DE GRUYTER

DOI10.1515/green-2012-0013 === Green 2012; 2(4): 189-202

Andrew Blakers*, Joachim Luther and Anna Nadolny

Asia Pacific Super Grid — Solar electricity
generation, storage and distribution
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Despite the expense and losses incurred in long distance
transmission of Australian solar electricity, it appears to
be competitive with locally produced solar electricity
because of high insolation levels in Australia. Supplemen-
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and conventional sources) with power from Australia, to-
gether with substantial integrated energy storage, would
allow a high solar electricity fraction to be achieved in
Southeast Asia.
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1 Introduction

Rapidly falling costs of solar electricity generation,
coupled with rising concern about anthropomorphic
greenhouse gas emissions, suggest a bright future for
solar energy technology.

The 12 contiguous Southeast Asian countries of
Brunei, Cambodia, Indonesia, Laos, Malaysia, Myanmar,
Papua New Guinea, Philippines, Singapore, Thailand,
Timor-Leste and Vietnam comprise about 600 million
people, about 9% of the world’s population (1). The
average population density is 120 people per square kilo-
meter, similar to that of Europe, and well above that of
Africa, Australia and the Americas. Southeast Asian coun-

tries have rapidly growing economies leading to rapidly
growing energy demand (2). The continent of Australia
has a population of 23 million people and an average pop-
ulation density of 3 people per square kilometer. Australia
is well endowed with indigenous energy resources. In par-
ticular, Australia has immense solar energy resources in
the centre and northwest (3).

A glance at the South East Asian page of a world atlas
shows a long and narrow chain of islands between Austra-
lia and the Malay Peninsula. Major desert regions exist to
the north (central China) and south (central and north
west Australia). This dipole suggests the possibility of
transporting large quantities of solar electricity to South
East Asia via high voltage cables from large solar farms
located in Australia, and solar and wind farms in China.
The latitudes are 20°S and 40°N respectively, which would
provide seasonal balance to the solar resource from each
region. In addition to this such a cable could also distrib-
ute solar electricity produced within South East Asia in an
effective way.

The distance between the desert regions of NW Aus-
tralia and central China is about 9000 km, with Malaysia
being equidistant between the two. Countries to the north
of Malaysia could be supplied predominantly from China,
while Australia could supply the southern countries. The
population centres of SE Asia and the deserts of China
have the same longitude, which is 30° (two hours) behind
the deserts of NW Australia. This causes a modest time
shift of the daily peak of Australian solar production into
the afternoon in SE Asia.

This paper explores the possibility of the supply of
solar electricity by a high voltage DC (HVDC) power line
from northern Australia to four SE Asian countries. The
line could run via Timor-Leste, Indonesia, Singapore and
Malaysia. Each of these four countries is narrow and lies
approximately in a straight line, allowing efficient deliv-
ery and distribution of electricity from Australia via a
“backbone” HVDC cable. Other Southeast Asian coun-
tries, notably the Philippines, also could benefit from the
supply of solar electricity via HVDC. However, distances to
population centres are greater, populations are smaller
and the countries are less “linear”. This study could be
extended to other Southeast Asian countries at a later
time.
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The distance involved is 4500 km, including a
minimum 500 km undersea cable. This would be a major
engineering feat by today’s standards. However, the re-
quired technology already exists, and will continue to
improve.

In undertaking the study, the following major aspects
were considered:

- Current and future electricity demand in Southeast
Asia;

— Energy options for Southeast Asia;

— Solar electricity generation in Australia and SE Asia;

— Transportation of the electricity via HVDC cable;

- Short term storage of a substantial fraction of the
generated solar energy locally within Australia in
order to even out the load on the HVDC cable and to
mitigate solar energy intermittency.

These aspects are considered in turn. The feasibility
and cost of providing one third of the required electricity

Google

Fig. 1: Planned route for HVDC backbone.
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for these countries by HVDC cable from Australia by 2050
is then estimated. The fraction one third was selected for
this scenario on the basis that it is substantial but would
still allow room for diverse electricity sources within each
country to maintain robustness.

The feasibility of transporting large quantities of re-
newable electricity has been considered for other regions,
notably by the Desertec foundation and the Desertec In-
dustrial Initiative (Dii), who propose to transport solar
and wind generated electricity from North Africa to Europe

(4).

2 Electricity demand

2.1 Regional Populations and energy
demand

South East Asia comprises mostly developing countries,
as characterised by per capita electricity consumption.
Indonesia is by far the largest SE Asian nation, and has
the fourth largest population worldwide (5).

2.2 Current and projected electricity
consumption

SE Asian countries have historically had low electricity
consumption compared with industrialized countries, as
listed in Table 1 — currently in the range of 10% of the per
capita electricity consumption of industrialized countries
such as Australia. Millions of people within this region
still do not have access to centrally generated electricity
(Table 2).

Area Population Population density Population projection
(Mm?) (millions) 2010 (km-2) (millions) 2050
Timor-Leste 15 1.1 76 3
Indonesia 1911 240 126 294
Singapore 0.7 5 7169 6
Malaysia 331 28 86 44
PNG 463 7 15 14
Brunei 6 0.4 69 0.6
Philippines 300 93 311 155
Total/Average 3026 375 124 517
Australia 7692 22 3 31

Table 1: Area and population for selected SE Asian countries. (The data for electricity consumption is sourced from (5); the 2010 and 2050

populations from (6)). PNG = Papua New Guinea.
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Country Percentage Electrification
Cambodia 16
Indonesia 53
Malaysia 97
Myanmar 5
Philippines 87
Singapore 100
Thailand 99
Vietnam 76
Papua New Guinea 46
Timor-Leste 22

Table 2: Percentage electrification for selected SE Asian countries

.

Rising living standards and rapid industrialization
are correlated with rising per capita electricity consump-
tion and rising rates of electrification. Rapid growth in
electricity consumption can be expected in Southeast Asia
over the next few decades. For example, the demand for
electricity in Indonesia is rising at around 7% p.a. (8).

Substantial improvements in energy efficiency over
the next few decades may allow per capita electricity con-
sumption in industrialized countries to fall, following the
long-term trend of reductions in electricity per unit of eco-
nomic output observed in most OECD countries. Over the
next forty years it is expected that the difference in per
capita electricity consumption between non industrial-
ized and industrialised countries will sharply decline. The
scenario selected for this study entails an increase in per
capita electricity consumption of 5% p.a., saturating at a
consumption rate of 8 MWh per year per capita (which is
the current per capita annual consumption in Singapore
and Brunei). This results in a 5-fold increase in average per
capita consumption of electricity across the seven selected
countries shown in Table 3, and a 7-fold increase in total
consumption.
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3 Electricity generation

3.1 Energy options for Southeast Asia

Current electricity generation in Southeast Asia is
overwhelmingly from natural gas and coal, supplemented
by hydroelectricity, geothermal electricity and oil burning.
There is no nuclear generation (9), (10), (11), (12), (13),
(14), (15).

Reductions in greenhouse gas emissions from elec-
tricity generation could cause a substantial shift to renew-
able energy generation. Wind energy resources are limited
in tropical regions. However, there is substantial scope for
greater use of biomass, hydroelectricity and geothermal
electricity (e.g. 2). Philippines and Indonesia are ranked
second and third in installed geothermal capacity respec-
tively after the United States of America (16). The substan-
tial hydroelectric potential is tabulated in Table 4. Large
scale use of biomass, hydroelectricity and geothermal
electricity entail substantial conflict with environmental,

Country Gross Technically Economically
Theoretical Exploitable Exploitable
Capability Capability Capability
Australia 265 100 30
Cambodia 88 34 5
Indonesia 2147 402 40
Malaysia 230 123
Papua New Guinea 175 53 15
Philippines 47 20 18
Thailand 18 16 15
Vietnam 300 123 100
Total 3270 871 223

Table 4: Hydroelectricity potential for selected Southeast Asian
countries (2008, TWh pa) (17).

Total
(TWh p.a.) 2050

Per capita
(MWh p.a.) 2010

Per capita
(MWh p.a.) 2050

Total

(TWh p.a.) 2010
Timor-Leste 0.6
Indonesia 126
Singapore 42
Malaysia 102
PNG 3
Brunei 3
Philippines 59
Total/Average 335
Australia 261

0.6 12 4
0.5 1140 4
8 48 8
4 352 8
0.4 47 3
8 5 8
0.6 726 5
0.9 2330 4.5
12

Table 3: Electricity consumption for selected SE Asian countries (5). PNG = Papua New Guinea.
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cultural and economic values due to competing land use
(17). For this reason, the Sustainably Exploitable Capabil-
ity is likely to be considerably smaller than the Economi-
cally Exploitable Capability.

As with most countries, by far the largest indigenous
energy resource is solar energy. Despite its tropical loca-
tion, solar insolation is substantially lower in Southeast
Asia than for dry temperate regions such as Australia, al-
though it is considerably higher and has less seasonal
variation than higher latitude regions such as Germany
17).

In order to gauge the feasibility of transmission of
substantial solar electricity from Australia to Southeast
Asia, we assume that one third of demand in 2050 is
met from Australian solar energy, one third from indig-
enous solar energy, and one third from conventional
energy sources. Under this scenario, the consumption of
Australian-sourced electricity in Timor-Leste, Indonesia,
Singapore and Malaysia in 2050 would be 517 TWh per
year.

Under the scenario described in more detail in later
sections, the area of land required in northern Australia,
taking into account storage and transmission losses, is
about 3200 km? (0.04% of Australia’s land area). The area
of land required for solar energy collectors in Timor-Leste,
Indonesia, Singapore and Malaysia is about 4000 km?
(0.17% of the land area). The ability to locate solar energy
converters on buildings could substantially reduce the
area of land alienated by mass deployment of solar elec-
tricity generation. The fact that only part of a typical solar
farm area is covered by solar energy converters, with the
balance being available for some forms of agriculture,
further mitigates the environmental impact of solar energy
conversion.

3.2 Solar electricity generation in Australia

The northern and western regions of Australia are arid, lie
within the tropics, and have very high insolation. The
global insolation on a fixed module mounted facing north
at an angle of 20° to the horizontal is about 2500 kWh/m?
per year, and on a north-south single axis tracking surface
the global insolation is about 3400 kWh/m? per year (18).
Resources for wind energy, hydroelectricity, biomass, geo-
thermal and other renewable energy sources are relatively
poor in northern Australia.

For solar electricity generation three mature technolo-
gies are available: flat plate photovoltaics (PV, tracking
and non-tracking the sun’s position), photovoltaics under
(high) optical concentration (CPV) and tracking concen-
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trating solar thermal power plants (STP). By far the highest
system efficiency values are achieved using CPV technolo-
gies. However, flat plate PV currently has better cost effec-
tiveness. Concentrating solar thermal systems generate
electricity at efficiency values similar to those of flat plate
PV but advantageously incorporate (thermal) energy stor-
ages into the systems (19), (20). Both concentrator tech-
nologies operate efficiently under direct beam solar radia-
tion only. In central and northwestern Australia the direct
beam insolation on a tracking surface exceeds 80% of the
global insolation on a tracking surface over the course of a
year. However, in tropical areas this ratio is only 50-70%
due to more abundant atmospheric water vapour and
clouds. Thus the deployment of CPV and STP systems is
restricted to high direct beam radiation regimes.

Flat Plate PV tracking systems can be efficiently
applied almost everywhere. They have the substantial ad-
vantage that solar energy production is spread over more
hours of the day (21). This reduces the ratio of peak to
average power production and hence reduces the cost of
DC to AC inversion, storage and transmission systems, al-
though at the cost of slightly increased operations and
maintenance cost.

In this study we assume for simplicity that the solar
energy converters are non-concentrating PV modules
mounted on single axis tracking systems. Large profes-
sionally managed PV systems are likely to achieve perfor-
mance ratios above 75%. That is, the average AC power
production (kW,.) under standard irradiation (1 kW/m?) is
above 75% of the nameplate DC capacity (kW,). The as-
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Fig. 2: Mean annual Australian solar irradiation (M)/day) on a
horizontal surface (22).
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sessed performance ratio accounts for losses associated
with the elevated temperature of the modules, soiling,
losses in the DC to AC inverters, resistive losses, variable
spectral content, system non-availability, and an expected
slow annual decline in module performance. The ex-
pected annual output of a non-concentrating Megawatt
rated PV system in NW Australia under these assumptions
is about 1900 and 2500 MWh (AC) for fixed and single axis
tracking systems respectively.

In this study we assume an average efficiency of PV
modules under standard conditions of 21%, which is
similar to the efficiency achieved by the best commercial
solar PV modules today. A land occupation factor of one
third is assumed (to allow for service areas and to mini-
mize self shading). These assumptions yield a nominal
system efficiency of 7% (i.e. a nominal DC capacity of
70 MW per km? under standard conditions). The realistic
average energy yield of this system is 0.18 TWh (AC) per
year per km?.

Seasonal variability of insolation on tracking surfaces
is modest in central and Northwestern Australia, gener-
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Fig. 3: Seasonal variability of irradiation at Alice Springs (18).

A. Blakers et al., Asia Pacific Super Grid — Solar electricity generation, storage and distribution =—— 193

ally in the range +/- 15% about the mean (Figure 3). This
is because of the subtropical latitude and the absence of a
wet season away from the coastline. This small variability
reduces the size of a solar farm required to meet a given
minimum seasonal load.

3.3 Solar generation in Southeast Asia

Southeast Asia has poorer solar resources than northern
Australia despite its tropical location. Seasonal varia-
tions, including monsoons, mean that insolation is low
for significant periods of the year. Table 5 tabulates the
radiation incident for various locations within South-East
Asia and Australia. In this study, the solar availability in
Southeast Asia is assumed to be 70% of that in northern
Australia.

3.4 Cost of solar generation

The cost of PV modules has declined by a factor of five,
and annual sales have grown by a factor of 100, since
2000 (23). The industry has followed a logarithmic experi-
ence curve for 35 years whereby the cost of PV modules
declines by about 20% for each doubling of cumulative
production.

Retail grid parity is now widespread, whereby the
levelised cost of electricity from PV systems is below the
domestic and commercial retail electricity tariffs (20). As
costs continue to fall, ever more regions of the world will
achieve grid parity, and industrial grid parity will also
become widespread. It is widely expected that large
further reductions in PV module costs will be possible in
the future, caused by further technical improvements and
continued rapid growth in sales (and hence production

City Latitude M]/m2 day Relative GJ/(m2yr)
Singapore 1 15.8 Global, horizontal plane 64% 5.8
Bangkok 14 17.3 Global, horizontal plane 70% 6.3
Kuala Lumpur 3 17.6 Global, horizontal plane 72% 6.4
Canberra 35 17.6 Global, horizontal plane 72% 6.4
Canberra 35 20.1 Global, latitude angle 82% 7.3
Port Hedland 20 22.9 Global, horizontal plane 93% 8.4
Port Hedland 20 24.6 Global, latitude angle 100% 9.0
Port Hedland 20 34.6 Global, 2-axis tracking 141% 12.6
Port Hedland 20 28.6 Direct beam, 2-axis tracking 116% 10.4

Table 5: Insolation at selected sites in Australia and Southeast Asia. The column labeled Relative tabulates annual insolation relative to that
of a plane inclined at the latitude angle at Port Hedland in northwestern Australia (defined as 100%).

Bereitgestellt von | De Gruyter / TCS
Angemeldet | 212.87.45.97
Heruntergeladen am | 21.09.12 15:52



194 —— A. Blakers et al., Asia Pacific Super Grid — Solar electricity generation, storage and distribution

100

\i\w?s
(3RS
N R
i U I Linear Fit 1976-2003
§ < ® 1980 ——— Linear Fit 1976-2010
o 8
b
(o]
&,
1]
S 104
o
o
3
©
o
=
>
o
7 LR19.3%
Sl B AL 35 SR s | LR R R LIRS 2o b P s e et
10" 10° 10' 107 10 10°* 10° 10°

Cumulative PV [MW]

Fig. 4: Decrease in photovoltaic price with increased installation
(23).

experience). Eventually of course the rate of cost reduc-
tions will decline.

High quality PV systems can be purchased today for a
price of less than US$3000 per kW nominal power under
standard conditions (23). It is not possible to reliably
predict the price of PV systems decades into the future. In
this study we adopt the conservative assumption that the
purchase price of large PV systems declines by 2% per
year from $3000 per kW, reaching $1300 per kW in 2050.
We assume a 30 year system life and an annual operations
and maintenance cost of 1% of the capital cost. In this
study the cost PV generation in both Australia and South-
east Asia is modeled with similar assumptions, and is pre-
sented in Table 7.

4 High voltage DC transmission

4.1 Benefits of Long Distance Transmission

Current transmission grids within industrialized countries
are based around a relatively small number of large fossil,
nuclear and hydro power stations (24). Load management
is practised by offering reduced prices at times of low
demand. Increasing scale of interconnection confers ro-
bustness of supply, allows smoothing of total demand by
increasing the variety and timing of loads, and allows the
incorporation of more varied power sources including
pumped hydroelectric storage. Continent-wide transmis-
sion grids are emerging and are being strengthened for
sound economic reasons. Long distance transmission in-
creases competition within markets (25), (26), (27).
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Greater penetration of fluctuating renewable electric-
ity sources is occurring, particularly from wind and solar.
When compared with conventional generation, these
energy resources have quite different characteristics. Al-
though PV allows distributed generation of electricity, re-
newable energy generation is often far removed from
cities, and energy must be transmitted over long distances.
Examples include offshore wind generation and solar
generation in desert regions (28), (29).

Transmission of electricity over long distances gener-
ally utilizes high voltage direct current (HVDC) technol-
ogy. Since the power transmission capacity scales with the
square of the transmission voltage, voltages in the range
of hundreds of kilovolts are used. High voltage and power
alternating current transmission is technically infeasible
over long distances (25). HVDC has additional advantages
relating to reduced transmission easements (30), (31) and
reduced induced current flowing through people living
and working near DC overhead transmission lines (30).

4.2 HVDC technology

HVDC technology was first used to link Gotland with
mainland Sweden in 1954. This link was capable of
transporting 20 MW, at 100 kV, over a 98 km underwater
cable (32). Since this installation, distances spanned,
voltages attained and power transmitted have all experi-
enced massive increases. The longest HVDC line to date is
in China, connecting the Xiangjiaba Dam to Shanghai,
spanning a distance of 2071 km and transmitting up to
6400 MW at + 800 kV (33). The + indicates that the trans-
mission line is bipolar.

The two main types of HVDC technology are Current
Source Converters and Voltage Source Converters. The
former is the more mature technology, and is otherwise re-
ferred to as HVDC Classic, or LCC HVDC. Thyristor valves
are used, and the system is line commutated. As a more
established technology, the voltages and power transmis-
sion capability is much greater than its younger counter-
part.

Voltage Source Converter HVDC was introduced in
the late 1990s. These systems are self-commutated and
make use of insulated-gate bipolar transistors. VSC HVDC
has better controlling technology than LCC HVDC, such
that the active and reactive power can be swiftly controlled
without dependence upon the other. There is no restric-
tion upon the minimum short-circuit capacity. This means
DC-AC converters can be positioned at any point in the AC
network. Black starts are possible, because of the self-
commutation (34), (35).
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Area Population projection Electricity consumption Cable length
(Mm?) (millions) 2050 (TWh p.a.) 2050 (km)

Timor-Leste 15 3 12 1200

Indonesia 1911 294 1140 2900

Singapore 0.7 6 48 3900

Malaysia 331 44 352 4200

Population-weighted average (2050) 3100

Table 6: Summary of parameters of the distance between the Tanami Desert (Australia) and the capital city of four selected countries.

Underground cabling has environmental and aes-
thetic benefits, and the transmission easement is much
smaller. However, underground cables that are capable
of transmitting more than + 500 kV, and 2000 MW, have
not yet been developed (31). Mass-impregnated cables
cannot be practically utilized underground, and no ex-
truded polymer cable has been capable of carrying such
high voltages. Underground cabling can cost up to ten
times that of overhead lines (36).

HVDC cables can be configured in several ways.
Monopolar systems involve a single cable, with the mid-
point grounded, and earth or metallic return. Submarine
monopolar cables can be designed to have sea return, but
this can produce corrosion in underwater infrastructure,
and also cause chlorine gas to form at the terminals (37),
(38). Bipoles are simply two monopoles joined together,
and can also have metallic return. These cables can be
built in parallel in order to transmit more power. Back-to-
back systems are built to join two asynchronous AC grids,
for example linking between separate regional transmis-
sion systems within the US (39). This can also be benefi-
cial for weak AC systems (40), (41).

The right of way needed for HVDC is substantial. On
land, corridors of around 60 m width are necessary for
the installation of a 5 GW cable (31). Obtaining access
rights is a significant impediment to HVDC transmission.
Underground cables require a much narrow corridor, but
are more expensive and less capable of transmitting large
amounts of power.

Feasibility studies suggest that + 800 kV HVDC sys-
tems are currently the most economically efficient way to
transmit large amounts of power over long distances (42),
(43). The transmission losses associated with an 800 kV
DC power line with 5 GW capacity is quoted by Siemens as
3% per 1,000 km (44). In addition, there is a few percent
conversion loss at the two ends of the cable (38), (45).

In order to derive an effective transport distance the
population-weighted cable length was calculated from
the product of the distance from northwest Australia to
the capital city of each country, and the population of

that country, normalized by total population of South-
east Asia. The population-weighted length of a cable
running from northwestern Australia to Malaysia is
3,100 km (Table 6). The cable capacity could be stepped
down to match the required capacity as it passes various
load centres — although in practice the benefits of strongly
interconnecting Indonesia with other parts of Southeast
Asia could mean that a large-capacity transmission system
is extended to the north of Indonesia. In summary, 10—
15% power losses can be expected in a cable running
from Australia to Malaysia via Indonesia. In this study
a transmission and conversion power loss of 12% is
adopted.

Undersea HVDC cables are technically challenging
compared with HVDC cables on land, and so the length of
undersea cable should be minimized. The minimum dis-
tance between northern Australia and Timor is 500 km,
which is less than the length of the NorNed undersea
cable between Holland and Norway (580 km). The NorNed
cable is a 700 MW cable beneath shallow seas transmit-
ting at +/- 450 kV DC (46).

The Timor Trench is a significant technical obstacle to
a direct Australia-Timor link, with depths of up to 3300 m.
However, careful route choice would limit maximum
depths to 1800 m. Research suggests that deep sea trans-
mission is possible to depths of 2000 m (47). The machines
currently used to lay cables work to a depth of 1000 m
(48).

Alternative routes exist between Australia and South-
east Asia that traverse only shallow water. One option
would be from the Northern Territory to West Papua, and
another would be from the tip of Queensland to Papua
New Guinea. The deepest water encountered in these
routes is only 55 m. However, they are considerably longer
than the route to Timor-Leste, and do not traverse sub-
stantial population centres.

Water depths and distances between the Indonesian
islands are relatively small. Connections could be under-
water or could utilise overhead cables supported by
towers, depending upon distance.
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4.3 Cost of HVDC cables

The cost of HVDC cables can be conveniently referred to in
terms of dollars per megawatt-kilometer (US$/MW km). It
is to be expected that US$/MW km costs will generally be
lower for long and large power cables due to more effec-
tive amortization of fixed costs. More recent cables are ex-
pected to have lower costs than earlier cables due to rapid
technical developments and learning experience gained
from rapid proliferation of long high-power cables.

Reliable estimates of the cost of HVDC cables are diffi-
cult to find in the literature. Many of the HVDC projects
around the world are located in China (50). The world’s
largest HVDC project was recently announced, to connect
eastern Xinjiang with the central city of Zhengzhou. This
cable has a capacity of 8 GW, a length of 2200 km and a
reported cost of US$3.7 billion (US$210/MW km) (51). Costs
quoted by various sources for high-power long-distance
HVDC cables are in the range US$110—-500 per MW km
(1), (33), (46), (51), (52), (53), (54), (55), (56), (57), (58),
(59). Costs of large HVDC cables can be expected to decline
substantially as many more are constructed in coming
decades.

In this study an average figure of US$300 per MW km
is adopted. This accounts for future reductions in cost
arising from far greater utilization of HVDC, and the
substantial cost of the 500 km undersea cable between
Australia and Timor.

5 Local storage

5.1 Benefits of local storage

Long distance power transmission cables are expensive,
and so it is desirable that they operate near full capacity
for most of the time. Solar insolation peaks during the day
and is zero at night. Short term storage within Australia
would allow continuous flow of power at close to the
capacity of the transmission system over the full 24 hour
cycle. This would allow the capacity of the transmission
system to be reduced by a factor of up to 4 for a given daily
energy transmission compared with the case without
storage. Additionally, it would effectively convert solar
electricity to dispatchable electricity. A high solar frac-
tion, regardless of whether it is produced locally or im-
ported, will require daily storage to stabilize supply in the
face of variable demand and solar intermittency. Demand
management and solar forecasting mitigate storage re-
quirements.
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Fig. 7: Comparison of electricity output of a solar system under clear
sky conditions (red) and average electricity generation (blue) (18).

Storage will also be required for solar energy produc-
tion in Southeast Asia in order to ensure reliability. This
storage will be more expensive than an Australian equiva-
lent because of the far higher cost of land and the higher
variability of solar insolation (i.e. the larger ratio between
peak and average electricity production).

5.2 Pumped hydro storage

Pumped hydro energy storage (PHES) is by far the largest
scale energy storage technology currently deployed, with
a combined world wide capacity of ~130 GW (60), (61)
(99% of worldwide storage capacity for the electricity
industry). Water can be pumped to an upper reservoir
during periods of low electricity demand and returned to a
lower reservoir through a turbine during periods of high
electricity demand. The lower reservoir can be a dam, the
sea or deep underground caverns (62), (63). A common
application of PHES is arbitrage between periods of high
and low electricity demand, corresponding to periods of
high and low electricity value respectively (64).

Most PHES systems are combined with hydroelec-
tricity production from a river. However, PHES systems
can also be constructed independently of a river, since
water is recycled between upper and lower reservoirs. The
only water requirement during operation is to replace
the difference between rainfall and evaporation. The civil
infrastructure of PHES systems has a lifetime in the range
of 100 years. The main environmental impact of PHES is
the alienation of land covered by lakes (65). An advantage
of off-river PHES is that the expense of coping with floods
is avoided.

PHES provides very rapid response (<1 minute) to
support fluctuating solar availability and consumer
demand (66). PHES is capable of supplying voltage regula-

Bereitgestellt von | De Gruyter / TCS
Angemeldet | 212.87.45.97
Heruntergeladen am | 21.09.12 15:52



198 —— A. Blakers et al., Asia Pacific Super Grid — Solar electricity generation, storage and distribution

tion, spinning reserve, frequency control and system
restart (67). A round trip efficiency of 70-90% is achiev-
able (i.e. 10-30% of the stored energy is lost during
pumping and generation) (60), (66). For the application
studied in this study, daily rather than seasonal storage is
required, which means that relatively small and low cost
lakes are required. For this study, storage is assumed to
utilise PHES.

Several other large scale energy storage technologies
may be available by 2030-2050. These include com-
pressed air in caverns, advanced batteries and solar
thermal storage by means of molten salt. Should the cost
of these technologies decline rapidly then they may
become competitive with pumped hydro. Thermal storage
would be a key element of any large scale solar thermal
electric generation in NW Australia (68), (69), (70). How-
ever, none of these storage technologies have been de-
ployed at significant scale, and future costs and technical
feasibility are more speculative than for PHES. In this
study, storage is assumed to utilise PHES.

Because daily rather than seasonal storage is primar-
ily required, pumped hydro storage costs are heavily
weighted towards the cost of power production (turbines,
pumps and pipes) rather than the cost of energy storage
(large dams and lakes) - it is necessary to move energy in
and out quickly rather than store energy for the long term.
A lake with a useable depth of 20m is able to store 15 GWh
per km? assuming a round trip efficiency of 80% and an
elevation difference between upper and lower lakes of
300 m.

Lake Argyle is a large (1000 km?) artificial lake on the
Ord River in the coastal region of NW Australia, with the
water surface at an altitude of 87 m. The Ord River is fed
by monsoonal rain and has an average annual flow of
3.9 km?. It lies close to the likely path of a transmission
cable between the Tanami desert in northern Australia
and Timor. There is a substantial area of land nearby at
an altitude of around 400 m. This 300 m elevation differ-
ence suggests the possibility of large scale pumped hydro
energy storage. Other storage solutions, including PHES
at other sites, are also possible.

Storage of half of the daily Australian electrical energy
production to be transmitted to Southeast Asia is modeled
in this study. Utilizing PHES with an elevation difference
of 300 m between upper and lower lakes, would require
an upper lake with depth, area and volume of 20 m, 55 km?
and 1.1 km’ respectively. The upper lake is rather small
compared with the modeled generation capacity (118 GW)
and does not have to cope with floods. Most of the cost is
in the power systems (pumps, turbines, pipes and tunnels)
rather than the energy storage system (the lake). For com-
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Fig.8: Lake Argyle (71).

parison, the Three Gorges Dam in China has generation
capacity of 23 GW, maximum depth, area and volume of
180 m, 1045 km? and 39 km? respectively, and must cope
with large floods.

5.3 Cost of pumped hydro storage

The cost of PHES systems is site-specific, and depends
upon geography, scale, cost of land, cost of interconnec-
tion to the grid and availability of related infrastructure.
A literature search suggests that the cost of PHES systems
is in the range US$600-1800 per kilowatt (62), (72), (73),
(74), (75), (76). A very large scale PHES system constructed
several decades hence, and utilizing small lakes relative
to power capacity, as envisaged in this study, is likely to
have costs at the lower end of this range. The cost adopted
in this study for PHES is US$600 per kW.

6 The cost of large-scale supply of
Australian solar electricity

In calculating levelised costs, a 5% real (inflation free) dis-
count rate is used, together with a 30 year system life and
an annual operations and maintenance cost of 1% of the
capital cost. The cost of land acquisition for solar farms,
PHES reservoirs and transmission corridors is included at
a rate of US$5 and US$5,000 per hectare in Australia and
Southeast Asia respectively. However, the cost of land is a
trivial fraction of overall system cost.

Solar energy does not require fuel. Once the system
has been installed, the only extra costs are those of opera-
tions and maintenance. Thus the price of solar power
will not be dependent upon international fuel prices. This
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Australian SE Asian
electricity electricity
SE Asian consumption (TWh/day) 1.4 1.4
Storage fraction 50% 50%
Area of land (km?) and % of the landmass 3140 and 3940 and
0.04% 0.17%
Required nameplate PV production 262 328
capacity (GW)
HVDC transmission capacity (peak) (GW) 144 -
PV cost (US$bhillions) 350 440

Storage cost (US$billions) 71 89

HVDC cost (US$billions) 134 -
Total (US$billions) (incurred over 30— 558 533
40 years)

Levelised electricity cost (US$/kWh) 0.080 0.077

Table 7: Summary of system costs.

provides a measure of stability to a solar investment. On
the other hand, interest rates may vary with time.

Under the assumptions noted above, the parameters
listed in Table 7 are calculated for 2050. Bulk electricity
could be supplied for about US$0.08 per kWh from both
Australia and Southeast Asia. Under the assumptions
used in this study, including that per capita consumption
of electricity rises to that of Singapore today, the capital
cost of supply of two thirds of Southeast Asian electricity
consumption from solar energy is about US$3200 per
capita, including generation, storage and high voltage
transmission, but not including low voltage distribution.
It should be noted that solar electricity is capital intensive
with low running cost.

7 Conclusion

This paper has modeled a Southeast Asian electricity
system in which one third of demand in 2050 is met from
Australian solar energy, one third from indigenous solar
energy, and one third from conventional energy sources.
Large scale generation and transmission of solar electric-
ity to SE Asia from Australia appears to be both technically
and economically feasible over the next 40 years. Despite
the expense and losses incurred in long distance trans-
mission of Australian solar electricity, it is competitive
with indigenous solar electricity because of high insola-
tion levels in Australia. Supplementation of locally pro-
duced electricity with power from Australia, together with
substantial storage, would allow a very high solar electric-
ity fraction. The high voltage DC transmission backbone
would also facilitate distribution of non-dispatchable
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electricity from renewable sources generated in South
East Asia.
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