unknown
Fixed O&M £/MW/y 91,400 +33%

Variable O&M £/MWh 7 +4.29%
Insurance £/MWh/y 2,500 +4.29%

Connection charges £/MW/y 60,400 +33%

Table 9: Indicative cost assessment of the power regulation strategy for Hoy Sound devel-
opment

On the other hand, the tidal energy cost estimates produced by BEIS
oversimplifies the components of the tidal stream development as it assumes
all costs are measured either per capacity unit (kW) or energy generation
unit (MWh). This might be acceptable for estimating a major portion of the
OPEX, but it would fail to produce credible estimate of the capital costs,
which are more sensitive to site-specific characteristics such as location, water
depth, weather conditions and so on. Since CAPEX form more than 70%
of the total development cost [70], ignoring the technology-specific and the
site-specific characteristics and relying only on a single measuring unit to
estimate the capital costs of tidal stream energy developments will result
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in unrealistic and unreliable estimate of the total development cost. For
example, the installation cost will depend on various factors including the
distance to the nearest harbour, the required vessel size, the foundation type,
the weather window. Estimating the installation cost per kW will not capture
the impact of those elements on the cost, and hence, it will produce an
inaccurate estimate of the installation cost.

In order to produce acceptable cost estimates of tidal stream energy devel-
opments, the development cost needs to be broken down to sub-costs relative
to the project components [71]. Each sub-cost will be measured in a cost unit
relevant to the nature of the activity. For instance, the capital cost of tidal
stream development can be divided into the following categories: device costs
(including rotor, PTO, auxiliary systems, supporting structure), foundation
costs, costs of cables (including subsea cables and export cables), installa-
tion costs and grid connection costs [70], as shown it Table 10, which presents
the CAPEX breakdown and the appropriate cost unit that can be used to
estimate the sub-cost of each component/activity.

Item Share Sub-group Unit

Device 41%

Rotor £/m
PTO £/kW

Electrical System £/kW
Mechanical System £/kg

Structure £/kg
Foundation 26% £/kg

Cable 13% £/m
Installation 15% £ (site-specific)

Grid connection 5% £/kW

Table 10: Breakdown of the CAPEX of a typical tidal stream development [70] [71]

Assigning realistic costs to individual elements that are listed in Table 10
is not possible without having at least a preliminary design of the individual
component of the farm. Nevertheless, as discussed in section 3.3, limiting
the capacity of the turbine will lead to a reduction in the weight of the
turbine’s components. Thus, based on the cost units in Table 10, the former
assumption that the cost saving due to regulating the power output will offset
the loss caused by generation reduction is still valid.
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5. Conclusion

Small islands communities rely heavily on imported fossil fuel sources to
meet their local energy needs, including electricity. This slows down and
sometimes limits the growth of those communities. Hence, achieving pros-
perity for islands communities requires some degree of energy independence
and a proper energy management to minimise the cost of energy. On the
other hand, most of those islands are floating on an ocean of energy (i.e.
tide, wave and wind), but islands’ energy systems are generally incapable of
coping with the variability and intermittency of those renewable energy re-
sources. Integrating renewable energy generation into these energy systems
without an appropriate strategy has the potential to put an enormous strain
on the local network, resulting in expensive and inefficient energy generation.

In this paper, a new approach for integrating tidal stream energy into
islands energy systems is proposed and implemented in a case study. Tidal
energy was chosen because, unlike other renewable energy sources, it is pre-
dictable with a reasonably consistent cycle, and a very minimal variation over
the 18.61 years lunar nodal cycle and the 8.85 years cycle of lunar perigee.
Therefore, with an appropriate energy extraction and management strategy,
tidal stream energy can provide an alternative energy option to the islands
communities. The suggested approach proposes a three-steps strategy to
lower the energy cost and maximise the efficiency of tidal energy generation.
The analysis shows that the site characteristics can have a considerable in-
fluence on the performance of different turbines. Therefore, the first step
of the proposed strategy is the selection of a technology appropriate to a
specific site. The second step focuses on designing an efficient tidal array
layout. The position of the individual turbine within the array has a di-
rect impact on the overall performance of the array. It has been found that
reducing the cross-stream spacing between the turbines (i.e. increasing the
local blockage) can substantially increase the power extraction performance.
In order to achieve the highest energy extraction efficiency, the array layout
needs to be designed and configured to suit the site’s specific characteris-
tics . Based on a previous work, the staggered sub-array layout has been
applied to achieve the best energy yield in the Hoy Sound case study. The
final step of the proposed approach comprises two stages; (i) regulating the
power output, and (ii) regulating the energy released into the grid. This step
will smooth the power output, and with some adjustments, it can produce
some sort of firm power generated from tidal stream. The power output from
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the tidal devices are regulated by limiting the rated capacity. Capping the
maximum power output of the device will reduce the fluctuation in energy
generation by smoothing the power peaks and creating a constant generation
cycle throughout the spring-neap tides period. This process will improve the
overall efficiency of the system by increasing the capacity factor and reducing
the capital costs. Obviously, limiting the device capacity will cause a loss
in the total energy generation. Nevertheless, the anticipated loss in revenue
will be offset by the predicted reduction in the capital costs. Moreover, care-
ful array layout can enhance the benefits of regulating the power output of
the individual turbines, and reduce the loss in the annual power generation
through improving the energy extraction efficiency. Again this will result in
a lower cost of energy. Regulating the power output on its own produces
neither a constant base-load nor achieve an optimum use of the local net-
work. This can be addressed by the second stage of the integration step. In
this sub-step, the energy generation will be coupled with a storage system
to regulate and control the power release into the grid. This will help to
eliminate, or reduce, the power supply variation over the flood-ebb cycle.

Implementing this three-steps approach to integrate energy generation
from a Hoy Sound tidal farm into Orkney’s energy system will result in a
system efficiency improvement of 42.5%, and expected capital costs saving of
approximately 33%. The accuracy of the cost assessment results is limited
to the reliability of the publicly available cost estimates.

In conclusion, a cost-efficient energy extraction strategy can be reached
by selecting a capacity limiting factor that achieves a reasonable balance
between the loss in the energy output and the saving in the cost of the
development. Further analysis is required to assess the full implication of
different array configurations on the power regulation strategy. Also a de-
tailed economic evaluation based on site-specific and device-specific cost data
is recommended to confirm the economic viability of the proposed regulation
and integration strategy.
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