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The exhamination of Figs. 3,4 and 5 shows that:

- by increasing L from 1000 to 7000 Xm, the trans-
mission cost, for d.c. transmission of S5 GW,
varies from ~ 5 mills/kWh to~16 or~22 Mills/kWn
for a transmission load factor of 1 or 0.6 respec-
tively.

- by increasing L from 1200 to 2800 km the trans-
mission cost, for a.c. transmission of S5 GW,
varies from ~ 5 mills/kWh to 10 mills/kWh (l.f.=1)}
or to=-l1l7 mills/kWh (l.£f.=0.6)

~ the effect of scale (if risk-cost iz not inclu-
ded) is, at least up to 10 GW, considerable: for
instance (see fig. 4., L = 3000 Xm) the transmis-
sion costs vary from 11 to 8 and to 6.5 mills/kWh
when increasing the transmitted power from 2.5 to
5 and to 1l0GW respectively (the_anit costs de-
crease roughly proportionally to P

6. Cost of Risk

Before proceeding to economic comgarisons, one
must be sure to compare solutions having similar
and acceptable reliability; otherwise, in the case
of marked differences, a penalty must by applied
to less reliable solutions. On the other hand, it
is well-known that the reliability of a trans-
mission link (as evaluated in Section 4) cannot by
judged in absolute terms, but must be examined at
the light of its consequences for the receiving
system: the higher the transmitted power in
relation to the size of receiving system, the more
important the consequences are.

They may be quantified in terms of the increase in
system load-curtailments, due to line outages,
compared with an ideal transmission without
outage.

Two types of load curtailment were taken into
account [8] [9]

- The yearly expected value of the energy not
supplied due to lack of transmission capacity, or
"static risk index" (1).

- The yearly expected value of the energy shed
due to frequency transients, following a sudden
reduction in transmission capacity (e.g. from P
to 0), or "dynamic risk index". (2)

The economic penalty due to transmission unavaila-
bilities was quantified by associating a unit cost
(in the paper, a value of 2 $/kWh was adopted)
with these energy curtailments. The ratio of this
penalty to the total energy delivered at the RE
represents the risk-cost to be added to the unit
cost found in Section 5.

6.1. Reference System

As already mentioned, the higher the percentage of
generation connected by the transmission system,
the greater the probability of large static or
dinamic load-curtailments in the event of trans-
mission outages. Therefore, in order to examine a
wide range of these percentages, reference was
made to a generating system having a peak load, at
RE, of 48 GW (annual energy = 259 TWh) and a
reserve margin (remote generation included) of the
order of 17.5%. Thus, the three values considered
for remote generating capacity (2.5, 5 and 10 GW)

(1) Use was made of the WAT program [10]

roughly represented 4.5, 9, and 18% of total
installed capacity.

The system reliability level was- dxsrecatdxﬂz
transmission outages - Of the order cof 6.10

kWh not supplied for each 10~ delivered). The part
of the generating system located at the RE had a
mix basicaily of the thermal type.

6.2 Results

The above consideration was confirmed by the
results obtained (1l): Fig. & shows, for example,
the increase in expected energy curtailments - due
to transmission unavailability. The variation are
negligible in the case of <transmission capacity
equal to 4.5% (2.5 GW), while remarkable increases
appear in the cases of 9% (5 GW) and 18% (10 GW).

Fig. 6 also shows that energy curtailments and
consequent risk-cost penalties are quite small for
the shortest distances - not neglible risk-costs
only appear for the more pessimistic assumptions
concerning (see 4.1. converters unavailability
-, but rapidly increase with L.

The cost-of-risk (mills/kWh) £for the specific case
of a system of 48GW at peak has also been added,»
in Figs. 3,4 and 5, to the cother component costs.
The above results suggest that:

- For the longest distance (> 4000 km or > 2000 k=

for d.c. and a.c. ransmission respeczively)
combined with the largest transmission capabi-
lities. (> 10% of the total system generating
capacity), a solution with three lines (d.c. or
a.c.) may be more econcmical: for instance the 10
GW, 7000 km, 3 bi-poles solution was £found <o
present, always with reference to the 48 GW
system, a negligible cost-of-risk and a total
specific cost lower than that (cost-~of-risx
included) of 10 GW with two bi-poles.
This solution might alsc be more economical when
the remote generation system is developed by steps
(e.g. two bi-poles for the initial 5 GW, a third
bi-poles for up to 10 GW).

- Similarly for the shortest distances (< 2000 km)
and the lower transmission capabilities (2,5 GW
5%) a solution with only one bipole is concei-
vable: it presents acceptable reliapbility and
global specific cost equal *to that of the 5 GW
with two bi-poles. This solution might also ke
more economical when the remcte generation systenm
is developed by steps.

- In general, for the longest distances combined
with transmissicn capacity representing a large
percentage of the receiving system the cost-
of-risk reduces the benefits, mentioneé at Section
5, of the effect-of-scale.

7. Economic Comparisons

The effectiveness of exploiting remote energy
sources may be evaluated by comparing the unit
costs (of the electric 2nergy delivered at the RE)
with the urit cost of the electricity that might
be produced locally. For the latter alternacive,
thermal power plants were assumed to be connected
to the S50CkV grid ané £fired by transported coal
(an equivalent running cost of 25 mills/XWh was
assumed) .

the

(1) Obviously, an accurate calculation of
dynamic risk-of-failure =av be performed only wizh
reference to a specific TR project and receiving
system. For purposes of this paper it was assumed
that when the sudden loss of transmitted power JW_

exceeds 5% of the load W_ (at cthat mcmenc! ad
amount of load egual o I.3 { J4Ww_-0.25 W) is

shed for a duration of 4§ hours (restiracion tize).
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Fig. 6 - Additional energy curtailments (p.u. of the system annual consumption) and corresponding ad-

ditional risk-cost due to the unavailability of the D C

(a) or A C (b) transmission system. The three

curves correspond to different percentages of transmission capacity with respect to total systam gJene-
rating capacity (values obtained for 2.5,5,10 GW with respect to a system of 48 GW peak load). (Dotted
lines refer to the more pessimistic assumption for d.c. transmission availability described at 4.1.1.).

For a correct comparison of the two unit costs,
the two alternatives must offer the same relia-
bility; to this end the alternative local and
remote generating sub-systems were associated as
specified hereunder.

7.1 Unit cost of Local Generation as compared with
Remote Coal

If we adopt the same size for the generating sets,
the alternative local generating system has the
same installed capacity as the remote one (sub-
tracted, of course, the additional capacity
installed at the remote location £for supplying
transmission losses). More precisely, its capacity
is equal to P/0.9 (see Section 5.2).

Therefore, the unit cost of the local generation
is equal to:

Cpsp ™ 550 xa@373l0.1  + 25 (mills/kWh)
0.9xhu

that is, equal to 24 and 38 mills/kWh for hu=74°°
and 5200 hr/yr respectively.

7.2 Unit cost of Local Generation as compared with

Remote Hydro

Since remote hydro generation capacity was chara-
cterized as being always available, the equivalent
coal-fired local generation must have a much
higher installed capacity in order to present the
same reliability, namely:

- For hydro with a capacity factor h = 5200
hrs/yr, the -equivalent (1) coal-fire thermal
capacity should be 20% higher, and therefore its
cost expressed by

e = l:2x550xa7o0.1

e 5200
is equal to 38 mills/kwh.

+25(mills/kWh)

- For hydro with a capacity factor h_ = 3760
hrs/yr, the equivalent (1) coal-fire thermal
capacity should be 31% higher, and therefore cthe
unit cost is equal to 34 mills/kWh. (2)

8. Conclusions ™

The 2xploitation of remote energy sources at low
cost (e.g. hydro or aine-mouth, coal-fired planc
suitable for producing slectricity at a cost of
the order of 10 - 25 mills/kWh) is now feasible
and =2conomical for distances never befcre enter-
tained. For example, transmission systems can be
set-up over a distance of as much as 7000 xm in

d.c and 3000-4000km in a.c. such that, by offering
an acceptable reliability level for the receiving
system concerned, present costs small enough (from
S to 20 mills/kWh) as %to make advantageous the
exploitation of those sources, when ccmpared to
generation at 30 - 35 mills/kWn Llocated in the
vicinity of load centers.

The unit cost of the electric power, transmittad
by d.c, shows only small increases when increasing
transmission distance: Zor every additional 1000km
the increase is of the order of 1.5 and 2.8
mills/kWh for trasmission of 10 G4 and 2.5 GW
respectively. 3y consequence, variations in the
cost of energy producad close to consumption
centers (as determined by market prices) that may
even be smaller than *hose registered during the
past ten years, results in shifts of hundreds (or
thousands) of km in the competitive distances of
remote sources.

The 2ffect of scale on transmission cost is - at
least up to 10 GW - considerable: unito iosts
decrease approximately proporticmally to 2 ~° .

Although the above-mentioned transmission costs
were obtained with reference to <transmission
schemes with two lines (two bi-poles in the case
of d.c), they are nevertheless reprasentative also
of the cost of different schemes (see 3.1), since
the =ffect of transmission reliability has been
costed and included.

Finally it may be interesting to note that for tran
smission systems similar to those above described
advanced studiss are being carriad out in 3razil.
Those studies, out of which some prelimirary infor-
mation has been here us2d, confirm che {=zasibili-
ty of the transmission {rom Amazon region over a
distance of about 2500 «m, being the implemenctaction
foreseen for the mid-ninecies, hinging on the
growth rate of =2lectricity consumptian in cthe
country.

(1) In both cases the "=2gquivalence” was checked
with reference =0 the receiving system (48 GW at
geak) considersad in Section 5.1. In rthe ZFirss
case, 2 20% increase is requirsd, %=o octain :zhe
same risk-of-cower (bein the e2energy <certainly
assured); in the second case (takiag iato account
the overall availabilizsy of 0.78 assumed Zor
thermal units) an increase of 31% is raquirad :=o
obtain the same risk-of-2nergy.

(2) It may be observed that this wvalue s of
same order as =he unit cost of nuclear produczion
which was not considered herz, Zor the sake of
simplicity.
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