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a b s t r a c t

A tidal current turbine is a device for harnessing energy from tidal currents and functions in a manner
similar to a wind turbine. A tidal current turbine farm consists of a group of tidal current turbines distrib-
uted in a site where high-speed current is available. The accurate prediction of energy cost of a tidal cur-
rent turbine farm is important to the justification of planning and constructing such a farm. However, the
existing approaches used to predict energy cost of tidal current turbine farms oversimplify the hydrody-
namic interactions between turbines in energy prediction and oversimplify the operation and mainte-
nance strategies involved in cost estimation as well as related fees. In this paper, we develop a model,
which integrates a marine hydrodynamic model with high accuracy for predicting energy output and a
comprehensive cost-effective operation and maintenance model for estimating the cost that may be
incurred in producing the energy, to predict energy cost from a tidal current turbine farm. This model
is expected to be able to simulate more complicated cases and generate more accurate results than exist-
ing models. As there is no real tidal current turbine farm, we validate this model with offshore wind stud-
ies. Finally, case studies about Vancouver are conducted with a scenario-based analysis. We minimize the
energy cost by minimizing the total cost and maximizing the total power output under constraints
related to the local conditions (e.g., geological and labor information) and the turbine specifications.
The results suggest that tidal current energy is about ready to penetrate the electricity market in some
major cities in North America if learning curve for the operational and maintenance is minimum.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The depletion of traditional energy resources (e.g., fossil fuels)
and the degradation of the environment as a result of the fossil
fuels consumption urge the global community to seek alternative
energy resources, especially renewable resources. A variety of
renewable energy resources, such as wind, sun (solar energy),
ocean wave and tidal current, are being explored in different coun-
tries [1–5]. Particularly, tidal current is regarded as one of the most
promising resources [6,7]. The devices used to harness tidal current
energy are tidal current turbines, and they function in a manner
similar to offshore wind turbines. Similar to a wind turbine farm,
a tidal current turbine farm consists of a group of tidal current tur-
bines distributed in a site where high-speed current is available.
The development of tidal current turbine farms is marching into
the pre-commercial stage.
ll rights reserved.
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The construction of a commercial tidal current turbine farm is
expected to require substantial investment. Expected energy cost
is one of the important factors for the justification of constructing
such a farm. The energy cost is defined as the ratio of the total cost
to the total energy output over the lifetime of a farm. Mathemati-
cally, the energy cost can be estimated by using:

cenergy ¼
P

i

P
jlevcoi;jP

i

P
jEnergyi;j

ð1Þ

where levcoi,j and Energyi,j denote levelized cost (present value of
the total cost of building and operating a power plant over its eco-
nomic life time) and energy output of turbine i in the year j,
respectively.

Estimating energy cost requires the information on the ex-
pected energy output from a tidal current turbine farm and the
cost which is the sum of capital cost, fees (e.g., permitting and li-
cense) and operation and maintenance (O&M) cost that might be
incurred (see Section 2.2 for details). However, it is not practical
to conduct experiments to estimate unit cost by building and oper-
ating a fairly large scale tidal current turbine farm to obtain infor-
mation on energy output and total cost. Normally, designers turn
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Fig. 1. Tidal turbine farm system model.
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to modeling the farm system to obtain this information. A few
models have been proposed for estimating potential energy output
from (e.g., [8–10]) and energy cost of (e.g., [9,10]) a tidal current
turbine farm. The former papers, which proposed models for esti-
mating energy output from a tidal current turbine farm, all use the
efficiency of a stand-alone turbine to represent the efficiency of
individual turbines in the farm and neglect the hydrodynamic
interactions between turbines. The hydrodynamic interactions be-
tween turbines may have significant impact on turbine’s efficiency
and thus power output and reliability from a tidal current turbine
farm [11,12]. The latter papers, which estimated the energy cost,
all assume that the O&M cost is equal to a fixed percentage of
the capital cost of the tidal current turbine farm. Moreover, the cost
associated with licensing and permitting fees were not discussed
either, although they are quite noticeable at some extension
[13,14]. For example, the licensing fee can be close to the cost of
a quarter of the turbine [15]. The permitting and siting fees highly
depend on the location of the site. In short, the results based on
these simplifications and assumptions are not convincing to inves-
tors [16], which is considered as one of the major barriers to the
industrialization of tidal current turbine farms [17,18].

In order to improve the accuracy in estimating the energy cost
of a tidal current farm, the University of British Columbia (UBC)
tidal current energy group have tentatively proposed an approach
[19] to calculate energy output and total cost. Specifically, it cal-
culates the energy output by using the method suggested by Li
and Calisal [20] which assume that the hydrodynamic interaction
between turbines is proportional to the vortex decay rate with re-
spect to the distance and calculates the O&M cost by using a qua-
si linear method developed by Li and Florig [21]. The generated
result is expected to be more accurate than those obtained with
the previous approaches, but this approach still has some practi-
cal limitation and is rough approximation so that the results may
not always convince the investors. Specifically, the method to cal-
culate the energy output and the hydrodynamic interaction [20]
cannot accurately predict the energy outputs of farms with some
distributions for it treats a turbine as a block, the method for esti-
mating O&M cost [21] cannot accurately handle those nonlinear
conditions in the O&M process which may sometimes happen,
and necessary fees are not included as well. In this paper, we in-
clude the calculation of fees, and use more accurate methods to
approximate hydrodynamic interactions between turbines and
the O&M cost of the farm and then estimate energy cost with a
cost-effectiveness analysis. Cost-effectiveness analysis is a typical
analytical approach for comparing the relative expenditure (costs)
and outcomes (effects) of two or more courses of action. Specifi-
cally, we minimize the energy cost by strategically planning the
turbine distribution in a farm with full consideration of the
hydrodynamic interactions between turbines (to maximize the
energy output from the farm) and strategically selecting O&M
plans (to minimize the total cost).

After stating the assumptions that we have made in formulating
the model for estimating energy cost in the next section, we then
introduce the integrated model (including an integrating module,
a hydrodynamic module and an O&M module) that we use to esti-
mate the energy cost. We explain the hydrodynamic module,
which is used to calculate power output for a given set of turbines
and turbine configuration, after which we present the O&M mod-
ule with different O&M strategies. As there is neither a real opera-
tional tidal current farm nor an existing convincing cost model, we
choose to validate our model with published offshore wind farm
cost studies. Finally, we apply the integrated model to estimate
the energy cost for an example turbine farm, as a case study. We
find that, in some areas, the tidal current energy may penetrate
the market if the learning curve is minimum and the O&M strate-
gies is optimized.
2. Main structure of the model

The integrated tidal current turbine farm system model consists
of three sub-modules, which are the hydrodynamic module, the
O&M module, and the integrating module, as shown in Fig. 1. In
this model, we use a scenario-based cost-effectiveness analysis to
identify the minimum energy cost. The hydrodynamic module cal-
culates hydrodynamic power outputs, Phydro, for the different sce-
narios, which are combinations of turbine configuration, total
number of turbines, and turbine distribution in a farm and identi-
fies the one that achieves the maximum power output. The O&M
module calculates the O&M cost for the different scenarios, which
are combinations of weather conditions, farm specifications, labor
cost, other facility cost (e.g., transportation vehicle cost and main-
tenance equipment cost) and O&M strategies, and identifies the
one that achieves the minimum O&M cost. The integrating module
is used firstly to convert the total hydrodynamic power calculated
by using the hydrodynamic module to total energy output, then to
calculate the total cost by adding the capital cost, the O&M cost
and fees together, and finally to estimate energy cost and identify
the scenario that achieves the minimum energy cost. In formulat-
ing the integrated model for estimating the energy cost, we make
the following assumptions:

� Energy losses that are increased from year to year due to equip-
ment degradation are offset by energy gains from improved
management strategies and monitoring technologies.
� No electricity transmission cable is shared by two or more tur-

bines. That is to say, one turbine is assigned to one cable.
� Two components on one turbine will not fail at the same time.
� Turbines, during their life time, will not be replaced with tur-

bines having higher efficiency, which may be available in the
market due to technological developments, which means that
turbine efficiency will not increase over time.
� The traveling distance of maintenance vessels and helicopters

from turbine to turbine for routine maintenance is neglected.
� Routine maintenance frequency and its effect on emergency

maintenance are assumed constant over time.
� The labor and maintenance materials costs are functions of the

farm information (e.g., the size of the farm, and offshore dis-
tance of the farm). For example, the larger the farm size is,
the cheaper the unit cost of the maintenance material is.
� The time needed to acquire replacement parts is assumed to be

constant. That is, logistics will not be affected by weather and
types of failures.
� The performance of maintenance vessels, helicopters and labor

force are assumed perfect so that there are no additional costs
due to vessel failures and labor behavior.



Y. Li et al. / Energy Conversion and Management 52 (2011) 1677–1687 1679
2.1. Energy output

The energy output here refers to the amount of energy in the
load center which is ready to be delivered to the existing electricity
grid. Total energy output from a tidal current turbine farm can be
expressed as follows,

Energy ¼ gðPoutðtÞ; TÞ ð2Þ

where Pout denotes the final electrical power output from the farm,
given the total number of turbines and turbine distribution, t de-
notes instant time, and T denotes the lifetime of the farm.

The power generation and transmission process can be modeled
using three systems, including: (1) hydrodynamic system, which
generates hydrodynamic power from tidal current using turbines,
(2) mechanical system, which converts hydrodynamic power to
mechanical power using a generator (e.g., a gearbox and flywheel),
and (3) electrical system, which converts mechanical power to
electrical power and then transmits the electrical power to local
load center(s).

2.1.1. Electrical system
For a given farm, the power output, Pout, from the electrical sys-

tem can be expressed as follows,

Pout ¼ f ðPeÞ � ftPe ð3Þ

Pe ¼ f ðPmÞ � fePm ð4Þ

where ft, Pe, fe, and Pm denote the electrical power transmission effi-
ciency, the total electrical power, the electrical power conversion
efficiency, and the total mechanical power of the farm, respectively.

By substituting Pe in Eq. (3) with Eq. (4), we can summarize the
final power output as follows,

Pout � ftfePm ð5Þ

Technically, turbine configuration and turbine distribution in a
farm have little influence on the conversion efficiency, fe, and the
transmission efficiency, ft. Thus, we focus on mechanical power
output, Pm, instead of electrical power output, Pout.

2.1.2. Mechanical system
The mechanical power is converted from hydrodynamic power

and it can be expressed as follows,

Pm ¼ fmPhydro ð6Þ

where fm and Phydro denote mechanical power conversion efficiency
and hydrodynamic power from a farm, respectively. Similar to fe

and ft, fm is not determined by the turbine distribution and O&M
strategies. Thus, we focus on hydrodynamic power output, Phydro, in-
stead of mechanical power output, Pm.

2.1.3. Hydrodynamic system
Hydrodynamic power, Phydro, can be estimated by using:

Phydro ¼
XN

i¼1

giPideal—s ð7Þ

where gi, N, and Pideal–s denote the hydrodynamic power efficiency
of turbine i, the total number of turbines in the farm, and the ideal
hydrodynamic power that a stand-alone turbine can generate,
respectively. The ideal hydrodynamic power from a stand-alone
turbine can be expressed as follows [22],

Pideal—s ¼
1
2
qAU3

1 ð8Þ

where q, A, and U1 denote density of sea water, turbine frontal area,
and free stream incoming flow velocity, respectively.
2.1.4. Total energy output
Considering the operation of the turbines, the total energy out-

put from a farm over its life time (as shown in Eq. (2)), can be ex-
pressed as follows,

Energy ¼
Z T

0
Pout dt ¼ Eideal � Edown ð9Þ

where Edown denotes the downtime energy loss during the mainte-
nance when the turbines are shutdown, which is affected by main-
tenance strategies and weather only, and Eideal denotes the energy
output from a tidal current turbine farm when no maintenance is
needed (i.e., there is no energy loss due to downtime). The ideal en-
ergy output can be expressed as follows,

Eideal ¼ �PoutT ð10Þ

where �Pout denotes the average final power output over time.
To simplify the relationship among variables in Eq. (9), we de-

fine a tidal coefficient, ftidal, as the ratio of the average final power
output to the final electrical power output as follows,

ftidal ¼
�Pout

Pout
ð11Þ

Additionally, we define the downtime coefficient, fdown, as the
ratio of the downtime energy loss to the ideal energy output as
follows,

fdown ¼
Edown

Eideal
ð12Þ

ftidal can be obtained by analyzing local tidal constituents in a poten-
tial site, and fdown is determined by the maintenance strategies. By
substituting Eqs. (10)–(12) in Eq. (9), the equation for estimating
the total energy output can be rewritten as follows,

Energy ¼ Poutftidalð1� fdownÞT ð13Þ

Based on the relationship among the set of variables in Eqs. (5)–
(8), we can rewrite Eq. (3) as follows,

Pout � ftfefc
1
2
qAU3

1

XN

i¼1

gi ð14Þ

Then, by substituting Eqs. (6)–(9) into Eq. (14), the total energy
output can be rewritten as follows,

Energy � feftfcftidalð1� fdownÞT
XN

i¼1

giPideal—s ð15Þ

The electrical efficiency coefficient, fe, the conversion coeffi-
cient, fm, the transmission efficiency coefficient, ft, and the down-
time coefficient, fdown, are not affected by the turbine distribution
and turbine configuration, and the tidal coefficient, ftidal, can be
treated as a constant [23]. Thus, we define a new coefficient, F, to
account for all the non-hydrodynamic energy losses as follows,

F ¼ feftfmftidalð1� fdownÞ ð16Þ

Finally, by substituting Eq. (16) into Eq. (15), the total energy
output can be rewritten as follows,

Energy ¼ FTPideal—s

XN

i¼1

gi ð17Þ

F and Pideal–s are all deterministic and fixed values, and only the total
hydrodynamic efficiency and the life expectancy of the farm are
variables. Thus, when we use a scenario-based analysis to maximize
the total energy output, we focus on the total hydrodynamic effi-
ciency and farm life expectancy. Specifically, the total hydrody-
namic efficiency is affected by the turbine distribution which can
be obtained by using the hydrodynamic module presented in Sec-
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tion 3. The life expectancy of a farm is affected by the materials of
turbine components, weather, and O&M strategies, which all are
discussed in Section 4.

2.2. Total cost

In order to calculate the energy cost from a tidal current turbine
farm, besides the total energy output from the farm, we also calcu-
late the total cost of the farm. The total cost is the sum of the cap-
ital cost, the O&M cost and fees, so that the levelized cost in Eq. (1)
can be calculated by summing these two components as follows,

levcoi;j ¼ capi;j þ feei;j þ O&Mi;j ð18Þ

where capi,j, feei,j and O&Mi,j denote levelized capital cost and level-
ized fee and levelized O&M cost of turbine i in the year j, respec-
tively. The capital cost here refers to the cost in purchasing the
turbines and constructing the farm. In this study, the life time cap-
ital cost of a farm is estimated by multiplying the unit capital cost,
which is the sum of the cost in purchasing one turbine and the cable
for electricity transmission and the cost in installing and decommis-
sioning the turbine and cable, with the total number of turbines in
the farm as follows,

caplife ¼
X

i

X
j

capi;j ¼ N � capunit ð19Þ

capunit ¼ capturbine—u þ Doffshore � cableunit ð20Þ

where capunit denotes unit capital cost, capturbine–u denotes the cap-
ital cost of one turbine including the cost of manufacturing, install-
ing, and decommissioning a turbine, Doffshore denotes the offshore
distance from the farm to the local load center, and cableunit denotes
the unit cable cost which is the sum of the per meter cost of man-
ufacturing, installing, and decommissioning a cable. The fee is sim-
ilar to the capital cost; it is assumed to be a onetime cost. It mainly
includes the costs of permitting, licensing, certification and siting. In
this study, we assume the turbine developer is also the farm oper-
ator. Thus the licensing and certification fees are avoided. Besides
the permitting and siting fees, the rest two do not depend on num-
ber of turbine. Thus, for a company that will develop many farms,
only permitting and siting costs count and it highly depends on
the policy of related agencies such as US Federal Energy Regulatory
Commission. In term of permitting fee and siting fee, they are highly
site dependent. We adapted the treatment from recent consultation
with a group of offshore engineering experts [24] by assuming the
permitting and siting fee is around 37 times the capacity of the gen-
erator in the unit of dollar. For example, if a farm is 100 MW, the
permitting and siting fee is $3.7 M.

The O&M cost includes all the costs except those incurred in
purchasing turbines and constructing the turbine farm. The capital
cost and the fees are a deterministic and fixed value, while the
O&M cost of an offshore structure is uncertain and variable be-
cause of the unexpected factors such as weather and sea states
which may lead to uncertain O&M needs. For example, Hurricane
Katrina led to unexpected O&M needs, which are responsible for
more than a billion US dollars in losses incurred in the offshore
industry [25]. Surprisingly, little attention has been paid to the
unexpected factors in offshore turbine farm industry. Given the
similarity between offshore wind turbine farms and on-land wind
turbine farms, the system modeling of offshore wind turbine farms
focused on modeling the entire system (e.g., planning, manufactur-
ing, and integrating electricity) following the experience from on-
land wind turbine farm research e.g., [26–31]. While, the failures
happened in offshore wind farms were mainly caused by the lack
of knowledge related to maintenance vessel transportation and off-
shore weather [32]. Then, in order to accurately predict energy
cost, research on modeling offshore wind turbine farms shifted
from modeling the cost of the entire system towards giving special
attention to different O&M strategies [33,34].

Given the documented experience of modeling the cost of off-
shore wind farms, when estimating total cost of a tidal current tur-
bine farm here, we would not focus on the capital cost and fees.
Instead, we give special attention to the systematical analysis of
its O&M cost which is shown in Section 4.
3. Hydrodynamic module

The hydrodynamic module is designed to estimate the hydrody-
namic power output from a tidal current turbine farm. In the past
decades, many numerical methods were proposed to estimate the
hydrodynamic power output of tidal current turbines, such as
streamtube method [35], finite element method [36], two-dimen-
sional panel method [37] and discrete vortex method [23], and a
comprehensive review can be found in [38]. Among these methods,
the newly developed discrete vortex method [23], i.e., DVM-UBC
shows an excellent cost-effectiveness. Thus, we decided to use this
method to develop the hydrodynamic module and we use the
power prediction procedure suggested by Li [38] to calculate the
power output. The hydrodynamic formulations in the module are
rather complicated, given that the focus of this paper is on energy
management and integrated modeling of the energy cost of a farm,
we only briefly synthesize DVM-UBC and the power calculation
procedure. For those who are interested in hydrodynamic discus-
sion, Refs. [11,23,38] are recommended.

DVM-UBC is a discrete vortex method with free wake structure
to describe underwater structures and an unsteady flow around. It
uses a group of vortices to represent the tidal current turbines, and
uses a group a free vortices and uniform to represent the unsteady
wake. By using DVM-UBC, we develop a numerical model to pre-
dict power output of a stand-alone turbine according to turbine
configuration (e.g., turbine height, turbine radius, and blade geom-
etry) [23], and a numerical model to predict the power output of
two turbine systems according to the system configuration (e.g.,
relative rotating direction and relative distance) [11], respectively.
Good agreements are obtained between numerical results and
experimental test results [11,23]. Moreover, we extend this
DVM-UBC and developed a model to estimate the power output
of an N-turbine system, i.e., a tidal current turbine farm, according
to the turbine distribution of the farm with an emphasis on hydro-
dynamic interaction between turbines, and it is, then used to esti-
mate the energy output of the farm [38].

One worth noting point that we found during the formulation of
DVM-UBC is about the interaction between turbines as detailed in
[11]. We found that hydrodynamic interaction between turbines
can post constructive impacts on the power output of the turbines
when the configuration and the operation condition of the turbines
are optimally designed. Here, ‘‘constructive impacts” means that
the power output of the turbines with optimal design can be more
than that of the turbines which are located far away from each oth-
ers, i.e., there is no hydrodynamic interaction between turbines.
The main reason is that the wake interaction will change the distri-
bution of the vortices. For the turbines with constructive impacts
from hydrodynamic interaction, the induced velocity and the lift
on the blade will increase so that the power output increase. On
the other hand, for turbines with destructive hydrodynamic inter-
action, the induced velocity and the lift on the blade will decrease
so that the power output decrease.

Fig. 2 depicts the basic structure of the hydrodynamic module.
The inputs of the module are turbine configuration and turbine dis-
tribution. The output of the module is the hydrodynamic power of
a farm based on Eqs. (7)–(9). Given a specification of turbine con-



Fig. 2. The structure of the hydrodynamic module.
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figuration and turbine distribution, the power output of each tur-
bine in the farm According to the turbine distribution, the effects
of hydrodynamic interactions between turbines on power output
of each individual turbine is evaluated. That is to say, the hydrody-
namic module can predict the power output of a tidal current farm
with turbines close to each other (i.e., the farm with hydrodynamic
interactions between turbines) more precisely than existing
methods.

4. Operation and maintenance module

The O&M module calculates the O&M cost for a combination in-
puts of the farm attributes (e.g., turbine distribution and turbine
configuration), local condition and maintenance strategy. The main
structure of the O&M module is shown on the left hand side of
Fig. 3 which includes an emergency maintenance cost sub-module,
a routine maintenance cost sub-module, a service sub-module, and
a farm attribute sub-module. The inputs of the O&M module are
services and farm attributes information from the service sub-
module and the farm attribute sub-module, respectively. Specifi-
cally, the service and the farm attribute sub-modules provide in-
puts for the emergency and routine maintenance sub-modules.
The output of the O&M module (i.e., the O&M cost) can be obtained
by summing the routine maintenance cost and the emergency
maintenance cost which are calculated in the routine and emer-
gency maintenance sub-modules. That is to say, the levelized
O&M cost can be obtained by using:
Fig. 3. The structure of the O&M module (Left) and an expan
O&Mi;j ¼ ECi;j þ RCi;j ð21Þ

where ECi,j and RCi,j denote the levelized emergency maintenance
cost and routine maintenance cost of turbine i in the year j,
respectively.

4.1. Emergency maintenance cost

The emergency maintenance cost is the sum of the material,
equipment, transportation, and labor cost for emergency mainte-
nance, and these costs are related in a way as shown on the right
hand side of Fig. 3, which can be written as follows
mathematically,

ECi;j ¼ ELCi;j þ ETCi;j þ EECi;j þ EMCi;j ð22Þ

where ELCi,j, ETCi,j, EECi,j and EMCi,j denote levelized emergency la-
bor, transportation, equipment, and material costs incurred for
the emergency maintenance of turbine i in the year j, respectively.

The structure of the emergency maintenance sub-module is the
most complicated one among all the four sub-modules because the
preparedness of emergency situation and the optimization of the
emergency operation are complicated. Emergency maintenance
entails fixing an existing or pending failure of one or more devices.
The major components affecting the emergency maintenance cost
are the failure rates, the replacement cost for the broken compo-
nents, and the turbine downtime. The type of equipments needed
for the emergency maintenance affects both the equipment cost
and the transportation cost. Larger equipments such as cranes
might be required for some emergency maintenance depending
on the level of failure severity (e.g., minimal, mid-level or severe),
and these equipments require special vessels. Labor cost as well as
the type and cost of the materials used in maintenance also depend
on the level of the failure severity. The labor, equipment and trans-
portation costs are proportional to the required maintenance time,
and some emergency maintenance requires the turbine to be shut
down for a relatively long time depending on the failure situation,
accessibility of the turbine and availability of the materials.

4.2. Routine maintenance cost

Fig. 4 shows the structure of the routine maintenance sub-module
and Eq. (23) shows the mathematical expression for estimating the
routine maintenance cost. Similar to the emergency maintenance
sion of the emergency maintenance sub-module (Right).



Fig. 4. The routine maintenance sub-module.
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cost, the routine maintenance cost also consists of material, equip-
ment, transportation, and labor costs.

RCi;j ¼ RLCi;j þ RTCi;j þ RECi;j þ RMCi;j ð23Þ

where RLCi,j, RTCi,j, RECi,j and RMCi,j denotes levelized routine local,
transportation, equipment, and labor costs of turbine i in the year
j, respectively.

Routine maintenance is conducted once or twice a year [39].
Routine maintenance includes both maintenance and monitoring.
Some tasks can only be performed on site such as device vibration
tests and seal checks; while some other tasks, such as connection
and stability test, can be self-checked, and the results are sent to
the control center remotely via data cable and can be accessed on-
line [40]. Factors affecting the costs of routine maintenance include
the number of turbines, the magnitude of labor-hours per turbine
that are needed to perform a maintenance operation (i.e., routine
inspection time), labor skill, transport cost, and the cost of diagnos-
tic equipments. The duration of the routine maintenance each year
will increase as the life of the farm increases because older turbines
need more attention, and the increment of the duration is deter-
mined by the routine inspection time increase rate (see Fig. 4). On-
site routine maintenance only needs vessels (mainly tugs), and the
vessel operation cost is determined by vessel speed and farm off-
shore distance. In addition, a few routine maintenance procedures
require the turbines be temporarily taken off-line although most
procedures are conducted when the turbine is shut down when
the current speed is very low. The mathematical relationships be-
tween these factors are given in the Appendix in detail.
1 When the current velocity is too low (e.g., lower than 2 m/s), the energy output is
low while the operation cost is not low; when the current velocity is too high (e.g.,
higher than 6 m/s), the turbine may have a significant reliability issue. Of course, for
different turbine design, the feasible current velocity will be various.
4.3. Service sub-module and farm attribute sub-module

Service sub-module and farm attribute sub-module are rela-
tively simpler than the two maintenance sub-modules. There are
no lower level module (e.g., a sub-sub-module) in these two sub-
modules. The inputs of the service sub-module are all the informa-
tion related to service such as labor performance, unit material
cost, material reliability, and facility availability, and the inputs
of the farm attribute sub-module are the information related to
the farm such as turbine geometry, weather, geological condition
and flow velocity. The outputs of these two sub-modules are the
inputs of those two maintenance sub-modules. The basic function
of these two modules is to transform their inputs into outputs by
using different transformation techniques. For example, the weath-
er data and material reliability data are transformed from discrete
formats (the inputs) to continued probability functions (the out-
puts) or from time domain to frequency domain.
Particularly, compared with the inputs of previous energy cost
prediction models, the inputs here are treated in greater details
via the service sub-module and the farm attribute sub-module.
For example, in previous models, researchers discuss turbine fati-
gue by considering a turbine as one component; in this study, a
turbine is decomposed into several components (e.g., brake, blade,
shaft and belt) when the fatigue is concerned in the farm attribute
sub-module.

5. Computational procedure of the farm system model

In Sections 2–4, we presented the assumptions, the structure
and the main formulations of the model for estimating energy cost
of a tidal current turbine farm. We name the model Tidal Energy-
UBC (TE-UBC). Fig. 5 shows the flow chart of the computational
procedure of TE-UBC. This numerical program starts with the in-
puts as given in Table 1. As a scenario-based analysis model, the
program firstly checks whether a given scenario is a ‘‘reasonable”
scenario according to certain criteria (e.g., whether the number
of turbines or current velocity is within a certain range). For exam-
ple, in this study, we suggest that as long as the maximum current
velocity is between 2 m/s and 6 m/s, the scenario is a reasonable
scenario due to economic concerns1. If the scenario is reasonable,
the program starts the simulation. By using the hydrodynamic mod-
ule, the power output from the turbine farm is obtained. By using the
O&M module, the O&M cost is obtained. Then, in the integrating
module, with the power output calculated in the hydrodynamic
module, the energy output can be calculated by using the relation-
ship between power output and the energy output, i.e., Eq. (17).
On the other hand, the capital cost of the farm is calculated by using
Eqs. (19) and (20). Then, by adding the capital cost, the O&M cost and
the fees together following Eq. (18), the total cost (i.e., the sum of the
levelized costs) can be obtained. The energy cost can be calculated as
the ratio of the total cost to the total energy output, Eq. (1). The pro-
gram ends if there are no more scenarios to be simulated. Otherwise,
the program will check whether a new scenario is reasonable again
and repeat the procedure. This forms a loop and the program contin-
ually saves the lowest cost scenario. Finally, the program will iden-
tify the scenario which achieves the minimum energy cost.

5.1. Validation

Before we use this new model to predict the energy cost of tidal
current turbines, we shall validate the model first. However, be-
cause there is no operational tidal current turbine farm, and all
previous simulations have some deficiencies as stated in Section 1,
we decide to validate this model with offshore wind farms consid-
ering that the principle and the operational condition of the off-
shore wind farm is similar to the tidal current turbine farm; we
compare the energy cost obtained with this model and published
offshore wind farm results. Particularly, we validate our model
with the recent offshore wind energy studies [41,42]. As offshore
wind is already commercialized but not mature yet, one important
topic is the relationship between the experience and O&M cost. In
another word, learning curve of the technology will reduce the
O&M cost (Fig. 6a). Another validation is a typical concern, perhaps
for all the new energy technologies, the relationship between the
energy cost and the lifetime of the technology. Apparently, the en-
ergy cost will significantly reduce when the lifetime of the turbines
gets longer. It is noted that good agreement is obtained between
the results obtained with TE-UBC and Lemmings et al. [41] and



Fig. 5. The flowchart of the computational procedure of the farm system model (TE-UBC).

Table 1
Farm specifications.

Parameter Value

Labor cost (technician salary $/h) 80
Labor (technician) workload(h/day) 10
Vessel speed (kn) 12
Foggy time offshore (day/year)a 5
Extreme wind and wave condition offshore (day/year) 8
Offshore distance (km) 0.5
Current velocity (m/s) 2
Capital cost including installation ($/turbine) 150,000
Permitting fee ($/kW) 37
Routine maintenance frequency (time/year) 2

a Technician working time and vessel travel time will be doubled during the
foggy day.
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Engels et al. [42]. The difference between the results predicted by
TE-UBC and the published results may be caused by the difference
between the O&M strategies as well as the description of aerody-
namics for the wind turbines and the hydrodynamics for the tidal
current turbines. Also, one may note that the optimization function
in the hydrodynamic module is turned off during the calculation as
above two offshore wind farms are not aerodynamically optimized
in terms of the turbine distribution. Perhaps an aerodynamic ver-
sion of TE-UBC shall be developed for planning offshore wind farm
in future, although this is not the focus of this study. Overall, one
can conclude that TE-UBC is a cost effective numerical model with
acceptable accuracy.
6. Planning of tidal current turbine farms in the Quatsino
Narrow – a case study

Using data for a potential farm site near Vancouver, BC, Canada,
we demonstrate the use of the TE-UBC for finding the minimum
energy cost with a scenario-based analysis. The site is in Quatsino
Narrows, Vancouver, BC, Canada, where the average current veloc-
ity is 2 m/s; the detailed hydrographic data are obtained from
Canadian Hydrographic Service. Cost and material information
(e.g., manufacturing, labor, maintenance material costs, and device
fatigue information) are adapted from BBV [39] and Rademakers
[33]. Weather information, e.g., fog and wind, is obtained from
Environmental Canada. Major farm specifications from the refer-
ences mentioned above are summarized in Table 1. Basic turbine
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Fig. 7. Energy cost of tidal current turbine farm: (a) no hydrodynamic interaction;
(b) with constructive hydrodynamic interactions.
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specifications include that the turbine blades are NACA0015, the
number of turbine blade is three, turbine height is 12.5 m, turbine
radius is 5 m, and the solidity is 0.375. The engineering character-
istics of this turbine is extensively discussed in Li and Calisal
[43,44].

As a comprehensive integrated model, TE-UBC is able to handle
various scenarios. To find the true minimum energy cost, one has
to do an exhaustive search of all the possible scenarios for farm
information (e.g., number of turbines, and distribution of turbines)
and the O&M strategies, which require advance search techniques.
The development and utilization of advanced search techniques
are beyond the scope of this research which is the modeling pro-
cess. Hence, for illustration purpose, we only investigate several
scenarios with different turbine distribution, different farm size
(number of turbines) and different turbine lifetimes. Fig. 7 shows
the relationship between the energy cost and the farm size as well
as the lifetime of the turbines of two farms with different turbine
distributions (i.e., one farm without hydrodynamic interaction be-
tween turbines and the other with constructive hydrodynamic
interactions between turbines). Three different farm sizes are
investigated: small (10 turbines), medium (30 turbines), and large
(100 turbines). The lifetime of the turbines are made varying from
5 to 20 years. The maximum lifetime of a turbine farm, i.e.,
20 years, is extrapolated from that of offshore platforms, which
typically extends to 25 years or so [25]. Designers of tidal current
turbines in the UK and Canada have projected a 30-year lifetime
for their designs [45]. Although the actual operational lifetime of
tidal current turbines will not be available until more experiences
is gained from sea tests on full-scale devices, some causes for opti-
mism lie in the fact that pre-commercial testing of near-shore tur-
bines has resulted in turbines operating without failure over a 5-
year period [40], despite the lack of a systematic maintenance
program.

The results suggest that the energy cost reduces significantly
when the farm lifetime increases. However, the lifetime of the de-
vice will significantly affect the O&M cost because older equipment
requires more attention. Given the lifetime of the turbines, the lar-
ger the farm size is, the lower the energy cost will be, which is
mainly due to the difference in O&M cost for farms of different
sizes, but not due to the difference in capital cost (i.e., no econo-
mies of scale). Additionally, for two farms of the same size and
with the same lifetime and maintenance strategies, the one in
Fig. 7b (the farm with constructive hydrodynamic interaction) is
more economically competitive than the one in Fig. 7a (the farm
without hydrodynamic interaction). This is mainly because the en-
ergy output from the farm with constructive hydrodynamic inter-
action is more than that from the farm without hydrodynamic
interaction while the total costs of both farms are similar.
7. Discussion and conclusions

7.1. Discussion

The integrated model presented here includes many aspects of a
tidal current turbine farm. Because tidal current turbine is still a
new technology, some assumptions we made are rather conserva-
tive which may slightly over predict the energy cost. Firstly, we as-
sume that the O&M transportation cost in routine maintenance per
turbine is quasi inversely proportional to the total number of tur-
bines in a farm, which means that the larger the farm is, the lower
the routine transportation cost per turbine is. In detail, a routine
maintenance is conducted on one trip from the harbor to the farm
site, no matter how many turbines are at the site. Thus, a farm with
a larger number of turbines will result in a smaller routine trans-
portation cost per turbine. Secondly, we assume the unit capital
cost of turbines does not change with the size of turbine farm. In
fact, it is understood that the unit manufacturing cost should sig-
nificantly decrease when the number of manufactured turbines in-
creases. As a new product without too much experience, we
suggest, however, using the same capital cost per turbine no mat-
ter how many turbines are manufactured (see Eq. (19)).

Additionally, the results show that the energy cost tends to be
constant if the lifetime of a farm is more than eighteen. Thus, the



Table 2
2008 Electricity price in major coastal cities in North America [46].

Customer city Residential Small
commercial

Big
commercial

Industrial

Vancouver, BC 6.98 7.63 5.33 4.23
San Francisco,

CA
18.08 15.23 12.23 8.33

New York, NY 21.27 21.68 18.11 15.16
Boston, MA 19.12 20.08 17.11 14.76
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farm owner may take the energy cost at this condition as the cost
to penetrate the local electricity market. Here, we compare the en-
ergy cost of when the lifetime of the farm is 20-year with the elec-
tricity price in major cities in North America in four different
demand sectors, which are residential, small commercial, medium
commercial and industrial sectors (Table 2). It is noted that the en-
ergy costs are higher than the maximum market price in Vancou-
ver which is the price for small commercial usage, 7.63 cents/
KW h, although it is lower than that in some cities such as Boston,
New York and San Francisco. Such a comparison suggests that the
tidal current energy generated in BC is almost ready to penetrate
into the local market in Vancouver if some governmental credits
can be granted. Notwithstanding, one shall note that the predicted
results here are obtained under the conditions where the learning
curve is minimum and no extremely unexpected issue happens.

7.2. Conclusions

Planning a tidal current turbine farm and modeling its opera-
tion are complicated problem due to the lack of detailed analysis
and understanding of the turbine working principle and the com-
plexity of the ocean natural environment. Given the present
knowledge of tides, principles of turbine analysis and computa-
tional ability, this paper presents a systematic framework and an
integrated model (TE-UBC) for estimating the energy cost of tidal
current turbine farms which integrates different research disci-
plines and new approaches such as DVM-UBC. TE-UBC can be used
to estimate the energy cost based on a given turbine configuration
and local conditions. Based on the validation, one can say that TE-
UBC is a cost-effective model with acceptable accuracy. The results
in the case study suggest that by utilizing constructive hydrody-
namic interactions, the energy cost can be reduced by about 15%
compared with the case where the hydrodynamic interaction is
avoided. The results show that the minimum energy cost for a large
farm (100 turbines) with a 20-year life in offshore BC can be about
8 cents/KW h and it is only a little bit higher than the local market
price. Additionally, TE-UBC does not only provide a more accurate
result than previous model but also provide a comprehensive
framework for conducting sensitivity analysis. The results show
that, besides tidal flow velocity, the two most important control
variables for energy cost are farm size and turbine relative distance
(i.e., turbine distribution in the farm).

7.3. Future work

Considering the scope of the work, the analysis of grid intercon-
nection is not conducted in this study. Although there are many
references in electricity dispatch but they are all based on other
generation technologies. Future work is required to integrate the
electricity distribution and integration based on the special charac-
teristic of tidal current energy in details. Additionally, fees are not
precisely included in this study because they are yet to be deter-
mined by governmental agencies. They should be included in fu-
ture models when they are known, perhaps within next decade
or so.
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Appendix A

In Section 5, we present the basic structure of the O&M module
of TE-UBC. Here, we show more details about this module for those
who are interested in the formulation. In order to simplify the dis-
cussion, we use cost variables without subscripts to replace those
with subscripts in the following description because most cost
variables are levelized over the lifetime of a tidal current turbine
farm. For example, we use ELC to represent ELCi,j (emergency labor
cost of turbine i in the year j, see Eq. (22)).

A.1. Emergency maintenance sub-module

The emergency maintenance cost is the sum of emergency
transportation, labor, equipment and material cost. Here we ex-
plain how these four components are estimated. The simplest
one is the emergency material cost (EMC), which is determined
by the level of failure severity and the types of failed components.
Emergency transportation cost (ETC) can be expressed as either the
emergency vessel cost (ETVC, when the failure severity is minimal
and mid-level) or the sum of the emergency vessel and helicopter
cost (ETVC and ETHC, when the failure is severe), as shown with the
following equations:

ETC ¼

ETVC when the level of failure severity is
minimal and mid-level

ETVC þ ETHC when the level of failure severity is
severe

8>>><
>>>:

ð24Þ

ETVC ¼ ðODist=VS� 2þ ðDTimeþ EWTimeÞ � ETNumÞ � EVC ð25Þ

ETHC ¼ ðODist=HS� 2þ ðDTimeþ EWTimeÞ � ETNumÞ � HC ð26Þ

where ODist, VS, HS, DTime, ETNum, EVC and HC denote the offshore
distance of the farm, vessel speed, helicopter speed, delay time due
to weather and related reasons and labor waiting cost, number of
turbines that need emergency maintenance, the emergency vessel
cost per day, and the emergency helicopter cost per hours. ETNum
is determined by component failure rate in regular condition (Ta-
ble 3) and such rates are affected by the conditions of weather
and sea state. DTime is determined by the type of the failure compo-
nent and the level of the failure severity.

The emergency labor cost (ELC) can be estimated as follows,

ELC ¼ TechS� ETNum� ELNum� EMT þ DTime� LWC ð27Þ

where TechS, ELNum, EMT and LWC denote the technician’s salary,
number of technicians required during this emergency mainte-
nance, time required for this maintenance, and labor waiting cost
respectively. In this study, technician salary and their waiting costs
are constants. ELNum and EMT are both functions of the severity of
the failures that an average turbine experiences.

The emergency equipment cost (EEC) can be written as follows,

EEC ¼ ðDTime� EWaC þ EWoC � EWTimeÞ � ETNum ð28Þ



Table 3
Component failure rate in regular condition (times per turbine per year).a

Minimal Mid-level Severe

Shaft 0.002 0.007 0.001
Brake 0.0153 0.0325 0.0025
Generator 0.065 0.0545 0.0065
Electrical system (including cable) 0.225 0.09247 0.000002
Blade 0.042 0.0273 0.00007
Gearbox 0.2125 0.0325 0.0005
Control system 0.1 0.1 0.0001
Others 0.03 0.0299 0.00006

a Adapted from Rademakers [32].
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where EWaC, EWoC and EWTime denote the equipment waiting cost,
equipment working cost and equipment working time, respectively.
They all are determined by the type of failed component and failure
severity level.

A.2. Routine maintenance sub-module

Similar to the emergency maintenance cost, the routine mainte-
nance cost is also the sum of four components, which are the rou-
tine labor, transportation, equipment and material costs. Similar to
the emergency material cost, the routine material cost is also the
simplest one among four routine maintenance costs, and it is
determined by the type of the turbine components. The routine la-
bor cost (RLC) can be obtained as follows,

RLC ¼ RITime � TechS� N � LDisc ð29Þ

where RITime and LDisc denote the routine inspection time per tur-
bine and the labor discount rate (i.e., the larger the size of the tur-
bine farm is, the lower the discount rate is. The default value of the
discount rate is set as 1).

The routine transportation cost (RTC) and routine equipment
cost (REC) can be estimated as follows,

RTC ¼ ðODist=VS� 2þ RITime � NÞ � RVC ð30Þ

REC ¼ RITime � N � EWoC ð31Þ

where RVC denotes the routine vessel cost.
The technician workload is set as eight hours per day. That is to

say, the vessel returns to the harbor and goes to the farm again the
next day if the routine inspection cannot be finished in one day.
Thus, the program will minimize the routine maintenance cost
by choosing the optimal combination of the number of vessels
and the number of technicians.

References

[1] Cory KS, Swezey BG. Renewable portfolio standards in the states: balancing
goals and implementation strategies (Tech. Rep. NREL/TP-670-41409, National
Renewable Energy Laboratory, Golden CO; 2007).

[2] Kaygusuz K, San A. Renewable energy potential and utilization in Turkey.
Energy Convers Manage 2003;44(3):459–78.

[3] Maria E, Tsoutsos T. The sustainable management of renewable energy sources
installations: legal aspects of their environmental impact in small Greek
islands. Energy Convers Manage 2004;45(5):631–8.

[4] Chendo MAC. Towards sustainable renewable energy technology in Africa.
Energy Convers Manage 1994;35(12):1173–90.

[5] Ludwig B. On the sustainability of future energy systems. Energy Convers
Manage 1997;38(15–17):1765–75.

[6] Lang C. Harnessing tidal energy takes new turn. IEEE Spectrum 2003;40(9):13.
[7] Charlier R. Ocean energies: environmental, economic, and technological

aspects of alternative power sources. Elsevier Publication; 1993.
[8] Myers L, Bahaj AS. Simulated electrical power potential harnessed by marine

current turbine arrays in the Alderney Race. Renew Energy
2005;30(11):1713–31.
[9] Fraenkel PL. Power from marine currents. Proc Inst Mech Eng Part A: J Power
Energy 2002;216(1):1–14.

[10] Bedard R. North America tidal in stream energy conversion technology
feasibility study. Electric Power Research Institute Report No. TP008. Palo
Alto, CA; 2006.

[11] Li Y, Calisal SM. Modeling twin-turbine systems with vertical axis tidal current
turbines: Part I-Power output. Ocean Eng 2010;37:627–37.

[12] Li Y, Calisal SM. Modeling of twin-turbine systems with vertical axis tidal
current turbines: Part II-Torque Fluctuation. Ocean Eng, 2010. doi:10.1016/
j.oceaneng.2010.11.025.

[13] Bedard R, Previsic M, Hagerman G, Polagye B, Musial W, Klure J, et al. North
American ocean energy status 2007 European wave and tidal energy
conference, Lisbon, Portugal; 2007.

[14] Previsic M, Moreno A, Bedard R, Polagye B, Collar C, Lockard D, et al.
Hydrokinetic energy in the United States – resources, challenges and
opportunities 2009 European wave and tidal energy conference, Uppsala,
Sweden; 2009.

[15] Varley J. Alderney tidal power money sparks storm. <http://
www.thisisguernsey.com/2009/04/16/alderney-tidal-power-money-sparks-
storm/>; 2009 [accessed 05.12.09].

[16] Campell, C. Industries’ reaction to energy cost estimation based on simplified
hydrodynamic assumptions. Personal communication; September 2006.

[17] Bregman R, Knapp RH, Takahashi PK. Design consideration for ocean energy resource
system. In: Proceedings of MTS/IEEE Oceans’95, vol. 2; 1995. p. 1084–91.

[18] Eaton CW, Harmony AM. Ocean energy development: obstacles to
commercialization. In: Proceedings of MTS/IEEE Oceans’03, vol. 4; 2003. p.
2278–83.

[19] Li Y, Lence BJ, Calisal SM. Cost estimation of an in-stream turbine farm system.
J Comput 2009;4(4):288–94.

[20] Li Y, Calisal SM. A procedure for predicting energy from a tidal turbine farm. In:
Proceedings of 26th international conference on offshore mechanics and Arctic
engineering, vol. 5; 2007. p. 599–608.

[21] Li Y, Florig HK. Modeling of operation and maintenance cost of large scale tidal
current turbine farm. In: Proceedings of MTS/IEEE oceans’06. September 18–
21, Boston, MA, USA; 2006.

[22] White FM. Fluid mechanics. McGraw-Hill Sciences; 2006.
[23] Li Y, Calisal SM. A new discrete vortex method for simulating a stand-alone

tidal current turbine: modeling and validation. J Offshore Mech Arctic Eng
2010;132(3):031102–11.

[24] Fingersh L, Hand M, Laxson A. Wind turbine design cost and scaling model.
National renewable energy laboratory report NREL/TP-500-40566; December
2006.

[25] Buckley WH. Extreme waves for ship and offshore platform design: an
overview. Society of naval architects and marine engineers report, R-57; 2005.

[26] South P. Operating experience with the Magalen Island wind turbine. 2nd
International symposium on wind energy system; 1978.

[27] Wake SJ, Braun HR, Bristow DJ. Operation and analysis of a vertical axis wind
turbine. In: Proceedings of the 14th intersociety energy conversion
engineering conference; 1979. p. 303–7.

[28] Daniel A. Wind energy program in the United States. US DOE report; 1981.
[29] Harrison R, Hau E, Snel H. Large wind turbines: design and economics. Wiley;

2001.
[30] Gipe P. Wind power: renewable energy for home, farm and business. Chelsea

Green Pub Co.; 2004.
[31] Heier S. Grid integration of wind energy conversion systems. Wiley; 2006.
[32] Sasse C. Connecting wind to grid. In: Paper presented in IEEE power

engineering society meeting, Vancouver, BC, Canada; March 2006.
[33] Rademakers LWMM, Braam H, Zaaijer MB, Bussel GJW van. Assessment and

optimization of operation and maintenance of offshore wind turbines. ECN-
RX-03-044, Energy Center of Netherland Report; January 2003.

[34] van Bussel GJW, Bierbooms WAAM. The DOWEC offshore reference windfarm:
analysis of transportation for operation and maintenance. Wind Eng
2003;27(5):381–92.

[35] Camporeale SM, Magi V. Streamtube model for analysis of vertical axis
variable pitch turbine for marine currents energy conversion. Energy Convers
Manage 2000;41(16):1811–27.

[36] Ponta FL, Jacovkis PM. A vortex model for darrieus turbine using finite element
techniques. Renew Energy 2001;24:1–18.

[37] Wang L, Zhang L, Zeng N. A potential flow 2-D vortex panel model:
applications to vertical axis straight blade tidal turbine. Energy Convers
Manage 2007;48:454–61.

[38] Li Y, Calisal SM. Estimating power output from a tidal current turbine farm
with a first-order approximation of hydrodynamic interaction between
turbines. Int J Green Energ 2010;7(2):153–63.

[39] Binnie Black Veatch (BBV). The commercial prospect of tidal stream power.
BBV Report 0105 2001; 2001.

[40] Gulli T. Offshore wave energy project in Fred. Olsen energy presentation,
Department of Mechanical Engineering, the University of British Columbia
Vancouver, BC, Canada; November 10, 2005.

[41] Lemming J, Morthorst P, Clasusen N. Offshore wind experiences, potential and
key issues for deployment. Riso Report Riso-R-1673, Roskilde, Denmark,
January 2008.

[42] Engels W, Obdam T, Savenije F. Current developments in wind – 2009. ECN
report ECN-E-09-96, Petten. Netherland; January 6, 2010.

http://dx.doi.org/10.1016/j.oceaneng.2010.11.025
http://dx.doi.org/10.1016/j.oceaneng.2010.11.025
http://www.thisisguernsey.com/2009/04/16/alderney-tidal-power-money-sparks-storm/
http://www.thisisguernsey.com/2009/04/16/alderney-tidal-power-money-sparks-storm/
http://www.thisisguernsey.com/2009/04/16/alderney-tidal-power-money-sparks-storm/


Y. Li et al. / Energy Conversion and Management 52 (2011) 1677–1687 1687
[43] Li Y, Calisal SM. Numerical analysis of the characteristics of a vertical axis
water current turbine. Renewable Energy 2010;35(2):435–42.

[44] Li Y, Calisal SM. Three-dimensional effects and arm effects on modeling a
vertical axis tidal current turbine. Renewable energy 2010;35(10):2325–34.

[45] Pearson College. Encana partners to enable Pearson College – Encana – clean
current tidal power demonstration project at Race Rocks, BC; 2005. <http://
www.racerocks.com/racerock/energy/tidalenergy/pressrelease.pdf> [accessed
23.06.06].

[46] Hydro Quebec(2008)” survey of electricity price in north America” <http://
www.hydroquebec.com/publications/en/comparison_prices/2008/
index.html> [accessed 10.02.09].

http://www.racerocks.com/racerock/energy/tidalenergy/pressrelease.pdf
http://www.racerocks.com/racerock/energy/tidalenergy/pressrelease.pdf
http://www.hydroquebec.com/publications/en/comparison_prices/2008/index.html
http://www.hydroquebec.com/publications/en/comparison_prices/2008/index.html
http://www.hydroquebec.com/publications/en/comparison_prices/2008/index.html

	An integrated model for estimating energy cost of a tidal current turbine farm
	Introduction
	Main structure of the model
	Energy output
	Electrical system
	Mechanical system
	Hydrodynamic system
	Total energy output

	Total cost

	Hydrodynamic module
	Operation and maintenance module
	Emergency maintenance cost
	Routine maintenance cost
	Service sub-module and farm attribute sub-module

	Computational procedure of the farm system model
	Validation

	Planning of tidal current turbine farms in the Quatsino Narrow – a case study
	Discussion and conclusions
	Discussion
	Conclusions
	Future work

	Acknowledgement
	Appendix A
	Emergency maintenance sub-module
	Routine maintenance sub-module

	References


