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Abstract—For a cost-effective connection of large-scale long-
distance wind energy, a low frequency alternating current (LFAC)
transmission scheme (16.7 Hz or 20 Hz) is proposed as an alterna-
tive to the conventional high voltage alternating current (HVAC)
transmission scheme (50 Hz or 60 Hz) and the recently popular
high voltage direct current (HVDC) transmission scheme (0 Hz).
The technical feasibility of the LFAC system is demonstrated
but the basis for identifying the distance ranges for which LFAC
would be preferable to HVAC and HVDC are not established and
the dependence of this range on factors, such as power transfer
rating, voltage rating and cable/line type, is not investigated.
This paper presents an in-depth analysis for the overall cost
of LFAC system and then provides an extensive comparison
with HVAC and HVDC, to explore the distance ranges over
which LFAC is cost-effective over both HVAC and HVDC in
connections of offshore and remote onshore wind energy. The
results demonstrate that the LFAC system does possess ranges
in the intermediate distance for which it is more cost-effective
than both HVAC and HVDC, and its overall cost advantage is
generally larger in the overhead line (OHL) connection of remote
onshore wind energy than the cable connection of offshore wind
energy.

LFAC,

Index Terms—Cost-effective ranges, overall cost

analysis, wind energy.

NOMENCLATURE
A. Acronyms
C Overall Cost.
CC Capital Cost.
CBC Cable Cost.
CPC Compensation Cost.
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CSC
FFTS
HVAC
HVDC
LC
LFAC
OHC
OHL
RC
RCC
RLC
RMS
TC
TCC
TLC
VSC

Current Source Converter.
Fractional Frequency Transmission System.
High Voltage Alternating Current.
High Voltage Direct Current.

Power Losses Cost.

Low Frequency Alternating Current.
Overhead Line Cost.

Overhead Line.

Route Cost.

Route Capital Cost.

Route Power Losses Cost.

Root Mean Square.

Terminal Cost.

Terminal Capital Cost.

Terminal Power Losses Cost.
Voltage Source Converter.
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Base cost for VSC-HVDC offshore platform and
plant (25 MX£).

Base cost for HVAC offshore platform and plant
(5 M¥).

Energy average price (50 £/MWh).

Power factor of HVAC system (1.0).

Cost factor of transformer number or converter
number per platform (0.2).

Offshore compensation cost (0.025 M£/Mvar).
Onshore compensation cost (0.015 M£/Mvar).
Project time (15 years).

Variable cost for VSC-HVDC offshore platform
and plant (0.109 M£/MVA).

Variable cost for HVAC offshore platform and
plant (0.045 M£/MVA).

Operation factor (0.231).

Offshore HVAC transformer plant efficiency
(99.4%).

Offshore VSC-HVDC converter plant (rectifier
with transf.) efficiency (98.28%).

Onshore HVAC transformer plant efficiency
(99.4%).

Onshore VSC-HVDC converter plant (inverter
with transf.) efficiency (98.19%).
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Onshore CSC-HVDC converter plant (inverter
with transf.) efficiency (99.12%).

ﬁonsCSC

C. Variables

C Subsea cable shunt capacitance per kilometer
(F/km).

cc Subsea cable cost per set including supply and
installation (k£/km).

Co Onshore OHL cost per set including supply and
installation (k£/km).

fn Operation frequency (Hz).

Ien Capacitive charging current in subsea cable (kA).

I Subsea cable nominal current (kA).

Ion Onshore OHL nominal current (kA).

Tqoft Offshore compensation current (kA).

L Onshore OHL series inductance per kilometer
(H/km).

le Subsea cable length (km).

lo Onshore OHL length (km).

ne HVAC transformer number per platform.

nr VSC-HVAC converter number per platform.

nee Number of subsea cable parallel circuits.

nec, Number of Onshore OHL parallel circuits.

P, Active power transfer capability in subsea cable
(MW).

P, Active power transfer capability in onshore OHL
MW).

Py Stability limit in onshore OHL (MW).

P Thermal limit in onshore OHL (MW).

Q. Reactive power produced by capacitive charging
current (Mvar).

Qoft Offshore compensation power (Mvar).

Qons Onshore compensation power (Mvar).

re Subsea cable resistance per kilometer (2/km).

To Onshore OHL resistance per kilometer (£2/km).

Sc Apparent power in subsea cable (MVA).

Str Power transfer rating (MVA).

Ven Subsea cable nominal voltage (kV).

Von Onshore OHL nominal voltage (kV).

X, Onshore OHL series reactance per kilometre
(Q/km).

I. INTRODUCTION

IND is regarded as one of the most important renew-
Wable energy resources throughout the world [1]-[3].
The total penetration of wind generation in some countries has
already exceeded 20% of their total capacity [4]. It has also
been determined that wind resources are often best installed

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

in offshore or remote onshore areas [5], [6]. For instance, the
offshore wind farm generation in Europe is approaching 25
GW as of 2020 and is planned to reach 70 GW by 2030 [7],
and the largest wind farm station in the world, which is located
in Jiuquan, China (remote onshore area), has already reached
10 GW capacity [8]. These large-scale wind farms are usually
far away from the metropolitan load centers, and this fact has
prompted a greater effort to advancing cost-effective long-
distance transmission technologies in connection with wind
energy [9], [10].

High voltage alternating current (HVAC) and high voltage
direct current (HVDC) systems, illustrated in Fig. 1 and Fig. 2,
have been commercialized for this use in both subsea cable
form in connection with offshore wind energy and overhead
line (OHL) form in connection with remote onshore wind
energy [11]-[14]. The overall cost of a wind energy connection
system is usually partitioned into the terminal cost and route
cost for analysis and comparison [15]-[18]. A HVAC system
has the advantage of relatively inexpensive terminal costs,
whereas a HVDC system has an expensive power converter
plant at each terminal. The route cost in a HVAC system rises
much more sharply with distance than that in a HVDC system
because of the different transmission capability limits in the
AC and DC use of cables and OHL. Over short distances,
a HVAC system is favored for its lower terminal costs but
beyond some threshold distance, the advantages of lower route
costs favors the HVDC system. The cross-over distance for the
overall cost of HVAC and HVDC systems is reported to be in
the region of 80 km [19]-[21] for a subsea cable system and
700 km for a remote onshore OHL system [22], [23].

However, the technology choice for HVAC or HVDC on
a distance basis is not yet definitive. For example, the very
recent practical wind farm projects of Hornsea [24], [25] and
Dogger Bank [26], [27] made different choices (Hornsea chose
HVAC while Dogger Bank chose HVDC) although they are
located in the same area of the North Sea with almost the same
power rating. This could raise a general equation whether there
exists a third technology choice with cost advantages over
both HVAC and HVDC for some distance ranges, which may
further lower the wind energy price and increase wind energy
penetration in the future.

The low frequency alternating current (LFAC) system [28]—
[30], or alternatively, fractional frequency transmission sys-
tem (FFTS) [31]-[34] was proposed in the 1990 s, and its
structure for a wind energy connection is shown in Fig. 3.
The operational frequency in a LFAC system is usually set at
16.7 Hz or 20 Hz, which is one third of the standard system
frequency (50 Hz or 60 Hz) for HVAC. Because of the lower
frequency, although the transformer volume tends to increase,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| 50/60 Hz 3
Generator) \—— \ /
Centre : / | ——
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End ! HVAC System ! End

Fig. 1. Structure of HVAC system.
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Fig. 2. Structure of HVDC system.
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Fig. 3. Structure of LFAC system.

a LFAC system suffers less effects from cable shunt capacitive
susceptance or OHL series inductive reactance than a standard
HVAC system and so it makes for a more cost-effective use of
the cable or OHL. In the case of a wind farms connection, only
one AC-AC power converter plant is required as an interface
between the LFAC system and the standard electrical network
to realize frequency conversion. Therefore, the LFAC system
could incur lower terminal costs compared to a HVDC system,
and the maintenance costs would also be significantly reduced
with the removal of an offshore converter station. Moreover,
the voltage stability would be improved since the sensitivity
of voltage on reactive power variations is diminished in a
LFAC system [35]. Furthermore, a multi-terminal wind energy
system could be built relying on LFAC since the protection
scheme inherited from the HVAC system has been maturely
designed, which is difficult to realize with a HVDC system
due to the lack of cost-effective DC breakers. The technical
feasibility of a LFAC system has been intensively studied [35]-
[38] over the last decade and a laboratory prototype of a
LFAC system has also been successfully demonstrated [39],
[40]. Cost analysis and comparisons for a LFAC system also
received some attention [41]-[43] in recent years but not to the
degree needed to properly estimate its cost-effective distance
ranges [44]-[46] in connection with wind energy.

It is postulated that a LFAC system would have a lower cost
than either HVAC or HVDC systems for some intermediate
range of distances straddling the threshold distance between
HVAC and HVDC. This is on the basis that a single power
converter at one end will provide a lower terminal cost than an
HVDC system (but higher than an HVAC system) and better
cable or OHL use will give a lower route cost than an HVAC
system (but higher than an HVDC system) [46]-[48]. Figure 4
illustrates the overall cost against distance for HVAC, HVDC
and three possible cases of LFAC systems. Although all the
LFAC cases have terminal costs and unit route costs between
those of HVAC and HVDC systems, whether the distance
range that exists with the optimal choice of LFAC would also
be affected by the power ratings and connection forms has
not been determined. In cases 1 and 2, the overall cost of
LFAC crosses the overall cost of HVAC before crossing the

»
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Fig. 4. Three basic possibilities for LFAC overall cost.

overall cost of HVDC and so the LFAC system has a cost-
effective range over which it is cheapest. However, in case 3,
the overall cost of LFAC first crosses the overall cost of HVDC
and then there is no distance for which it is the preferred
choice. Therefore, knowing that the terminal costs and unit
route costs of the LFAC system lie between those of the HVAC
and HVDC systems is not sufficient to establish whether a
LFAC scheme has or has not the cost-effective range, let alone
identifying the cost-effective distance range for different power
ratings with different connection forms. A careful analysis of
the overall cost of a LFAC system is required and a thorough
comparison with HVAC and HVDC is also needed to bridge
this knowledge gap, which can make a good contribution in
the future choice of cost-effective technology in connection
with large-scale offshore and remote onshore wind energy.
So far, few studies have illustrated the cost estimation for
the LFAC based wind energy transmission system. In this
paper, an in-depth analysis for the overall cost of a LFAC
system is presented and an extensive comparison with HVAC
and HVDC is further provided to allow estimation of the
cost-effective distance ranges of LFAC over both HVAC and
HVDC in connection with offshore and remote onshore wind
energy. First, the overall cost of a LFAC system is decomposed
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into constituent parts of terminal and route costs and further
decomposed into capital and operational costs. Then, detailed
analysis of each constituent cost follows with a derivation of
equations specific to a LFAC system, and cost parameters are
estimated from the most similar equipment used in HVDC and
HVAC projects since there is an absence of commercial LFAC
projects that can provide cost data. Lastly, the cost estimation
process considers different choices of operating voltage and
numbers of parallel conductors for each distance in order
to meet the specified power transfer at minimum cost and
finally provide a fair comparison for these three connection
systems. The results demonstrate that a LFAC system does
possess a cost-effective distance range over HVAC and HVDC
systems in the intermediate distance for both connections of
offshore and remote onshore wind energy, and its overall cost
advantage is generally larger in the OHL connection of remote
onshore wind energy than the cable connection of offshore
wind energy.

II. DECOMPOSITION OF OVERALL COST

An all-inclusive analysis of overall cost for a large-scale and
long-distance wind energy connection system is complex to
conduct in analytical form since many detailed practical factors
in the system would need to be taken into consideration and
the analysis would become intractable [15], [21]. For a new
technology choice, such as a LFAC system, this is complicated
by the absence of full-scale demonstration projects which
will have resolved some of the implementation details and
established design limits. To make the overall cost analysis
both feasible and widely applicable, some minor factors in
the whole connection system have to be neglected [18], [49],
[50] and the cost data of individual items needs to be estimated
in broad terms from whatever real practical projects provide
a reasonably close data point [51], [52].

It is common to separate out the terminal cost (7C) and
route cost (RC) as the major factors in an estimation of
the overall cost (C) for a wind energy connection system.
The terminal cost is independent of distance while the route
cost is a function of distance. Table I lists the cost of each
constituent of HVAC, HVDC and LFAC systems under the

headings of TC and RC with reference to Fig. 1-Fig. 3. The
descriptions are for an offshore cable connection case with
alternative descriptions for a remote onshore OHL connection
case given in brackets. The overall cost (C) of a wind energy
connection system can also be separated into capital cost (CC)
and the capitalized cost of operational power losses (LC). The
capital cost is relevantly independent of system operational
years while power loss cost is a function of operational years.
Thus, the overall cost could be further decomposed as terminal
capital cost (TCC), terminal power loss cost (TLC), route
capital cost (RCC) and route power loss cost (RLC). Fig. 5
shows these two decomposition directions and illustrates the
relevant relationships between these constituent costs, and each
constituent cost will be discussed and analyzed in detail in the
next two sections.

III. ANALYSIS AND ESTIMATE OF THE COST-EFFECTIVE
RANGE FOR OFFSHORE CABLE CONNECTIONS

By interpreting each constituent cost in Table I for off-
shore cable connections in terms of Fig. 5 reveals that TCC
consists of the offshore platform and plant cost (T'CCoyg )
and onshore plant cost (T'C'Cyys ), TLC consists of offshore
plant power loss cost (I'LCy ) and onshore plant power loss
cost (T'LCyys); RCC consists of the cable cost (CBC) and
compensation cost (CPC), and RLC is the subsea cable power
loss cost.

CcC LC

Il

Il .
4

| .

a+.°

TC = TCC ) + TLC Sum
+ +
C = RCC ) + RLC
Sum

Fig. 5. Decompositions and relationships between constituent costs.

The cost analysis for each constituent in the two established
technologies, HVAC and HVDC systems, can draw on the

TABLE I
DECOMPOSITION OF OVERALL COSTS IN HVAC, LFAC AND HVDC SYSTEMS FOR OFFSHORE CABLE CONNECTIONS (WITH VARIATIONS FOR
REMOTE ONSHORE OHL CONNECTIONS IN BRACKETS)

Terminal cost (7C)

Route cost (RC)

System . . Terminal Power . Route Power Losses

Terminal Capital Cost (TCC) Losses Cost (TLC) Route Capital Cost (RCC) Cost (RLC)

Offshore (remote-end) step-up transformer Offshore (remote-end) transformer

plant and platform (compound). Onshore Cables (or OHL) and  plant power losses. Onshore Cables (or OHL) power
HVAC .

(load-end) step-down transformer plant compensation. (load-end) transformer plant power losses.

and compound. losses.

Offshore (remote-end). converter plant and Offshore (remote-end) AC-DC

platform (compound) including valves, converter plant power losses Cables (or OHL) power
HVDC transformers and filters. Onshore Cables (or OHL). p p o i P

. . Onshore (load-end) DC-AC losses.
(load-end) converter plant including
converter plant power losses.

valves, transformers and filters.

wanstormes plant and pltform Offshore (remote-nd) L
LFAC (compound). Onshore (load-end) AC-AC Cables (or OHL) and  transformer plant power losses. Cables (or OHL) power

. . compensation.
converter plant including valves, P

transformers and filters.

Onshore (load-end) AC-AC losses.

converter plant power losses.
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published estimation methods and practical cost data. This also
serves as an important starting point for the analysis and esti-
mation for the LFAC system. It should be noted that voltage-
source-converter HVDC (VSC-HVDC) is the preferred DC
option in connection with offshore wind energy so that an
isolated AC grid can be formed for the wind turbines.

A. Cost Analysis and Estimate in HVAC and VSC-HVDC
Systems

Examining cost data obtained from commercial projects
shows that the terminal capital cost for HVAC and VSC-
HVDC systems can be approximately estimated by the empir-
ical formula as in (1)—(4) [52]-[56]. For ease of reference, the
descriptions for all the variables and relatively assumed values
in this paper have been summarized in the Nomenclature
section and all the variables will also be described after the
specific equation for clarification.

TCCoiivac = Br + [1 + fr-(nt —2)]- Vo - Str (D

TCConsuivac = 0.02621 87" ™" )
TCCoivscuvoe = Be + [1+ fc - (ne —2)] - Ve - Str (3)
TCC onsvscuvpe = 0.08148Str 4)

where Bt and Bc are the base costs for HVAC and VSC-
HVDC offshore platform and plant, V1 and V(. are the variable
costs for HVAC and VSC-HVDC offshore platform and plant,
nt and nc are the HVAC transformer number and VSC-
HVDC converter number per platform, fr and fc are the
cost factors for transformer number and converter number per
platform, Sty is the transfer power rating.

The capitalized cost of power loss is an accumulated value
over an operational time and dependent on an energy price.
The power loss cost of the offshore plant and onshore plant
for HVAC and HVDC systems are calculated by (5)—(8)
respectively [57]-[61].

TLC oivac = Str - F - (1 — Yoprr) - Tp-0op - &)
TLC onavac = Stt - F - Yotrr-Icnvac - (1—=Tonst) - Tp-dop (6)
TLC otivscuvpe = Str - F' - (1 — Yofic) - Tp-dop - E @)
T LC onsvscuvpe = Str - F - Dotic-¥cvschvpe:

(1 = Yonsc) - Tp-0op - E ®)

where F' is the power factor for transmission, Yogr and
YonsT are the efficiencies of an offshore and onshore HVAC
transformer plant, J,gc and Jonec are the efficiencies of an
offshore VSC-HVDC converter plant (rectifier with trans-
former) and onshore VSC-HVDC converter plant (inverter
with transformer), Ycpvac and Yevscuvpe are the efficiencies
of HVAC and VSC-HVDC cables, Ty, is the project time, dqp
is the operational factor and F is the energy average price.

Combining (1), (2), (5), (6) and (3), (4), (7), (8) with the
assumption values listed in the Nomenclature, the terminal cost
of the HVAC and VSC-HVDC systems are estimated as (9)
and (10) respectively.

TCuvac = TCCuvac + T LCuvac = TCCottavac+

TCConsuvac + TLCoiimvac + T'LC onstvac
= 5+ 0.045577 + 0.02621 5% 13 4

0.00911Stt + 0.00906STT-VCHVAC 9)
TCvscuvpc = T'CCyscuvpe + T LCvscuvpe
= T'CClusvscuvpe + T'CConsvscavpe+
T LC ogrvscuvpe + T'LC gnsvscavpe
=254+ 0.11571 + 0.08148S5 1t + 0.02610S511+
0.027015tr-Ycvscuvpe (10)

To estimate the cable cost and compensation cost in a stan-
dard HVAC system, the cable transmission capability needs
to first be analyzed. Shunt capacitive susceptance is the key
parameter limiting active power transfer in a subsea cable, and
the reactive power produced by capacitive charging current is
expressed as (11).

V3

where (). is the reactive power, V¢, is the subsea cable nominal
voltage, f, is the operational frequency, C' is the subsea cable
shunt capacitance per kilometre and [. is the subsea cable
length.

Splitting the reactive power compensation evenly between
the two ends of the subsea cable makes available most of the
capacity for active power use [21], [51], [62], [63]. On this
basis, the cable transmission capability is given by (12), and
the compensation cost in the HVAC system can be estimated
by (13). With the distance increasing, the cable transmission
capability in the HVAC system will decrease and the required
compensation power and compensation cost will increase.

2
Pc: \/ SCQ_Qofo = HSC2_ (%)

V 2
Qc=3< > 2 f Cole=Ve? 20fp - C -1 (11)

(12)
2 1
= \/<\/§Vcnlcn) - i (‘/cn2 : 27Tfn -C- ZC)Q
CPCuvac = QC - Qoinvac + QC o5+ QonsHvac
_ QCHVAC QCHVAC
= Qcoff ' 2 + Qcons ’ 9 (13)

— QCoff + Qcons
2

where P, is the active power transfer capability in the subsea
cable, S, is the apparent power in the subsea cable, Q) is the
offshore compensation power, I, is the subsea cable nominal
current, QC and QC |, are the offshore and onshore com-
pensation costs, Qo and Qs are the offshore and onshore
compensation powers.

The parameters of the common cables for a HVAC system
are listed in Appendix Table I. The capital costs and power
loss costs of HVAC cables are calculated by (14) and (15)
respectively, and its efficiency in transmission is expressed in
(16).

'chn2'277fn'c'lc

CBCHVAC = Cc - lc * NCe (14)
2
Sy F -4
RLCuvac = 3| =00 ) e -l - e - Tpdop B
nee - 3\;%
Str - F - Josrr 2"ﬂc'lc
= T 00 B 15
( Ven nce prop (15
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2
Spp - F - Oogrr — (w) rele

cn nce

Yenvac =

Str - - Dogrr
—1_ Str QﬁoﬁT ) T - e (16)
‘/cn nce

where ¢, is the subsea cable cost per set including supply and
installation, nc. is the number of subsea cable parallel circuits,
r. is the subsea cable resistance per kilometer.

A VSC-HVDC system has an advantage in active power
transfer over HVAC since a DC system can utilize the peak
value of voltage continuously whereas the root-mean-square
(RMS) value of voltage that sets the AC power is a factor of
V2 less than the peak value. Moreover, there is no capacitive
shunt current in the DC cable transmission, which enlarges the
advantages in active power transfer for smaller cable cost and
also avoids the compensation cost.

The parameters of the common VSC-HVDC cables are
listed in Appendix Table II, and (14) can also be used to
calculate the cable capital cost. The power loss cost of VSC-
HVDC cables and its efficiency in transmission are given in
(17) and (18).

Str- F - Ooc \
RLCvscuvpe = 2(m> re - le - nce - Tpdop B
(Y cn
Ser - F - e \ 27 - 1
N ( - Ven OHC) 2Cnc: ool (A7)
2
Str- F - done — ((Smefrtnc ) el
YJevscHvpe = @ il
Str - F' - Joic
:175TT.F'190ffC.7ﬂc'lc (18)
Vcn2 2nc,

Combining (14)-(16) and (17), (18) with the assumption
values in the Nomenclature, the route costs of HVAC and
VSC-HVDC systems are estimated as shown in (19) and (20)
respectively.

RCyvac = RCChyvac + RLChvac
= CBCuvac + CPCuvac + RLCyvac

= le-nce +0.02Ven2 - 210f - C - Lo+

51767 (0.9945TT)2 e e 19)
Ven nece
RCvscuvpe = RCCyscavpe + RLCvscuvpe
= CBCvscnvpc + RLCyscuvpe
=ccle-ne.+
2
0.75884 - (0'9835”) el )

With (9), (10) and (19), (20), the estimations of the overall
costs for HVAC and VSC-HVDC systems are obtained as
shown in (21) and (22).

Crvac = TCrvac + RCuvac = 5+ 0.0455tr+
0.02621 81" "% 4+ 0.00911Srr+
0.994S11? e - e
2TT ) i

‘/cn nee

Ce -l - nce +0.02Ve% - 2 f, - C - I+

0.00906 - (STT -

0.9945TT>2 el o

Ven
Cvscavpc = T'Cyscuvpe + RCvscavpe
=254+ 0.115tr + 0.08148S5tt + 0.02610S511+
0.49251% e -l
2 ’ +
‘/cn nce

1.51767 - <

nee

0.02701 - <STT -

0.9835%)2 e -l

Ce - le *mee +0.75884 - ( v

nee

(22)

B. Cost Analysis and Estimate in a LFAC System

Because there have been no commercial LFAC example to
date in connection with wind energy, the capital cost of a
LFAC system needs to be analyzed and estimated from the
equipment in practical HVAC and VSC-HVDC projects that
most closely correspond to the LFAC case.

First, on a basic view of flux and current densities, the
core cross-sectional area of low frequency (LF) step-up trans-
formers is expected to be three times larger than that of a
HVAC system. However, consideration of the thermal design
and insulation/bushing requirement leads instead to the view
that an LF transformer could be only about /3 times of the
size and weight of the standard frequency transformer in an
HVAC system [30], [43], [64]. Here, the base and variable
costs of the offshore platform and plant for a LFAC system
are assumed to be /3 times of those for a HVAC system and
the capital cost of the LFAC offshore terminal is estimated by
(23).

TCCoerFAC:\/gBT+[1+fT - (nr—2)] - V3Vr-Str (23)

Second, there are several possible technology options for
the onshore AC-AC converter plant for a LFAC system [65],
[66], such as cycloconverter [67]-[70], back-to-back modular
multilevel converter [71]-[73] and modular multilevel matrix
converter [74]-[77], but the choice for most cost-effective
technology would be the thyristor-based cycloconverter. The
circuit topology, power device number and passive component
value of these AC-AC converters are a reasonably close match
to the thyristor-based DC-AC converter from a CSC-HVDC
(current source converter HVDC) system. The onshore plant
cost in a LFAC system should be comparable to that of a CSC—
HVDC onshore station and an empirical formula of which
could be used for the estimation for LFAC onshore plant
cost [15], [59], [78] is suggested in (24).

TCConsirac = T'CConscscuvpe = 0.05926. 51t (24)

For the capitalized cost of power losses in a LFAC system,
it can still use (5) and (6) to analyze and estimate the offshore
power loss cost and onshore power loss cost respectively with
the corresponding efficiency adjustments for offshore a LF
transformer and onshore AC-AC converter.

The LF transformer volume is about v/3 times the volume
of a standard frequency transformer but the core losses per unit
volume would be reduced at low frequency operations. Based
on the theoretical analysis and simulation results in [43], [64],
the efficiency of a LF transformer would be very close to a
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standard transformer efficiency. For the efficiency of the on-
shore AC-AC converter, practical efficiency data of a thyristor-
based DC-AC converter in a CSC-HVDC system [59], [79]
could be used based on the same analysis for (24).

With these assumptions and relative efficiency data given
in the Nomenclature, the terminal cost estimation for a LFAC
system is presented in (25).

TCreac = TCCrpac + T LCieac
= TCCourac + TCConsrac+
TLC sstirac + T LC onsLrac

= 5v/3 + 0.045v/3Str + 0.05926 517+

0.00911Stt + 0.01303St1r-ICLEAC 25)

For the compensation cost in a LFAC system, it can be seen
in (11) that the reactive power produced by charging current is
proportional to the operational frequency and so the required
compensation power and compensation cost in a LFAC system
will be theoretically one third of that in a HVAC system based
on the analysis in (13).

The unit price of the subsea cable for a LFAC system is
assumed to be the same as the same physical cable for a HVAC
system but because of the reduced charging current and skin
effect in the cable, it will have a larger transmission capability
in a LFAC system than in a HVAC system. The results of a
simulation and experiment [36], [80]-[82] on subsea cables
identified parameters for a LFAC system are presented in
Appendix Table III. The cable capital cost, power loss cost
and cable efficiency calculation can follow the formulas in
(14)—(16) with the corresponding parameter adjustments for a
LFAC system, and its route cost estimation is given as (26).

RCipac = RCCreac + RLCypac
= CBCLpac + CPCLpac + RLCLpac
=ce-lo-nce +0.02 Vo2 - 21f - C - I+

0.994577 >
Ven ) '

With (25) and (26), the estimation of the overall cost for
LFAC system is obtained in (27).

re - e

151767 ( 26)

nce

Crrac = T'Crpac + RCLpac
= 5v/3 + 0.045v/3Srr + 0.00911 S+
0.99451% 1 - le
2TT ) T ) +
Vch nce
e+ le -nee +0.02Vn2 - 27 f - C - I+
0.994STT>2 Te - e

nee

0.01303 - (STT -

151767 - ( @7

cn

C. Case Study for Lower Power Rating Connection

This first case study will examine a relatively low power
connection case of 0.6 GW. For AC schemes (both HVAC
and LFAC), it is necessary that at each distance the choice
of voltage rating and cable current capacity (including use of
parallel circuits) is re-examined and a minimum-cost choice
made from the options available. In this study, the available
cables are described in Appendix Table I for a HVAC system

and Appendix Table III for a LFAC system. The analysis in (6)
shows that the transmission capability of a HVAC or a LFAC
cable system will fall off with the increasing distance. This
is illustrated in Fig. 6 with the cable parameters in Appendix
Table I and Appendix Table III. It can be seen in Fig. 6 that a
LFAC system has a significant advantage over a HVAC system
in terms of usable distance of a given cable based on the
reduction in charging current and skin effect. For a HVDC
scheme where charging current and reactive power do not
apply, the cable transmission capability would not decrease
with the increasing distance and so a given cable can be used
over any distance for its rated transfer power.
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Fig. 6. Transmission capability of some common cables in HVAC and LFAC
with even compensation in both ends.

Table II records the minimum-cost choices of cable made
for distances up to 240 km, which is taken as the likely upper
limit on offshore wind farm connections [83]-[87]. Different
cable selections are made for a HVAC system to achieve the
minimum cost for each distance. It is worth noting that the
minimum cost selection yields the same cable for a LFAC
system for all distances up to 240 km in this lower power
connection case, but different cable selections will appear
when power rating increases, which will be presented in the
next sub-section.

The analysis in (19) and the cable choices in Table II were
used to estimate the overall cost of a 0.6 GW HVAC offshore
cable connection and the results are plotted in Fig. 7 for the
distance ranges 0-240 km. The terminal cost is 46. 1 M£, and
the route cost per unit rises rapidly with the increasing distance
from 1.78 M£/km to 3.76 M£/km. The breakdown of terminal
capital cost (TCC), route capital cost (RCC) terminal power
loss cost (TLC) and route power loss cost (RLC) are provided
in Fig. 8, and the detailed data for these constituent costs are
given in Appendix Table IV. To validate the estimated costs
in Fig. 7, the overall costs of two comparable connections
that have been realized in practice, the 0.3 GW Capri—Torre
Annunziata Interconnector in Italy and the 0.4 GW Kriegers
Flak Combined Grid Interconnector between Denmark and
Germany, were obtained from [88]-[91] and plotted as points
P1 and P2 respectively, which, while not strictly validating the
results, give reassurances that the overall cost estimation for
the HVAC system are reasonable.
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TABLE 11
CABLE CHOICES FOR 0.6 GW CONNECTION CASE

System Distance (km)  Voltage (kV)  Size (mm?)  Capability per circuit (GW)  Number of circuits (1)
0-65 400 1000 0.646-0.604 1
65-80 400 1400 0.639-0.603 1
80-120 220 800 0.320-0.300 2
HVAC 120-150 220 1000 0.321-0.299 2
150-200 220 630 0.255-0.205 3
200-215 220 800 0.225-0.203 3
215-230 132 800 0.158-0.150 4
230-240 132 1000 0.157-0.151 4
LFAC 0-240 400 800 0.733-0.685 1
VSC-HVDC  0-240 + 300 1000 0.986 1
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Fig. 9. Overall cost estimate of a 0.6 GW VSC-HVDC system (P1: 1
Fig. 7. Overall cost estimate of a 0.6 GW HVAC system (P1: 0.3 GW  GW ElecLink Interconnector between UK and France; P2: 0.7 GW Kontek?2

Capri-Torre Annunziata Interconnector in Italy; P2: 0.4 GW Kriegers Flak
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Fig. 8. Constituent costs of a 0.6 GW HVAC system.

Cost estimation for 0.6 GW VSC-HVDC offshore cable
connection were produced from (20) and plotted in Fig. 9. The
terminal cost is 171. 8 M£, and the route cost per unit distance
maintains the same value at 0.92 M£/km for all distances up to
240 km. The detailed constituent costs are recorded in Fig. 10
and Appendix Table V. Cost data for three commercial and
comparable connections, the 1.0 GW ElecLink Interconnector
between UK and France, the 0.7 GW Kontek2 Interconnector
between Denmark and Germany and the 0.6 GW ELMED
Interconnector between Italy and Tunisia were obtained [92]-
[95] and plotted as P1, P2 and P3 respectively in Fig. 9, which
provides reassurance for the overall cost estimation of a VSC—

Interconnector between Denmark and Germany; P3: 0.6 GW ELMED Inter-
connector between Italy and Tunisia).
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Fig. 10. Constituent costs of a 0.6 GW VSC-HVDC system.

HVDC system.

The cost estimation for a LFAC system based on (25) are
presented in Fig. 11, Fig. 12 and Appendix Table VI. The
terminal cost is 104. 2 M£, and the route cost per unit distance
is maintained at 1.51 M£/km for all distances up to 240 km.
There are no practically realized LFAC offshore connections to
use for validation. However, the costs of individual items were
estimated from similar HVAC and HVDC items and these were
partially validated in the comparisons of Fig. 7 and Fig. 9.

Comparison results of these three technologies are provided
in Fig. 13(a) for the distance ranges 0-240 km, and a detailed
view of the ranges 65-125 km given in Fig. 13(b). It can
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Fig. 12. Constituent costs of a 0.6 GW LFAC system.

be seen that the overall cost of a LFAC system crosses the
overall cost of a HVAC system at 80 km before crossing the
overall cost of HVDC at 115 km, giving a range of 35 km
over which LFAC is the least-cost solution and the percentage
of overall cost advantage over both HVAC and HVDC is about
10% in this case. The terminal cost of a LFAC system is
approximately halfway between that of the HVAC and HVDC
systems. The route cost per unit distance of a HVAC system
changes several times as the cable choice changes but beyond
65 km the route of a LFAC system lies closer to a HVDC
system than to a HVAC system and this condition corresponds
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Fig. 13. 0.6 GW overall cost comparison among HVAC, VSC-HVDC and
LFAC system. (a) Full distance comparison. (b) Detailed view for the cross-
over and break-even points.

to the cases 1 and 2 in Fig. 4. The cross-over point of HVAC
and VSC-HVDC costs is at 87 km, which is close to the value
expected given the commercial project data available [19]-[21]
and gives reassurance that the cost curves are realistic.

D. Case Study for Higher Power Rating Connection

A wind power connection of 1.4 GW was chosen for the
higher power rating case study. The minimum-cost choices of
cable for each of the three schemes are recorded in Table III.

The estimated overall cost and their constituent costs of each
connection technology are plotted in Fig. 14-Fig. 19, and the

TABLE III
CABLE CHOICES FOR 1.4 GW CONNECTION CASE
System Distance (km)  Voltage (kV)  Size (mm?) Capability per circuit (GW)  Number of circuits (n.)
0-30 400 1600 0.718-0.703 2
30-50 400 2000 0.732-0.703 2
50-115 400 800 0.580-0.471 3
115-130 400 1000 0.503-0.458 3
HVAC 130-150 220 800 0.294-0.280 5
150-170 220 800 0.297-0.279 5
170-195 220 800 0.260-0.232 6
195-215 220 800 0.232-0.203 7
215-230 220 800 0.203-0.176 8
230-240 132 800 0.150-0.145 10
LFAC 0-200 400 800 0.733-0.685 2
200-240 400 1000 0.749-0.733 2
VSC-HVDC  0-240 + 300 2000 1.444 1
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detailed cost data are given in Appendix Table VII-Appendix
Table X.
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The comparison result for the three technologies is provided
in Fig. 20(a) over distances from 0-240 km and are shown
in detail over 65-89 km in Fig. 20(b). The cross-over points
of a LFAC system with HVAC and VSC-HVDC are 67 km
and 79 km respectively which straddle the cross-over point
of HVAC and VSC-HVDC costs at 73 km for this higher

963
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Fig. 17. Constituent costs of a 1.4 GW VSC-HVDC system.
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Fig. 19. Constituent costs of a 1.4 GW LFAC system.

power rating comparison. It is clear that the cost-effective
range and overall cost advantage in the intermediate distance
for a LFAC system is narrower at 1.4 GW than it was at 0.6
GW in Fig. 13. The terminal cost of a LFAC system is closer to
that of a HVDC than HVAC system and its route cost per unit
distance lies above halfway between HVDC than HVAC in the
intermediate range from 50 km to 115 km. With reference to
Fig. 4, at this higher power rating case study, the overall cost
of LFAC starts to move from the cases 1 and 2 toward case 3.



964 CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 7, NO. 5, SEPTEMBER 2021

2500

-1+ - HVAC
— + = VSC:HVDC
-=--LFAC
2000 [
[
=
= 1500
8 et
Q ;
1] S ] S DT S (L Sy e
o B
> . b
° . X ’-’--'-'--.- )
01 emde -.".“,.,..«.1{-;'.'.’2 .........
0 I I ! L L 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180 200 220 240
Transmission Distance /, (km)
(a)
525

-+ - - HVAC
—! . = VSC:HVDC
-<--LFAC
505 | "
g . ""
S 485t Ll e
(.o) - X -»f'"'.‘.
T 4651 CliaienT e
> e ..' PEd :
& r e !
445 | Ss° :
50 12 km '
R T R Ry Finpiak BRI N »
425 '

M R I I I I I I I I
65 67 69 71 73 75 77 79 81 83 8 87 89
Transmission Distance /, (km)

Fig. 20. 1.4 GW overall cost comparison among HVAC, VSC-HVDC and
LFAC system. (a) Full distance comparison. (b) Detailed view for the cross-
over and break-even points.

IV. ANALYSIS AND ESTIMATE OF A COST-EFFECTIVE
RANGE FOR AN ONSHORE OHL CONNECTION

The analysis of costs for a remote onshore OHL connection
will also follow the decomposition shown in Fig. 5. TCC
comprises the remote-end plant cost (T'CClep, ), for instance
at a wind farm site, and the load-end plant cost (T'CCly, ).
TLC consists of cost of power losses in the remote-end plant
(T LClen ) and load-end plant (T'LC), ). RCC is made up of
the OHL cost (OHC) and compensation cost (CPC). RLC is
the cost of power loss in the OHL.

A. Cost Analysis and Estimate in HVAC and CSC-HVDC
Systems

The calculation and estimation for the terminal cost of
HVAC and HVDC systems are based on the analysis used
in the previous section. A CSC-HVDC system is selected
for analysis since it is more likely to be used in the OHL
connection of remote onshore wind energy than the voltage
sourced alternative.

The structure of the remote-end plant and load-end plant
in an OHL-based remote onshore HVAC system are similar
to the onshore plant in the offshore connection case, and for
which the terminal capital costs and terminal power loss costs
were analyzed in (2) and (6) respectively. For a CSC-HVDC
system, the estimation for its terminal capital cost and terminal
power loss cost can build on (24) and (8) respectively with

corresponding parameter adjustments. Thus, the calculation
for the terminal cost of OHL-based HVAC and CSC-HVDC
systems are provided in (28) and (29).

TCuvac = TCCuvac + T'LCyvac
= TCCremnvac + TCCloanvac+
T LC'emuvac + T LCoanvac
=2-0.026215r" " + 0.00911 S+

0.994S 11> -l
2TT ) To 0) (28)
Von Nne,
T'Ccscuvpe = T'CCcscnvpe + T'LCcscuvpe
= T'CCremcscuvpe + T'CCoacscavpe+

T LC'emcscavpe + T'LCoacscrnvpe
= 2-0.059265tt + 0.01331Str+

0.496S7t1> 7o - Lo
- 2
Von® NCo 29

The main differences in analysis between the remote on-
shore OHL case and offshore cable case lies in the route cost.
The analysis of transmission capability for a HVAC system
is different because for the subsea cable, the effects of the
shunt capacitive susceptance dominate, whereas for OHL the
effects of the series inductive reactance dominate. The thermal
limit described in (30) and the stability limit in (31) are the
key determinants of the active power transfer capability for a
given OHL-based HVAC system [39], [96]. The thermal limit
applies over short distances and the stability limit for longer
distances.

0.00906 - (STT —

0.01319 - <STT —

Vi
-Pthl = 3%-[% = \/g%njon (30)
Va1 Von”
Py=3(-2) — =" 31
stl (\/g) XO 27Tfn . L K lo ( )

where Py, and Py are the thermal limit and stability limit in
OHL transmission, Vg, and I,, are the OHL nominal voltage
and current, X, is the series reactance per kilometre, L is the
OHL inductance per kilometer and [, is the OHL length.

The parameters of a typical OHL in a HVAC system are
listed in Appendix Table X. Their capital costs and operational
power loss costs follow (14) and (15) respectively and the
calculation for the route cost of an OHL-based HVAC system
is given in (32).

RCuvac = RCCuvac + RLCyvac = Co - lo - nco+
0.994STT>2 To - Lo

nce

1.51767 - ( (32)

on
where ¢, is the OHL cost per set including supply and
installation, nc, is the number of OHL parallel circuits and
T, 1s the OHL resistance per kilometer.

The stability limit imposed by the inductive reactance in
HVAC has no relevance to the HVDC case. A thermal limit
does still apply but here HVDC has an advantage because
the line can be used consistently at its peak voltage and
does not suffer an effective/peak ratio underutilization. The
parameters of the typical CSC-HVDC OHL are listed in
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Appendix Table XI, and the route cost for an OHL-based
CSC-HVDC system is given by (33) based on (14) and (17).

RCcscuvpe = RCCescuvpe + RLC cscavpe = Co -+ lo - nCo+
O.991STT>2 To - lo

0.75884 . ( (33)

Von

Summing the terminal costs and route costs yields the
estimates of overall costs. Adding (28) and (32) gives (34)
for a HVAC system and adding (29) and (33) gives (35) for a
CSC-HVDC system.

NCo

Cuvac = T'Cuvac + RCuvac
=2-0.026215r" "1 + 0.00911 S+
0.99452*TT2 7o zo) N
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Cecscuvpe = T'Cescuvpe + RCescuvpe
= 2-0.05926 S + 0.01331Str+
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(35)

B. Cost Analysis and Estimate in a LFAC System

Building on the analysis in (28) and (29) for HVAC and
CSC-HVDC systems, the terminal cost for a LFAC system
can be estimated by (36).

TCrpac = TCCreac + T'LCpac
= TCCremirac + TCCloaLrac+
TLCremirac + T LCoarrac

0.7513
= 0.02621v3S7r
0.05926Str + 0.00911 S+

0.994S772 7o - 1
VizTT ° 0) (36)

For the route cost of LFAC, the price per unit distance of
the OHL is assumed to be the same as for HVAC but, as
(31) suggests, the stability limit in LFAC is expected to be
at a distance three times that of HVAC assuming a frequency
reduction to one third. The parameters of onshore OHL LFAC
can be taken from the simulation and experimental results [39],
[42], [97], and are presented in Appendix Table XII, and the
route cost for an OHL-based LFAC system is provided in (37).

0.01323 - <STT —

nc,

RCipac = RCCrpac + RLCpac = ¢o - by - nco+
0.994S7r ) 2
Von

Adding the terminal cost and route cost of (36) and (37),
yields the overall cost for a LFAC system as given in (38).

o - lo

151767 ( 37)
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Crrac = TCrrac + RCrrac
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C. Case Study for Lower Power Rating Connection

A wind power connection of 3.0 GW was selected as
an example of a relatively lower power rating case study.
Following Sections III-C and III-D, the choice of voltage
rating and OHL current capacity should be re-examined at
each distance for AC schemes and a minimum-cost choice can
be made from the options available. In this study, the available
OHL are given in Appendix Table X for a HVAC system and
Appendix Table XII for a LFAC system. According to the
analysis in (30) and (31), it is the thermal limit that is relevant
for HVAC and LFAC systems applied over short distances,
and beyond this, the stability limit is the constralnternational
The change-over distance between the limitations is greater for
LFAC than HVAC, and this is clear from the results in Fig. 21
and with the parameters in Appendix Table X and Appendix
Table XII. It can be seen that a LFAC system has a clear
advantage over a HVAC system due to the reduced impact
of skin effect for the thermal limit and the one-third series
reactance which extends the stability limit. It also illustrates
that since the thermal limit is irrelevant to the transmission
distance while the reliability limit is relevant, the constant
transmission capacity over shorter distances and the declining
capacity over longer distances can be observed for OHL-based
AC schemes. For a DC scheme, a CSC-HVDC system does
not suffer from effects of the series inductive reactance and
the transmission capability is set by the thermal limit at all
distances.
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Fig. 21. Transmission capability of some typical OHL in HVAC and L.

Table IV records the minimum-cost choices of OHL made
for distances up to 1500 km, which is representative of remote
onshore wind farm locations [83]-[87].

Using the OHL choices in Table IV, and the analysis of
(32), (33) and (36), the estimated overall cost of a 3.0 GW
remote onshore OHL connection via HVAC, CSC-HVDC and
LFAC was calculated over 0—1500 km. The results are plotted
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TABLE IV

OHL CHOICES FOR 3.0 GW CONNECTION CASE
System Distance Voltage  Capability per Number of
(km) kV) circuit (GW)  circuits (n.)

0-645 750 5.690-3.007 1

HVAC 645-1290 750 3.007-1.504 2

1290-1500 750 1.504-1.293 3

LFAC 0-1500 750 6.819-3.879 2

CSC-HVDC 0-1500 + 600 6.564 1

in Fig. 22-Fig. 27 and further details are provided in Appendix
Table XIII-Appendix Table XV.
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Fig. 22.  Overall cost estimate of a 3.0 GW HVAC system.
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Fig. 23. Constituent costs of a 3.0 GW HVAC system.

The comparison result is given in Fig. 28(a) for the distance
from 0-1500 km, and a detailed view of 600-1000 km is
provided in Fig. 28(b). The cross-over points of a LFAC
system with HVAC and CSC-HVDC are 650 km and 960 km
respectively, giving a cost-effective range of 310 km in the
intermediate distance and the overall cost advantage over
both HVAC and HVDC is close to 15% in this case study.
It can be seen that the terminal cost of a LFAC system is
approximately midway between that of the HVAC and HVDC
systems. The route cost is a relatively complex picture because
the unit cost of AC increases with distance as the stability limit
grows in significance and this happens more so in standard
frequency than low frequency. For distances below 650 km,
the route cost per unit distance of LFAC and HVAC are
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Fig. 24. Overall cost estimate of a 3.0 GW CSC-HVDC system.
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Fig. 25. Constituent costs of a 3.0 GW HVDC system.
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Fig. 26. Overall cost estimate of a 3.0 GW LFAC system.

similar but beyond that the route cost of HVAC rises rapidly as
parallel circuits are required whereas a single circuit suffices
for LFAC all the way to 1500 km and so the route cost of
LFAC lies closer to HVDC than to HVAC after 650 km. The
overall cost of a LFAC system in this OHL-based lower power
connection belongs to a situation between case 1 and case 2
as shown in Fig. 4. The break-even point of HVAC and CSC-
HVDC is 700 km, which reaches good agreement with the
practical result in the commercial OHL-based remote onshore
connection projects [22], [23].
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Fig. 27. Constituent costs of a 3.0 GW LFAC system.
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Fig. 28. 3.0 GW overall cost comparison among HVAC, CSC-HVDC and
LFAC systems. (a) Full distance comparison. (b) Detailed view for the cross-
over and break-even points.

D. Case Study for Higher Power Rating Connection

A power connection of 5.0 GW was chosen for the higher
power rating case study. The minimum-cost choices of OHL
for each of the three technologies over 0—1500 km are pre-
sented in Table V.

The estimated overall costs of each technology choice at 5.0
GW connection are plotted in Fig. 29-Fig. 34 and the details
of the constituent costs are given in Appendix Table XVI-

Appendix Table XVIII.

TABLE V
OHL CHOICES FOR 5.0 GW CONNECTION CASE
System Distance Voltage  Capability per Number of
Yy (km) kV) circuit (GW) circuits (nc)

0-775 750 5.690-2.503 2
HVAC 775-1164 750 2.503-1.666 3

1164-1500 750 1.666-1.293 4

0-1164 750 6.819-4.999 1
LFAC 1164-1500 750 4999-3879 2
CSC-HVDC 0-1500 + 600 6.564 1
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Fig. 30. Constituent costs of a 5.0 GW HVAC system.

The comparison results are provided in Fig. 35(a) over the
whole distance with details over 750—-1000 km in Fig. 35(b).
It shows the cross-over points of the LFAC overall cost with
HVAC and CSC-HVDC are 775 km and 965 km respectively
which straddle the cross-over point of HVAC and CSC-HVDC
overall costs at 790 km. The cost-effective range for LFAC
is narrowed to 190 km at this 5.0 GW comparison whereas
it was 310 km at 3.0 GW comparison, and the percentage of
overall cost advances is also reduced in this case study. In this
higher power connection case, the terminal cost of a LFAC
system is between that of HVAC and HVDC but becomes
closer to HVDC. The unit route cost per unit distance of LFAC
is higher than the midpoint of the HVAC and CSC-HVDC
systems in the intermediate range and shows one increase at
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Fig. 33. Overall cost estimate of a 5.0 GW LFAC system.

1164 km because of a need to move to two parallel circuits.
This comparison results belong to a situation between the case
2 and case 3 of Fig. 4.

V. DISCUSSION OF COST-EFFECTIVE DISTANCE

The cross-over points of overall costs between HVAC,
HVDC and LFAC in the four case studies of wind energy con-
nections (lower power rating and higher power rating, offshore
cable connection and remote onshore OHL connection) are
summarized in Table VI. The range of cost-effective distance
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Fig. 35. 5.0 GW overall cost comparison among HVAC, CSC-HVDC and
LFAC systems. (a) Full distance comparison of. (b) Detailed view for the
cross-over and break-even points.

for the LFAC system is also recorded.

First, it can be seen that there is indeed a cost-effective range
for the LFAC system over both HVAC and HVDC technologies
in the intermediate distance for all the four cases of wind
energy connection.

Second, it can be determined that the cost-effective range
narrows with increasing power rating for both offshore cable
connections and remote onshore OHL connections. The nar-
rowing of the cost-effective range with an increasing power
rating can be explained by reference to the detailed constituent
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TABLE VI
SUMMARY OF CROSS-OVER POINTS AND LFAC COST-EFFECTIVE
RANGES
Cross-over points of overall costs LFAC
Case study LFAC- HVDC- HVDC- cost-effective
HVAC HVAC LFAC ranges
Cable 0.6 GW 80km  87km  115km oo km (14.5% of
full length)
Cable 1.4 GW 67 km 73 km 79 km 12 km (3.0% of
full length)
OHL3.0GW 650km 700 km 960 km  -10km (20.7%
of full length)
OHL50GW 775km 790 km 965 km o0 km (12.7%

of full length)

cost in Appendix Table VII to Appendix Table IX and Ap-
pendix Table XVI to Appendix Table XVIII. This reveals that
the LFAC terminal cost approaches that of HVDC rather than
HVAC at higher power case because of the expense of the AC-
AC converter and LF transformer. Also, at higher power rating,
the advantages of DC operations, rather than AC (standard
frequency and low frequency) of both cable and OHL are
greater in terms of both transmission capability and route cost.

Third, it can also be observed that the overall costs of the
LFAC system are more competitive in the remote onshore
OHL cases than the offshore cable cases and this is for both
lower and higher power rating connections. The cost-effective
ranges are larger for OHL cases than for cable cases both in
absolute terms and relative to the longest distances that might
be built. These differences can be explained by the different
mechanisms that limit transmission capability of LFAC in
cables and OHL. This will be analyzed further in the next
section.

VI. TRANSMISSION CAPABILITY OF THE LFAC SYSTEM

For offshore cable case, the transmission capability is de-
pendent on the analysis of (12). The ratio of active power
transfer capability of the LFAC system to HVAC system can
be expressed as (39). Taking skin effect into consideration, the
rated current of a given cable under the LFAC system would
be about 1.2 greater than under the HVAC system [43], [80]. In
this manner, (39) can be simplified as (40) and this difference
can be observed by the starting points in Fig. 6.

Peirac
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From (40), this ratio has a minimum value of 1.2 if no
compensation current is needed and the ratio will increase with
the compensation current. In short distance transmission, the
compensation current would not normally exceed the active
power current [21], [57], [63] which yields a maximum ratio

of 1.7 as given by (41), so the ratio of active power transfer
capability of the LFAC system to HVAC system would be
between 1.2 and 1.7.

2
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where I, is the capacitive charging current in the subsea cable
and Iqofr is the offshore compensation current.

For the remote onshore OHL case, the same assumption
for skin effect is made for direct comparison with the cable
case. In short distances, the OHL transmission capability is
thermally limited and the ratio between the LFAC to HVAC
system is 1.2 as the starting points shown in Fig. 21. When
the distance increases beyond some critical point, the OHL
transmission capability is governed by the stability limit which
is the curved section of Fig. 21 based on the analysis in (31),
and the ratio between the LFAC to HVAC system becomes 3
as shown in (42).

Von®
Py1rac < 2 fn_LpAc2- L-ly _ fn-Hvac _3 42)
Py nvac Von frn-LEAC

27 frnvac - L+ lo

Comparing the offshore cable and remote onshore OHL
cases, the LFAC system could give a greater transmission
capability enhancement in OHL than that in cables, and as
a result, the benefit-cost ratio will be better for the OHL
system than cable system, which may imply that LFAC would
find more potential in remote onshore OHL applications than
offshore cable applications.

VII. CONCLUSION

This paper presented an in-depth analysis for the overall cost
of a LFAC system and then gave an extensive comparison with
HVAC and HVDC to explore the distances range of over which
LFAC is more cost-effective over both HVAC and HVDC in
connections of offshore and remote onshore wind energy.

First, the overall cost of a LFAC system was decomposed
into constituent costs of terminal and route costs and further
decomposed into capital and operational costs. Then, equations
for evaluating these constituent costs were elaborated. Given
the absence of commercial LFAC projects that might yield
cost data, parameters for the cost equations for the LFAC
system were estimated with reference to similar equipment
used in HVDC and HVAC practices. Lastly, the cost estimation
algorithm compared different choices of operating voltage,
conductor size and number of circuits in order to identify
the lowest cost combination at each distance for the specified
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Appendix TABLE II

power transfer and provide a fair comparison for these three PARAMETERS OF THE COMMON CABLES IN A VSC—HVDC SYSTEM

technology choices.

. . Nominal Cable Resistance Nominal
Graphs of costs against distance for offshore cable and Voltage Vy  size re Current I, Salzllg A{c;;t
remote onshore OHL cases and for lower and higher power (kV) (mm?) (mkm)  (A) ¢
connection cases have been created. The results have demon- 1000 22.4 1644 670
strated that the LFAC system does possess distance ranges + 150 1200 19.2 1791 730
over which it is expected to be more cost-effective than both izgg iji ;igi ;ig
HVAC 'and HVDC systerr'ls. The overall cost.advantage of 2000 115 2407 900
LFAC is generally larger in the OHL connection of remote 1000 24 644 355
onshore wind energy than the cable connection of offshore 1200 192 1791 940
wind energy, and it is more competitive for a lower power + 220 1400 16.5 1962 1015
rating connection than higher power rating connection in both 1600 14.4 2123 1090
the cable and OHL cases. 2000 115 2407 175
Appendix TABLE III
APPENDIX PARAMETERS OF THE COMMON CABLES IN A LFAC SYSTEM
Appendix TABLE I Nominal Qable Resistance Capacitance Nominal Cables
PARAMETERS OF THE COMMON CABLES IN A HVAC SYSTEM Voltage Vi size Te C (nF/km) Current Iy cost cc
N = T N 7 (kV) (mm?)  (mSY/km) (A) (k£/km)
omina -avle eSISIANCE -y hacitance oA avies 500 32,6 192 899 635
Voltage Vi, size Te C (nF/km) Current I,  cost c¢
500 493 192 739 635 800 215 217 1080 795
132 630 39.5 209 818 685 1000 18.2 238 1154 860
800 324 217 888 795 500 324 136 890 815
1000 27.5 238 949 860 220 630 25.9 151 982 850
500 48.9 136 732 815 800 21.1 163 1069 975
220 2(3)8 ;?'; }g; ggg *933(5’ 1000 179 177 1145 1000
1000 270 177 042 1000 800 20.8 130 1058 1400
200 314 130 570 1400 1000 175 140 1133 1550
1000 26.5 140 932 1550 400 1200 14.6 170 1199 1700
400 1200 22.1 170 986 1700 1400 12.5 180 1234 1850
1400 18.9 180 1015 1850 1600 11.0 190 1260 2000
1600 16.6 190 1036 2000 2000 8.7 200 1310 2150
2000 13.2 200 1078 2150
Appendix TABLE IV
DETAILED CONSTITUENT COST DATA FOR A 0.6 GW HVAC SYSTEM
HVAC Transmission Distance [ (km)
0 20 40 60 80 100 120 140 160 180 200 220 240

ce 352 352 352 352 35.2 352 35.2 352 352 352 352 352 352

g TLC 109 109 109 10.9 10.9 10.8 10.8 10.8 10.8 10.7 10.7 10.6 10.6
< RCC 0 338 67.6 1014 1625 21677 260.0 312.1 430.0 4938 640.0 720.5 850.6
8 RLC 0 1.8 3.6 54 5.1 17.8 21.4 21.1 23.3 26.2 23.8 55.3 51.2
© C 46.1 817 1173 1529 2137 280.5 3274 3793 4993 5659 709.7 821.6 947.6
Appendix TABLE V
DETAILED CONSTITUENT COST DATA FOR A 0.6 GW VSC-HVDC SYSTEM
HVDC Transmission Distance / (km)
0 20 40 60 80 100 120 140 160 180 200 220 240
. TCC 139.6 1396 139.6 139.6 139.6 139.6 139.6 139.6 139.6 139.6 139.6 139.6 139.6
E TLC 319 31.9 31.9 31.8 31.8 31.8 31.8 31.8 31.8 31.8 31.8 31.7 31.7
= RCC 0 17.1 342 51.3 68.4 85.5 102.6  119.7 136.8 1539 171 188.1  205.2
8 RLC O 1.3 2.6 3.9 53 6.6 79 9.2 10.5 11.8 13.2 14.5 15.7
© C 171.5 1899 2083 2266 2451 2635 2819 300.3 3187 337.1 355.6 3739 3922
Appendix TABLE VI
DETAILED CONSTITUENT COST DATA FOR A 0.6 GW LFAC SYSTEM
Transmission Distance / (km)
LFAAC 0 20 40 60 80 100 120 140 160 180 200 220 240
N TCC  90.8 90.8 90.8 90.8 90.8 90.8 90.8 90.8 90.8 90.8 90.8 90.8 90.8
‘*2*‘ TLC 134 133 134 134 134 133 13.3 13.3 13.3 13.3 13.3 13.3 13.3
= RCC 0 28.9 57.7 86.6 1155 1444 1732 202.1 231.0 259.8 288.7 317.6 346.5
é RLC 0 14 2.8 4.2 5.6 7.0 8.4 9.8 11.2 12.7 14.1 15.5 16.9

c 1042 1344 1647 1950 2253 2555 2857 3160 3463 3766 4069 4372 4675
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Appendix TABLE VII
DETAILED CONSTITUENT COST DATA FOR A 1.4 GW HVAC SYSTEM

Transmission Distance / (km)

HVAC 0 20 40 60 80 100 120 140 160 180 200 220 240
= TCC 739 739 73.9 73.9 73.9 73.9 73.9 73.9 73.9 73.9 73.9 73.9 73.9
E‘ TLC 244 244 24.4 24.4 24.3 24.3 24.3 24.1 24.1 24.1 24.1 24.1 23.6
g RCC 0 87.6 184.1 2905 3873 484.1 608.7 717.2 853.0 1106.5 14344 1803.2 1965.0
8 RLC O 3.1 4.9 11.6 15.4 19.3 19.5 54.3 52.5 58.2 55.4 53.4 131.4
© C 99.5 190.2 288.5 401.6 502.1 602.8 727.6 870.7 1004.7 12639 1589.0 1955.8 2195.1
Appendix TABLE VIII
DETAILED CONSTITUENT COST DATA FOR A 1.4 GW VSC-HVDC SYSTEM
HVDC Transmission Distance / (km)
0 20 40 60 80 100 120 140 160 180 200 220 240
= TCC 292 292 292 292 292 292 292 292 292 292 292 292 292
E* TLC 744 74.3 74.3 74.3 74.2 74.2 74.2 74.1 74.1 74.1 74.0 74.0 74.0
= RCC O 23.5 47.0 70.5 94.0 117.5 141.0 1645 188.0 211.5 2350 2585 282.0
8 RLC O 3.7 7.4 11.0 14.7 18.4 22.1 25.7 29.4 33.1 36.8 40.4 44.1
o C 366.4 3935 4207 4478 4749 502.1 529.3 5563 5835 610.7 6378 6649 692.1
Appendix TABLE IX
DETAILED CONSTITUENT COST DATA FOR A 1.4 GW LFAC SYSTEM
LFAC Transmission Distance / (km)
0 20 40 60 80 100 120 140 160 180 200 220 240
. TCC 2014 2014 2014 2014 2014 2014 2014 2014 2014 2014 2014 2014 2014
§ TLC 333 332 33.2 33.2 33.1 33.1 33.1 33.0 33.0 33.0 33.0 33.0 33.0
= RCC O 57.7 1155 173.2  231.0 288.7 346.5 4042 4619 5197 5774 702.6 766.5
8 RLC O 3.8 7.7 11.5 15.3 19.1 23.0 26.8 30.6 344 38.3 354 38.6
© C 231.7 293.1 3548 4163 4778 5393 601.0 6624 7239 7855 8470 9694 1036.2
Appendix TABLE X
PARAMETERS OF THE TYPICAL OHL IN A HVAC SYSTEM
Nominal Voltage V, (kV) 380 500 750
OHL type 562-AL1/49-ST1A  494-AL1/34-ST1A  653-AL1/45-ST1A
Aluminium area (mm?) 2 X 562 3 x 494 4 x 653
Nominal current I, (A) 2100 2850 4380
Resistance 7o (£2/km) 0.029 0.022 0.012
Reactance X, (€2/km) 0.33 0.30 0.29
OHL cost per circuit ¢, (kf/km) 165 245 370
Appendix TABLE XI
PARAMETERS OF THE TYPICAL OHL IN A CSC-HVDC SYSTEM
Nominal Voltage V, (kV) + 300 + 400 + 600
OHL type 562-AL1/49-ST1A  494-AL1/34-ST1A  653-AL1/45-ST1A
Aluminium area (mm?) 2 X 562 3 x 494 4 x 653
Nominal current I, (A) 2620 3560 5470
OHL cost per circuit ¢, (kf/km) 165 245 370
Appendix TABLE XII
PARAMETERS OF THE TYPICAL OHL IN A LFAC SYSTEM
Nominal Voltage V, (kV) 380 500 750
OHL type 562-AL1/49-ST1A  494-AL1/34-ST1A  653-AL1/45-ST1A
Aluminium area (mm?) 2 X 562 3 x 494 4 x 653
Nominal current I, (A) 2520 3420 5250
Resistance 7o (£2/km) 0.019 0.015 0.0079
Reactance X, (€2/km) 0.11 0.10 0.097
OHL cost per circuit ¢, (kf/km) 165 245 370
Appendix TABLE XIII
DETAILED CONSTITUENT COST DATA FOR A 3.0 GW HVAC SYSTEM
HVAC Transmission Distance / (km)
0 150 300 450 600 750 900 1050 1200 1350 1500
. TCC  39.1 39.1 39.1 39.1 39.1 39.1 39.1 39.1 39.1 39.1 39.1
‘g TLC 555 552 55.0 54.7 54.5 54.8 54.7 54.6 54.5 54.7 54.6
= RCC O 55.5 111 166.5 222 555 666 777 888 1498.5 1665
8 RLC O 43.3 86.5 129.8 173.0 108.1 129.8 1514 173.0 129.8 144.2
© C 92.6 191.1 289.6 388.1 486.6 755.0 887.6 1020.1 1152.6 17204  1900.9

971
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Appendix TABLE XIV
DETAILED CONSTITUENT COST DATA FOR A 3.0 GW CSC-HVDC SYSTEM

Transmission Distance / (km)

HVDC 0 150 300 450 600 750 900 1050 1200 1350 1500
. TCC 354 354 354 354 354 354 354 354 354 354 354
E‘ TLC 794 79.4 79.3 79.2 79.1 79.0 78.9 78.8 78.7 78.6 78.5
= RCC 0 37.5 75 1125 150 187.5 225 262.5 300 3375 375
& RLC O 21.2 424 63.6 84.8 106.0 1273 1485 169.7 1909 212.1
© C 4334  492.1 550.7 6093 6679 7265 785.1 843.8 9024 961.0 1019.6
Appendix TABLE XV
DETAILED CONSTITUENT COST DATA FOR A 3.0 GW LFAC SYSTEM
LFAC Transmission Distance [ (km)
0 150 300 450 600 750 900 1050 1200 1350 1500
. TCcC 209.0 209.0 209.0 209.0 209.0 209.0 209.0 209.0 209.0 209.0 209.0
§ TLC 65.0 64.8 64.5 64.3 64.0 64.8 64.5 64.3 64.0 63.8 63.5
e RCC O 55.5 111 166.5 222 271.5 333 388.5 444 499.5 555
8 RLC 0 28.4 56.9 85.3 113.8 142.2 170.6 199.1 227.5 2559 284.4
o C 277.0 360.7 444 4 528.1 611.8 695.5 779.1 862.9 946.5 1030.2 1113.9
Appendix TABLE XVI
DETAILED CONSTITUENT COST DATA FOR A 5.0 GW HVAC SYSTEM
HVAC Transmission Distance [ (km)
0 150 300 450 600 750 900 1050 1200 1350 1500
. TCC 557 55.7 55.7 55.7 55.7 55.7 55.7 55.7 55.7 55.7 55.7
‘g TLC 88.8 88.5 88.1 87.7 87.4 87.0 87.4 87.1 87.4 87.2 87.0
< RCC O 111 222 333 444 555 999 1165.5 1776 1998 2220
<] RLC O 60.1 120.1 180.2  240.3  300.4 240.3 280.3 240.3 270.3 300.4
© C 146.7 3174  488.1 658.8 829.6  1000.3 1384.6 15909 2161.6 24134 26653
Appendix TABLE XVII
DETAILED CONSTITUENT COST DATA FOR A 5.0 GW CSC-HVDC SYSTEM
HVDC Transmission Distance / (km)
0 150 300 450 600 750 900 1050 1200 1350 1500
. TCC 590 590 590 590 590 590 590 590 590 590 590
E TLC 1324 1322 1319 131.6 1314 131.1 130.9 130.6 130.4 130.1 129.8
= RCC O 37.5 75 112.5 150 187.5 225 262.5 300 337.5 375
8 RLC 0 58.9 117.8  176.7 235.7 294.6 353.5 4124 471.3 530.2 589.1
© C 7224 818.6 9147 10109 1107.0 1203.2 1299.3 13955 1491.7 1587.8 1684.0
Appendix TABLE XVIII
DETAILED CONSTITUENT COST DATA FOR A 5.0 GW LFAC SYSTEM
LEAC Transmission Distance [ (km)
0 150 300 450 600 750 900 1050 1200 1350 1500
. TCC 346.7 346.7 346.7 346.7 346.7 346.7 346.7 346.7 346.7 346.7 346.7
‘g TLC 1157 1150 1142 1135 1128 112.1 111.3 110.6 112.8 1124 112.1
= RCC 0 55.5 111 166.5 222 271.5 333 388.5 888 999 1110
8 RLC O 83.3 166.7 250.0 3334 416.7 500.0 583.4 333.4 375.0 416.7
© C 455.1 5932 7313 869.4 1007.6 1145.7 1283.7 1422.0 1673.6 1825.8 1978.2
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