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HIGHLIGHTS

e A probabilistic engineering cost model is proposed to predict mean and standard deviation of CAPEX for offshore wind farms.
e The predicted CAPEX for the offshore wind farms with monopile foundations show good agreement with these reported in the UK.
e The cost reduction scenarios and the predicted supply prices agree well with those reported at the first auction in Japan.
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The capital expenditure (CAPEX) for the fixed-bottom offshore wind farm is assessed using a probabilistic en-
gineering cost model and the cost reduction scenarios in Japan are analyzed. Firstly, the engineering cost model
is described to assess the capital expenditure. A new export cable length model is also proposed considering the
landing point distance and the vessel size model is proposed as the function of turbine rated power. The proposed
engineering cost model succeeds in explaining the mechanism of the increase and decrease of CAPEX experienced
in the UK. The uncertainties of model parameters are identified from the reported data and modeled by the
normal distribution function. The workability is predicted using the discrete event simulation. The predicted
CAPEX is then compared with the existing 30 fixed-bottom offshore wind farms in the United Kingdom. The
predicted mean and standard deviation values of CAPEX show good agreement with the reported ones, while the
conventional parametric model underestimates the mean value and cannot predict the standard deviation.
Finally, the cost reduction scenarios and their uncertainties of offshore wind farms in Japan are analyzed using
the proposed probabilistic engineering cost model. The levelized cost of wind energy reduced from 20.0 JPY/
kWh to 17.0 JPY/kWh, 13.6 JPY/kWh and 10.1 JPY/kWh by the reduction of installation days using the specific
installation vessel, the turbine enlargement and the improvement of operation and maintenance efficiency. The
predicted supply prices for each cost reduction scenario agree well with those reported at the first auction
conducted in 2021 in Japan.

1. Introduction expenditure (CAPEX) was reported as 492 million JPY/kW, which was

almost two times higher than that in Europe [3]. In the United Kingdom,

In Japan, the sea area is the 6th worldwide and the offshore wind
energy potential is 1600 GW [1]. In 2020, the government declared the
installation target of 10 GW by 2030 and 30-45 GW by 2040 [2] for
offshore wind. At the end of 2019, the installed capacity of offshore wind
energy is 0.2 GW. In 2021, the first-round auction for the fixed-bottom
offshore wind has been started with the capped feed-in tariff of 29 JPY/
kWh (29 c¢$/kWh) [3]. The levelized cost of energy (LCOE) was calcu-
lated as 20 JPY/kWh (20 c$/kWh). It needs to be reduced to 8-9 JPY/
kWh [2] in the early 2030s to achieve the installation target. The capital
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the installation of offshore wind farm has started in the early 2000s, and
the CAPEX increased once from 2009 to 2013, and reduced from 2014 to
2020. The cost reduction scenarios in Japan need to be analyzed by
applying the cost reduction mechanism experienced in Europe.

IEA Task26 showed the structure of capital expenditure cost for
offshore wind farm [4] and its representative price as a baseline in 2010.
Crown Estate also published the representative cost structures in 2010
and 2019 for offshore wind farm [5,6]. The detailed cost elements are
listed up for 100 wind turbines of 5 MW and 10 MW wind turbine,
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respectively. The CAPEX is mainly consisted of development and project
management, wind turbine, balance of plant and installation. In 2012,
the total CAPEX was described as 3070£/kW at 20 m water depth and
100 km far from shore, where development and project management
cost is 120£/kW (4 % of the total CAPEX), wind turbine cost is 1200
£/kW (39 %), balance of plant cost is 940£/kW (31 %) and installation
cost (26 %) is 810£/kW. In 2019, the total CAPEX was described as 2377
£/kW, where development and project management cost is 120£/kW (5
%), wind turbine cost is 1001£/kW (42 %), balance of plant cost is 605
£/kKW (25 %) and installation cost is 651£/kW (27 %). The CAPEX is
affected by the geographical conditions, such as water depth and dis-
tance from shore, and the wind farm configuration, such as turbine rated
power and turbine number. In order to evaluate the CAPEX considering
these effects, the cost model is required. The cost model is mainly
categorized into the parametric cost model and the engineering cost
model.

In the parametric cost model, the cost elements are modeled by the
regression methods when the enough data are collected. The CAPEX for
onshore wind farm in Japan was modeled by the parametric model with
the input parameter of mean elevation, the maximum tilt angle, the
distance to the construction road, the distance to the transmission line
[7]. National Renewable Energy Laboratory [8] modeled the turbine
cost with the input parameter of turbine rated power. European Envi-
ronment Agency [9] constructed the CAPEX with the input of water
depth and distance from shore. Gonzalez-Rodriguez [10] collected the
data and showed the cost function with the capacity by a fitting curve.
Shafiee et al. [11] proposed the detailed parametric cost model for the
offshore wind farms. Alsubal et al. [12] recently assessed the cost of
energy for offshore wind fam in Malaysia based on the cost model pro-
posed by Shafiee et al [11], but the environmental condition difference
is not considered when the parametric model built in Europe to the other
country. In civil engineering field, machine learning methodology has
been adopted recently for the cost estimation as the advanced method-
ology of the parametric models. Bayaram et al. [13] used multilayer
perception and radial bases function using artificial neural network
methods. Uncuoglu et al. [14] compares the prediction accuracy of
several machine learning methodologies. However, the parametric
model cannot be built in Japan yet, since there are only two demon-
stration project experiences [15] at Choshi with one 2.4 MW wind tur-
bine on gravity based foundation and at Kitakyushu with one 2.0 MW
wind turbine on jacket foundation, and one commercial offshore wind
farm with 33 wind turbines of 4.2 MW on monopile foundation at
Noshiro and Akita port area [16].

The cost elements in the engineering cost model are evaluated by the
bottom-up approach. Each cost element is calculated based on the
physical conditions. WindPACT project [17] was conducted for the
turbine design. The engineering cost model was proposed by TU delft
OWEC program [18] with the aim of the structure optimization of the
fixed-bottom offshore wind turbine. The UK potential of offshore wind
was also investigated using the engineering cost model [19-21]. ORE
Catapult [22] showed the cost reduction scenario for the offshore wind
farms using their in-house cost model and also investigated the tech-
nological progress observed for fixed-bottom offshore wind in the EU
and UK [23]. WINDSPEED project [24] in Europe also developed a cost
model to decide the use purpose of the North Sea. Nielsen [25] con-
ducted the feasibility study from the engineering approach. Dicorato
et al. [26] modelled the offshore wind farm investment costs and carried
out the cost analysis for a 150 MW offshore wind farm. Ioannou et al.
[27] gave the sensitivity study and the insights regarding potential
minimum asking and maximum offered price. They developed a para-
metric CAPEX, Operational expenditure (OPEX) and LCOE expressions
from the simulated cost using the engineering cost model [27] for ease of
use. National Renewable Energy Laboratory (NREL) also developed the
engineering cost models called as SeaBOSSE and ORBIT [28,29]. Shields
et al. [30] investigated the sensitivity of wind turbine rated power and
wind farm size on the CAPEX using their cost models. They also
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investigated the spatial impacts in the United States [31]. Gaglayan et al.
[32] evaluated the offshore wind energy potential in Europe using those
cost models proposed by NREL. Kaiser and Synder [33] proposed the
cost model for installation. However, the power transmission system is
not well formulated in the previous engineering cost models, although
the export cable length differs significantly depending on whether the
landing point is near or far. For the installation cost model, the vessel
day rate has a major impact, but the day rate is constant value and it is
not a function of turbine rated power in the previous model. When
turbine rated powers become larger, the required vessels need to be
bigger, which leads the day rate increase. The day rate needs to be a
function of turbine rated power.

The uncertainty of CAPEX is an important issue for the engineering
applications. In the previous studies, the uncertainty of the installation
cost has been studied well. Muhabie et al. [34] analyzed the installation
procedure using the discrete event simulation. Paterson et al. [35]
assessed the installation process for the UK offshore rounds 1 and 2. ECN
Install [36], ORBIT [28,29] and Shoreline [37] is well-known tools for
the discrete event simulations. In the simulations, the weather predic-
tion of wind and wave is very important. Kikuchi and Ishihara [38]
conducted the discrete event simulation using simulated wind and wave
time series to show the workability difference between the two
demonstration projects in Japan. The simulation accuracy is improved
by many researchers such as Kikuchi et al. [39], Basakin et al. [40].
Muhabie et al. [41] investigated the effect of stochastic parameters on
the offshore wind farms assembly strategies using the discrete-event
simulation. The uncertainty of LCOE is firstly investigated by Ozkan
et al. [42] developing a comprehensive system model of offshore wind
farm. The cable cost, substation cost, network connection and SCADA
cost were considered as a triangular distribution, and the weather
downtime due to the bad weather was expressed as the PERT distribu-
tion. However, those uncertainties were not based on the reported value
because there was not enough data at that time. Ioannou et al. [43]
presented the stochastic prediction of offshore wind farm LCOE, where
the coefficient of variation of CAPEX was estimated from the existing
databases, while the number of parameters was limited. Therefore, the
uncertainty of CAPEX needs to be assessed comprehensively.

Various studies of cost reduction scenario have been conducted. The
first major study named as “offshore wind cost reduction pathways
study” was conducted by the Crown Estate [44], which was based on the
comprehensive industrial interview approach. ORE Catapult [45]
continued research and assessed a cost reduction scenario considering
technology innovation. A series of cost models and basic data sets were
built to improve the analysis of the impact of innovations on future
offshore wind costs was named as DELPHOS tool. Beiter et al. [29]
combined more detailed engineering cost model and DELPHOS tools and
assessed the cost reduction scenario during 2015-2030 in the United
States. ORE Catapult performed the cost reduction analysis for fixed-
bottom and floating offshore wind farm using the engineering cost
model [45,46]. However, the uncertainty in the cost reduction scenario
was not evaluated by the engineering cost model since the deterministic
cost model were used in these studies.

In summary, the export cable length and installation vessel need to
be modelized and the predicted CAPEX by the engineering cost model
needs to be validated. The uncertainty of cost element needs to be
evaluated using the probabilistic engineering cost model. The cost
reduction scenario and its uncertainty need to be assessed in Japan.

In this study, the CAPEX of the fixed-bottom offshore wind farms in
the United Kingdom is analyzed using probabilistic engineering cost
model and the cost reduction scenarios in Japan is investigated. The
probabilistic engineering cost model used in this study are described and
the new cost model of export cable length and installation vessel size are
proposed in Section 2. The parameters in the engineering cost model and
those uncertainties are identified from the database of the fixed-bottom
offshore wind farms, and the proposed probabilistic engineering cost
model is validated with the reported data of UK offshore wind farms
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Finally, the cost reduction scenario in Japan and its uncertainty are
investigated and are validated by the first auction results at the end of
2021. Conclusions are summarized in Section 4.

2. Methodology

Data collection of fixed-bottom offshore wind farm in this study is
described in Section 2.1. The engineering cost model for the fixed-
bottom offshore wind farm and uncertainty evaluation methodology
used in this study is described in Section 2.2. The cost reduction scenario
analysis methodology is explained in Section 2.3.

2.1. Data collection of fixed-bottom offshore wind farm

In this study, the various dataset is used for the parameter identifi-
cation and validation. Table 1 shows the input and output parameters of
the probabilistic engineering cost model proposed in this study and their
nomenclatures. The input parameter is water depth, distance from
shore, number of turbines and the turbine rated power. The output
parameter is CAPEX obtained as the summation of various cost ele-
ments, which is defined in Section 2.2 with the listed equations. For the
validation process conducted in Section 3.2.6, 4C Offshore database
[47] is used. 4C Offshore database [47] includes the water depth, dis-
tance from shore, number of turbines, turbine rated power and CAPEX
data. The results obtained by analyzing those data are shown in Figs. 8,
9, 21, 22 as listed in Table 1.

The model parameters of the proposed probabilistic engineering cost
model are summarized in Table 2. The model parameters for each cost
element and their nomenclature are also shown in this table. The type of
parameter is described as deterministic of 1 or probabilistic of 2. Some
parameters are considered deterministic, though they should be prob-
abilistic, because the reported data is not available. The reported data of
the existing wind farm are used to identify those parameters in Section
3.2. The references of those reported data are also listed up in Table 2.
The turbine cost data are collected from Crown Estate [5,6], ODE [19],
Sieros et al. [48] and the technical reports from National Renewable
Energy Laboratory [49-55]. The diameter, length and thickness of
monopile are obtained from Negro et al. [56]. The wind farm layout
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information is obtained from kingfisher wind farms charts published by
“The Kingfisher Information Service — Offshore Renewable & Cable
Awareness project” [57]. The number of array cables are counted
visually from those detailed wind farm layout data. The export cable
length, the number of export cable, the distribution-ends voltage, the
number of offshore substation, the array cable length, and the main host
capabilities of vessels are collected from 4C Offshore database [47]. The
installation days for one turbine and substructure are captured from
Lacal-Arantegui et al. [58]. Historical data for steel, copper and fuel
prices refers to the U.S Bureau of Labor Statistics [59-61] for the unit
steel cost for substructure model and the unit export and array cable
cost. The numbers of the figures for each model parameter are listed in
Table 2.

All cost data in this study is 2019 year value considering the inflation
rate and the currency exchange described in world bank’s database [62]
following the previous study [63].

2.2. Probabilistic engineering cost model

The engineering cost models for CAPEX are used in this study. The
mean value of CAPEX is evaluated by the conventional engineering cost
models, while the model parameters are updated to reflect the recent
technological advances. In addition, the number of input variables is
reduced for validation and scenario study.

The cost breakdown structure for the offshore wind farms was
defined by Shafiee et al. [11]. The cost structure used in this study is
described in Fig. 1. CAPEX consists of three main items: the development
and consenting cost Cpgc, the production and acquisition cost Cpga, and
the installation and commissioning cost Cigc as shown in Equation (1).

CAPEX = Cpgc + Craa + Ciac M

The development and consenting cost consists of project manage-
ment cost Cprjm, legal authorization cost Cigq, the engineering cost Cepg,
the contingencies Ceontigencies and the surveys Cypeys, Which is described in
Section 2.2.1. The production and acquisition cost consists of the wind
turbine cost Cyr, the support structure cost Css and the power trans-
mission system cost Cprs, which is investigated in Section 2.2.2. The
installation and commissioning cost consists of the vessel cost Cigc yessel>

Table 1
Input and output parameters of the proposed probabilistic engineering cost model and reference.
Input and output parameter Nom. Equation Figure Ref.
Input
Water depth hy, Fig. 9 [47]1
Distance from shore dspore Fig. 9 [47]
Number of turbines Nyt Fig. 9 [47]
Turbine rated power Pyr Fig. 9 [47]
Output
Capital expenditure CAPEX Eq. (1) Figs. 8, 21, 22 [47]1
Development and consenting cost Cpsc Eq. (2)
Production and acquisition cost Cpsa Eq. (3)
Wind turbine cost Cwr Eq. (3-1)
Support structure cost Css Eq. (3-2)
Power transmission cost Cprs Eq. (3-3)
Export cable cost Cre Eq. (3-3-1)
Offshore substation cost Coff—subs Eq. (3-3-2)
Array cable cost Cac Eq. (3-3-3)
Onshore cable cost Coc Eq. (3-3-4)
Onshore substation cost Con—subs Eq. (3-3-5)
Installation and commissioning cost Cizc Eq. (4)
Vessel cost Crac vessel Eq. (4-1)
Mobilization cost Cessel.mob.i Eq. (4-1-1)
Fuel cost Chessel fuel,i Eq. (4-1-2)
Installation cost Cessel install,i Eq. (4-1-3)
Port cost Cracport Eq. (4-2)
Other cost Ciac others Eq. (4-3)
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Table 2

Model parameters of the proposed probabilistic engineering cost model and references.
Model parameter Nom. Type Figure Ref.
Development and consenting cost model
Fixed development and consenting cost CD&C fixed 1 [5]
Survey cost per MW Csurvey 1 (51
Wind turbine cost model
Wind turbine cost per MW cwr 2 [5,6,19,48-55]
Substructure cost model
Unit steel cost per ton Css steel 2 [59]
Production cost per ton Css production 1 [5]
Diameter of substructure dss 2 Fig. 13 (a) [56]
Length of substructure Iss 2 Fig. 13 (b) [56]
Thickness of substructure tss 2 Fig. 13 (c) [56]
Density of steel Psteel 1 -
Power transmission cost model
Unit export cable cost per length Cic 2 [60]
Export cable length lec 2 Fig. 14 (a), (b) [47]
The number of export cable Ngc 1 Fig. 14 () [47]1
Distribution-ends voltage Ve 1 Fig. 15 (a) [47]1
The number of offshore substation Noff—subs 1 Fig. 16 (b) [47]1
Unit cost of offshore substation per turbine Coff—subs 1 [51
The number of array cable Nac 1 Fig. 15 (b) [57]
Array cable length lac 2 Fig. 17 (b) [47]1
Unit array cable cost per length cac 2 [60]
Onshore cable length loc 2 -
Unit onshore cable cost coc 1 -
Installation and commissioning cost
Main host capabilities of vessels Ayessel i 1 Fig. 18 (a), (b) [47]1
The fuel price Cyessel fuel.i 2 [61]
The number of stuffs per one trip Neransort.i 1 -
The distance from the installation port dyorti 1 -
Installation vessel cost Cyessel.i 1 [5]
Installation day Tinstall.i 2 Fig. 19(a), (b) [58]
Workability a; 2 -
Port cost per turbine C1&Cport 1 -
Other cost per turbine CI&C.others 1 -

Values for which no existing data are available, are evaluated as constants in this study.

1 Deterministic parameter.

2 Probabilistic parameter: The uncertainty is evaluated in Section 3.2 based on the existing values.

the port cost Ciecpore and other cost Cigc omers including insurance, which
is discussed in Section 2.2.3.

2.2.1. Development and consenting cost

The development and consenting cost Cpgc is evaluated using
Equation (2) as defined by Shafiee et al. [11]. It is related to the project
management Cprjy, the legal authorization Cgq, the engineering ac-
tivities Ceng, the contingencies Ceongencies and the conducted surveys

Csurvqu
Cpsc = Coropp + Cregat + Ceng + Ceontigencies + Csurveys 2

In this study, the summation of Cyojm, Ciegats Ceng> Ceontigencies 1S €Sti-
mated as a constant value Cpgc fixed in Equation (2-1) as shown in Table 4
even though these items for each project are slightly difficult. Cyyneys is
proportional to the wind farm capacity as shown in Equation (2-2).

Coropt + Cregat + Ceng + Ceonsigencies = Cpacc fixed 2-1)
C.\'urvey\' = c.\un!ey.\'P wrNwr (2-2)

where Pyr is the wind turbine rated power, Ny is the number of tur-
bines, cgryeys is the survey cost per MW as shown in Table 4.

2.2.2. Production and acquisition cost

The production and acquisition cost includes all costs associated with
the procurement of wind turbines Cyr, the support structure or foun-
dation Cgs, and the power transmission system Cprs.

Cpga = Cwr + Css + Cprs 3

The total cost of wind turbine Cyr is expressed as a function of the

number of wind turbines and the wind turbine rated power. Shafiee et al.
[11] modeled the wind turbine cost for 2 MW to 5 MW wind turbines,
which does not cover the recent turbines larger than 6 MW.

Physically, the mass of wind turbine is the cube of the length and the
power is the square of the length, so that the ratio of mass to power is
proportional to the length. However, the technological improvement
suppresses the mass and leads the mass to be proportional to the rated
power as mentioned by Sieros et al [48]. Up to 6 MW, the cost per MW
increases in proportion to rated power. On the other hand, for recent
turbines larger than 7 MW, the industry practice shows that the wind
turbine cost per kW becomes constant. This is because the further
technological innovation occurs in the lighter blade material, the
advanced generator and gearbox. It also relates with the business model
shift in the turbine manufactures. Currently the manufactures contract
not only turbine supplies but also operation of turbines for steady and
predictable cash flow, which leads the turbine cost reduction.

In this study, the wind turbine cost per MW is modeled as propor-
tional to rated power until 6 MW and constant after 7 MW as shown in
Equation (3-1).

(Cwl.]PWT JFC‘wr.,z)PWTNWT , Pwr < 6MW
(wrsPwr + Cura) PwrNur , MW < Pyr < TMW (3-D
CursPwrNwr , TMW < Pyr

Cwr =

The wind turbine cost between 6 MW and 7 MW is linearly inter-
polated, which does not affect the cost estimation because there is no
wind turbine model between 6 MW and 7 MW. It is assumed that the
transportation costs are included in this study. Turbine costs are nego-
tiated for individual project and are usually kept confidential by sup-
pliers and developers, and so there are uncertainties and are modeled in
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Section 2.2.1

Development &
Consenting Cpg.c

Project Management Cpr-

Legal Authorization Cjegqy

Power Transmission System

Engineering Ceng

Export Cable

Contingencies Ccontigencies Array Cable

Surveys Csyrveys

Section 2.2.2
Production &
Acquisition Cpg 4

Wind Turbines Cyyr

Support Structures Cgg

Cprs
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Section 2.2.3
Installation &
Commissioning Cgc

Vessels CI&C,vessel
Substructure installation
Wind turbine installation
Power transmission system installation

POI’t CI&C,port

Cec
CAC
Onshore Cable Cy¢
Offshore Substation  Cofr_sups

Others CI&C,OthETS

Onshore Substation Cypn_sups

Fig. 1. Cost breakdown structure for offshore wind farms.

Section 2.3. The coefficients from c,,; to c,,s are identified using the
database as shown in Table 5.

For the substructure cost Css, Nielsen [25] and Dicorato et al. [26]
investigated the sensitivity of substructure cost to the water depth.
WINDSPEED project [24] and ORBIT project [28,29] evaluated the
substructure cost using the engineering model as shown in Equation
(3-2).

Css = W (st. steel + Cs, prodniun) (3-2)

Here,

Wy = ”d.sstxslx.sp.\-reelNWT x 1.25
d,; = max (4, 0.0003/], + 0.0627h,, + 3.9687)
Iy = Gss1hw + dss2

Ly = ag3hy + a4

(a) Side view

(b) Top view

Fig. 2. Schematic of support structure.

where the substructure cost is calculated from the weight of monopole
W, and the summation of unit steel price cg s and unite manufacturing
Css prodction- The volume of hollow cylinder is calculated from the diameter
dss, the length L and the thickness t;; of monopile as shown in Fig. 2. h,,
is the water depth of the site. The coefficients from ai; to ag4 are
identified using the database as shown in Table 6.

In WINDSPEED project [24], the preliminary design of monopile was
conducted for different water depth and significant wave height, and the
monopile cost was derived by curve fitting as a function of water depth
for each significant wave height. In ORBIT model [28,29], the monopile
of diameter, thickness and length is scaled with rotor diameter, hub
height of wind turbine and water depth. Van der Tempel [64] derived a
formula for the monopile diameter using the equation of tower 1st mode
to avoid the resonance of rotor rotation with structures as a design
criteria of monopile. ODE [19] also modeled the monopile diameter
using this approach. This study follows Tempel’s methodology. The
diameter d; is calculated as the function of water depth. The minimum
diameter is set as 4 m due to the restriction of the size of commercial
offshore wind turbines. The thickness ¢ is thought to be proportional to
the water depth due to the static pressure. The length of monopile
consists of the water depth h,,, the embedded length and the upper part
from the water level, and it is also modeled as a function of the water
depth.

For the power transmission system cost Cprs, it is composed of the
export cable cost Cgc, the offshore substation cost Cog_gps, the array
cable cost C4c, the onshore cable cost Coc and the onshore substation
cost Con_sups @s shown in Equation (3-3).

Cprs = Cec + Copp—ups + Cac + Coc + Con—sups (3-3)

Fig. 3 illustrates the structure of power transmission system cost
models used in this study. The performance of the proposed models are
validated in Section 3.2.2.

WINDSPEED project [24] used the packing density concept and the
turbine spacing was modeled as a function of its packing density, how-
ever, the methods for the evaluation of the export cable length, the
number of export cables are not clear. In this study, the input variables
are limited to distance from shore, capacity, number of turbines, water
depth, rated power and used to calculate the export cable cost as shown
in Equation (3-3-1). The export cable length is modeled depending on
whether the landing point is near or far.

The offshore substation cost model is proposed as shown in Equation
(3-3-2) to consider the cable length gap defined as the difference in the
length of export cable with and without offshore substation in this study.
When the cable length gap is larger than 30 km per one turbine and wind
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cable
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Distance from shore
Cost balance between
offshore substation and
cables

Number of export cable

Offshore
substation
existence

Capacity

Offshore substation/Cable
unit cost

Export cable length

Length per cable
Number of cable

Number of array cable

Capacity

Power
Yes Offshore substation ..
transmission
Number
- system cost
Capacity
Array cable length —

Number, Water depth, Turbine number, Rated

power, Offshore substation existence

Fig. 3. The structure of power transmission system cost model.

farm capacity is larger than 500 MW, the offshore substation will be
built.

NREL ORBIT model [28,29] calculated the array cable cost C4¢ from
the detailed power calculation model with the input parameters of plant
capacity, turbine rated power, rotor diameter, turbine spacing, row
spacing, water depth, cable rated voltage, current capacity, AC resis-
tance, inductance capacitance. However, these parameters are difficult
to be identified for each specific site. In this study, the distance from
shore and the wind farm capacity are used as the input variables to
calculate the array cable cost Cs¢ as shown in Equation (3-3-3).

The export cable cost Cgc is evaluated as the product of the length of
export cable g, the unit export cable cost cgc and the number of export
cables Ng¢ as shown in Equation (3-3-1).
Cec = lgccec Nec (3-3-1)

Here,

I = lECnear = Apcidshore + apca, Alge <5 km
lec far = aecdshore + aecs, Alge >5 km

Alge = dignagan — dshore

P(Alge < 5 km) = Py, P(Alge > 5 km) = P,

PwrNyr
Nige =
Fe [1.2\/@}
Ve =132 kV

Wind farm

Offshore
substation

Distance from
landfall point Distance from shore

dshore

dlandfall

Fig. 4. Schematic of export cable and land fall point.

where I is the export cable length, cg¢ is the export cable cost per km
and is assumed as a constant, dg,. is the distance from shore, Ngc is the
number of export cables. Vg is the distribution-ends voltage, Algc is the
difference between the distances from the land fall point and from the
shore point.

The export cable length Iz depends on whether the land fall point is
near or far from the shore point as shown in Fig. 4. The export cable
requires the extra length to allow the cable displacement due to the
wave and earthquake and to maintain ease of installation. The extra
length is generally about 10 % of the total cable length. The other extra
length is also needed at the starting and the ending part of the cable.
Considering these aspects, the export cable length I is evaluated by a
linear function of the distance from shore dgp,,e when the land fall point
is near the shore point and Algc is shorter than 5 km. Otherwise, when
the land fall point is far from the shore point and Algc is longer than 5
km, an extra length is added in agc 3. The probability of Algc less than 5
km and that more than 5 km are identified in Section 3.2.1. The co-
efficients from agc1 to agc 3 are identified using the database as shown in
Table 7.

The number of export cables Ngc is calculated by dividing the wind
farm capacity by the distribution-ends voltage of export cable Vg,
which is assumed as 132 kV in this study. The value of 1.2 is decided by
the regression analysis.

Note that the number of export cables should be the number of

Wind farm Wind farm
Offshore
substation

33kV 132 kV
Land fall point Land fall point

(a) Without substation (b) With substation

Fig. 5. Schematic of export cable and offshore substation.
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offshore substation in the case of wind farms with substations and the
export cable cost should be the array cable cost in the case of wind farms
without substations.

The offshore substation cost Cyf_sus is evaluated by Equation (3-3-
2). The number of array cable Ny¢ is calculated by dividing the wind
farm capacity by the distribution-ends voltage of array cable Vac. The
transmission capacity of the array cable is generally proportional to the
distribution-ends voltage of array cable. The distribution -ends voltage is
modeled as 33 kV for the 2 ~ 9 MW wind turbines and 66 kV for the

wind turbine larger than 9 MW.
(3-3-2)

Cof—subs = Noft—subs Coff —subs

Here,

K{ﬁldmtur(NWT 7NAC) + (hw +hp)(2NWT - NAC) }, Nuff—:ubx =0
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for substation considering topside, reactors, switchgears, ancillary sys-
tems, substation assembly cost, cost of substation substructure.
Gonzalez-Rodriguez [10] mentioned that substation costs increase with
capacity. In this study, one substation cost per turbine c,g_ s is assumed
as a constant value.

The array cable cost Cyc is evaluated by multiplying the cable length
Iac by the cable cost per unit cyc as shown in Equation (3-3-3). The
schematics of array cable for the radial and ring topologies are shown in
Fig. 6 (a) and (b).
Cac = laccac (3-3-3)

Here,

Inc = { &{Bodroior(Nwr — Nac) + XNac + (hw + 1) 2Nwr — Nac) }, Nogsuss > 1, radial
K{ﬁf{drofor(NWT - OSNAC) + XNAC + (hw + hp) (ZNWT) }7 Nuﬁ’—:ub: > 17 ril’lg

22 kV, Pyr <2MW

Vie = { 33 KV, Py < IMW
66 kV, Pyr < ISMW
0, Alprg <55 km
Nop—subs =  [Pwr X Nwr
’V%—L Alp'rs 2 55 km

Alprs = lpe(Nac — Nec)
Nac = [PwrNwr/Vac|

where Ny, is the number of substation, c,_sus is the cost of offshore
substation. Alprs is the difference in the length of export cable with and
without offshore substation, and V¢ is the distribution ends voltage of
array cable and modeled as the function of turbine rated power. The
number of offshore substation Nyg_g; is evaluated from the breakeven
point where the offshore substation cost equals to the reduced export
cable cost. The schematic of the export cables with and without the
offshore substation are depicted in Fig. 5 (a) and (b), respectively. The
cable length gap Alprs is defined as the difference in the length of export
cable with and without offshore substation. When the cable length gap
Alprs becomes more than 55 km per one turbine, the offshore substation
platform will be considered and one offshore substation will be built per
500 MW wind farm capacity based on the experience.

For the offshore substation cost Cog_gps, WINDSPEED project [24]
and ORBIT model [28,29] proposes the detailed engineering cost model

@ Turbine
Substation

(a) Radial topology

P WT

rotor = 0.0003

where ly¢ is the length of array cable and the unit is meter, cac is the cost
of array cable per meter, d;.,r is the diameter of the rotor, Nu¢ is the
array cable number and h, is the length between sea surface and tower
bottom.

The array cable length ly¢ is divided into the link between turbines,
the link between turbine and offshore substation, and the inside of the
turbine, which corresponds to the first, second and third term in the
equations respectively. This equation depends on whether there is an
offshore substation and whether the cable layout bases is the radial or
ring topology. In this study, the ring topology is assumed. The distance
between turbines is evaluated as a function of f;d..r and the rotor
diameter is modeled as a function of the turbine rated power. The dis-
tance between the turbine and the offshore substation X is modeled as
1.5 times of the distance between turbines. f;(i = 1,2, 3) is determined
by the regression analysis. f; = 5 is used for offshore substation non-
existence case, and f, = i3 =7 is used for offshore substation exis-
tence case. k is assumed as 1.2. hj, is the length between seawater surface
and tower bottom as shown in Fig. 2 (a) and is assumed as 20 m. The unit
of length is meter.

The onshore cable cost Cqc is evaluated as shown in Equation (3-3-
4). In this study, the length of onshore cable length lpy is considered as a
constant value and the coefficient is identified from the database.

(3-3-4)

Coc = loccoc

[ - ey

@ Turbine
Substation

(b) Ring topology

Fig. 6. Schematic of array cable.
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The onshore substation cost C,,-sps iS €xpressed as proportional to
the wind farm capacity and evaluated as shown in Equation (3-3-5).

Cun-.mbs = C(m-mb.xPWTNWT (3-3-5)

where Cyp-aps iS assumed as a constant value as shown in Table 7.
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C _ A 2 N, wr d/)m‘l‘i
vessel,install,i = vessel,iCvesselinstalli ~ | la0

Niransport,i | | 24Vsesset i
+ NWTTin.xm//,i ) /ai (4-1-3)

Here,
2.2.3. Installation and commissioning cost
As mentioned in the previous studies [24,28], the installation cost
Wi, Pyr < 3.6 MW
W, W:
po——pW) __,  ewpW) Pyr = 3.6 MW

Avesseti = exp(Wy) + exp(Ws) exp(Wy) + exp(W,)

W, 3.6MW < Pyr < 1I0MW

Wi, 10MW < Py

Cic is composed of the vessel cost Cyesset instatt; POIt cOst Crecpore and the
other cost Cigc others @S shown in Equation (4).

Crsc = Ciacyesset + Crac.port + Cigc,others )

The vessel cost Ciecyesser 1S composed of mobilization cost Cyegsetmob.is
fuel cost Cyegset fueti> installation cost Cyeger instani fOr €ach installation phase
i as shown in Equation (4-1).

n

Cl&CJ'ex\'el = E (Cve.\'sel.mnb.i + Cves.ye[ﬁ(el_i + Chessel,inst ,nf) + Ciess Linstall AC

i=1

+ Cvcxseljnxlall.EC + Cinstall.Oﬂ"—SubsNoff—subs + Cin:lall‘On—SubsPWTNWT
4-1

Mobilization cost Cyessermob; iS expressed in Equation (4-1-1) and is
considered as the mobilization cost as the 1 % of installation cost in
WINDSPEED project [24].

Fuel cost Cyesselfueti for wind turbines (WT) and support structures
(SS) is calculated as the product of the total distance of transportation
and the fuel price per one kilometer cyeserfueri in Equation (4-1-2). The
total distance of transportation is calculated by multiplying the distance
from port dyor; and the round-trip numbers. The round-trip numbers are
evaluated as the division of the total number of wind turbine Ny to the
number of the stuffs per one trip Niyanspore; that can be loaded on one
vessel. Ayegeri €xpresses the vessel size factor and is explained below.

Installation cost Cyessel instar,i for wind turbines and support structures
is calculated as the vessel rate per day Cyesselinstan; Multiplied with the
total installation days in Equation (4-1-3). Total installation days are
calculated by multiplying the installation days Tinsiqu, i per one installa-
tion phase i by the number of wind turbines Nyr. The transportation
time per one-way trip is calculated as the distance from port dpor;
divided by the vessel speed Vi The number of trip is calculated as
the number of wind turbines divided by the number of stuffs per one trip
that can be loaded on one vessel. Workability «; is considered as the ratio
of available working time to the total construction time for each
installation phase i.

A vessel size factor A, is newly defined as a function of turbine
rated power in this study since the vessel size has been increased to
accommodate larger wind turbines and improve installation efficiency
recently and discussed in Section 3.2.3. types of the vessels are used for
these wind turbines. The vessel size factor is calculated based on the
crane size of the vessel, and discussed in Section 3.2.

Cves.&el‘moh‘i = O O l Cve.&.vel.in.&m[[,i (4- 1 - 1 )

N,
Cvessel.furl,i = Avcssel.icves:ﬂl,ﬁml.i (2 ’V—WT—‘ dporr.i ) (4'1'2)

N, transport,i

The cost of array (Cyesselinstaiiac) and export cable installation vessels
(Cyessetinstail Ec) are difficult to obtain publicly. In this study, the models
proposed in WINDSPEED project [24] as shown Equation (4-1-4) and
Equation (4-1-5) are used. The parameters are shown in Table 8.

(4-1-4)

CessetinsialiAC = Cinsattaclac

(4-1-5)

Cvex.xel.inxm[l.EC = C[nsmll.EClEC NEC

The port cost Ciecpor is assumed to be proportional to the turbine
numbers as shown in Equation (4-2). The other cost Cigcoters i also
estimated as a function of the turbine numbers as shown in Equation (4-
3). Since this cost component involves insurance and construction
project management, it is assumed to be proportional to the project
scale, reflected with the number of turbines. This component is further
assumed to be included for the projects commissioned in 2014 onwards
based on the Crown Estate statement [6].

Cracport = Ci&cporNwr (4-2)
Ci&C.others = C1&C.othersNwr (4-3)
2.2.4. Evaluation of uncertainty in models

In this study, the uncertainties of model parameter in the probabi-
listic engineering cost model are approximated by the normal distribu-

U<=8ivs

<

Wind speed[m/s]

time{hours]

/\

time{hours]
E | _Ts<=
o - _— : time{hours] ” ; £
TJ 1 i Tf.?.

Total construction days

Fig. 7. Schematic of workability assessment.
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tions as shown in Ioannou et al. [27]. The mean value y,,, standard
deviation 64 and coefficient of variance (CoV) of each model
parameter are evaluated using Equations (5) — (7).

Nuata
2oint Xacnual
i=1 Nactual.i
Hactual = (5)
Ndata
Ny, 2
Z[:”[’m (xactualj - xmodd.i)
Oactual = (6)
Ndam
Oactual
CoV = < @
Hactual

where, Xqcuqi is the reported value for model parameter i. Xpoqel; is the
predicted value by the engineering cost model. CoV is assumed to be a
constant for each parameter and identified using the collected database
in the study as shown in Table 9.

Each model parameter is evaluated by performing Monte Carlo
simulation and approximated as the normal distribution, because it is
mostly evaluated by the product of each parameter based on the central
limit theorem. The goodness of normal distribution fitness is assessed by
Kolmogorov-Smirnov test using a significance level of 0.05. In this
study, the mean, the standard deviation and the arbitrary quantile of
CAPEX for each wind farm are evaluated by the proposed probabilistic
engineering cost model.

2.2.5. Workability assessment

The uncertainty of workability is assessed by the discrete event
simulation. The workability a varies from year to year due to the
weather conditions. The workability is assessed by the discrete event
simulation according to the following order for various years. The time
series data for the weather conditions are prepared as x;(t) for the
weather condition j, such as wind speed, wave height, wave period or
current speed. When X;(t) is less than the workable limitation X; mi, the
time is counted as the workable time. When all weather conditions are
workable, the time is then counted as the workable. The summation of
continuous workable time is counted as a workable weather window.
The workable weather window T; needs to be larger than the minimum
required installation time for one travel Trgireamin- The counting is
continued till the total workable time T,,oxqi to reach the total required
installation time Treguired o~ Finally, the total installation period is
calculated and the workability o is defined as the ratio of total workable
days to the total construction days. These processes are depicted in
Fig. 7.

The time series data for the weather conditions are simulated by the
numerical models. The constructed simulation tools were validated at
two demonstration projects in Japan as mentioned in Kikuchi and Ishi-
hara [38]. The predicted workability matches well with the reported
workability.

o= Twurkable
Total construction days

(8

Here,

Twnrkab[e = § T,‘, lf Tworkable < quuired./mal
T[ = § Y(t) > Trequ[red,min

Y(1) = { L i () =

1 i x(0) < X
X;(1) = {07 if x(8) > Xjgimir
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2.3. Study of cost reduction scenarios in Japan

The installed offshore wind farm capacity in Japan is 7.4 MW with 3
turbines in the end of 2021, excluding near-shore offshore wind farm of
44.2 MW [65]. All of 3 turbines were installed for the demonstration
projects. The first commercial offshore wind farm at the Akita and
Noshiro port area with 140 MW (33 turbines of 4.2 MW) has been
operated since the end of 2022 [16].

To promote the development of offshore wind in Japan, the “Act on
Promoting Utilization of Sea Areas for Development of Power Genera-
tion Facilities Using Maritime Renewable Energy Resources” was
enforced in April 2019. The promotional zone of offshore wind farm and
the developer are decided through the auction [66]. The first auction
was conducted in 2021 for three fixed-bottom offshore wind farms. The
auction sites are ‘Noshiro city, Mitane cho, Oga city offshore in Akita
prefecture’, ‘Yurihonjo offshore in Akita prefecture’ and ‘Choshi
offshore in Chiba prefecture’. The auction is planned annually and aims
to select developers for 10 GW offshore wind farms by 2030 and the
target LCOE is 8-9 JPY/kWh.

However, the LCOE in 2020 in Japan is 20 JPY/kWh and the cap of
tariff is 29 JPY/kWh based on the government announcement. This
LCOE was assessed for the four sites: Akita Nosiro, Santane and Oga
offshore, Akita Yurihonjo offshore North side, Akita Yurihonjo offshore
South side, Chiba Choshi offshore sites. Those area was selected for the
first auction in Japan. The average wind speed of four sites is 7.56 m/s,
which leads the capacity factor of 33.2 %. The water depth is 18.6 m,
which is the mean value of maximum and minimum water depths. The
distance from shore is set as 6 km based on the mean value of four sites.
Wind turbine rated power and turbine number are set as 10 MW and 37.
CAPEX and OPEX are estimated as 51.2 Million JPY/MW and 1.84
Million JPY/MW/year. Decommissioning expenditure (DECEX) is esti-
mated as 10.7 Million JPY/MW, which is assessed as 80 % of installation
cost in CAPEX. The availability, electricity loss, wake loss and other loss
is set as 95 %, 3.1 %, 10 %, 3.0 %, respectively. The operation year is set
as 20 years in Japan.

To achieve the target LCOE of 8-9 JPY/kWh, the cost reduction
scenarios at the different phases in Japan are proposed during
2024-2030 in this study. The mean value and standard deviation are
evaluated using the proposed probabilistic engineering cost model for
each cost reduction scenario. The standard cost of 20 JPY/kWh in 2020
in Japan is used as a baseline. The input values of engineering cost
model, such as turbine rated powers and installation days are deter-
mined based on the literature review from the industry. The sensitivity
study for CAPEX with installation days and turbine rated powers is
conducted, where CAPEX is estimated by using the proposed engineer-
ing cost model for various installation days and turbine rated powers.
The mean value and standard deviation of LCOE and supply price are

5
=
S 4
2o
=
Qo 3
=
.8
S 2
<
E 1 @ Initial phase (-2008)
< @ Consolidation phase (2009-2013)
© O Pre-industrialization phase (2014-)
0
2000 2005 2010 2015 2020

Fig. 8. The change in capital expenditure for UK offshore wind farm with
monopile foundations by year of installation. The bubble size represents the
wind farm capacity.
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Fig. 9. Transition of UK offshore wind farms.

Table 3

Conditions inputted for each phase of UK offshore wind industry (* denotes assumption).

Phase Capacity (MW) Turbine rated power (MW) Number of Turbines Water depth (m) Distance from Shore (km)
UK Initial (-2008) 79 2.7 29 8.65 6.38
UK consolidation (2009-2013) 249 3.6 69 16.23 13.27
UK pre-industrialization (2014-2020) 818 10* 82 21.98 24.33
UK 2020s 1227 15% 82 21.98* 24.33*
5 3. Results and discussion
T T
D Design D Array cable - Installation . . .
1 Turb%ne o Expgrt cable M Offshore substation Database is built from the collected references and the CAPEX in each

4L ] Substructure I Substation |

CAPEX (MGBP/MW)

Consolidation phase Pre-industrialisation phase
(2009-2013) (2014-)

Initial phase
(-2008)

Fig. 10. The predicted CAPEX for each phase.

evaluated using the proposed probabilistic engineering cost model. The
feasibility of the proposed cost reduction scenarios is validated using the
first auction for three offshore wind farms in Japan conducted in 2021.

10

development phase is analyzed by by the proposed engineering model in
Section 3.1. The parameter ineach cost model are identified from the
database in Section 3.2. The uncertainty of each cost parameter and
workability are evaluatedand the proposed enginnering cost model is
validated with the reported CAPEX.The CAPEX reduction scenarios of
offshore wind in Japan are analyzed and compared with the first auction
results in Japan in Section 3.3.

3.1. Analysis of cost data and reduction mechanism

The database is built from the collected references described in
Section 2.1. The change in CAPEX for UK offshore wind farm with
monopile foundations by year of installation is shown in Fig. 8. The
offshore wind farms are categorized into the initial phase before 2008,
the consolidation phase from 2009 to 2013, and the pre-
industrialization from 2014 as defined by Lacal-Arantegui et al. [58].
The transition of offshore wind farms such as water depth, distance from
shore, turbine rated power and number of turbines in those three phases
are plotted in Fig. 9, where bar graphs show mean values and error bars
denote standard deviations. It is obvious that the CAPEX increases in the
consolidation phase and reduces in the pre-industrialization phase,
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Table 4
Identified parameters for development cost.
Model parameter Nomenclature Value Unit Equation
Fixed development cost Cpeac fixed 3,684,373 (less than 300 MW) GBP Eq. (2-1)
23,378,000 (larger than 300 MW) GBP
Survey cost per MW Csurveys 97,792 GBP/MW Eq. (2-2)
Table 5 The reduction of CAPEX from consolidation phase to pre-
Identified parameters for wind turbine cost model. 1ndu§tr1ahzat10n phase is also well explalned.. . .
ol ) ; Fig. 11 presents the water fall of cost transition. The increase of cost
Model parameter Nomenclature Value Unit Equation o s . . . .

P q from the initial phase to the consolidation phase is due to the increase of
Coefficient of wind turbine  cwr1 78,300 ) Eq. 3-1) the water depth and the distance from shore, while the cost reduction
Coefficient of wind turbine w2 717,000 - do. from consolidation phase to pre-industrialization phase is due to the
Coefficient of wind turbine Cwr3 —190,000 - do. . £ wind turbi it dthed ¢ 1 rat th
Coefficient of wind turbine  cyrg 2.330.000 - do. 1nc%'ease of win 1.1r ine caPam ya.n . (? ecrease of vessel rate are .e
Coefficient of wind turbine  cyrs 1,000,000 — do. main factor of this reduction. This indicates that the proposed engi-
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Fig. 12. Comparison of wind turbine costs predicted by the proposed model

and reported data.

though water depth, distance from shore and wind farm capacities have
continued to increase through these phases. The mechanism of these
changes in CAPEX are discussed in this section.

The mechanism of change in CAPEX is analyzed using the proposed

engineering cost model. The input parameters are the mean value for
each phase as described in Table 3. Fig. 10 shows that the predicted
CAPEX in each phase using the engineering cost model. The increase of
CAPEX from the initial phase to the consolidation phase is well captured.

11

neering cost model can reproduce the increase and the decrease of
CAPEX in each phase of offshore wind development. Note that
upgrading vessel increases vessel day rate, but improves workability.
From this analysis, it is found that the cost is firstly reduced by the
improvement of construction efficiency and then by the increase of
turbine capacity.

3.2. Identification of parameters in probabilistic engineering cost models

Each parameter of engineering cost model is identified based on the
database described in Table 2. Other references are used as supplement
and are described in the following sections.

3.2.1. Parameters for development cost

Parameters for development cost as shown in Equation (2-1) and (2-
2) are identified from Crown Estate 2010 [5] as shown in Table 4. In
development and consent costs, environmental survey, coastal process
survey, metstation survey and seabed survey are counted as the survey
cost. The other cost is counted as the fixed development cost.

3.2.2. Parameters for production and acquisition cost

Table 5 summarizes the parameters in the wind turbine cost model as
shown in Equation (3-1), which are identified based on the reports by
Crown Estate 2010 [5] and 2019 [6], Offshore Design Engineering
Limited ODE [19] published in 2007, Sieros et al. [48], and the reports
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Fig. 13. Parameters of support structure cost model.
Table 6
Identified parameters for the substructure cost model.
Model parameter Nomenclature Value Unit Equation
Cost of steel per unit weight Css steel 0.91 GBP/kg Eq. (3-2)
Cost of manufacturing per unit weight Cos production 2.37 GBP/kg do.
Density of steel Pss steel 7,870 kg/m® do.
Coefficient for monopile thickness Qgs.1 0.001 - do.
Coefficient for monopile thickness g5 2 0.05 - do.
Coefficient for monopile length g5 3 1.65 - do.
Coefficient for monopile length Q55 4 21 - do.
Table 7
Identified parameters for power transmission system cost models.
Model parameter Nomenclature Value Unit Equation
Onshore substation Con—subs 25,000 GBP/MW Eq. (3-3-5)
Unit cable cost for export cable Cec 731,698 GBP/km Eq. (3-3-1)
Coefficient for export cable length agc1 1.18 km do.
Coefficient for export cable length agco 0.92 km do.
Coefficient for export cable length agcs 26.48 km do.
Offshore substation Coff—subs 58,445,000 GBP/turbine Eq. (3-3-2)
The distribution-ends voltage of array cable Vac 22, 33, 66 kv do.
Unit cable cost for array cable cac 220,755 GBP/km Eq. (3-3-3)
Distance parameter of array cable K 1.2 - do.
Distance parameter of array cable B 5 - do.
Pa 7 - do.
P 7 - do.
Onshore cable length loc 1 km Eq. (3-3-4)
Unit cable cost for onshore cable coc 731,698 GBP/km do.
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by NREL published from 2015 to 2020 [49-55]. Fig. 12 shows the pre-
dicted and reported wind turbine cost per MW by the proposed model.
Dash lines show the standard deviation of the model, which is described
in Section 3.2.4. As described in Section 2.2.2, the cost of turbine per
MW increases up to 6 MW and levels off after 7 MW.

Fig. 13 shows the comparison of reported diameter, length and
thickness with predicted ones by the proposed model. The predicted
mean values of diameter derived theoretically agrees well with the

13

reported ones. Table 6 summarizes the parameters in substructure cost
models. The parameters for the length and thickness are identified from
the database. The unit cost per ton is identified from the total cost of
Crown Estate. The steel cost cg e is identified from U.S. Bureau of
Labor Statics [59]. The cost of manufacturing per unit weight is iden-
tified from the unit cost per ton and the steel cost.

The parameters for power transmission system are summarized in
Table 7 and the parameters for export cable length is identified from the
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Table 8

Identified cost parameters for installation cost.
Model parameter Nomenclature Value Unit Equation
Offshore substation installation cost Cinstall, Off - Subs 11,689,000 GBP/substation Eq. (4-1)
Onshore substation installation cost Cinstall.On—Subs 25,000 GBP/MW Eq. (4-1)
Vessel fuel cost for support structure Cyessel fuel.SS 333.33 GBP/km Eq. (4-1-2)
Vessel fuel cost for wind turbine Cressel fuel WT 333.33 GBP/km do.
Vessel cost for support structure Cyessel.install.SS 315,603 GBP/day Eq. (4-1-3)
Vessel cost for wind turbine Cyessel.install WT 315,603 GBP/day do.
Vessel speed for support structure Vyessel.ss 11 knots do.
Vessel speed for wind turbine Vyessel wr 11 knots do.
Installation day for support structure Tinstall. sS 3.35 days/foundation do.
Installation day for wind turbine Tinstall, WT 3.60 days/turbine do.
Array Cable installation cost Cinstall AC 662,266 GBP/km Eq. (4-1-4)
Export cable installation cost CinstallEC 975,393 GBP/km Eq. (4-1-5)
Port cost per area CI&Cport 146,000 GBP/turbine Eq. (4-2)
Other installation cost Cl&C.others 2,120,000 GBP/turbine Eq. (4-3)

reported export cable length. Fig. 14 (a) shows the relationship between
the export cable length and the distance from shore quoted when the
land fall point is near the shore point and Algc is shorter than 5 km. The
export cable length is well evaluated by a linear function of the distance
from shore quoted. Fig. 14 (b) shows the relationship between the export
cable length and the distance from shore quoted when the land fall point
is far from the shore point and Alg¢ is longer than 5 km. The export cable
length is evaluated by the same linear function with an extra length of
26 km. The uncertainty in the export cable length is much larger than
those when the land fall point is near the shore point. The probability of
Algc less than 5 km and that more than 5 km are identified as P;=0.61
and P»=0.39 respectively from the reported data. The predicted number
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of export cables by Equation (3-3-1) matches well with the reported ones
as shown in Fig. 14 (c).

The distribution-ends voltage of array cable V,¢ in Equation (3-3-2)
is 22 kV up to 2 MW, 33 kV up to 9 MW and 66 kV higher than 9 MW
decided from the industry interview. The predicted and the reported
nominal voltage are plotted in Fig. 15 (a). The predicted array cable
numbers by Equation (3-3-2) match well with the reported ones as
shown in Fig. 15 (b).

The relationship between offshore substation existence and the cable
length gap is depicted in Fig. 16 (a). The predicted and reported number
of substations are depicted as shown in Fig. 16 (b). The two exceptions
are Robin rigg and Sheringham shoal wind farm. It is suggested that the
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redundancy may be emphasized in these two wind farms.

The distance between the first turbine and the offshore substation is
modeled as 1.5 times of the distance between turbines. g is determined
by the regression analysis and 5 for offshore substation non-existance
case and 7 for offshore substation existence case. Fig. 17 (a) illustrates
the relationship between the rotor diameter d,.,r and rating power
described in Equation (3-3-3). Fig. 17 (b) shows the predicted and re-
ported array cable length for different number of offshore substations

N, off —subs-

3.2.3. Parameters for installation and commisioning cost

The parameters for installation and commissioning test are summa-
rized in Table 8. The vessel size is modelized as a function of turbine
rated power in this study. From database, the relationship between the
main host capabilities with wind turbine rated power are plotted in
Fig. 18 for wind turbine installation and that for substructure installa-
tion. It is found that vessels can be categorized into three groups: less
than3.6 MW, between 3.6 MW and 10 MW, and greater than 10 MW.

The vessel size factor Ay ; is determined by the ratio of the average
main host size, with 1 being the group of wind turbines larger than 3.6
MW and less than 10 MW. For wind turbine installation vessel, the
average main host size is 1009 ton The wind turbine installation vessels
for 10 MW or more have not yet been reported yet. Installation vessels of
1500 tons are assumed. For substructure installation vessels, the average
main host size is 1810 tons. No substructure installation vessels for wind
turbines of 10 MW or larger have yet been reported. Installation vessels
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of 2500 tons are assumed to be used from the planed wind farms.

The installation vessels for 3.6 MW wind turbine are divided into two
groups due to the high demand of offshore wind farm installation at the
time. The vessel size factor is determined by the logit model. Occurrence
rate P; using small vessels and P, using large vessels are determined as a
percentage of the reported number of vessels used. Occurrence rates P;
and P, are respectively 2/3 and 1/3 for wind turbine installation vessels
as shown in Equation (9) and 4/9 and 5/9 for substructure installation
vessels as shown in Equation (10).

0.62, Pyr < 3.6 MW
2
PIZ*,PQ:*7 PWT:36MW
AvesseLwr = 3 3 ©
1, 3.6MW < Pyr < 10MW
1.49, 10MW < Pyr
0.47, Pyr < 3.6 MW
4 5
P =-P,= Pyr = 3.6 MW
Aves.&el‘SS = ' 9 ’ 9 " (10)
1, 3.6MW < Pyr < 10MW
1.38, 10MW < Pyr

Installation days of substructure and turbine are investigated from
the database reported by Lacal-Arantegui et al [58]. Fig. 19 shows the
variation of installation days with turbine rated power for turbine and
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Table 9
Coefficient of variance (CoV) of each parameter in the cost models.

Model parameter Nomenclature Equation CoV Figure N P

Wind turbine cost Cwr Eq. (3-1) 0.11 Fig. 12 11 0.93
Diameter of monopile dgs do. 0.12 Fig. 13 (a) 30 0.95
Length of monopile Lss do. 0.18 Fig. 13 (b) 30 1.00
Thickness of monopile tss do. 0.27 Fig. 13 (c) 30 0.85
Cost of steel Css.steel do. 0.14 - 17 0.85
Cost of copper cac, CiC Egs. (3-3-1), (3-3-3) 0.18 17 0.48
Export cable length for nearby landfall point I5C near Eq. (3-3-1) 0.12 Fig. 14 (a) 18 0.40
Export cable length for distant landfall point lec far do. 0.23 Fig. 14 (b) 12 0.98
Array cable length lac Eq. (3-3-3) 0.33 Fig. 17 (b) 30 0.18
Vessel fuel cost Cressel fuel.i Eq. (4-1-2) 0.27 - 17 0.80
Vessel size factor of turbine less than 3.6 MW Avessel WT Eq. (4-1-3) 0.43 Fig. 18 (a) 8 0.63
Vessel size factor of turbine more than 3.6 MW do. do. 0.23 do. 11 0.05
Vessel size factor of substructure less than 3.6 MW Avessel.ss do. 0.38 Fig. 18 (b) 12 0.13
Vessel size factor of substructure more than 3.6 MW do. do. 0.25 do. 10 0.57
Installation days of wind turbine Tinstal, WT do. 0.41 Fig. 19 (a) 56 0.10
Installation days of substructure Tinstall. ss do. 0.51 Fig. 19 (b) 56 0.27
Weather downtime a do. 0.03 Fig. 20 (b) 6 0.94

Table 10
Description of duration time and operational limits in each installation phase for
UK wind farms [35].

Installation Installation Wind Significant
phase duration time (hour)  speed wave height
(m/s) (m)

1  Dredging & survey 48 11 1.5

2 Foundation 48 12 2
installation

3 Transition piece 24 12 2
installation

4 Wind turbine 24.5 8 2
installation

5  Scour protection 14.4 15 2.5

6 PLGR 14.4 20 2

7  Cable installation 31.7 15 1.5

8  Cable burial 36 12 3

substructure installations. Turbine and substructure installation days do
not have a clear dependency on turbine rated powers, but the uncer-
tainty is quite large since the installation methodology and weather
condition may affect these installation data.

3.2.4. Evaluation of uncertainties in models

The uncertainties of parameters in the proposed model are evaluated
using Equations (5)-(7) explained in Section 2.2.4. The predicted coef-
ficient of variance is summarized in Table 9. The steel and copper ma-
terial are evaluated based on the recorded time series data [59,60]. The
number of samples and the p value of Kolmogorov-Smirnov test using
significance level of 0.05 are also described. It is found that all param-
eters follow the normal distribution.

3.2.5. Workability assessment by discrete event simulation

The workability is assessed using time series data available at Bors-
sele wind farm site [67] and is evaluated by the discrete event simula-
tion for 20 years from 1992 to 2011. The installation phases and its
required installation duration time, limited wind speed and significant
wave height are summarized in Table 10 as surveyed by Paterson et al.
[35]. Fig. 20 (a) shows the annual average of workability and. Fig. 20 (b)
shows the relationship between the coefficient of variance of work-
ability and number of installation year. The variation of workability
significantly decreases when the construction period is longer than 3
years.

3.2.6. Validation of the proposed probabilistic engineering cost model
CAPEX is evaluated using the proposed probabilistic engineering cost
model for each offshore wind farm in the UK. The predicted mean value

of each wind farm by the proposed and conventional cost models are
plotted in Fig. 21 (a). The predicted mean value for each offshore wind
farm by the proposed model match well with the reported data and
capture the increase and decrease of CAPEX in the UK due to the tech-
nology transition such as increases of vessel size and turbine rated
power, while the parametric model cannot reproduce the increase and
decrease of CAPEX. The predicted standard deviation of each wind farm
is plotted in Fig. 21 (b). The standard deviation shows the same trend as
the mean value.

Fig. 22 (a) shows the reported and predicted CAPEX by the proposed
engineering cost model and parametric cost model for the UK offshore
wind farm with monopile foundations to validate the proposed engi-
neering cost model. The mean value of CAPEX for 30 offshore wind
farms is evaluated using Equations (11) - (12).

E Xactual i
] = ——— 11
Hactual Nfarm ( )
E Xmodel i
= Ly modeli 12
Homodel Nium (12)

where, Xgcqa1; 1S the reported CAPEX and Xpnqer; is the predicted CAPEX
by the proposed engineering cost model and the parametric model for
wind farm i. Ngm, is the number of wind farms.

It is obvious that the parametric model underestimates the reported
CAPEX, since it cannot capture the technological development such as
increases of vessel size and turbine rated power. On the other hand, the
predicted CAPEX by the proposed engineering cost model agrees well
with the reported CAPEX. The prediction error in mean value is reduced
from 27.7 % to 2.3 %.

The reported standard deviation of CAPEX for 30 offshore wind
farms is evaluated using Equations (13), that is, the standard deviation is
calculated from the predicted mean value of CAPEX Xoq.1; and the re-
ported CAPEX Xgcuq;i for i th wind farm. The uncertainty predicted by
the proposed model is evaluated using Equation (14). The predicted
CAPEX Xpogeri for i th wind farm is evaluated by the proposed model
considering the uncertainty of i th wind farm.

_ 2
Z (-xacmal,i - -xmodel‘i)

Nfarm (1 3)

Oactual =

(S}

> (xmodel.i - xnwde[.i)

14
N, farm ( )

Omodel =

Fig. 22 (b) shows the reported and predicted standard deviation of
CAPEX. The bar in the proposed model shows the standard deviation
obtained from 50 calculation trials. The conventional parametric model
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Fig. 21. Comparison of mean and standard deviation of CAPEX reported in the UK and predicted by the proposed probabilistic engineering cost model and the

parametric cost model.

cannot predict the standard deviation of CAPEX, while the proposed
probabilistic engineering cost model shows the reasonable standard
deviation of CAPEX The prediction error in standard deviation is
reduced from 100 % to 13 %.

3.3. Cost reduction scenarios of offshore wind in Japan

The cost reduction of offshore wind at different phases in Japan is
analyzed using the proposed engineering cost model. Table 11 shows the
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comparison of LCOE between UK and Japan. The values in the UK is
referred from the document by Catapult [68]. The capacity factor in the
UK is 50 % and that in Japan is 33.2 %, which corresponds that the
annual average of wind speed is 10 m/s in the UK and 7.5 m/s in Japan.
CAPEX and OPEX in Japan are about 1.5 to 1.7 times larger than those in
the UK. Referring the cost reduction mechanism in the UK as described
in Section 3.1, the cost reduction scenarios in Japan are proposed to aim
at the LCOE reduction from 20 JPY/kWh to 8-9 JPY/kWh. Three cost
reduction phases are discussed and summarized in Table 12. Note that
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Fig. 22. Comparison of reported and predicted CAPEX by the parametric model [9] and the proposed engineering model.

Comparison of LCOE in the UK and Japan in 2020.

Cost element UK Japan
CAPEX 32.6 M JPY/MW 51.2 M JPY/MW
OPEX 1.04 M JPY/MW/Year 1.84 M JPY/MW/Year
DECEX 4.2 M JPY/MW 10.7 M JPY/MW
FCR 4.67 % 3%
Operational year 25 years 20 years
Availability 97 % 95 %
Capacity factor 50 % 33.2%
LCOE 7 JPY/kWh 20 JPY/kWh
Table 12
Description of cost reduction phases in Japan.
Phase Description Evidence
Baseline  Cost assessment with the current Government assessment in 2019
technology [3]
37 turbines of 10 MW
Phase 1 Prepare the specific offshore wind ~ The industry announcements by
farm installation vessel and the Shimizu Ltd., Obayashi Ltd., and
installation time reduces to Kajima Ltd. [69-71]
European level and use the
turbine with a rated power
ranged from 8 to 10 MW.
Phase 2 Enlarge the turbine rated power The range of 8 — 15 MW is
from 12 MW to 15 MW considered and announced for
offshore wind farm [72-74]
Phase 3 Operation and maintenance Japan onshore and offshore wind
efficiency improvement farm practice [75]
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Fig. 23. Sensitivity of predicted CAPEX with installation days.
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Fig. 24. Sensitivity of predicted CAPEX with turbine rated power.

the cost model is based on the engineering principles and the safety is
secured in the cost reduction.

As to Phase 1, the construction efficiency is improved with advanced
installation vessels. In Japan, some construction companies are building
the specific self-elevated platform vessels for offshore wind farm
installation [69-71] and the first one will start to operate in 2023, and
work at a site with swells around 10 s. The 8 - 10 MW wind turbines are
used in the offshore wind projects in the port area [76,77]. In order to
clarify the effct of instolltion days on CAPEX, a sensitivity study of
CAPEX is conducted using the proposed engineering cost model. A
baseline wind farm is set as 10 MW of turbine rated power, 40 turbines,
10 km far from the coast and 20 m water depth. In this sensitivity study,
no offshore substation is assumed. As expected, the installation days of
one turbine and foundation has a very large impact, where the CAPEX
increases 4 % for one more installation day as shown in Fig. 23.

In Phase 2, the turbine size is enlarged from 12 MW to 15 MW. 8 MW
to 12.6 MW turbines were considered in the first auction according to
the Environmental Impact Assessment documents [72,73] and 15 MW
wind turbine was already announced to be released by a turbine
manufacture [74]. The vessels with 2,500 ton crane capacity was
planned to install 3 turbines of 12 MW in 5 days [69]. As expected, the
impact of turbine rated power has a large impact. The CAPEX reduces
25 % from 8 MW turbine to 15 MW turbine as shown in Fig. 24.

Regarding to Phase 3, the OPEX is reduced. The study of OPEX
reduction for onshore wind energy in Japan was conducted by Kikuchi
and Ishihara [75] and the cost is reducedfrom 9,300 JPY/kW to 4,603
JPY/kW with spare part management, condition-based maintenance and
operation and maintenance (O&M) efficiency improvement with
matured experience. The availability is also improved from 87.4 % to
96.4 %. The same cost reduction ratio of onshore wind is adopted to
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Table 13

Predicted LCOE for different phases at the representive site in Japan Sea side area.
Phase Reference Phase 1 Phase 2 Phase 3
Description Current technology Construction efficiency Turbine enlargement O&M efficiency
CAPEX (JPY/KW) 51.2 38.0 33.2 26.7
OPEX (JPY/KW/yr) 1.84 1.84 1.84 1.40
DECEX (JPYY/KW) 20.2 11.0 8.0 3.5
WACC (%) 6.12 6.12 6.12 6.12
Operation year (Year) 20 20 20 20
Availability (%) 95 95 95 97
Capacity factor (%) 33.2 33.2 33.2 33.9
LCOE (JPY/kWh) 20 170+ 1.4 136 +1.1 10.1 £ 0.9
Reduction rate (%) — 15.0 32.2 49.4

Table 14
Predicted supply price for different phases at sites faced to Japan Sea.
Reference  Phase 1 Phase 2 Phase 3
Commission year 2020 2024-2026 2026-2028 2028-2030
IRR (%) 10 % 10 % 8% 6 %
Expected JPY/ 29.0 23.6 + 2.2 17.4 +1.7 119+ 1.1
Supply kWh)
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Fig. 25. Comparison of predicted and reported supply price at the first auction
in Akita prefecture.

offshore wind farm in this study.

The calculated LCOE and its standard deviation using the proposed
probabilistic engineering cost model for each phase are summarized in
Table 13. The LCOE reduces from 20 Yen/kWh to 16 JPY/kWh, 13 JPY/
kWh, 10 JPY/kWh in Phase 1, 2, 3, respectively. If the operation year
extends from 20 years to 25 years by the law amendment in Japan, the
predicted LCOE can be reduced to 9 JPY/kWh, which corresponds to the
governement target for cost reduction of offshore wind.

The supply price and its standard deviation are calculated based on
the predicted LCOE in Table 13 with the assumed Internal Rate of Return
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(IRR) described in Table 14. Reference model assumes IRR as 10 %
acoording to the government announcement, which reflects the higher
risk in the initial phase of the offshroe wind development. The IRR is
assumed to decrease with later commissioning years because the risk
will decreases.

The predicted supply prices for the three offshore wind farms are
compared with the supply prices reported at the first auction on
December 25, 2021 [78] to examine the proposed scenarios at various
phases. Two wind farms are located in Akita prefecture and one in Chiba
prefecture. 10 consortia participated in the Akita auction and two con-
sortia participated in the Chiba auction. If the same consortium partic-
ipates in auctions on two sites, it will be counted as two participants.
Reported supply prices are grouped according to three phases based on
the proposed supply price and the commissioning year.

Fig. 25 shows the comparison of predicted and reported supply price
at the first auction in Akita prefecture. Bars indicate the standard de-
viation of the reported supply prices across different participants. It is
found that the predicted supply prices in each phase correspond to the
reported supply prices at the first auction. The highest supply price
group corresponded to Phase 1, where 8-10 MW wind turbines and
advanced installation vessels were proposed, with commissioning years
from 2024 to 2026. The middle supply price group matched to Phase 2,
which used 12-14 MW wind turbines and advanced installation vessels,
with a commissioning year envisaged from 2026 to 2028. The lowest
supply price group reached Phase 3, where an advanced OPEX strategy
was added and the commissioning year was planned from 2028 to 2030.

The reported supply price through the first auction for the site in
Chiba prefecture is about 1.3 time higher than that in Akita prefecture.
Two consortia attended both auctions in Akita and Chiba prefectures.
The ratios of the proposed supply prices in the two prefectures for each
consortium are calculated. In order to clarify this price difference, the
workability and geological condition at Akita and Chiba sites are
investigated as shown in Fig. 26. Fig. 26 (a) shows the calculated
workability at Akita and Chiba sites by the discrete event simulation.

0
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-10F 4 ¢ Sand rock
20} .
-30

Akita Chiba

(b) Geological condition

Fig. 26. Comparison of workability and geological condition at Akita and Chiba sites.
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Fig. 27. Comparison of predicted and reported supply price ratios at Akita and
Chiba sites.

The wind speeds and significant wave heights at two sites are calculated
by WRF [38] and Wave Watch III for six years. The predicted workability
of Akita site is 68 % and that of Chiba site is 61 %. Akita prefecture is
located in the Japan Sea side and Chiba prefecture is faced to the Pacific
Ocean, which means that the Chiba site has severer weather conditions.
The geological conditions are also investigated based on the report of the
boring test from the government at the Akita site [79] and the existing
report of the boring test at the Chiba site [80]. The Akita site has thick
sand and clay layers, while the Chiba site has more than 30 m sand rock
layer, which takes more time to install a monopile as shown in Fig. 26
(b).

Fig. 27 shows the comparison of the predicted and reported supply
price ratios at Akita and Chiba sites calculated using the proposed en-
gineering cost model considering the differences of workability and
installation days at two sites. The predicted supply price ratio is about
1.3 and agrees well with the reported one at the first auction. The dif-
ference of supply price between Akita and Chiba sites can be explained
by the differences in workability and geological condition at two sites.

4. Conclusions

In this study, a probabilistic engineering cost model is proposed for
fixed-bottom offshore wind farms. CAPEX of the UK offshore wind farms
is assessed using the proposed model and validated by the collected
database. The cost reduction scenario and its uncertainty of the offshore
wind farms in Japan is analyzed and validated by the first auction. The
following conclusions are obtained:

(1) The probabilistic engineering cost model is proposed to predict
the mean value and standard deviation of CAPEX for offshore
wind farms. A new export cable length model is proposed
considering the landing point distance and the vessel size model
is also proposed as the function of turbine rated power. The
proposed engineering cost model succeeds in explaining the
mechanism of CAPEX increase in the consolidation phase and
CAPEX decrease in industrialization phase.

The parameters and its uncertainty of the proposed probabilistic
engineering cost model are identified from the reported data. The
workability and its uncertainty are assessed by the discrete event
simulation. The predicted mean value and standard deviation of
CAPEX for the UK offshore wind farms with the monopile foun-
dations show a good agreement with the reported those, while
the conventional parametric model underestimates the mean
value after the consolidation phase and cannot predict the
uncertainty.

The cost reduction scenarios and their uncertainties of offshore
wind farms in Japan are analyzed using the proposed probabi-
listic engineering cost model. The levelized cost of wind energy
can be reduced from 20 JPY/kWh to 17 JPY/kWh, 13.6 JPY/kWh
and 10.1 JPY/kWh by the reduction of installation days, the
turbine enlargement, the improvement of operation and

(2

(3)

20
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maintenance efficiency. The predicted supply prices for each cost
reduction scenario agree well with those reported at the first
auction in Japan. The difference of supply price between Akita
and Chiba sites is explained by the proposed cost model.

In this study, data used to determine the probability distribution of
model parameter are limited, validation and improvement need to be
further investigated.
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