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ABSTRACT The offshore wind resource is very large in many coastal regions, over 80,000 MW capacity in
the region studied here. However, the resource cannot be utilized unless distant offshore wind generation can
be effectively collected and brought to shore. Based on extensive oceanographic, environmental, and shipping
data, a realistic wind energy deployment layout is designed with 160 wind power plants each 500 MW.
The power collection and transmission infrastructure required to bring this power to shore and connect it
to the electricity grid is designed and analyzed. Three types of connection to shore are compared; high
voltage AC to the nearest onshore point of interconnection (POI), high voltage DC with voltage-source
converter (HVDC-VSC) to the nearest onshore POI, and connecting to an offshore HVDC backbone running
parallel to shore that interconnects multiple wind power plants and multiple POIs ashore. The electrical
transmission losses are estimated step by step from the wind turbines to the POI. The results show that such a
large system can be built with existing technology in near-load resources, and that losses in the HVDC-VSC
systems are approximately 1%—2% lower than that in the AC system for a distance about 120 km from shore.

INDEX TERMS Power system

interconnection,

transmission losses, high-voltage alternating

current (HVAC), high-voltage direct current (HVDC), offshore wind power, transmission design.

. INTRODUCTION

Interest in offshore wind power is growing worldwide due
to environmental and energy security concerns and rapidly
declining price. The leading world region, Europe, had built
11,027 MW capacity of 84 offshore wind power plants by
2015 [1]. The resource in U.S. waters has been shown to
be very large. For example, in the shallow Atlantic waters
of the Northeast, proximate to large load centers, offshore
wind could provide all the electricity now consumed by all
Northeast coastal states three times over [2]. Although only
one 30 MW US commercial offshore wind power plant is
in operation as we write in 2017 [3], another 450 MW of
capacity are contracted and recent state commitments by MA

and NY will add an additional 5,000 MW over the next
12 years [4], [S]. Yet there is no plan for the electrical col-
lection and transmission systems that might make most sense
for such large builds. Rather, to date, planning has been based
on each individual offshore wind power plant, independently
linking to the nearest point of interconnection (POI) on land.

This paper begins with an estimate of the resource in
the Atlantic Ocean adjacent to the Transmission System
Operator (TSO) named PJM Interconnection (hence PIM),
the largest US TSO in terms of peak load.! After a detailed

n the US, TSOs are referred to as Regional Transmission Opera-
tor (RTO) or Independent System Operators (ISO). In this paper, the term
TSO is used.
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analysis of ocean uses and depths to establish areas available
and an hourly wind speed analysis over four years, a layout
of individual wind power plants is proposed, power output
is calculated, and alternatives for electrical interconnection
are designed to collect the power and bring it to the shore.
The authors include both academic wind power analysts
and experienced designers and planners from the wind and
transmission industries.

In this paper, three transmission scenarios are compared;
1) using high-voltage alternating current (HVAC), 2) using
high-voltage direct current with Voltage-Source Converter
(HVDC-VSC), and 3) using a combination of HVAC and
HVDC-VSC assuming an HVDC cable that runs parallel
to the coastline. The transmission cable assumed on the
third scenario creates a structure with several offshore wind
projects connected to a straight run, like ribs connected to
a backbone. Connecting wind output over 1,000 km north-
south along this coast, using a backbone structure, has
been shown to greatly reduce offshore wind fluctuations
[6]. Commercially, Atlantic Wind Connection, LLC (AWC)
has designed and proposed such structures including HVDC
backbone for the U.S. Mid-Atlantic [7]. In the third scenario,
this HVDC cable is considered as part of the electric power
transmission, so it becomes the POI.

The contributions of the paper include the following:
a) A realistic ocean space was used, b) wind power instal-
lation almost eighty times larger than any previous study
or design was considered, c¢) the transmission infrastructure
design and the academic analysis were conducted in col-
laboration with designers and planners from the wind and
transmission industries, and d) an HVDC cable, backbone,
running parallel to shore is considered as part of the grid; to
the best of our knowledge there are no previous studies that
considers such a configuration.

The outline of the paper is as follows. Section II is a
literature review, and Section III is a description of the wind
power plant design, including the wind power plant lay-
out and its transmission infrastructure. Section IV presents
the methodology used for the electrical loss calculation of
the transmission infrastructure. The results are described in
section V, while conclusions are presented in section VI.

Il. LITERATURE REVIEW

In the past, most offshore wind farms were connected to the
onshore grid via HVAC cables. As offshore wind power plants
continue to increase in scale and are located further from
shore, designs with HVDC transmission potentially become
optimal because of those longer distances and higher power
levels [8]. According to a 2014 review on challenges and
opportunities in development of offshore wind power [9],
HVDC transmission systems are more attractive and efficient
compared to HVAC system, especially when transmitting
large amount of power in distances over 50 km - 100 km.
A more recent review concludes that an HVDC line (bipo-
lar or tripolar) can transmit from 1.80 to 2.24 more power
compared to the AC line in each case [10]. Another study
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of grid interconnection of offshore wind power plants states
that HVDC offers the following advantages for long dis-
tances (>50 km) [11]:

« power flow is fully controlled,

o AC faults are not transferred to the rest of the network,

« there are no issues of cable charging currents, which for

AC cables reduce the active power rating, and

o DC cable power losses are less.

Several studies have been conducted to compare HVAC
and HVDC transmission systems for hypothetical offshore
wind power plants with somewhat different conclusions.
In [12], HVAC and HVDC interconnections are compared
based on transmission fault simulations in an offshore wind
power plant of 184 MW. All systems recover from a 100 ms
fault, however, during a 625 ms fault the HVAC system was
not able to recover, giving an advantage to HVDC [12].
In [13], wind power plants of 100 MW, 200 MW, and
500 MW are compared with three transmission connection
systems, including HVAC and HVDC. This study found that
HVDC is more economical than HVAC for distances more
than 90 km, for a 100 MW wind power plant [13]. Another
study makes a comparison between HVAC and HVDC [14],
with different distance cutoffs. This concludes that HVAC
is a better choice for wind power plants less than 300 MW
unless very long distances are considered (>200 km) [14].
For more than 300 MW, this study finds the HVDC solution
more feasible with critical distances between the range of
40 km - 60 km (depending on wind farm capacity) [14]. Sim-
ilarly, in [15], HVAC and HVDC are compared, concluding
that for a 400 MW wind power plant HVDC is less expensive
if the distance from the shore is more than 52 km. Another
study calculates the economic decision threshold between
HVDC-VSC and HVAC for a 300 MW offshore wind farm
in two different investment scenarios. If the investor for the
transmission infrastructure and the wind turbines is a different
party (this is the most common scenario), HVAC is preferable
for cable lengths shorter than 80 km and HVDC-VSC for
longer cables. If the investor for the transmission infrastruc-
ture and the wind turbines is the same entity, HVDC-VSC is
chosen for 35 km and higher cable lengths [16].

In [17], HVAC and HVDC system losses are com-
pared, using a wind power plant of 117 MW capacity.
This study finds that the HVAC transmission loss is 12%
more for distance to shore of 150 km, a large penalty in
electric losses [17]. A recent study using forward-looking
designs calculates the losses of offshore wind power plants
for three different transmission topologies: HVAC, HVDC
with a Line-Commutated Converter (HVDC-LCC) and
HVDC-VSC [18]. The wind farm sizes are 500 MW and
1,000 MW and the distances from the shore are 50 km,
100 km, 150 km, and 200 km [18]. The losses were cal-
culated for different submarine cable and converter station
ratings. The losses for a 500 MW wind farm with 200 km
distance to shore, can reach almost 18% for the HVAC
scenario (1 x 400 kV cable) compared with only 6% for
the HVDC-VSC scenario (500 MW converter station) [18].
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For a 1,000 MW wind farm, the maximum losses are slightly
less; they can reach about 15% for the HVAC (2 x 400 kV
cables) and 5.5% for the HVDC-VSC (2 x 500 MW converter
stations) [18]. The HVDC-LCC has less losses compared
to the HVDC-VSC, with both having significantly less loss
than HVAC. Lastly, a 2015 study on transmission losses
of offshore wind farms presents transmission losses under
steady state for a 640 MW offshore wind farm for distances
50, 100, and 159 km [19]. HVAC cables are the main con-
tributors to the total losses in the HVAC configuration [19].
In the HVDC configuration, the converters represent almost
all of the total losses [19].

Older studies analyze wind power plant capacities up
to 1,000 MW. However, as of 2018, the largest offshore wind
power plant in operation is 659 MW and the whole clusters
of farms in the same installation reach 1,000 MW [20]. Since
previous studies consider installations almost eighty times
smaller than today’s new designs, we felt an updated, larger
study was needed.

When transmission is designed in advance for a cluster
of wind power plants, the literature suggests that HVDC
may be preferred; here we propose that an integrated trans-
mission topology solution may be optimal as compared to
each project being developed separately and incrementally
over time. Moreover, all prior studies refer to hypothetical
distances and wind farm layouts, whereas this study is based
on real ocean space configurations and thus the conclusions
may also be of more practical application. Lastly, we do not
find in literature HVDC backbone configurations.

In this study, a realistic ocean space to lay out a very
large-scale offshore wind installation is analyzed, almost
eighty times larger than any prior studies or designs. Three
electrical infrastructure solutions to transfer the power from
the offshore wind power plant to shore are designed. The
transmission losses of all the system components including
substations, converters, cables, are calculated and presented
in electrical power. The calculations include the entire instal-
lation from the wind turbines to the POI.

lll. WIND POWER PLANT DESIGN
A. OFFSHORE WIND POWER PLANT LAYOUT
The offshore wind resource analyzed here is located in the
ocean adjacent to the PJM territory. Wind development is
suggested only where consistent with water depths, environ-
mental parameters, and lack of conflicts with other human
use, per an earlier analysis [21]. The area is delimited by
8 km from shore to minimize visual impact [22], and no
more than 60 m of water depth, to accommodate current and
near-term bottom-mounted technology. Based on a Weather
Research and Forecasting model, the hourly wind speeds
at hub height throughout all the non-excluded areas were
estimated, providing high spatial and time resolution of wind
speeds throughout the region [23].

In an actual buildout, agencies may exclude some areas that
are not excluded in these assumptions, resulting in smaller
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areas than in this analysis. On the other hand, building closer
to shore or using floating structures beyond 60 m depth
would increase the estimated potential resource. Neverthe-
less, as a review of prior offshore wind resource demonstrates,
the methods used here are much more accurate than prior
estimates of the offshore wind resource, most of which sur-
prisingly do not use detailed estimates of either exclusions or
water depth. A map of exclusion areas [21] and remaining
potential wind resource areas can be seen in Fig. 1. This
figure also shows a proposed HVDC transmission line by
AWC [7] running through the area that will be discussed later
in the paper.

——Atlantie Wind Cinnsetion
+ Comverter Swion POl

FIGURE 1. Potential wind power plant development areas. Green
Areas: offshore wind power plants up to 60 m water depth and
excluding use conflicts [17] [24]. Black Lines: HVDC backbone
proposed by Atlantic Wind Connection, LLC [7], with Point of
Interconnections (POls) shown as dots.

Two other studies analyze different aspects of the off-
shore build-out developed in this article, using our results.
In the first, differing build-out levels are used to evaluate
how much offshore wind power can be integrated into PJM,
under varying assumptions [23]. The second [25] finds that
the multipoint HVDC backbone with multiple POIs on land
has a significant dispatch advantage over direct connection
to each POI. The converter station(s) at each POI of the
HVDC backbone can be separately controlled to inject a
needed amount at that point in the network. The present
article analyzes the offshore grid itself, and was used in the
other two studies [23], [25].

The Mid-Atlantic Ocean adjacent to PJM contains approx-
imately 24,700 km? of available space for bottom-mounted
offshore wind power development. The available area is
divided into clusters of wind power plants. Each power
plant has capacity 500 MW (100 x 5 MW turbines).
Fig. 2 illustrates the base layout analysis configuration,
10 rows of 10 turbines, spaced 10 rotor diameters apart in
each direction (10Dx10D). Development of the entire region
is treated as a hypothetical sequential build-out, ordered from
nearer-shore to further away from shore. The wind speed at
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FIGURE 2. Wind power plant layout of 500 MW capacity
(100 turbines x5 MW).
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the center of each plant is used for power calculations. The
total capacity for the whole region, given itemized exclusions,
is about 80 GW. As we finalize this article, typical offshore
turbine sizes have grown from 5 MW to 8 or 12 MW; how-
ever, as spacing is a function of rotor diameter, larger turbines
have minimal effect on the power capacity in GW of a given
ocean area in km? [2].

Rotor spacing is an optimization tradeoff for which greater
spacing reduces wake at the downstream turbine and thus
increases the energy produced, but greater spacing also con-
sumes more ocean space per MW capacity. For example,
to reduce array losses to less than 10%, in a location with
prevailing winds from a single direction, suggested spacing is
8 to 10 rotor diameters apart in the direction of the prevailing
wind and 5 rotor diameters apart in the crosswind direc-
tion [26]. A similar rule of thumb, based on velocity, is that
the ratio of original velocity to downwind one is between 80%
and 90% for distances of 10 and 15 rotor diameters [27].

In this region, prevailing winds are out of northwest or
southwest, thus the turbine alignment should minimize wake
losses in these directions. Because prevailing winds are from
two directions, 90 degrees apart, a simple pattern of rows
perpendicular to the wind does not apply. Here a square pat-
tern aligned north-south is suggested, as it maximizes wake
recovery time along both diagonals in a square of 10 x 10.
The diagonals are 14 rotor diameters apart. The basic layout
shape shown in Fig. 2. An offshore AC substation is placed in
the middle of each wind power plant (Figs. 2). The location of
the substation was a design decision to achieve reliability and
reduce the length and power flow for each one array cable.

The wind power plants are clustered in groups of 2, 4, and
9 depending on the location’s available space. These clusters
are assumed to populate the available area for offshore wind
energy development in the Mid-Atlantic. The layout of the
wind power plants is the same for all scenarios of electrical
transmission infrastructure presented later in this paper. This
is an illustrative layout to calculate losses. In an actual build-
out, shapes of individual wind power plants would vary, and
actual cable layouts would use more rigorous optimization
such as [27]. The capacity factor is conservatively assumed
at 35%.

VOLUME 6, NO. 1, MARCH 2019

B. ELECTRICAL INFRASTRUCTURE

In Fig. 2, the transmission cable layout is shown within each
wind power plant. Five turbines in each row are connected to
the same cable. By connecting five wind turbines to the same
cable instead of ten, higher reliability is achieved, a smaller
cable is required, and, in case of a single fault anywhere
in the row, less generation will be lost. The interconnection
cable voltage is 35 kV, 3-phase, a typical cable today. For the
coming generation of 8- to 12-MW offshore turbines, higher
voltages, such as 65 kV or 69 kV will be optimal for array
cables.

Each wind power plant contains one offshore platform in
the center of the plant with a 35 kV/230kV substation system.
Twenty feeders of 35 kV are connected to each substation.
According to an ABB study [28], by installing one substation
platform per wind power plant, instead of using a single
platform for multiple wind power plants, “‘single point of
failure™ is avoided. In case one platform is shut down, only
500 MW will be lost.

After the turbines and collectors to the offshore AC substa-
tion (35 kV to 230 kV), we analyze three different scenarios,
1) HVAC To Shore POI, 2) HVDC-VSC to shore POI, and
3) HVAC to HVDC-VSC offshore backbone. These are mod-
eled and explained below. Note that in all scenarios, all elec-
trical components, substations and converters, are designed
for storm conditions in the area installed.

Offshore Onshore
AC Substation AC Substation

3sky ISKVIRY a30kv 230KV SV IEy
SOOMW )
l HVAC Cable I rol
= ‘ ‘ ‘

FIGURE 3. One line diagram for the connection of one wind
power plant in the HVAC to Shore POI scenario.

1) HVAC TO SHORE POI

In this scenario, Fig. 3, the wind power plants, after the
first offshore AC substation, are connected to an onshore AC
substation with 230 kV HVAC cables. According to an ABB
study [28] and power engineering collaborators, HVAC at
230 kV is an economically feasible option for US systems.
Choosing a lower kV rate would increase current, as a result
ohmic losses. Choosing a higher rate, e.g. 550 kV would
result in more capacitive reactive power making this option
less practical [28]. The use of a 230 kV submarine cable
was confirmed based on the maximum power generation,
the current rate and the cable specifications.

For this design, an HVAC 230 kV submarine cable is
installed from the offshore AC substations to the shore, where
it changes to an onshore underground 230 kV cable until
reaching the onshore substation. The onshore HVAC cables
are modeled to connect to the PJM interconnection points
close to the cities of New York, Philadelphia, Annapolis, and
Norfolk, with an onshore AC substation which steps down to
local high voltage, in this model, the onshore AC substation
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FIGURE 4. One line diagram for the connection of one wind
power plant in the HVDC-VSC to Shore POI scenario.

POI
_ HVDC Cable _ ©

Offshore Offshore
AC Substation Converter
35kV ISKVI230KY 230Ky AC/DC

S00MwW

HVAC Cable _ | po

HVDC Backbone

FIGURE 5. One line diagram for the connection of one wind
power plant in the HVAC to HVDC-VSC offshore backbone
scenario. Note that two wind power plants are connected to
each converter station.

transforms the 230 kV voltage to a lower voltage, correspond-
ing to the POI grid (e.g. to 69 kV). The POI is assumed
to be just after the onshore substation. This scenario’s one
line diagram for one wind power plant connection is shown
in Fig. 3.

2) HVDC-VSC TO SHORE POI

In this configuration, Fig. 4, the wind power plants, after
the offshore AC substation (35/230 kV), are connected to
an offshore converter via AC transmission cables of 230 kV.
As described by ABB [28], the collector system is still an AC
system. The voltage is stepped up to 230 kV and connected
to HVDC-VSC converter.

The rating of each converter is assumed approximately
1,000 MW [28], therefore two wind power plants are con-
nected per converter. Two poles of HVDC cables, one
+320kV and one —320 kV per converter station, carry power
to an onshore converter station. The maximum power gener-
ation and current rate were compared with the specifications
of the HVDC submarine cable to confirm that the 320 kV is
appropriate.

The POI is assumed to be just after the onshore converter
station. This scenario’s one line diagram for one wind power
plant is shown Fig. 4.

3) HVAC TO HVDC-VSC OFFSHORE BACKBONE

In this configuration, Fig. 5, the offshore 230 kV cable con-
nects an AC-DC converter station located on the HVDC back-
bone, running along the coast. Again, there is one converter
station per two wind power plants, because the converter
maximum capacity is 1,000 MW [28]. The converter stations
are located on the HVDC backbone, thus the step up to
320 kV need not to be aligned with the connection to the POI
ashore. For the 2-plant configuration, one converter station is
used. For the 4-plant configuration, two converter stations are
used. For the 9-plant configuration, five converter stations
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are used. The POI is assumed to be just after the backbone
converter station. The one-line diagram is shown in Fig. 5.

Although the comparison of one-line diagrams of scenar-
ios 1 and 2 is a simple substitution of DC for AC for the
high voltage transmission to shore, in one-line diagram of
scenario 3 the HVDC cable is quite different because it allows
movement of high power north-south along the line with
very low losses. This was illustrated in the map of Fig. 1,
showing one layout for such a system, the planned Atlantic
Wind Connection (AWC) [7]. Atlantic Wind Connection:
Grid Resiliency, Its Economic and Security Impacts, and the
Implications of AWC, overlaid on our areas in which offshore
wind power plants could be built. Whether this line is built
in precisely these locations or not, this analysis uses the
AWC line for an HVAC-HVDC system that has gone through
detailed electrical planning. The AWC capacity would be far
less than the total build-out of the 80 GW resource calculated
here, and as the figure shows, it is aligned more to serve the
shallower, closer to shore wind areas. This could be expanded
in the future with additional lines going through the outer
wind energy areas.

From the backbone, HVDC offshore submarine cables are
assumed to be installed. The AWC HVDC cable is proposed
to be a symmetrical monopole, that is, there is a plus and
a minus conductor, with voltage of £320 kV. There is no
ground return. For this configuration though the losses are
calculated up to the backbone converter.

IV. METHODOLOGY

A. AC CABLE LOSSES

As described by [29], losses can be analyzed as active losses
and reactive losses. Active losses include ohmic and dielectric
losses while reactive losses include capacitive and inductive
losses [29]. Cable ohmic losses are calculated using the power
equation as follows [29]:

2
Pohmic = Neables X Nphases X Imted x R (1)

Lrated 1s the current running through the one phase and R is
the resistance of the cable. The number of phases, 7pj4ses, and
the number of cables, n.4pes, per phases are also considered
in this equation. The current through one phase, rated current,
is calculated by using the formula:

P
Latea = Vx—\/g

where ;404 1s the rated current, P is the power and V is the
nominal voltage. The power (P) used in (2) is calculated as
the 35% capacity factor times the 500 MW wind power plant
capacity times the number of wind power plants per cluster.
When calculating the cable losses within the wind power
plant (35 kV), only the ohmic losses are considered. As noted
above this provides an approximation due to small distances,
with far less calculation effort. A simpler ohmic loss calcu-
lation is used because, for short cable lengths ohmic losses
can give an approximation likely to be no less than 1/2 the

@)
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actual value. Given the large size of this proposed build-out,
the owners may well seek to optimize cable sizes within wind
power plant collector systems. That is, the cable furthest from
the step-up platform would be smaller and increase in size
as each segment between turbines got closer to the platform.
Smaller cable would have higher ohmic losses but the current
flowing through them would be much smaller, and /> x R
would be much smaller yet. Thus, the use of ohmic losses
only is a reasonable approximation for the MV collector
system.

For within the wind power plant, the losses were calculated
for each connection individually, as transmission losses vary
across each row and increase as each additional wind turbine
is connected to the 35 kV cable. The total cable length within
one wind power plant is about 165 km. Therefore, the cables
needed within the power plant to connect the wind turbines
with the substations are 330 km, 660 km and 1485 km for the
2-, 4- and 9-plant respectively.

After the substation 35/230 kV, cables are rated for 230 kV.
For those, the formulas (1) and (2) are applied for the ohmic
losses. Due to the high voltage, the 230 kV cable is treated as
an insulated cable, and not as an ohmic resistance. The dielec-
tric insulation behaves as capacitor, and each time the voltage
direction changes, the electric dipoles are realigned resulting
in losses. This loss is known as dielectric, Pgjeoctric (W/m)
and calculated as follows [29]:

Vims o
Piciectric = Neables X Nphases X f X tand x ( \/§ ) 3)

where C is the cable capacity [F], f is the frequency [Hz],
Vims 1s the voltage rms [V] and fand is the insulation loss
factor, typically around 0.004. The reactive component causes
charging current, which increases with cable distance due
to the cable capacitive and inductive elements. The follow-
ing formulas are used for the charging current (i.) and loss
calculations [29].
P = qiot 4
‘ \/g X Vims X Aeables @
dtot .2
P i = [ s x 3 Roca
0

_ 3 X Neaples X Rae X icz diot3 (5)
12
where ¢,; 1s total reactive power generated by the
cables [VAr], d;,: is the total distance after integration of
variable I and R,,: is the ac resistance [$2/km].
The total reactive power generated by the cables gy,

is calculated as follows [29]:

qrot = |CIL - qC| (6)

where gy is the reactive power produced by inductive
effects [VAr] and gc is the reactive power produced by capac-
itive effects [ VAr]. The formulas of these can be found at [29].

Another way reactive losses are captured is in the capital
cost of the network as the AC export cables are commonly
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TABLE 1. AC cable 230 kV parameters.

Voltage | Current rating | Capacitance | Resistance | Charging Current
(kV) (A) (pF/km) (Ohm/km) (A/km)
[ 230 | 825 [ 0.19 [ 00335 ] 7.4 \

TABLE 2. DC cable 320 kV parameters.

Voltage | Current rating | Resistance
kV) (A) (Ohm/km)
[ (320 ] 1720 [ 00140 |

compensated at shore with inductors to mitigate effects on
the shore network and to hold down the cable voltages.
Long export cables may also need inductance installed on the
offshore AC platform. This drives up capital costs and would
be captured in the design’s fixed costs.

Regarding 230 kV losses, bundles of three conductors per
phase are assumed for each 500 MW wind power plant.
As described above, cable ohmic losses, dielectric losses and
charging current losses are calculated. Table 1 shows the
HVAC loss calculation parameters used in this study [30].

B. AC SUBSTATION LOSSES

The transformer losses consist of iron losses (non-load losses)
and copper losses (load losses). The rule of thumb the indus-
try uses as a value for the substation loss is 0.1% of the input
power entering the substation. In this study, a conservative
loss of 0.4% which is 99.6% efficiency (0.2% non-load losses
and 0.2% load losses) is considered [29].

C. AC/DC AND DC/AC CONVERTER LOSSES

At the HVDC-VSC to shore POI scenario, two converter sta-
tions are used (offshore AC/DC and onshore DC/AC). Each
converter station serves two wind power plants (1,000 MW).
The converter no-load and load losses are 1.3% of the
rated power (no load and load 0.1% and 1.2% respec-
tively) [31]. Different arrangements such as the Cascaded
Two Level (CTL) converters have total losses even less
than 1% [32]. Losses used are based on VSC converter.
The estimates for converter losses presented here include all
losses associated with conversion. The comparison between
HVDC-LCC and HVDC-VSC is out of scope of this study.

D. DC CABLE LOSSES

The HVDC losses include only the ohmic loss component.
This is calculated using Formula (1). The power rate per
cable is approximately 1,000 MW. Based on this limit the
appropriate number of cables per pole is used, and the losses
are calculated accordingly. The parameters are shown in
Table 2 [33]:

V. RESULTS

A. TRANSMISSION LOSSES

The losses for the HVAC to Shore POI scenario are presented
at Table 3. For the distances to the shore, an average is
assumed for each case of 2-, 4- and 9-plant installation based
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TABLE 3. HVAC to SHORE POl losses (Scenario 1).

Power Interconnection | Losses at Losses at Losses at | Average distance Total
capacity losses 36/230kV | 230kV HVAC onshore from POI transmission
substation cable substation losses
MW) (%) (%) (%) (%) (km) (%)
1000 0.068 0.400 3.740 0.400 117.3 4.57
2000 0.068 0.400 3.453 0.400 113.7 4.29
4500 0.068 0.400 4.692 0.400 137.3 5.52
TABLE 4. HVDC-VSC to shore POI losses (Scenario 2).
Power Interconnection | Losses at Losses at Losses at Losses at Losses at | Average distance Total
capacity losses 36/230kV | 230kV HVAC AC/DC 320kV HVDC onshore from POI transmission
substation cable converter cable converter losses
MW) (%) (%) (%) (%) (%) (%) (km) (%)
1000 0.068 0.400 0.204 1.309 0.286 1.330 117.3 3.55
2000 0.068 0.400 0.333 1.310 0.277 1.332 113.7 3.67
4500 0.068 0.400 0.513 1.312 0.303 1.334 137.3 3.87
TABLE 5. HVAC to HVDC-VSC offshore backbone losses (Scenario 3).
Power Interconnection | Losses at Losses at Losses at | Average distance Total
capacity losses 36/230kV | 230kV HVAC | backbone from POI transmission
substation cable converter losses
MW) (%) (%) (%) (%) (km) (%)
1000 0.068 0.400 0.447 1.312 10.6 2.21
2000 0.068 0.400 0.682 1.315 16.2 2.45
4500 0.068 0.400 1.065 1.320 25.2 2.83

on the layout proposed. The transmission losses to the shore
are about 4.3% - 5.5%, while most of the losses occur at
the 230 kV HVAC cable. For the HVDC-VSC to Shore POI
scenario, the results are shown in Table 4. The transmission
losses from the wind power plants to the onshore converter
are approximately 3.6% to 3.9%. The losses for the HVAC
to HVDC-VSC offshore backbone scenario are presented
in Table 5. An average distance from to the converter stations
of the HVDC backbone of each configuration is assumed. The
transmission losses are between 2.2% and 2.8%.

B. COMPARISON BETWEEN SYSTEMS

The study analyzes three configurations in real ocean space.
For the first two scenarios the distances to the POI are equal
and HVDC-VSC is more efficient. In the third scenario, with
an HVDC-VSC backbone transmission line assumed to be
part of the electric grid, the losses are approximately 2.5%.
If we add about 1% for eventual converter losses ashore (plus
a small amount of DC line losses), the two DC configura-
tions are of about equal efficiency. The two HVDC systems
are a little more efficient at the distances of this offshore
resource.

A comparison between the first two scenarios for 4-plant
layout is presented in Fig. 6 for distances between 10 km
and 250 km from the POI. The efficiency crossover distance
is 95 km. The results were similar for 2- and 9-plant layouts.

For HVAC, Fig. 7 shows the losses of the different
HVAC layouts for distances from 10 km to 250 km. Losses
become quite large for longer distances. Losses are similar for
different capacities.
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FIGURE 6. HVAC and HVDC-VSC transmission losses for 4-plant
layout, 1,000 MW, for different distances.
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FIGURE 7. HVAC transmission losses for 2-, 4- and 9-plant
layouts.

For HVDC-VSC systems (Fig. 8), the distance plays a
minor role, since the HVDC cable losses are so low that they
do not show a noticeable increase with distance, as compared
with converter losses or HVAC losses.

Four additional factors would be considered in an actual
choice among these transmission systems. First, cost was
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FIGURE 8. HVDC-VSC transmission losses for 2-, 4- and 9-plant
layouts.

TABLE 6. Power output at POI of the 80GW wind power plant
installation.

Capacity HVAC | HVDC-VSC | HVAC to HVDC-VSC
Installed to Backbone
MW) (MW) MW) (MW)
[ 80000 “ 26603 [ 26942 [ 27257 ]

not analyzed here but is significantly more for HVDC-VSC
systems, so a project analyst could use the losses in this
article and net the efficiency savings against higher capital
cost. Second, the HVDC backbone is only practical with an
HVDC system, due to both charging currents and losses over
longer distances, which leads to two further considerations.
Third, the HVDC backbone has a demonstrated advantage
of considerable smoothing of power output, although that
has been demonstrated only for longer distances [6] than
the shorter PJM coast analyzed here [23]. Fourth, another
advantage of a backbone based on multi-terminal HVDC is
that each POI to shore can be dispatched independently as if
it were a separate power plant. This independent dispatch at
the shoreside POI enables considerable improvement in the
ability to integrate large amounts of wind power by matching
wind power plant output to local electric network needs [25].

Given these multiple considerations of cost, efficiency,
wind smoothing and improved integration, a cost versus ben-
efits comparison of these systems is beyond the scope of this
analysis. Rather, we have provided a plausible system topol-
ogy and equipment needed, for an offshore wind transmission
system much larger than any currently designed or studied.
We also have calculated efficiency losses to define the scope
of the problem and provide a basis for future analyses such
us [23], [25].

The comparison of results in power transmitted by the
whole installation are shown in table 6. The difference in
output between HVAC and HVDC-VSC is about 300 MW,
while between HVAC and HVAC to HVDC-VSC to Back-
bone about 600 MW. The two HVDC systems are better than
the HVAC, with the backbone system output approximately
300 MW higher than the HVDC-VSC.

C. RESULT VALIDATION

The above results are consistent with previous related work.
More specifically, [17] finds HVAC losses about 5% and 19%
for distances 50 km and 150 km respectively, however the

VOLUME 6, NO. 1, MARCH 2019

results are for a small-scale wind power plant of 117 MW
capacity. For the same wind power plant, the HVDC losses
are approximately 4.5% [17]. According to [34], configura-
tions of 1,000 MW wind power plants using HVAC show
losses in the range of 1.3% (50 km) to 7.3% (200 km), while
when using HVDC only, the losses are from 2.4% (50 km)
to 3.3% (200 km). Lastly, the study [16] finds that for a
1,000 MW wind farm, using 2 x 220 kV AC cables, the losses
are 1.96% for 50 km and 7.58% for 200 km. For the HVDC-
VSC scenario, for a 1,000 MW wind farm, the losses are
approximately 4% and 5.5% for 50 km and 200 km respec-
tively [18].

The HVAC and HVDC results from our analysis are consis-
tent with the losses from above studies, however, we believe
that no prior work compares standard topologies to a back-
bone, running parallel to shore as part of the grid, nor have
prior works analyzed a realistic resource of this scale.

VI. CONCLUSION

This study uses a more careful mapping with an advanced
meteorological model for more precise wind speeds, and
considers ocean use conflicts, to produce a map of the off-
shore wind resource adjacent to PJM. This article analyzes
a set of potential wind power plants, including areas not yet
permitted but potential given water depths and minimizing
other use conflicts, for a total of 80 GW capacity. In this study
sample wind power plant configurations are designed, along
with the system of cables and transformers that would carry
power to shore. From the specified cables and converters,
the power loss from an HVAC, an HVDC-VSC and an HVAC
to HVDC-VSC offshore backbone transmission system is
calculated in detail. The two HVDC-VSC solutions have
fewer losses at the distances of the system analyzed here.

To summarize the contributions of this study, a realistic
ocean space available for development is analyzed, using
real distances from the wind power plants to the POIs.
Three different transmission scenarios, HVAC to shore POI,
HVDC-VSC to shore POI and HVAC to HVDC-VSC to
offshore backbone are compared. The lattermost allows large-
scale developments of offshore wind power plants and can be
technically superior, but only makes sense when analyzed at
a scale greater than a single project. If project design is done
one at a time by each developer, an HVDC backbone would
never make sense. Although this work focuses on a case of a
large-scale offshore wind build-out in the US, this approach
and methodology can be adapted to any location. This study
is a result of academia and industry collaboration, includes a
plausible topology, equipment needed, and transmission loss
analysis, and provides a practical basis for future analysis.
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