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Introduction
With the existing energy supply and energy security situation of the ADB member countries having been
explored in other background chapters, this chapter turns to the prospects of new and emerging energy
sources in the developing countries of Asia. The emerging energy sources examined in this chapter shale
gas, solar (photovoltaics and concentrating solar power), wind, geothermal, landfill gas, tidal, gas
hydrates, and clean coal. Shale gas, photovoltaics, and wind, are given more attention than the others,
which are dealt with in an appendix.
Each energy source is introduced in terms of its salient technical characteristics, its current market
situation, and general prospects for market growth. Then it examines these energy sources from the
perspective of energy security for Asian countries into the middle of the 21st century:







Extent to which they can displace imports of conventional fuels (e.g., growth on a regional or
national basis)
Indigenous supply of resource and equipment on a national or regional basis, and implications
for countries and regions as energy/equipment importers and exporters
Sustainability, particularly in terms of greenhouse gas emissions
Ease or difficulty of integrating the emerging source into the energy system
Potential regulation relating to other environmental or health concerns (e.g., questions about
the impact of fracking on seismic activity and groundwater)
Financing requirements

Unconventional (Shale) Gas
In North America, talk of revolution is in the air. The “shale gas revolution”, it is claimed, has been a
“game changer”: in the space of a few years, unconventional gas, previously ignored by the major oil
and gas companies, has made major contributions to the supply of gas, with prices—and US imports—
tumbling over the same period. Now the rest of the world, and notably Asia, looks to North America and
wonders if the revolution can be exported.
Here three forms of unconventional gas will be discussed: shale gas, tight gas, and coal bed methane
(CBM). A fourth form of unconventional gas, radically different in terms of the size of the resource, the
location of the resource, the technologies that might be required to exploit it, and its stage of
commercial development, is methane hydrates. The prospects for methane hydrates are surveyed
separately within this chapter.
While tight gas and shale gas share technologies, shale gas has been responsible for the revolution in
North America, as evident from Figure 1. Tight gas has a longer history of exploitation and is unlikely to
radically alter perceptions of natural gas supply the way that shale gas has. Coal bed methane has not
seen the explosive growth that shale gas has seen, but has nevertheless progressed over the past two
decades. These three forms of unconventional gas, the technologies used to exploit them, and their
trajectories to date, are introduced in the appendix.
Here the prospects for an unconventional gas revolution in Asia are evaluated, and possible implications
outlined. The main questions are:
1)
2)
3)
4)
5)
6)
7)
8)
9)
10)

How revolutionary is the North American shale gas revolution?
What are the unconventional gas resources in Asia?
What is the current status of unconventional gas development in Asia?
Will the shale gas revolution be exported to Asia? If so, when?
What are the environmental concerns, and could these derail the revolution?
How might the shale gas revolution affect power generation and end use energy supply?
What will be the infrastructure requirements?
What are the risks?
What are the implications for Asia of improved natural gas supply in North America?
Who will be the winners and losers from unconventional gas exploitation?

Figure 1 U.S. dry natural gas production by source (Tcf/year) [EIA, 2012c]

How Revolutionary is the Shale Gas Revolution?
Before addressing the future of shale gas in Asia, it should be noted that through the din of the hype,
cautionary voices can still be heard questioning the future of the shale gas revolution within North
America. The prospects for shale gas in Asia will be tempered if shale gas turns out to be less
revolutionary than its most sanguine boosters proclaim.
The developments in shale gas over the past five years are seen to be revolutionary because they
suggest that new drilling approaches (notably horizontal drilling and hydraulic fracturing) have made it
possible to extract gas at high production rates from vast shale formations at a price that is competitive
with conventional gas.
Note that the claim that there are large quantities of gas in shale formations is not revolutionary—a
decade before the shale gas revolution, Rogner estimated the quantity of gas in place in US and
Canadian shale at 98 GToe [Rogner, 1997, p. 242], which is not wholly inconsistent with a recent
estimate of technically recoverable shale gas resources of 32 GToe [EIA, 2011a, p. 4]. Nor is the
extraction of gas from shales new, with records of shallow wells in Pennsylvania dating back to the
1820’s [Harper, 2008, p. 2] and wells in other parts of the United States being developed from the 1920s
onwards [Ground Water Protection Council et al., 2009, p. 13]

The central debate, then, is the price required to justify shale gas production, previously thought to be
prohibitively expensive. As shown in Figure 2, in the four years1 prior to shale gas production really
taking off in 2007, the average monthly wellhead price of gas in the U.S. was $6.01/Mcf, or $232/Toe.
Five years later, with shale gas contributing a third of US natural gas production, the average monthly
wellhead price had fallen to $2.69/Mcf, or $103/Toe (October 2011 through September 2012).

Figure 2 U.S. natural gas price at the wellhead [EIA, 2012b] and shale gas production (adapted from [Hughes, 2013] and [EIA,
2012a]). In comparison, total dry natural gas production in the U.S. in 2012 was around 63 Bcf/day.

If vast shale gas reservoirs can be tapped at prices less than $3.00/Mcf, this is indeed revolutionary. It
reverses the widely held prior expectation that, with (conventional) gas supply struggling to meet
demand, gas prices would ramp up and production wind down [Medlock, 2012]. It suggests that due to
price pressures acting in concert with environmental concerns, Old King Coal will be usurped [The
Economist, 2013] or at least weakened [EIA, 2012c] in the US power generation market; that natural gas
will be increasingly substituted for liquid fuels (particularly diesel) in the transportation sector
(particularly heavy vehicles) [Marsh et al., 2013], [Cooper, 2012],[EIA, 2012c]; that industrial production
(particularly of bulk chemicals) in the US will be spurred by low natural gas prices [Krauss et al., 2012],
[EIA, 2012c]; that rather than importing LNG, the U.S. becomes a net exporter, possibly by 2020 [EIA,
2012c] [Marsh et al., 2013]; and that, largely as a consequence of these shifts, energy-related U.S. GHG
emissions remain below year 2000 levels through 2040, rather than ratcheting upwards [EIA, 2012c].
The fact that shale gas is currently being supplied at prices below $3.00/Mcf does not mean that shale
gas can be produced profitably at this price [Fontevecchia, 2012]. As Rex Tillerson, the Chief Executive of
Exxon put it, “We are all losing our shirts today…We’re making no money. It’s all in the red.” Natural gas
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This covers the bulk of the high gas price period.

prices reflect a massive supply glut, and suppliers are scrambling to find new markets. In the meantime,
Tillerson and others assert companies will stop drilling until prices rise [Dicolo et al., 2012].
Drilling has diminished, especially for dry gas (i.e., from wells not also yielding valuable liquid
hydrocarbons), with rig numbers reaching a thirteen year low in the summer of 2012 [Finger, 2012], but
has not ceased [Malik, 2012]. Sceptics contend that the remaining drillers are continuing not because it
is profitable, but rather because 1) they are required by financing arrangements to drill a specified
number of wells, 2) land leases are voided if the driller does not drill within a specified time (such that
the lessor might start receiving royalties), and 3) stock valuations react positively to additions to a
company’s proven reserves arising from drilling a (possibly unprofitable) well [Krauss et al., 2012]. There
have been massive write-downs of shale gas investments in 2012.
Sceptics also finger the quick depletion and low ultimate recovery rates of shale gas compared with
conventional gas [Stevens, 2010]. A conventional gas well might produce for 30 to 40 years. Its
production rate remains fairly steady while gas flows through the interconnected pores of the formation
until the reservoir depletes near the end of its life. In contrast, shale gas can be collected from the
fractures created by fracking, but low permeability of the formation impedes surrounding gas from
replenishing the fractures. One large industry study showed the output of horizontal sandstone and
shale wells falls to less than 20% of the peak value within 30 months of the well starting production
[Baihly et al., 2010]. EIA figures, shown in Figure 3, are in broad agreement [EIA, 2012d].

Figure 3 Average production profiles for shale gas wells in major U.S. shale plays by years of operation (Mcf/year) [EIA,
2012d, p. 59]

Some debate surrounds what happens after this initial drop: in the absence of refracking and other
capital intensive procedures, does production level off (i.e., follow a hyperbolic curve), as believed by
most of the industry, or does the decline continue towards zero in fairly short order (an exponential
curve)? In the former case, wells would produce over decades and ultimate recovery rates would be
reasonably high. The sceptics, applying the exponential pattern, think that recovery rates might be half
those estimated by the industry [Berman et al., 2011], and variously estimate the production life of a

shale well to be as little as 5 to 12 years [Stevens, 2010]. Although they employ a hyperbolic decline
curve, EIA estimates of ultimate recovery rates align more closely with those of the sceptics: 1 to 3.6 Bcf
per well for the most promising plays, and considerably less for many others [EIA, 2011b], [EIA, 2012d].
This matters because short lifetimes require new wells to be drilled every few years just to compensate
for the wells that are in decline. According to one analysis, replacing declining North American shale
wells costs around $90 billion per year—yet the wells may be producing cash flow of only $50 billion per
year [Parkinson, 2012]. The strongest and most controversial claim of the sceptics is that in order to
maintain confidence in existing shale gas investments, elements of the industry have misrepresented
existing wells in order to attract investment for the replacement wells: a type of Ponzi scheme [Urbina,
2011], [Verenger, 2012].
The Ponzi accusation has been vigorously rebuffed by the industry [Helman, 2011],[McGraw, 2011], who
point to sustained or increasing output despite falling rig counts [Malik, 2012] and continued investment
from major oil and gas companies. The industry contends that the cost of a well can be recouped in the
first few years of production, and then a long tail of continued production equates to pure profit. Finally,
it can be argued that with wellhead prices having been consistently below $4.00/Mcf since September
2011, if low-cost shale gas drilling were not possible, new drilling would have been insufficient to keep
up with declines, gas production would have fallen, prices would have risen, and any such Ponzi scheme
would have collapsed already.
In fact, it does appear that production of dry shale gas has plateaued since late 2011 [Hughes, 2013].
Low gas prices reflect a glut that is being sustained by other gas production: 1) with high crude oil prices,
shale plays that produce significant quantities of liquid hydrocarbons may be profitable even at very low
gas prices [EIA, 2012c], [Parkinson, 2012]; 2) high oil prices have also encourage drilling of oil wells,
notably for tight oil, that produce natural gas as a byproduct (“associated gas”) [Tertzakian, 2012]. That
shale gas production has not declined despite the falling rig count may not so much reflect slower than
expected declines, but more efficient drilling practices generating more gas production per rig (e.g.,
drilling in “sweet spots” where the resource is best). Also, there is a huge backlog of wells that have
been drilled but not brought on line (possibly because it would be unprofitable to do so) [KellyDetweiler, 2012]. Finally, many gas producers have hedged their production such that they receive
above market prices, although these hedges generally run out in 2013 [Fontevecchia, 2012].
So with new drilling down, where will the price end up? The EIA foresees prices2 below $4.10/Mcf
through 2018 and then rising only slowly, to $5.55/Mcf by 2030: they believe that drilling for pricey oil
and natural gas liquids will yield sufficient associated gas to keep prices down in the short term, and that
advances in drilling efficiency will permit them to stay fairly low in the medium term [EIA, 2012c]. Figure
4 shows that their projections are sensitive to estimates of ultimate recovery rates (EUR), however. The
EIA is candid that “the EUR for future wells is highly uncertain” [EIA, 2012d, p. 58].
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At the Henry Hub; wellhead prices are typically around 10% lower.

Figure 4 Annual Average Henry Hub Spot Natural Gas Prices In Five Cases (2010 dollars per million BTU) [EIA, 2012d, p. 92]
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Outside of the EIA, some see further price declines [Conerly, 2012], but more see prices rising. When the
glut dissipates, the expectation is that the price will be determined by the last (highest cost) unit
produced [EIA, 2012d, p.91]. Two industry analysts propose post-glut prices of $4.60/Mcf [Tertzakian,
2012] and $5.00 to $6.00/Mcf [Kelly-Detweiler, 2012]. Although [Medlock et al., 2011] state that a large
majority of the shale gas plays in the U.S. are accessible at price below $6.00/Mcf, based on their
calculated breakeven prices, only 28% of the technically recoverable resources is accessible at a price
below $5.00/Mcf. Standard & Poor’s reportedly believes that the price threshold necessary for new gas
production is $4.00/Mcf [Fontevechhia, 2012]. An industry study of depletion rates showed that a 10%
return could be earned in the Barnett and Fayetteville shales with gas prices below $4.00/Mcf, but
would have to be in the $6.10 to $7.35/Mcf range for the other shales studied [Baihly et al., 2010].
Encana, a major gas company, indicates that prices will need to be $4.00 to $6.00/Mcf “to provide
acceptable returns for producers and enable demand growth” [Marsh, 2013]. Range Resources, sizing up
29 different shale plays in the US, estimated that for a 12% return, 12 of the plays required NYMEX
prices to be in the $5.00 to $5.50/Mcf range, six4 required prices above $6.00/Mcf, and only three of the
dry gas plays would attract investment at prices below $4.00/Mcf [Ventura, 2012]. Chesapeake Energy
indicates that they would renew their interest in dry Marcellus shale gas plays at prices of $5.00 to
$6.00/Mcf [Kelly-Detweiler, 2012]. Surveying the melee between shale gas’s detractors and defenders,
one study concluded that even the defenders required natural gas prices of $5.50 to $6.00/Mcf to
support shale gas production in most areas of the U.S. [McGlade et al., 2012, p.50].
The true sceptics think that even these higher prices can justify drilling only in the “sweet spots”—the
subregions of the vast shale formations where estimated ultimate recovery rates are quite high.
3

Note that this graphic is from the 2012 Annual Energy Outlook; projected prices are slightly lower in the Early
Release of the 2013 Annual Energy Outlook, but a comparable evolution of prices under differing assumptions is
not provided.
4
To be fair, the producers requiring $6.00/Mcf or higher included the four vertically drilled plays that were
considered.

Furthermore, the EIA notes that over time, there are fewer opportunities to drill in the “sweet spots”,
and new drilling moves to less productive areas, with lower EURs [EIA, 2012d, p. 58].
The honest answer is that even in U.S., with the longest history of shale gas, there is still vast uncertainty
[Kelly-Detweiler, 2012]. This applies to recovery rates, total recoverable resources, the price at which
drilling will attract rational investors, and the various influences of the oil price on dry gas drilling,
associated gas production, and demand created by substitution. All these inform the gas price.
At the prices projected by the EIA, the shale gas revolution looks revolutionary—compared with the
situation during the middle of aughts. Looking back further in Figure 2, the EIA projections look less
revolutionary and more like a continuation of the trend of the 90s and early aughts, interrupted by five
years of high and volatile prices. If, as seems likely, the price does eventually end up in the $5.00 to
$6.00/Mcf range, then, looking at Figure 2, it can be seen that it will have returned to nearly the same
level it was at, on average, in the five years prior to shale gas really taking off. That does not seem like a
terribly revolutionary outcome.
Arguably, the real upset of the last decade has not been the shale gas “revolution”, but rather the
magnitude of the jump in oil prices. The inset of Figure 5 compares gas and oil prices on a per unit
energy basis. Taking the projections as true, the trend in the gas price merely shows an aberration in the
aughts, whereas the oil price reveals a significant, sustained shift. Standard theory [Rogner, 1997, p.222]
predicts that rising oil and gas prices in the aughts would justify investment in resources requiring more
costly technology, leading to the optimization of this technology and therefore the expansion of the
recoverable resource base. This is precisely what occurred: technologies that had been employed for
decades were used to access resources (shale gas, tar sands, tight oil) that had, for decades, been
known, but considered marginal.

Figure 5 Ratio of low-sulfur light crude oil price to Henry Hub natural gas price on energy equivalent basis ([Gruenspecht,
2012] using data from [EIA, 2012d])

For both oil and gas, new supply has appeared in response to the price rise. It appears, however, that
supply response to an increase in price is smaller in the case of oil than gas, and as a result, the ratio of
oil to gas prices has shifted dramatically, as shown by Figure 5. In the case of oil, the market is working:
the price of oil is more-or-less being set by the price of the most expensive increment being sold. In the
case of gas, however, the market has been thrown out of equilibrium, as is typical in the boom and bust
cycles characterizing resource exploitation [Rogner, 1997, p.222]. The return to equilibrium has been
impeded by gas production from oil wells and wet gas wells that responds to the price of oil rather than
the price of gas.
This lends credence to gas specialist Nikos Tsafos’s assertion that “the biggest effect of shale gas has
really been psychological; that is, it has changed the view that people have around the world about how
much gas is out there” [Tait, 2012]. Within North America, it eases concerns about supply, making it
reasonable to contemplate substituting gas for coal and even oil. With U.S. import requirements falling
and possibly turning into exports, exporters worldwide no longer feel that they can dictate prices and
conditions to (Asian) importers, even though import/export volumes and infrastructure are only starting
to respond to this new “reality”. Furthermore, even the higher price scenarios for North American gas
suggest that shale gas can be produced at prices at or below those of some conventional gas and LNG
imports. This has other countries, notably in Asia, turning to their own shale formations.
Unconventional Gas Resources in Asia
It is a safe bet that there is a lot of unconventional gas in Asia. On the other hand, where it is all located
and how much of it can be technically recovered is far from certain [IEA, 2012a, p.5], [IEA, 2012b, p. 68],
[Rogner, 1997, p. 240], [McGlade et al., 2012]. These being emerging energy resources, there is still
much to be learned about the available resource, and how much of it can be recovered with existing
(and future) technologies. This is particularly true in those areas where past exploration and seismic
surveys have not been done—as situation that applies to much of Asia5. A reliable assessment simply
does not exist for most Asian countries, and the country-by-country estimates that do exist are very
approximate. Furthermore, different assessment methods and assumptions yield widely varying
estimates, so comparisons of the resource in different countries may be misleading or meaningless
where the estimates were produced by different studies.6
Regional Assessments: Regional assessments of unconventional have existed for over a decade. [Rogner,
1997] provides estimates of unconventional natural gas in place for three regions in Asia:
Coal Bed Methane
(GToe)
5

Shale Gas
(GToe)

Tight Gas
(GToe)

Even where exploration has been extensive, there is much uncertainty. For example, the EIA estimates of the
technically recoverable resource for the U.S. changed from 347 Tcf to 827 Tcf and back to 482 Tcf in its Annual
Energy Outlooks for 2010, 2011, and 2012 [EIA, 2012d].
6
A comprehensive and up-to-date discussion of these issues is provided by [McGlade, 2012]. It is well worth
reading.

South Asia7
Centrally planned Asia8
Other Pacific Asia9

1
31
0

0
90
8

5
9
14

Table 1 Regional estimates of unconventional gas in place [Rogner, 1997, p. 242]

Although this regional assessment is sometimes at variance with more recent assessments, it is still used
as a point of departure for some more detailed appraisals [IEA, 2012b, p.69]. Moving from regional to
country assessments, a bottom-up approach is required.
Country Assessments for Shale Gas: To date, the only basin-by-basin publicly available study for shale
gas using a consistent methodology across different countries appears to be [EIA, 2011a], based on work
performed by Advanced Resources International [Kuuskraa et al., 2009]. The 32 countries of the study
were selected because they “demonstrate some level of relatively near-term promise” and had basins
that “have a sufficient amount of geologic data for resource analysis” [EIA, 2011a, p.2]. Countries were
excluded on the basis of 1) having substantial conventional gas resources that would be preferentially
exploited and delay any serious harnessing of the shale gas resource, or 2) an expectation that necessary
markets and infrastructure would not be built within a meaningful time frame [EIA, 2011a, p. 7].
Within Asia, the EIA/ARI study identified three promising countries—China, India, and Pakistan—and
compared the estimate of their technically recoverable shale gas resource with their proved
conventional natural gas resources [EIA, 2011a]:
Proved
conventional gas
reserves (GToe)
China
India
Pakistan
World

2.8
1.0
0.8
171.6

Technically
recoverable shale
gas resources
(GToe)
33.1
1.6
1.3
171.9

Fraction of total
shale resources
of 34 countries10
studied
19.3%
1.0%
0.8%
NA

Shale gas rank
among 34
countries10
studied
1
15
17
NA

Table 2 Shale gas resources for promising Asian countries [EIA, 2011a]

According to this study, world shale gas resources are very comparable to proved conventional gas
resources—i.e., huge. For these three countries, the technically recoverable shale gas resources may be
larger than their proved conventional gas reserves, i.e., significant from the perspective of the country
itself.
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SAS-South Asia (Pakistan, Afghanistan, India, Nepal, Bhutan, Bangladesh, Maldives)
CPA-Centrally Planned Asia and China (China, Hong Kong, Mongolia, Korea (DPR), Laos, Vietnam, Cambodia)
9
PAS-Other Pacific Asia (Taiwan, Burma, Thailand, Republic of Korea, Philippines, Singapore, Malaysia, Indonesia,
Brunei Darussalam, Papua New Guinea, Timor-Leste, Fiji, French Polynesia, Gilbert-Kiribati, New Caledonia,
Solomon Islands, Tonga, Vanuatu, Western Samoa)
10
The "countries" include Western Sahara and a grouping of countries in Europe together holding less than 0.5
GToe of shale gas
8

China’s shale gas resource is the largest in the world, accounting for nearly 20% of the world shale gas
total. But exactly how big this technically recoverable resource is remains uncertain: ARI’s estimate of
33.1 GToe does not align perfectly with several other assessments, shown in Table 3.
Source of Estimate
EIA/ARI
China National Petroleum Corporation
Chinese Gov. Ministry of Land and Resources
Research paper of Jia et al.
Research paper of Medlock et al.

Resource
(GToe)
33.1
28.1
23.0
13.8 – 22.9
6.0

Reference
[EIA, 2011a]
[Nakano et al., 2012]
[IEA, 2012a, p. 115]
[Jia et al., 2012]
[Medlock et al., 2011]

Table 3 Estimates of China's technically recoverable shale gas resources

The original gas in place is estimated to be 133 GToe by ARI [EIA, 2011a, p. 1-5], 123 GToe by the
Ministry of Land and Resources [IEA, 2012c], 28 GToe by the China National Petroleum Company [Gao,
2012, p. 17], and the range of 26.0 to 90.9 GToe by [Zou et al., 2010].
Much of the difference in estimates reflects different assumptions about how much of the resource can
be recovered. The Ministry of Land and Resources apparently uses a factor slightly below 20%. This is
echoed by the IEA in [IEA, 2012b, p. 71] but ARI implicitly uses a factor of 25%. Elsewhere, recovery
factors of 15 to 40% have been used [McGlade et al., 2012, p. 25].
Rather than supply a single, highly uncertain estimate, [McGlade et al., 2012] quite sensibly suggest
providing a range of technically recoverable resource estimates by matching the lowest gas in place
estimate with a 15% recovery rate and the highest gas in place estimate with a 40% recovery rate; in
addition, they assess the reliability of the different sources and calculate the average of those they judge
most trustworthy; they deem this to be the best estimate. For China, they conclude the technically
recoverable resources fall in the range of 1.5 to 36.5 GToe, with a best estimate of 19.4 GToe.

Figure 6 Major shale basins and pipeline system of China. Reprinted from [EIA, 2011a, p. XI-1]

The EIA/ARI study appraises two marine deposited sedimentary basins, the Sichuan and the Tarim, that
it believes to have “excellent potential” for shale gas development. It also introduces five other basins,
with non-marine deposited shales, that it deems “sizeable but less prospective” [EIA, 2011a, p. XI-2]. The
location of these basins is shown in Figure 6.
India and Pakistan’s shale gas resources have received less attention than those of China, and, in light of
conflicting studies, are even more uncertain.
The EIA/ARI study identified five priority basins (in orange in Figure 7), including one in Pakistan, and
identified several other basins (in yellow) that were either unsuitable for gas production or lacked the
data required for a resource assessment [EIA, 2011a, p. XII-1]. It estimated the risked gas in place for
these basins to be 7536 MToe for India and 5346 MToe for Pakistan; it estimated the technically
recoverable resources to be 1653 MToe and 1323 MToe [EIA, 2011a, p. XII-2].

Figure 7 Shale gas basins and pipeline system of India/Pakistan. Reprinted from [EIA, 2011a, p. XII-1]

The Indian priority/prospective basins examined in that EIA/ARI study were subsequently appraised by
the U.S. Geological Service, who excluded the Damodar Basin. In the EIA/ARI study, these basins
excluding the Domodar, held a technically recoverable resource of 1453 MToe, or nearly 90% of the
Indian shale gas. In contrast, in the U.S.G.S. estimation these three basins held a technically recoverable
resource of only 58 to MToe to 357 MToe, with a best estimate of 159 MToe [USGS, 2011], as shown in
Table 4.
Source of Estimate
EIA/ARI (Cauvery, Krishna Godavar, Cambay, Damodar)
EIA/ARI (Cauvery, Krishna Godavar, Cambay)
USGS (Cauvery, Krishna Godavar, Cambay)

Resource
(MToe)
1635
1453
159

Reference
[EIA, 2011a]
[EIA, 2011a]
[USGS, 2011]

Table 4 Estimates of India's technically recoverable shale gas resources

This underlines the uncertainty in shale gas resource estimates, especially, as in much of Asia, where the
geological data that accumulates through past drilling is thin. The uncertainty permits fantastical
estimates of resources to be bandied about. For example, a figure for India’s shale gas resources of 55
GToe sometimes crops up [EIU, 2011, p. 22].
Shale gas resources in Indonesia may be substantial but have not been subject to much independent
scrutiny. An oft-cited but elusive study by the Bandung Technical University apparently estimated the
country’s “resource” at 26 GToe [Wah, 2011]. When cited, it is never specified whether this is gas in
place or technically recoverable resource; the former seems more likely. The resource is apparently

concentrated in the east of the country (Papua) and in Sumatra. The Indonesian government Ministry of
Energy and Mineral Resources advertises 8.7 GToe of “shale gas potential” [Focus Reports, 2012].
Regardless of the reliability of estimates, there seems to be an expectation that Indonesia contains
sizeable shale gas resources [Dittrick, 2012], with companies already announcing assessments of the
resources on their production sharing contract areas [Bintang, 2012].
There is scant to no publicly available resource information for other Asian countries. [McGlade et al.,
2012, p. 52] infer from a total lack of reports that there are no shale gas resources in the Republic of
Korea. There is interest in Kazakhstan’s resources [RFERL, 2012], but resource assessments are not yet
available. Cursory assessments for Mongolia, Vietnam, Malaysia, Azerbaijan, Turkmenistan, and
Uzbekistan may exist, but are not in the public domain [Hart Energy Research Group, 2011], and will be
saddled with high uncertainty due to lack of data.
Country assessments for coal bed methane and coal mine methane: There is no study that uses a
consistent methodology across all countries to evaluate the coal bed methane resource. Perhaps the
closest is [EPA, 2010a], for which countries submitted data, both for coal mine emissions from operating
mines and for coal bed methane resources. The figures for the included Asian countries are summarized
in Table 5. The data should be taken with a grain of salt, often being based on rather approximate
methods and incomplete data. Furthermore, it is not clear whether all the countries use the same
definition of resource (e.g., gas in place, technically recoverable, etc.); probably these figures should be
considered gas in place. Nevertheless, the table reveals that China, Indonesia, and India have vast
resources11, and several other countries have considerable resources.

China
India
Indonesia
Kazakhstan
Mongolia
Pakistan
Philippines
Republic of Korea
Vietnam

Estimated coal mine methane
emissions from operating mines
in 2010 (kToe/year)
9873
1481
32 (year 2005)
899 (year 2009)
2.7
64 (year 1993-1994)
15
75
91

Coal Bed Methane Resources
(GToe)
33.7
1.8-3.1
8.7-11.8
0.6-0.8
No data
Unknown, but at least 0.9 GToe
0.015
No data
0.15-0.25

Table 5 Annual methane emissions from operating coal mines and coal bed methane resources [EPA, 2010a]

For annual methane emissions from existing coal mines, one unrefined approach that at least offers
consistency is to use estimates published in greenhouse gas inventories; this is, in fact, the source of

11

Mongolia may also have very large resources, but these have not been appraised, nor, based on the country’s
natural gas infrastructure, are they likely to be developed soon.

many countries’ annual coal mine methane estimates in Table 5. Using this approach with updated data
available from [EPA, 2011, p. B-5,6] generates the data in Table 6.12

Burma
China
India
Indonesia
Kazakhstan
Laos
Mongolia
North Korea
Pakistan
Philippines
Republic of Korea
Thailand
Uzbekistan
Vietnam
Rest of non-OECD Asia

Estimated coal mine methane emissions from operating mines in
2010 (kToe/year)
19
19331
1710
252
871
6
13
691
71
26
52
26
6
387
6

Table 6 Annual methane emissions from operating coal mines [EPA, 2011]

China’s coal bed methane resources are the likely the largest in Asia outside of Russia, with a gas in
place resource of around 34 GToe at depths above 2000 m13; this is comparable to the country’s
conventional gas resources, and ranks China second14 in the world for coal bed methane. There may be
an additional 46 GToe of coal bed methane at depths of 2000 to 4000 m, but any development of this
resource is likely to be well in the future. Rather, near to medium term development will target coal at
300 to 1500 m depth, where up to 60% of the resource (17 to 20 GToe) is expected to be found15 [China
University of Petroleum, p. 2008, pp. 43-45].
Estimates of the technically recoverable resource range from 8.3 GToe [IEA, 2012b, p. 115] to 10.0 GToe
[Jia, 2012]. These imply a recovery rate of around 30%, as proposed by [China University of Petroleum,
2008]. They note that recovery rates could be between 10% and 50%, giving a range for the technically
recoverable resource of 3.4 to 17 GToe.
The Shanxi-Shaanxi-Inner Mongolia region is likely the richest in coal bed methane resources, with
around 55% of the country’s total [China University of Petroleum, 2008, p. 45]. It contains the Ordos
basin, identified in Figure 6, and, slightly to its east, the Qinshui basin. The North Ordos basin and the

12

Emissions provided in tonnes of CO2 equivalent were converted to kg of methane by dividing by the global
warming potential of 21, multiplying by 1000 kg per tonne, multiplying by 1.406 cubic metres of natural gas per kg,
and converting to Toe.
13
Estimates range from 9.7 to 45.9 GToe, with many estimates in the vicinity of 34 GToe [China University of
Petroleum, 2008, p.44]
14
Depending on the data source, it may be third, with Canada being second.
15
[Gao, 2012] cites a figure of 10 GToe.

Qinshui basin each holds around 5 GToe of coal bed methane16, and are the two richest CBM “belts” in
the country [China University of Petroleum, 2008, p. 45]. The eastern and western margins of the Ordos
basin hold at least an additional 3 GToe [China University of Petroleum, 2008, p. 45], and the total
resource of the Ordos basin has been estimated as high as 17 GToe [China National Petroleum
Company, 2013, p. 3]. Other large basins are found in Xinjiang17 (e.g., the Turpan-Hami and Junggar
basins in Figure 6) and Guizhou (e.g., the Sichuan basin in Figure 6).
Indonesia’s coal bed methane resources appear to be large, but have seen only modest development so
are still quite uncertain. The gas in-place at depths between 500 and 4,500 m has been estimated to be
as large as 11.8 GToe; the authors of that assessment suggested that the technically recoverable
resource might 1.3 GToe, an amount equal to one third of the country’s conventional gas reserves. The
most promising area was South Sumatra, where 4.8 GToe of gas in place was estimated to exist in coal
bed seams between 300 and 1000 m. A similar quantity of gas is estimated for the Barito and Kutei coal
beds of Kalimantan. Other areas of Sumatra and Kalimantan also contained coal bed methane; only
around 1% of the identified resource was located off these two islands [Stevens et al., 2004]. The
locations of these basins are shown in Figure 8.

Figure 8 Indonesian coal bed methane basins (reprinted from [CBM Asia Development Corp, 2013] )

India’s coal bed methane in place has been estimated to be as high as 4.2 GToe [Ojha et al., 2011] or
even 5.2 GToe [Dart Energy, 2013], with the most promising area likely being the Gondwana basin, and
particularly the Jharia Coalfield [Ojha et al., 2011]. This area, labelled “Damodar Basin”, is shown in
Figure 7.
The Karaganda basin has been identified as the area holding the vast majority of Kazakhstan’s coal bed
methane resources [Umarhajieva et al., 2003]
16

[Gao, 2012] cites a figure of 3.3 GToe for the Qinshui basin.
Although the coal resources in Xinjiang are large, [China University of Petroleum, 2008, p. 50] suggests that
outside of some more promising pockets, the methane bearing properties are poor, making exploitation difficult.
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Country Assessments for Tight Gas: The estimation of tight gas resources has received yet less attention
than that of shale gas and coal bed methane. This reflects a number of factors: 1) worldwide and within
Asia, tight gas resources are thought to be smaller than either shale gas or coal bed methane resources,
2) tight gas is exploited with the same technologies as shale gas, so the two are often conflated, 3) it has
not experienced and is unlikely to experience a boom the way that shale has18, and 4) like conventional
gas, but unlike CBM and shale, the reservoir rocks are not also the source rocks, and as a consequence
tight gas is sometimes considered an exotic form of conventional gas [Pearson, 2012].
One Asian country for which tight gas estimates, distinct from shale gas resources, are available is China.
There is some discrepancy among the estimates, however. The gas in place resource is estimated at 20.2
GToe in [Zou, 2012]. The technically recoverable resource is estimated to be 8.1 to 11.1 GToe in [Jia,
2012], but only 2.8 GToe in [IEA, 2012b, p. 115]. The latter value is almost certainly proven reserves,
since it corresponds nearly exactly with the estimate for this of 2.76 GToe given in [Dai et al., 2012].
Indonesia’s technically recoverable tight gas resource has been estimated to be around 1 GToe [IEA,
2012b, p. 69]. Significant resources exist in Pakistan [Natural Gas Asia, 2012a] and India [Petroleum
Economist, 2010], but independent assessments of these countries are not available.
Current Status of Unconventional Gas Development in Asia
Before examining the situation of the different forms of unconventional gas in each country, the Asian
situation is summarized thus:
1) In general, developments in unconventional gas considerably lag those in the U.S.
2) China leads unconventional gas development in Asia, followed by India, Indonesia, and other
countries.
3) China has successfully exploited tight gas resources; India, Pakistan, and Indonesia are moving in
that direction.
4) Coal bed methane has a relatively long history of development in China; India, Kazakhstan and
Indonesia have also developed projects.
5) China, India, Indonesia, Pakistan, and Kazakhstan have developed plans for or expressed interest
in developing their shale gas resources.
China
Conventional gas was not produced in China until 1949, and development of the industry was sluggish
until the turn of the millennium. Then, exploration activities of the 1980s and 90s began to bear fruit.
The first long-distance trunk pipelines were built, and LNG import facilities constructed [Gao, 2012]. In
2000, natural gas production was around 25 MToe [BP, 2011, p.22], but by 2011 this had risen to 85
MToe [BP, 2012, p. 24]. Consumption, roughly equal to production at the start of the decade, exceeded
production by over 40% by 2011 [BP, 2012]. Nevertheless, in 2010 natural gas represented only 4% of
the country’s primary energy supply [Gao, 2012], less than one-fifth of the comparable figure in most
18

Rather, it has over decades become an increasingly significant part of the natural gas supply in, for example,
North America, Germany, and China.

European and North American countries [The Economist, 2012a]. Consumption of natural gas is
expected to continue growing, both in relative and absolute terms [IEA, 2011a].
With consumption growing, production failing to keep up, coal’s environmental downsides becoming
more apparent [Nakano et al., 2012] and the enticing example of expanding shale gas production in the
U.S., there is much interest in the vast Chinese unconventional gas resources [China Greentech
Initiative, 2012, p. 62]. The Chinese government encourages production by setting targets and giving
mandates to state-run companies, which are then provided project opportunities and investment. The
Chinese government’s Ministry of Land and Resources plans to expand the fraction of national energy
requirements met with natural gas to 8% by 2015 and 10% by 2020 [Nakano et al., 2012].
China has a relatively long history of producing tight gas; it already accounted for 5% of China’s
production in 1990. In 2010, this had risen to over 20 MToe, or a quarter of the country’s output [Dai,
2012]19. Around half of this comes from the vast Sulige tight gas field in the north Ordos basin, first
discovered in 1999. Resources appear to permit further exploitation of tight gas. Despite the successes,
there are suggestions that the fracking process required to fully exploit China’s tight gas “needs
perfecting”, and the cost of production is high. Nevertheless, tight gas production is expected to expand
modestly, reaching 28 MToe in 2020 [Xinhua, 2009].
China’s coal mine methane and coal bed methane resources have also been under development for
several decades, with mixed results [Gao, 2012]. The country’s large coal industry generates huge
methane emissions, and efforts to capture and use these emissions have progressed relatively well. The
drainage of coal mine methane expanded tenfold over the 2000 to 2011 period, reaching 8.3 GToe
annually, and capturing around 60% of emissions. Of this around 3.0 GToe is productively used, fueling
900 MW of power generating equipment and 4000 vehicles, for example [Huang, 2010], [Huang, 2012].
But coal mine methane utilization has not expanded as quickly as its capture; efforts to capture CMM
are largely driven by the imperative to improve mine safety and reduce emissions of greenhouse gases,
and flaring of captured gas achieves this. One executive has pointed out that for a coal company,
“methane is a meaningless business compared to coal profits”. The large number of small mines, with
limited know-how and access to pipelines, add to the challenges [China Greentech Initiative, 2012]. The
35% utilisation factor for CMM in 2010 was much less than the 60% targeted by the 11th Five Year Plan
[Gao, 2012].
China has been drilling surface wells for CBM since the 1990s, but it was not until 2005 that serious
efforts to exploit the resource began. That year saw the drilling of 328 surface wells—more than the
combined total of all prior years [Huang, 2010]. In 2006 the 11th Five Year Plan enthusiastically called for
4.6 GToe of production in 2010 [Gao, 2012]. Despite over five thousand wells being drilled, production
fell well short of the target, reaching only 1.3 GToe in 2010 [Huang, 2012]. This has been variously
blamed on lack of financing, limited access to gas pipeline infrastructure [Gao, 2012], mining rights
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In comparison, U.S. tight gas production is well over 130 MToe/year.

conflicts20, and a monopoly market structure [China Greentech Initiative, 2012]. Nevertheless, the
period saw rapidly expanding output, visible in Figure 9.

Figure 9 Chinese CBM production and CMM capture and utilisation (data from [Huang, 2012])

For 2015, China’s 12th Five Year Plan anticipates production of 14.7 MToe of CBM gas, capture of 12.8
MToe of CMM, and utilisation of 60% of the captured CMM (i.e., the same target that was set in the 11th
Five Year Plan, but not attained) [Huang, 2012].
In support of these ambitious goals, and reflecting costs that are higher for unconventional than
conventional gas [China Greentech Initiative, p. 63], since 1996 Chinese national and state governments
have offered a range of incentives, including a two year tax holiday and a 50% tax reduction in the
subsequent 3 years, a 218 RMB/Toe (US$35/Toe) CMM utilisation subsidy from the central government,
additional state government subsidies, exemption from value added taxes, exemption from import
duties on CBM equipment, priority access to pipelines, and unregulated pricing [Gao, 2012].
China has much less shale gas experience, with the study of the resource, still not complete, starting
only in 2004. Hydraulic fracturing using U.S. technology did not occur until 2010, and horizontal drilling
followed in 2011, accompanied by the first opportunity for commercial ventures to bid on the rights to
develop particular shale gas blocks [Tao et al., 2012]. Commercial production just started in 2012
[Katakey, 2012].
Regulations require that non-Chinese firms interested in shale gas development find Chinese
counterparts; one of the drivers for this regulation is to assist Chinese firms to acquire technology and
expertise pioneered elsewhere, mainly in the U.S. State oil companies admit that Chinese “technology
20

Between national oil and gas companies holding CBM rights and local mining groups holding mining rights.

and experience still lags behind Western oil companies, but […] we can hire them to work for us” [EIU,
2011, p.7]. Chinese firms have also invested heavily in U.S., Australian, and Canadian shale gas plays
[Nakano et al., 2012, p. 8], although this may be done more for reasons of profit and securing supply
than for technology transfer [China Greentech Initiative, 2012, p. 43, 46, 48].
Expectations for shale gas development have been set high in the 12th Five Year Plan: 6 MToe in 2015
and 46 to 73 MToe in 2020. The 2015 shale gas production estimates of the national oil companies
amount to around half that [Gao, 2012, p. 23]. Thus, the current thinking is that shale gas will overtake
tight gas and CBM as the major source of unconventional gas.
To achieve these goals, the Chinese government is likely to encourage shale gas production in a manner
similar to CBM, in part because the wellhead prices required for profitability will be on the high end of
conventional gas prices [Medlock, 2011, p. 25]. The Ministry of Land and Resources may subsidise shale
gas production at a rate of 250 to 330 RMB/Toe (US$ 40 to 50/Toe) [China Greentech Initiative, 2012, p.
64].
India
India has exploited its conventional gas resources since the 1970s, but it is a net importer of gas: in
2011, gas production of 42 MToe could not match domestic consumption of 56 MToe [BP, 2012]. The
desire to find alternatives to imports has bolstered interest in unconventional gas.
India has been slower than China to exploit its CBM and shale gas resources [Nakano et al., 2012, p.13].
Although a CBM policy was drafted in 1997, and the first auction of CBM development rights held in
2001, commercial production did not start until 2007 [EPA, 2010a, p. 124-125]. In 2011, production was
still less than 0.1 MToe; the government foresees this attaining only 1.3 MToe per year by 2016 or 2017
[Ministry of Petroleum and Natural Gas, 2012].
Despite ONGC, the dominant (state-controlled) oil and gas firm, drilling the first Indian shale gas wells in
2011 [Nakano et al.,2012, p. 14], in 2012 the chairman of the company estimated that it “may be four to
five years before commercial drilling starts…if China and Australia can talk more about their reserves
and production, it is because they have been working on this for a while now”[Katakey, 2012b]. Beyond
technical challenges, regulations and a go-ahead from the environment ministry will be required before
production, or even the auctioning of shale gas blocks, can take place [Nakano, 2012, p. 13].
Similarly to Chinese national oil companies, Indian oil and gas firms have looked abroad for shale gas
technology, expertise, and investment opportunities [Nakano, 2012, p. 14]. For example, ONGC has
partnered with an experienced North American company, ConocoPhillips, to develop shale gas
resources in both India and North America [Katakey, 2012a]. Furthermore, India’s indigenous oil and gas
service industry is not advanced as that of China, so the hiring of outside expertise is common in the
industry [Nakano, 2012, p. 16].
Indonesia

Indonesia has a long-established conventional gas industry, producing 69 GToe in 2011, that exports
around half of the country’s production. Indonesia is the second largest producer of natural gas in the
Asia Pacific region, and worldwide it is the third largest exporter of LNG [BP, 2012, p. 22], [EIA, 2013a].
Domestic gas consumption is rising rapidly, however, and the industry sees its challenge as meeting
expanding domestic demand while having sufficient supply to exploit export opportunities—especially in
the face of declining output in existing conventional wells [Wah, 2011]. This has stimulated interest in
the archipelago’s potentially vast unconventional resources.
Progress in unconventional sources has been slow, however. All the forms of unconventional gas are in
an exploration and appraisal phase. For example, licences to exploit CBM were not awarded until 2007
[EIA, 2013a], and commercial CBM production did not occur until 2011, although it achieved a first
worldwide—LNG from CBM gas [CBM Asia Development Corp., 2013]. Nevertheless, the country is
targeting CBM production of 4.7 MToe in 2015, 9.5 MToe in 2020 and 14.2 MToe in 2025; production
will almost certainly fall short of the near-term targets [Wah, 2011]. There is no shale gas production;
indeed, the government has yet to award the first blocks to investors for development [EIA, 2013a]. The
government is expected to encourage unconventional gas production by offering favourable profit
sharing arrangements [Oxford Business Group, 2012].
Kazakhstan
Kazakhstan has a conventional oil industry more than a century old, and is a significant coal producer
and natural gas exporter [EIA, 2012b]. It is also a relatively old hand at CBM: production had already
started in 2000 [EPA, 2010a, p. 156] although quantities appear to be small. At the end of 2012, the
government funded a study to investigate the country’s shale gas resource, the legal and regulatory
framework for its exploitation, and its potential impacts on the energy market [Trend News Agency,
2012].
Other Countries
Perhaps with the exception of smaller tight gas and coal mine methane projects, other Asian countries
have yet to advance even to the drilling stages of exploiting their unconventional gas resources.
Prospects for a Shale Gas Revolution in Asia
The ambitious shale gas targets set by the Chinese government, and the interest expressed by the
Indian, Indonesia, Kazakhstan, and Pakistan governments for exploiting their shale gas resources reflects
the enthusiasm of the last several years: many in government and industry expect to see an Asian echo
of the North American shale gas boom. In this assessment, unconventional gas will be produced in Asia
in large quantities at prices of only slightly higher than projected for North America (e.g., for China, $190
to $240 per Toe [Medlock, 2012]).
But there are serious concerns that the explosion in North American shale gas output will not be easy to
repeat in Asia. There are a number of ways in which the Asian situation differs from that in North
America, and these may slow the growth of shale gas production. Furthermore, some analysts predict

shale gas costs considerably higher than in North America, making it less revolutionary in terms of its
ability to supplant other fuels or sources of gas.
The challenges that preoccupy the pessimists [Gao, 2012], [Stevens, 2010], [Katakey et al., 2012],
[Lelyveld, 2012], [Butkiewicz, 2012], [Gold et al., 2012], are listed below, with the exception of the
environmental concerns, discussed separately in the next section.
1) Different, more challenging geological conditions: There is significant geological variety in gas shales,
and some are easier to exploit than others. Many Chinese gas shales appear to be smaller, deeper, more
complex, and having higher clay content (making fracturing difficult) than those of North America
[Lelyveld, 2012], [Kim et al., 2012], [Katakey et al., 2012]. Indian shale formations are similarly complex
[Jain et al., 2012], a fact underlined by the discrepancy between USGS and EIA/ARI assessments of the
resource. This will slow efforts to harness shale gas, require more wells for a given level of gas
production [IEA, 2012b, p. 116], impede application of North American techniques [Kim et al., 2012],
and may result in uncompetitive production costs.
2) Lack of geological data: Successfully producing shale gas requires a good understanding of the
geology of the region. In North America, good data covering large prospective areas had been
accumulated through decades of conventional drilling and seismic surveys [Stevens, 2010, p. 13],
[Butkiewicz, 2012]. This is generally lacking in Asia, where the conventional industry is younger and less
conventional exploration has occurred [Jain et al., 2012]. Time and investment will be required to
generate this geological data [Credit Suisse, 2012, p. 42].
3) Less developed onshore gas service industry: North America’s onshore gas service industry is
formidable: large and technologically advanced, it has expertise derived from over a century of
conventional exploration and production [Butkiewicz, 2012]. This has been a key ingredient in the North
American shale gas revolution, because it allows the large number of wells necessary for shale gas to be
drilled quickly, economically, and with continuous improvements in efficiency. In comparison, the
onshore gas industry in Asia is smaller and less experienced, and still lacks some of the technology and
expertise used in the North American shale gas industry [Kim et al., 2012], [Nakano et al., 2012, p. 16].
As an example of the real implications of this, China is drilling around 50 shale gas wells per year,
whereas at its peak, the U.S. was drilling 1300 per month [Katakey, 2012b].
4) Technology can be imported (at a cost), but know-how must be learned: China and India have
partnered with Western gas companies largely in an effort to access their shale gas technology and
expertise. Undoubtedly, the technology can be imported, but it may be expensive, leading to
“stubbornly high” production costs [Lelyveld, 2012]. But the know-how required by each drilling team in
order to reliably fracture a deep horizontal well is much harder to import; the insight needed to
successfully develop new techniques optimal for the particular geological conditions yet more so
[Holditch et al, 2010], [Stevens, 2010, p. 14]. In North America, this expertise was born in the
conventional gas industry but had a long adolescence as shale gas drilling found its way. In Asia, it may
also take years [Gao, 2012, p. 35], [Nakano et al., 2012, p. 17].

5) Lacking a competitive industry of small players willing to take risks: The major oil and gas companies
were latecomers to shale gas in North America. Only when the way had been found by smaller players,
spurred by competition and willing to engage in risky experimentation, did the majors come [Medlock,
2012]. Some believe that the competitive industry was necessary for the innovations that led to shale
gas success [Stevens, 2010, p. 14]. This situation is lacking in many of the Asian countries, where stateowned companies dominate, and there appears to be a reluctance to experiment [Gao, 2012, p. 32],
[Jain et al., 2012]. Furthermore, among the Western firms that they have partnered with, few are the
small, innovative companies that pioneered the North American industry21.
6) Development on densely populated land: In contrast to North America, in India, China, and other
parts of Asia, many prospective areas for shale gas are heavily populated [Nakano et al., 2012, p.5],
[Gao, 2012, p. 26-27], heightening the likelihood of disruption and conflict [EIU, 2011, p. 23]. Shale gas
exploitation requires the drilling of a large number of wells. Even when the amount of land required is
minimized through “pads” sprouting multiple horizontal wells, each well may require a thousand truck
trips over a several week period to transport water and equipment for the drilling process. This is highly
disruptive, in terms of traffic, noise, and dust. Pipelines for collecting the gas and roads to the wells also
require space [Ground Water Protection Council, 2009, p. 48]. These challenges are exacerbated where
population density is high [Accenture, 2012, p. 47]. There may be additional difficulties where the
terrain is not flat: many gas bearing regions in Asia are hilly or mountainous, i.e., quite unlike Texas.
7) Ownership of subsurface rights: In many places where shale gas production occurs in North America,
subsurface mineral rights are the property of the landowner. Local opposition to shale gas and its
disruptions have been muted in part because landowners see a direct financial benefit from the activity
[Butkiewicz, 2012], [Gold et al., 2012], [Stevens, 2010, p. 13]. In areas of Asia where subsurface rights do
not reside with the landowner, this compensation will not automatically occur, and opposition may be
stronger22. Furthermore, it is often easier and quicker to negotiate with a private landowner than a
central government; this may slow the advance of unconventional gas in Asia compared to that in North
America [Credit Suisse, 2012, p. 12-13].
8) Insufficient pipeline network: Nearly 500,000 km of natural gas pipelines cover the U.S., allowing
shale gas to be collected and distributed efficiently. In contrast, China had 50,000 km of natural gas
pipeline in 2010, and plans to expand this to 100,000 km by 2015 [Gao, 2012, p.11], [Credit Suisse, 2012,
p. 41], [Kim et al., 2012]. There are less than 10,000 km of trunk pipeline in India [Nakano et al., 2012, p.
20]. This is expected to limit the areas where shale gas and coal bed methane can be exploited [Kim et
al., 2012], [Gao, 2012, p. 11].
9) Access to pipelines restricted: In North America, the owner of the pipeline is generally not the owner
of the resource flowing through it. This permits independent shale gas producers to transport their
product by contracting with the pipeline. Elsewhere in the world, including China and India, pipelines are
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There are good reasons for this; with the lack of geological data in Asia, a lengthy exploration phase may
precede commercial production. Players need to have deep pockets.
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As evidenced by conflicts in areas of the U.S. where subsurface rights are not held by the landowner [Ground
Water Proctection Council et al., 2009, p. 45]

typically owned by a major gas company, which transports its product—and possibly nobody else’s
[Medlock, 2012], [Nakano et al., 2012, p. 20], [Gao, 2012, p. 12]. In China, for example, three national oil
companies own nearly all the pipelines. This creates a risk that other investors may have difficulty
transporting their shale gas to consumers [Kim et al., 2012]. In India, existing pipelines are full: all
capacity has been contracted.
10) Regulatory framework: The full regulatory framework for shale gas exploitation has yet to be defined
in Asian countries [Nakano et al., 2012, p.18], [EIU, 2011, p. 23]. This must be attended to before large
scale commercial production can occur. This may cause delays, but ultimately should not block shale
gas.
11) Comparisons with CBM suggest slow growth: Some analysts, drawing a parallel between the learning
curve for CBM and that for shale gas, have looked at the sluggish growth of CBM in China, India, and
Indonesia and questioned why shale gas should fare better [Gao, 2012]. This is not a hurdle per se, but
rather a cause for pessimism.
12) Competition from CBM, tight gas, and imports: Shale gas may be in competition with shale gas, CBM,
and import infrastructure for limited investment funds. In China, for example, both tight gas and CBM
are more developed than shale gas, and there have been calls to preferentially develop these resources
before shale gas [Dai et al., 2012], [Natural Gas Asia, 2012b].
Given the above reasons for pessimism, will the shale gas revolution arrive? It seems almost certain that
eventually commercial shale gas production will make a sizeable contribution to the gas supply of China,
India, Indonesia, Pakistan, and other countries with resources. But it seems equally likely that current
plans are overly optimistic. Significant production Chinese production of shale gas will likely occur only
around 2017 to 2020 [Credit Suisse, 2012, p. 7], [Gao, 2012, p. 24], with Indian and Indonesian
production following five years later. Other countries may trail that. If shale gas costs in Asia prove to be
high due to complex geology and other challenges, production may not explode the way it has in North
America—a shale gas evolution, rather than a revolution.
There is another set of reasons to be cautious about shale gas: environmental challenges, which may
prove especially acute in Asia.
Environmental Challenges for Shale Gas
Shale gas exploitation (and other forms of unconventional gas) is still relatively new, and considerable
controversy surrounds its impact on the environment, and by extension, human populations. On
important questions relating to contamination of the water supply and fugitive methane emissions,
there have been several scientific false starts: studies that appear to conclusively resolve the issue are
revealed, on later examination, to be flawed in methodology and possibly tainted by conflict of interest
[Hume, 2012]. Though the scientific jury is still out, we can at least provide a synopsis of the charges
being levelled against shale gas, and some of the evidence that has been presented:

1) Water requirements: Slick water hydraulic fracturing, one of the key technologies in shale gas
exploitation, requires a large quantity of fresh water for every well that is drilled—between 5 and 20
million litres for a single well [Department of Mines and Petroleum, 2013b], [Ramudo et al., 2010, p.4],
[Credit Suisse, 2012, p. 40], [Gao, 2012, p. 28]. But in much of Asia, water resources are limited: China
and especially India both expect water demand to outstrip current water supply by 2030 [Nakano et al.,
2012, p. 21, 22].
In some areas, water will need to be transported over long distances to the drilling platforms, making
shale gas production prohibitively expensive. For example, the Tarim basin of Western China, identified
as one of the two most promising areas in the EIA/ARI study (see Figure 6), is essentially desert [Gao,
2012, p. 31], and some assessments of China’s shale gas potential discount this resource on the basis of
the cost of water [Medlock, 2011, p. 26].
In other areas, shale gas drilling will compete for water with other users, such as agriculture. This may
be the case in the Sichuan Basin, the second of the most promising areas in the EIA/ARI study, and home
to millions of farmers already struggling with water scarcity [Lelyveld, 2012], [Medlock, 2011, p. 26].
With water being an emotive issue, and China’s history of both drought and regime change at the hands
of a peasant revolt, development of this basin may be unpalatable to the Chinese leadership, who
prioritize residential and agricultural use [Gao, 2012, p. 32]. Similar concerns apply in India and Pakistan;
they are less warranted in water-rich Indonesia23.
2) Water contamination: The main potential environmental danger of shale gas to have exercised
populations in North America and Europe is water contamination [Accenture, 2012, p.6]. The popular
concern has been that the (generally undisclosed) chemicals used in slickwater fracturing will migrate
from the fractured shale into groundwater [IEA, 2012b, p. 36].
Water contamination may indeed be a real danger with hydraulic fracturing, but it is unlikely that this
will occur in the way that has attracted popular concern: the shale formation and the water table are
generally separated by hundreds of metres of rock [Ground Water Protection Council et al., 2009, p. 5355], [Accenture, 2012, p.6], [MIT, 2011, p. 40], [IEA, 2012b, p. 37].
On the other hand, wells with improper casing and cementing can provide a path for shallower methane
to migrate into groundwater; they may even leak fracking fluid, though this has not been demonstrated
[Williams, 2012, p. 21], [MIT, 2011, p. 40], [Ramudo et al., 2010, pp. 14-17]. Casings have been an
element of natural gas wells for decades, with few apparent mishaps, but shale gas may be different:
first, multiple stage fracking, which involves repeatedly pressurizing and depressurizing the well, has
been rarer in the past. Second, the sheer quantities of water and additives used in shale gas are absent
from conventional drilling.
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Surface water contamination is also a concern. Fifteen to 75% of the water injected during fracking
returns to the surface [Ramudo et al., 2010, p. 10], containing not just the chemicals used for fracking,
but contaminants liberated from the shale—including dissolved solids (salts) and even traces of naturally
occurring radioactive materials [Accenture, 2012, p. 29], [Ground Water Protection Council et al., 2009,
pp. 70]. If this water spills, it is likely to enter and contaminate surface water. The water needs to be
treated and/or disposed of safely24.
A number of studies have examined these issues, but none so far have been accepted as conclusive.
Ground and surface water contamination appears to be possible [Williams, 2012, p. 28], but
infrequent—in one study, 38 water contamination incidents were associated with 20,000 U.S. shale gas
wells over 2005-2009[MIT, 2011, p. 39 ].
Water contamination may be a particular concern for Asia, where shale gas will be exploited in densely
populated areas. In the Sichuan Basin, for example, water contamination could disrupt the livelihoods of
millions of farmers [Lelyveld, 2012]. Furthermore, water treatment infrastructure is already strained, so
shale gas operations may need to build their own treatment plants [Accenture, 2012, p. 35].
3) Fugitive methane emissions and other greenhouse gases: Natural gas has long been promoted as a
“green” fossil fuel because the GHG emissions associated with its combustion are very roughly half
those of coal or oil, per unit of energy contained. On this basis, shale gas has been construed as a
“bridge” fuel, available and viable now, to a low-GHG future [IGU, 2012],[China Greentech Initiative,
2012, p. 12], [MIT, 2011, p. 2].
Recently, however, several studies have questioned the green bona fides of natural gas in general and
shale gas in particular [Wigley, 2011], [Howarth et al., 2011]. These have focused on the methane that
escapes into the atmosphere during production. Since methane is 20 to 25 times more potent a
greenhouse gas than carbon dioxide (though it is less persistent in the atmosphere)25, these “fugitive”
emissions greatly worsen the overall global warming impact of shale gas.
The level of fugitive emissions that can be ascribed to shale gas production and the “greenness” of shale
gas are hotly disputed [Williams, 2012, p. 39-41],[Forster, 2012, pp. 23-26]. For shale gas to produce less
global warming than coal, fugitive emissions have to total less than 2.0 to 3.2% of the natural gas
produced [Wigley, 2011], [Alvarez et al., 2012]. In comparison, the study that ignited the debate
estimated fugitive emissions of 3.6 to 7.9%, and concluded that natural gas was no better than coal
[Howarth et al., 2011]. Various rebuttals suggested lower figures, e.g., 2.2% [Calthes et al., 2011], and
most life cycle assessments have found overall climate impacts 50% lower than estimated by Howarth
[Forster, 2012, p. 31].
Currently the industry line is that the GHG emissions of shale gas production are worse than those of
conventional gas production, if only due to the emissions associated with the truck traffic and intensive
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A typical disposal method is injection in a disposal well.

IPCC figures for a 100 year timeframe. Over a timeframe of several decades, methane is far worse [Forster, 2012,
p. 15]

drill site activity, but lower than those of coal [IEA, 2012b, p. 38], [Forster, 2012, pp. iii-iv]. But fugitive
emissions are, in reality, rarely measured, and where measurements have actually been taken, levels as
high as 9% have been found26 [Tollefson, 2013]. Thus, this is still an unresolved issue, and one of
immense import for global climate change [CSSP, 2010], [IEA, 2012b, p. 39-40].
Another consideration is how efficiently gas or coal can be used, particularly for power generation
[Wang et al., 2011]. State-of-the-art combined cycle gas power plants achieve efficiencies in excess of
50% [Research and Development Solutions, 2010, p. 499]. Their advanced coal counterparts cost more
and achieve only 40% efficiency [Research and Development Solutions, 2010, p. 297 and 436]. As a
result, even if shale gas were 25% worse than coal per unit of heat energy, it might be no worse than
coal per unit of electricity generated.
In practical terms, several conclusions can be drawn: 1) shale gas production is associated with higher
GHG emissions than conventional gas production; 2) whether it is as bad as coal has not been
ascertained, but is not currently the expectation; 3) if shale gas is as bad as some studies suggest, future
regulations limiting GHG emissions could seriously undermine shale gas, adding to the risk of investing in
its exploitation; 4) gas can be turned into electricity more efficiently than can coal, reducing its
emissions per unit of electricity, all other things being equal; 5) heavy reliance on natural gas will not
contain GHG emissions to the levels necessary to limit climate change to acceptable levels [MIT, 2011, p.
70].
4) Earthquakes: Hydraulic fracturing is not totally dissimilar to inducing a miniature earthquake. It is not
surprising, therefore, that fracking has been linked to earthquakes, both in scientific studies and in the
popular mind. In reality, a more significant contributor to earthquakes than fracking itself is the
reinjection of fracking wastewater in disposal wells. This is not an essential component of fracking, but it
is common practice27.
The tentative scientific conclusion at this point in time is that fracking has led to very small earthquakes,
too small to be of concern, and is unlikely to increase the likelihood of larger earthquakes. Reinjection of
fracking wastewater in disposal wells, on the other hand, may generate earthquakes large enough to
cause damage [Leith, 2012], [Williams, 2012, p. 25], [IEA, 2012b, p. 26].
In any case, whether science will be given much weight should there be a major earthquake in a
populated area where fracking occurs remains to be seen: populations, if already unhappy with the
disruptions of shale gas production, may scapegoat the industry, with ramifications for the government
and the companies involved. Areas of China, Indonesia, and other parts of Asia where shale gas might be
produced are earthquake prone, so this may be a real concern [Accenture, 2012, p. 35].
5) Local pollution and land impacts: Well operations may release volatile organic compounds, which can
be carcinogenic and contribute to respiratory problems [IEA, 2012b, p. 20]; oil and gas drilling
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This figure is not specifically for shale gas, but rather an oil and gas producing area. Nevertheless, it
demonstrates that fugitive emissions may be higher than generally understood by the industry.
27
In future, this common wastewater disposal practice may be curtailed, due to the link to earthquakes. This
would require more costly water treatment methods [Accenture, 2012, p. 34].

operations have been linked to serious air quality problems [Williams, 2012, p. 28-29]. Shale gas drilling
is a land-intensive industrial activity [IEA, 2012b, p. 19-20]: wells are numerous and tightly spaced, and
drilling a well requires 900 to 1200 truck visits [Ramudo et al., 2010, p. 6], [MIT, 2011, p.45]. This leads
to airborne dust, vehicle emissions and noise [Ground Water Protection Council et al., 2009, pp. 47-50,
pp. 71-72], [Accenture, 2012, p. 7]. Furthermore, the drilling pad may involve flattening a site of 1 to 3
ha [Ramudo et al., 2010, p.6], [Ground Water Protection Council et al., 2009, p. 48] (e.g., removing part
of a hillside and dumping the fill nearby), and cutting new roads through fields and forests. Pollution,
habitat changes, loss of farmland, forest fragmentation, erosion, and disfiguration of the landscape are
very real local impacts of shale gas production.

Many of the above challenges may have technological solutions. For example, water shortages may be
sidestepped by new approaches using briny water instead of fresh, employing water recycling
technologies, and even substituting super-critical nitrogen or propane for water [Medlock, 2011, p. 26],
[IEA, 2012b, p. 32]. Others, like water contamination and methane emissions can be addressed through
consistent application of best drilling practices.
While the IEA and others have concluded that through new technology, application of best practices,
monitoring, and transparency, shale gas can be exploited without significant environmental detriment
[IEA, 2012b, pp. 9-10], this strikes some as a Pollyanna assessment: simply because it is possible to avoid
environmental damage does not mean that the practice on ground will uniformly do so. Many nuclear
plants operate safely, but there has also been Chernobyl; much drilling has occurred in the Gulf of
Mexico without mishap, but there has also been the Deepwater Horizon debacle of 2010.
Ensuring consistent application of best practices as foreseen by the IEA will be especially hard for shale
gas (and other unconventional gas), since operations will involve tens of thousands of geographically
dispersed wells. This multiplies the opportunities for sloppy drilling, cracked well casings, and shortcuttaking teams to make a mess. It also creates challenges for monitoring and identifying the source of a
contaminant found in the air or water—especially when the contaminant may dissipate very quickly
(e.g., methane in the air) or when the contaminant, released during drilling, migrates slowly
underground.
Furthermore, the transparency prescribed by the IEA is not a salient characteristic of many Asian state
oil and gas companies [Lelyveld, 2012], and there have been failures and transgressions by shale gas
companies in supposedly transparent North America [Williams, 2012, p. 24], [Ramudo et al., 2010, p.
14]. Smaller operators may lack scruples entirely, as evidenced by the environmental havoc wrought by
widespread illegal mining and forestry activities in, for example, parts of Indonesia. In short, it may be
challenging to ensure adherence to even the best environmental regulations.
Role in Energy Supply and Power Generation
With uncertainty in both the size of the recoverable resource and the prospects for commercial
production of unconventional gas, any projections of its future role in the energy supply must be

considered speculative. Here, this will be attempted by combining IEEJ estimates of total primary energy
requirements under a business-as-usual scenario [Doi, 2012] with IEA estimates of unconventional gas
production assuming all obstacles were overcome, i.e., their “Golden Rules” scenario [IEA, 2012b].
Of the Asian countries, China is the furthest down the unconventional gas road [Nakano et al., 2012],
and was the only Asian country selected for in-depth analysis by the IEA in their “Golden Rules” report
[IEA, 2012b, p.119]. Combining the IEA’s sunny projections of unconventional gas production in China
with the IEEJ estimates of primary energy requirements, one would conclude that unconventional gas
will provide around 3% of China’s energy in 2020 and 8% in 203528. Shale gas would account for 55% of
unconventional gas, and CBM 40%. Together, unconventional gas would account for slightly over 80% of
Chinese gas production.
Despite the modest contribution of unconventional gas to China’s total primary energy consumption,
the IEA sees it as playing a significant role in energy security. They find that natural gas imports can be
held to 20 to 25% of natural gas consumption if unconventional gas booms, but will grow to nearly 60%
of consumption by 2035 if it does not29. The 60% figure is alarming, but needs to be viewed in the
context of low overall reliance on natural gas: in 2035, even the high estimate for imports would
represent less than 6% of China’s total primary energy demand. But China is already heavily dependent
on imports for its oil supply, and does not want a repeat of this situation for gas [Credit Suisse, 2012, p.
33].
For 2035, the IEA sees India producing unconventional gas equal to 4% of its IEEJ total primary energy
requirement. Around three-quarters of this would come from shale gas, and the remainder from CBM
[IEA, 2012b, p. 83]; like in China, unconventional gas would dominate total gas production. Even with
this dramatic expansion of unconventional gas, imports would still approach 50% of India’s gas supply,
and would be only slightly larger in absolute terms if unconventional gas were little developed [IEA,
2012b, p. 87, p. 98]. Thus, it would appear that for India, with a limited resource and large total energy
demand, unconventional gas may be an attractive business opportunity but is not a “game-changer”.
For Indonesia, the comparable 2035 figures see unconventional gas production of just over 8% of total
primary energy requirements, split roughly equally between shale gas and coal bed methane.
Unconventional gas would account for less than 40% of total gas production [IEA, 2012b, p. 83].
The IEA expects that gas imports will be significantly more expensive than in-country unconventional gas
production, so they will be a drag on the economy [IEA, 2012b, p. 120], [Credit Suisse, 2012, p. 34]. They
also note that higher unconventional gas production might permit importers like China and India to
negotiate better prices for imports. But it is not clear whether China or India needs to actually produce
large quantities of unconventional gas to gain this negotiating edge: the mere threat might be sufficient.
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The IEA’s estimates of primary energy requirements are different, and under their assumptions unconventional
gas would supply around 4% of China’s primary energy in 2020 and 11% in 2035.
29
This understates the difference between the two scenarios, since the IEA assumes almost 25% lower natural gas
demand if unconventional gas is not aggressively developed.

It appears, therefore, that unconventional gas will make a limited contribution to the primary energy
requirements of Asian countries through 2035. But in what sectors might unconventional gas be used?
And what impacts might that have on consumption of coal and oil?
Technically, there is no obstacle to unconventional gas playing a larger role in power generation in the
longer term, particularly in China, and substituting natural gas for coal in power stations near cities
might provide some relief from mounting air pollution problems. In 2010, the contribution of natural gas
to total electricity generation was 27.4% in Pakistan, 23.6% in Indonesia, 12.3% in India, but only 1.6% in
China [Doi, 2012]. If, in 2035, all Chinese unconventional gas foreseen by the IEA in their “golden rules”
scenario were used for power generation, it could supply around a third of China’s electricity
requirement (as forecast by the IEEJ); once again, this is an upper bound. In the short term, however,
additional gas-fired generation will be constrained by the limited unused capacity in existing plants; new
plants will need to be constructed.
The challenge for electricity generation will be price: natural gas generation will likely remain more
expensive than coal generation [IEA, 2011a, p. 15]. For example, In the absence of a carbon tax, natural
gas prices need to be below US$ 260/Toe (US$ 0.24/m3) to compete with coal in electricity generation in
China [China Greentech Initiative, 2012, p. 67].
In India, unconventional gas is unlikely to considerably alter the mix of generation. Indeed, coal’s share
of power generation is expected to rise. Gas is too expensive to compete with coal for power
generation, and will be used in industry instead [Credit Suisse, 2012, p. 56]. There may be a role for
industrial backup generating units, necessary where the grid is unreliable, to provide peak power and
even combined heat and power.
For importers of LNG, like South Korea, the high price of natural gas will not justify substituting it for
coal, even when that is imported [Credit Suisse, 2012, p. 59].
Unconventional gas’s role in power generation is likely to be in providing peak power [Credit Suisse,
2012, p. 55]. This role may be especially important when intermittent renewables—solar and especially
wind—make a larger contribution to electricity generation [MIT, 2011, p. 87-94]. Natural gas plants can
compensate for rapid changes in the output of these renewables, and have comparatively modest
capital costs.
In addition, gas-fired combined heat and power plants, operating only during times of significant heat
loads, would maximize the benefit provided by natural gas, although they would have high capital costs.
Interest in such plants is growing, e.g., in China [China Greentech Initiative, 2012, p. 59]. They could
serve double-duty as renewable backup or peak power generating plants.
There is also room for expanded use of (unconventional) natural gas by end consumers, for uses such as
heating and cooking; this has been given priority in China over power generation, where heating is
required during winter, and the use of coal for this purpose degrades already bad air quality [China
Greentech Initiative, 2012, p. 66]. Natural gas could similarly reduce the use of coal-fired electricity for
cooking and possibly other small heat requirements: it can provide heat in these applications two to

three times more efficiently than coal30. It is reported that only 10% of China’s population is currently
connected to the natural gas distribution network, compared with an average of 40% worldwide [IEA,
2011a, p. 15].
While natural gas, either imported or from indigenous unconventional resources, is likely to be more
expensive than coal, it will be more competitive with oil. Already, industries in gas importing countries
report contemplating switching natural gas for oil. In places with a well-developed natural gas network,
natural gas might steal some share of the market for fuelling vehicles31 [EIA, 2012d, pp.23-41], [MIT,
2011, p. 120-128]. This will not engender the same air quality benefits as substituting for coal, however.
Investment and Infrastructure Requirements
In order to significantly expand the unconventional gas supply in Asia, five types of infrastructure will be
required:
1)
2)
3)
4)

Gas wells
Pipelines to collect, transport, and distribute unconventional gas
Drilling rigs and other equipment required to drill unconventional wells
Roads, water trucks, water treatment facilities, and possibly water pipelines required to support
drilling operations
5) LNG facilities and pipelines to import (and, for a few countries, export) gas, some of which will
likely be unconventional gas
The number of wells required to achieve a certain level of production, which will partly determine the
requirements for drilling rigs, water transport and treatment, is highly sensitive to ultimate recovery
rates and well decline rates; for Asia, these are both unknown32.
In the IEA’s scenario for drastic expansion of unconventional gas (the “Golden Rules” scenario) they
estimate that China will need to drill 300,000 unconventional gas wells by 2035, with annual
requirements of 2000 wells over the next few years rising to 20,000 wells toward the end of the period.
Credit Suisse arrives at similar numbers [Credit Suisse, 2012, p. 38]. The IEA expects that China would
need to add nearly 1600 rigs to its inventory over this period33 (few of its existing fleet of rigs are
capable of horizontal drilling [Credit Suisse, 2012, p. 39]). Chinese manufacturers are reportedly not yet
able to build drilling rigs suitable for shale gas [Gao, 2012, p. 35]. For comparison, the U.S. has drilled
700,000 oil and gas wells of all types over the last 25 years, and has 2000 oil and gas drilling rigs [IEA,
2012b, p. 89]. The IEA does not provide comparable figures for India, Indonesia, or other parts of Asia,
but this at least gives a sense of the scale of the endeavour.
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Based on 90% efficient combustion of natural gas to generate heat, but 35% efficient generation of electricity
using coal, plus transmission and distribution losses.
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The form that the natural gas will ultimately take—LNG, compressed natural gas, or methanol—is not clear.
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The IEA assumes an average recovery rate of 26 kToe (1 BCF) per well, with only 50% of the gas being recovered
after three years. These assumptions correspond to the performance of good North American shale plays, but as
shown by Figure 3, may be optimistic for typical wells, even in North America.
33
The IEA’s estimate is higher than some others, for example, [Credit Suisse, 2012] and [Gao, 2012].

Horizontal shale gas wells in the U.S. cost US$ 5 to 10 million per well. The initial pilot wells in China
appear to cost US$ 11-15 million, but it is expected that prices will decline, perhaps to US$ 4 million per
well when more wells are drilled [Credit Suisse, 2012, p. 38], [Gao, 2012, p. 34]. On this basis, drilling the
expected 300,000 wells would cost US$1.2 trillion34. But the IEA also notes that wells will likely be more
costly in Asia than North America since shales are deeper, and estimates that a typical well would cost
USD$ 8 million [IEA, 2012b, p. 54]. This would double the costs of drilling 300,000 wells to US$2.4
trillion.
In its Golden Rules scenario for China, the IEA foresees cumulative investment by 2035 of $400 billion
for unconventional gas well-related activity35, $200 billion for transmission and distribution (including
for conventional gas), and $50 billion for LNG facilities. For India, the comparable figures will be $220
billion for wells, $40 billion for transmission and distribution, and $20 billion for LNG infrastructure.
Other Asian countries will spend a total of around $60 billion for wells, $150 billion for transportation
and distribution, and $20 billion for LNG infrastructure36 [IEA, 2012b, p90].
Risks of Unconventional Gas
While there is currently great enthusiasm for unconventional gas, and shale gas in particular, there are
risks associated with aggressively targeting these resources. These include:
1) Production falls short of targets, leaving countries scrambling for gas supply and reliant on coal:
Enthusiasm for shale gas may create uncertainty about demand for alternatives, and inhibit
investment from conventional gas exploration, LNG terminals, pipelines, and other energy
infrastructure [Stevens, 2010, p. 23]. But as discussed in previous sections, there are geological,
technological, infrastructural, and environmental obstacles that need to be surmounted in order
for unconventional gas, and particularly shale gas, to make a significant contribution to energy
supply. It is not a given that these obstacles will be overcome in a timely manner. If they are not,
planning that takes these targets at face value will be upended. Two options will remain: pay
dearly to import gas and expand conventional gas production, or fall back on coal, and accept its
concomitant environmental problems.
2) Distracts from energy efficiency and renewables: The promise of abundant, “green” natural gas
offered by unconventional resources is alluring. But natural gas is not GHG emission-free; it is
clearly less green than renewables developed in a sustainable manner. Heavy reliance on shale
gas may be better than heavy reliance on coal, but widespread combustion of shale gas will not
permit the reductions in GHGs necessary to limit global climate change to two degrees Celsius
above pre-industrial levels [IEA, 2012b, p. 12], [Wigley, 2011], [MIT, 2011, p. 70]. For this,
efficiency and renewables will be required. The allure of shale gas distracts attention and
investment from that end goal [Credit Suisse, 2012, p. 10], [KPMG, 2011, p. 19].
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Assuming they are all horizontal wells; vertical wells might cost half as much [Credit Suisse, 2012, p. 38]
It is unclear why the investment costs are one-sixth of what one would expect based on multiplying their
estimate of the cost of a typical well and the number of wells to be drilled.
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3) Runs afoul of future GHG emissions reductions efforts: The GHG emissions associated with
unconventional gas production have yet to be pinned down. If they prove to be at the higher
end of current estimates, then unconventional gas is little better than coal, if at all. Currently,
reliance on coal is understood to entail risks in that it may be penalized by future GHG emissions
regulations. Similarly, heavy reliance on shale and other unconventional gas may entail similar
risks [Medlock et al., 2011, p. 15].
4) Causes local disruptions and environmental degradation: One of the characteristics of modern
energy projects is that they tend to directly impact a fairly small proportion of the population37.
This makes it feasible to compensate the affected population, or simply ignore their concerns.
Shale gas, exploited on a widespread basis in populated regions of Asia, will directly
inconvenience a large number of people, and may burden them with concerns about the
availability of (clean) water, earthquakes, and disfiguration of the landscape. This may
undermine quality of life and lead to unrest.
North American Unconventional Gas: Implications for Asia
The most obvious consequence for Asia of the North American boom in unconventional gas has been
the interest shown by China, India, Indonesia, Pakistan, and Kazakhstan in their own unconventional gas
resources. But even if the obstacles to exploiting Asian unconventional gas supplies are not overcome,
the enhanced North American gas supply has important ramifications for energy supply in Asia:
1) It has returned some bargaining power to natural gas importers: Five years ago, there was a
widespread sentiment that natural gas supplies were in decline, and that in future there would
be fierce competition for the dwindling resource. This gave gas exporters great power in
negotiations with importers who felt the need to lock-in a long term supply [Medlock, 2012].
Now, with the prospect of North America exporting LNG [Nakano et al., 2012, p.23], Asian gas
importers have two bargaining chips: first, there is the expectation that LNG will be available
near current prices into the medium-term future. Second, there is the implicit threat that if
exporters are too greedy, importers will develop their indigenous shale gas supplies [Nakano et
al., 2012, p.23]. For example, there is some speculation that the aggressive Chinese shale gas
targets were set in part to soften Russia’s negotiating position with respect to natural gas
exports to China. Overall, this suggests that indexing of natural gas prices to oil prices, common
in Asia, may weaken, to the benefit of gas importers [Medlock, 2012].
2) It has created investment and business opportunities for Asian industry: Chinese, Indian,
Malaysian, and Korean industry have all become involved in the North American (and
Australian) shale gas boom, either through purchasing or partnering with North American shale
gas companies, or by supplying equipment to these companies.
3) It has made LNG more attractive: With U.S. imports falling, and Canada and possibly the U.S.
setting up LNG export facilities, there is the expectation that LNG (e.g., from Qatar and
Australia) will be more competitively priced [IEA, 2012b, p. 86]. Also, the possibility that China
37

Intensive use of coal is an exception, since its consequences for air quality are felt by many. But the link is
somewhat weakened by distance and the sharing of the blame with other emitters, like vehicles.

and India will develop their own shale gas supplies means that there is uncertainty about their
long term import requirements; this uncertainty makes pipeline building risky. This has made
LNG more attractive [IEA, 2012b, p. 120].
4) It has led some industries to consider substituting gas for other fossil fuels: If the current gas
situation in North America continues, it may lead to increased use of gas as a fuel and a
feedstock, regardless of whether a country has or exploits its indigenous shale gas supply. For
example, several Japanese companies have announced that they are studying such a
substitution [Natural Gas Asia, 2012c].
5) It may make coal cheaper: With U.S. power generation quickly switching away from coal, U.S.
coal is looking for export markets [Credit Suisse, 2012, p. 51]. This will depress coal prices
internationally [Credit Suisse, 2012, p. 8], making it yet more attractive for power generation,
despite its flaws.
Winners and Losers from Unconventional Gas
With so much uncertainty concerning how unconventional gas will play out in Asia, it is dangerous to
attempt to identify winners and losers. Nevertheless, some tentative conclusions follow.
Natural gas importing countries, notably China, India, Republic of Korea, Thailand, and Singapore, will be
winners. Increased gas supply (with North America becoming an exporter) and more competition among
exporters will grant importers a measure of bargaining power, and will contain prices [IEA, 2012b, p. 87].
Among gas importers, those able to exploit a sizeable indigenous unconventional gas resource will be
the biggest winners. The indigenous resource will offset expensive imports, generate economic activity
and employment, and spur industrial development. In practice, the winners will be China, and to a lesser
extent, India.
The impact of unconventional gas on exporters will depend on whether they have their own indigenous
unconventional gas resources to exploit. Countries that do, like Indonesia and Kazakhstan, will suffer
from lower prices, but may gain in increased export volumes. If domestic consumption is relatively high
and rising, as Indonesia, unconventional gas will be a minor blessing. On the other hand, exporting
nations without significant unconventional resources will see lower prices, and new competitors, but no
increase in volume. These countries, which likely include Malaysia, Turkmenistan, Azerbaijan, and
Uzbekistan, will be adversely affected by unconventional gas developments elsewhere [Medlock et al.,
2011, p. 49].
In sense, the small island countries of Asia will be comparative losers, since it is unlikely that they will be
able to economically import LNG. Instead, they will have to use oil, which will likely remain more
expensive than gas as long as unconventional gas keeps a lid on prices.
Countries with industries that can export equipment, expertise, and materials for unconventional
exploration and drilling will also be winners. Since China is more advanced in its unconventional
resource activities than other Asian countries, it stands to gain. But the Republic of Korea, Malaysia, and
perhaps India may also benefit in this respect. For example, guar gum is a component of some fracking

fluid, and Indian farmers and exporters already report a windfall from the North American shale gas
boom.
Comparing Asia with the rest of the world, it seems that on the whole the continent will be a net
beneficiary of unconventional gas, being an importer with very sizable unconventional reserves and the
industrial expertise to supply technology and know-how worldwide. It will likely not be the biggest
winner, though: the U.S. seems likely to gain the most. Europe gains, but not as much as Asia.
Conventional gas exporters like Russia, the Middle East (particularly Iran and Qatar), Venezuela, and
Nigeria, will be hurt by unconventional gas [Medlock, 2012], [Medlock, 2011, p. 29], [IEA, 2012b, p. 83].
Canada and Australia will gain from increased supply but may lose as exporters [Nakano et al., 2012, p.
5], [KPMG, 2011, p. 20]. Investors in North American LNG import terminals and North American coal
industries may also be losers [Stevens, 2010, p. 19].
Within countries, the winners will be consumers of natural gas, who will pay less for it. The losers will be
residents of those regions where unconventional gas exploitation occurs: they are unlikely to be
adequately compensated for the disruptions to their lives that intensive gas activity will bring.
As for the species, it is hard to determine whether humankind is a net beneficiary of unconventional gas.
Financially, the benefit is clear. And if, in the absence of unconventional gas, energy would be supplied
with coal, then likely there is an environmental benefit, too. But if the promise of cheap, abundant gas
diverts efforts from keeping GHG emissions below the level necessary for preventing serious climate
change, then we will all be losers; to what extent is currently unknown.

Photovoltaics (Solar Electricity)
Photovoltaic technology, which generates electricity directly from sunlight (see Appendix B for
background information), has been used in various applications, starting with satellite power systems,
since the 1960s. Despite being safe, clean, extremely reliable, and requiring no fuel and little
maintenance, it has long been too expensive to compete with conventional generation on the grid. That
may be changing: the decades-long decline in photovoltaic module prices has accelerated in the last five
years, leading some to speculate that “grid parity”—the ability to compete without subsidies—is near.
Should grid parity be achieved, it will have immense implications for all countries of Asia, since they all
have good to excellent solar resources and requirement for more power. But the intermittency of solar
generation and the challenges of siting large amounts of photovoltaic capacity may limit the penetration
of photovoltaics onto the grid unless cheaper forms of storage are developped. Meanwhile,
photovoltaics are already cost-effective for off-grid electrification, and offer the cheapest route for
providing electricity to hundreds of millions of Asians currently without power.
Solar Resource

The Asian solar resource is shown in Figure 10. Lighter colors indicate areas where, on average, more
sunshine falls on a horizontal surface. This gives an idea of the spatial variation in the solar resource.

Figure 10 Asian solar resource (map adapted from: Meteotest based on www.meteonorm.com). Color bar shows average
2
global radiation on the horizontal in kWh/m . For selected locations, the capacity factors for fixed tilt arrays and tracking
38
photovoltaic systems have been calculated with RETScreen 4 software .

Photovoltaic systems rarely installed horizontally, however. The solar radiation on the horizontal is
affected by the latitude—higher latitudes get less sun—and the cloudiness of the climate. Tilting the
array and tracking the sun increasing the sunshine received by the photovoltaic system, with the effect
being larger at higher latitudes. Tracking systems, which orient the array towards the sun, are most
effective in climates where there is much direct sunlight—i.e., little cloud. They increase cost and
maintenance, however.
Thus, the variation in solar radiation on the horizontal generally exaggerates the spatial variation in the
output of tilted and tracking photovoltaic systems. In Figure 10 this is revealed by the capacity factor39,
indicated for fixed and tracking arrays at selected locations. Note that at 53.8°N in Kazakhstan, an
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Assumptions: fixed arrays are equator-facing and tilted at an angle equal to the latitude; tracking arrays use two
axis tracking. Grid-tied, mono-crystalline silicon technology, miscellaneous losses of 10%, inverter average
efficiency of 94%. For these calculations, NASA satellite derived monthly climate data, and not Meteonorm data,
were used.
39
Capacity factor is the average output of a photovoltaic system as a percentage of the energy it would produce if
it operated at its rated power at all times. The nominal power rating of a photovoltaic system is its output under
bright sunshine (and cool temperatures). At night and during cloudy weather the photovoltaic system produces
less power than its nominal power rating. The capacity factor tells us how much less, on average. For example, a
20% capacity factor means that on average, a 1 MW photovoltaic array will generate 200 kW, or 1750 MWh over
the course of the year. The capacity factor is strongly a function of the solar resource, and is also affected by
inverter efficiency, wiring losses, shading, mismatch, dirt, snow, etc.

optimally tilted fixed array produces nearly as much electricity as one in equatorial Papua New Guinea,
despite the radiation on the horizontal being fully one-third lower.
Tilting the array and tracking cannot help much for cloud, though: cloudy Chengdu is nearly at the same
latitude as sunny northern Pakistan, but the capacity factor is roughly half that of the sunny location, in
line with the difference in the solar radiation on the horizontal. Tracking makes a big difference to the
capacity factor in Pakistan, but does little in Chengdu.
The most remarkable aspect of the solar resource is its very limited spatial variation. From the worst site
to the best site in Asia, the capacity factor for fixed arrays varies by a factor of about two, from 10% to
20%. For the majority of sites across the continent, the capacity factor will be within a few percentage
points of 16%. There is no other energy resource that is so equitably distributed: certain regions have
vast oil, gas, uranium, or coal wealth, while others have none; hydroelectricity is possible only at those
locations where there is a river with suitable flow and head; even wind exhibits much stronger spatial
variation.
Thus, solar energy can be used anywhere in Asia. Whether it makes sense to do so depends on the price
of the system compared to the alternatives.
Photovoltaic System Costs and Market
Photovoltaic technology, commercially available for decades, has become significantly cheaper over
time. The cost of crystalline silicon photovoltaic modules—the component that turns sunlight into direct
current—was around $80/W in 1977. By the late 1980s, it was below $10/W. From there, the price
descended leisurely to around $4/W in early 2008 [The Economist, 2012b]. Then something
unprecedented happened: the price dropped off a cliff, falling 50% in the two year period of 2008-2009,
as seen in Figure 11. Rapid declines have continued since then—at the time of writing, modules can be
had for $0.70/W—with radical implications for the photovoltaic industry.

Figure 11 Crystalline silicon PV module prices, $/W, Chinese manufacturers (reprinted from [Bazilian et al., 2012])

The long term decline in photovoltaic module prices follows a very quick “learning rate” (or “experience
curve”): each doubling of cumulative installed capacity sees a roughly 20% reduction in price, as
economies of scale kick in and innovations diffuse through the industry. Figure 12 shows the price of
modules as a function of the installed capacity. Since the axes are logarithmic, a straight line, describing
the learning rate, can be fit to the geometric progression of prices. Photovoltaic module technology,
aided by advances in the related semiconductor industry, has demonstrated the highest learning rate of
any energy technology [IEA, 2011b, p. 113]
Beyond the learning rate, two aspects of Figure 12 should be noted. The first is the massive increase in
installed capacity that has occurred since the year 2000, from about 1.5 GW worldwide to just under
100 GW by the end of 2012 [Barber, 2012], [iSuppli, 2012]. Most remarkably, from 2008 through 2012,
the installed capacity exploded by an order of magnitude—an annual growth rate of 60% [IEA-PVPS,
2012]. The rapidity of this growth is made clear by Figure 13, which compares the cumulative installed
capacity of wind power, a more mature industry noted for its rapid growth, and photovoltaics. In 2006,
photovoltaic installed capacity was equal to that of wind a decade earlier. By 2012, photovoltaics lagged
wind by only 5 years.
The second salient feature of Figure 12 is the prominent deviation of from the learning curve that
occurred when installed capacity was around 10 GW. This corresponds to a plateau in prices between
2004 and 2007. The causes of this plateau reveal much about the photovoltaic market over the past
decade.

Figure 12 PV module price ($/W) as a function of installed capacity (reprinted from [IEA, 2011b, p. 114], original figure from
[Breyer and Gerlach, 2010])

Figure 13 Cumulative Installed Photovoltaic and Wind Capacity, 1996-2012. Data from [EPIA, 2012], [GWEC, 2013a], and
[RETScreen International, 2013a]

From around 2004 to 2008, the price of modules remained around $4/W, rather than declining
according to the learning rate. Part of this can be attributed to a global shortage of purified silicon, a
feedstock for photovoltaic cells, that caused a seven-fold spike in its price [IEA, 2011b, p. 112]. But

generous feed-in tariffs (FITs)—long-term, guaranteed, above market prices paid for photovoltaic output
fed onto the grid— also played a role.
During this period of stagnant PV prices, the major demand for photovoltaics came from the German
and Spanish FIT markets. The FITs were sufficiently generous that demand remained strong despite the
high module prices. Module manufacturing was very profitable: operating margins for large quoted solar
companies averaged around 15% [Bazilian et al., 2012]. Investment piled into new manufacturing
capacity, particularly in China, and came on line just as the global economy weakened—causing the
Spanish FIT to be eliminated. By 2008 and 2009, there was fierce competition between suppliers in a
weakened market, and Chinese manufacturers relentlessly pushed down the costs and prices of
crystalline silicon modules [Bazlilian et al., 2012]. While the industry fared well initially, supply now
outstrips demand40, many FIT programs are being pared back, and consequently there have been
notable bankruptcies (e.g., Solyndra, Qcells, Solon, etc.) [Mehta, 2012].
One of the most important ramifications of the decline in module prices has been that the cost of the
module no longer dominates the overall cost of a photovoltaic system. While modules cost $0.70 to
$1.50/W, in large, competitive markets (e.g., Germany), photovoltaic systems cost between $1.80 and
$2.50/W for utility-scale photovoltaic systems (greater than 1 MW) [Feldman et al., 2012], [IEA, 2011b],
[IEA-PVPS, 2012], [Bazilian et al., 2012], [Poissant, 2012] and around $2.50/W for residential systems
under 10 kW41 [Seel et al, 2013]. Thus, at present the module accounts for around half the cost of the
system in the most cost-competitive markets, and as little as 20% in less well-developed markets
[Feldman et al., 2012, p. 3].
Non module costs include the inverter (around $0.30/W), racking and other hardware (around
$0.20/W), installation and other project costs ($0.20/W), non-project costs (e.g., overhead) and profit
[Seel et al., 2013]. Module prices seem to be following a quicker learning rate than non-module costs, so
the latter tend to grow in importance. The learning rate is not uniform across all markets; for example, it
seems to be significantly quicker in Germany (15%) than the USA (7%) [Seel et al., 2013].
How will these prices evolve over time? Since the learning rate shows no signs of levelling off, analysts
tend to project prices based on the learning rate and the assumptions about the expansion of the
market [Breyer and Gerlach, 2010]. One set of projections for utility scale photovoltaic system prices is
shown in Figure 14; it would seem valid for well-developed photovoltaic markets, but too optimisitic for
small markets. Residential system costs are expected to follow a similar trajectory, but remain 10 to 50%
more expensive than utility scale systems, unless photovoltaics become a common part of building
roofing and cladding.
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For 2012, manufacturing capacity of 50 GW supplied a market of 31 GW [Bazilian et al., 2012], [iSuppli, 2012].
While these prices are achieved in, for example, Germany, prices are significantly higher in other markets, e.g.,
the United States, particularly for residential systems [Feldman et al., 2012].
41

Figure 14 Utility scale photovoltaic system prices: projections to 2020 (reprinted from [Liebreich, 2011])

Obviously, this cannot continue forever: there must be a floor price below which the system cannot be
built and sold. Recent estimates range from prices that have already been beaten to a low of $0.30/W
for photovoltaic modules and $0.60/W for installed photovoltaic systems [Breyer and Gerlach, 2010]. It
may also be that the learning rate levels off well before these prices can be attained; it is a matter for
speculation42.
When evaluating the cost-effectiveness of solar-generated electricity, these costs for photovoltaic
capacity cannot simply be compared with the capacity costs for conventional generation: unlike most
forms of conventional generation, photovoltaics require no ongoing fuel purchases. To account for both
capital and on-going costs associated with different forms of generation, the levelized cost of energy
(LCOE) is typically used.
Cost-Effectiveness of Photovoltaics: Comparison with Other Forms of Generation
The levelized cost of energy takes into account capital and ongoing costs, but also the discount rate—an
especially important consideration for technologies like photovoltaics with high up-front but low
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The current situation of intense price competition between photovoltaic manufacturers and rapid growth in the
market is in some ways similar to the situation of wind energy in the early part of the last decade. As will be seen in
the upcoming section on wind energy, once consolidation of the wind industry had occurred, capital costs and the
LCOE of wind projects actually rose in many countries over a period of 5 to 7 years. It is not impossible that
something similar could occur in the photovoltaic industry.

ongoing costs. Here the simple LCOE [NREL, 2013] is calculated using the photovoltaic system prices of
Figure 14 under three scenarios, described in Table 7.43

Capacity Factor
Discount Rate
Maintenance Costs44
Lifetime
Deterioration over lifetime

Low LCOE Scenario
20%
4%
$20/kW/year
30
20%

Middle LCOE Scenario
16%
7%
$30/kW/year
25
20%

High LCOE Scenario
10%
10%
$50/kW/year
20
20%

Table 7 Photovoltaic LCOE Scenario Assumptions

For utility-scale photovoltaic systems built in the years 2010 through 2020, this leads to the evolution of
LCOE shown in Figure 15. The LCOE was also calculated for these three scenarios using the estimated
floor price of $0.60/kW installed, and shown on the right side of the figure.
The sensitivity of LCOE for photovoltaic electricity can be investigated by varying the input parameters
over their full range one at a time, with the other parameters being held at the values for the medium
LCOE scenario with 2015 prices (e.g., $2.00/W). The results are shown in Table 8, which also includes a
row for varying the module cost while holding the non-module costs fixed at their 2015 levels.
Important observations are:





The most important parameter is the capacity factor: good sites result in LCOEs that are half
those of poor sites.
Installed system cost is also important, but it is no longer the module cost that is key—varying it
by a factor of more than three changes the LCOE by only 30%. Thus future declines in the
module cost, right down to the assumed floor price of $0.30/W, cannot be counted on to
materially reduce the LCOE of photovoltaics.
The discount rate plays a much larger role in the LCOE than either the maintenance costs or the
lifetime, which have relatively minor influences.

System Cost
Module Cost
Capacity Factor
Discount Rate
Maintenance Costs
Lifetime

Range of Parameter
Min
Max
$1.38/W
$3.12/W
$0.30/W
$1.00/W
10%
20%
4%
10%
$20/kW
$50/kW
20 years
30 years

Range of LCOE
Min
$0.113/kWh
$0.120/kWh
$0.123/kWh
$0.122/kWh
$0.147/kWh
$0.136/kWh

Max
$0.228/kWh
$0.167/kWh
$0.247/kWh
$0.190/kWh
$0.168/kWh
$0.168/kWh

Table 8 Sensitivity of Photovoltaic LCOE to Variation in Input Parameters
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Note that the simple LCOE does not take into consideration financing costs (except insomuch as they are
reflected in the discount rate), or the costs of integrating solar into the grid (transmission and distribution
upgrades, cycling of dispatchable generation, etc.) Nevertheless, it is useful as a transparent calculation of the
overall cost of generation.
44
See [Bazilian et al., 2012] and [Jacobi and Starkweather, 2010]

Figure 15 LCOE for Utility-Scale Photovoltaic Systems Constructed During 2010-2020

The LCOE for photovoltaic systems has been calculated under different sets of assumptions by different
organization, with forecasts out to 2030, as shown in Figure 16. The medium LCOE scenario of Figure 15
lies near the centre of these estimates.

Figure 16 Estimates of LCOE for Photovoltaic Systems Constructed During 2010-2030. From [IRENA, 2012a]

These LCOE figures can be compared with the price of electricity from competing energy sources. This
will vary from country to country within Asia. Estimates of the LCOE, calculated under broadly similar
assumptions to those used of Table 745, have been taken from an OECD study of existing and planned
nuclear, coal, and gas plants in South Korea (representative of a gas and coal importer) and China (with
strong domestic supplies, as well as hydro resources) [OECD, 2010]. These are compared with the
scenarios of Table 7 and Figure 16 (for 2030) in Figure 17 and Figure 18, respectively.
Figure 17 and Figure 18 suggest that even by 2030 photovoltaic-generated electricity will struggle to
compete with large hydro, cheap coal and cheap gas, but may be attractive compared to generation
using more expensive imported coal and gas, particularly in areas with a good solar resource. This
illustrates that there is no blanket answer to the question of whether photovoltaics are cost-effective: it
depends on the solar resource, financing, and other particulars of the installation, and it also depends
on what the competing options are. Photovoltaics will not become cost-effective everywhere in Asia
overnight: islands of cost-effectiveness will grow outward from areas where fuels must be imported, the
solar resource is strong, there is ready access to capital, and it is technically and contractually easy to
feed power onto the grid.
Looking beyond 2030, the LCOE of the floor photovoltaic system price of $0.60/kW can be used as an
estimate of where prices might eventually end up. This leads to an LCOE of $0.031 and $0.061/kWh in
the low and medium LCOE scenarios, respectively. For Korea, this would be cheaper than gas and coal,
but not the cheapest nuclear. For China, it would be in the same range as coal, gas, nuclear and the
more expensive large hydro.
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Discount rates of 5% and 10%; simple LCOE calculation.

Figure 17 LCOE for Utility Scale PV versus Gas, Coal, and Nuclear Generation in South Korea

Range of estimates from [IRENA, 2012a]
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Figure 18 LCOE for Utility-Scale PV versus Hydro Gas, Coal, and Nuclear Generation in China

Comparisons of LCOE for intermittent renewables (e.g., wind and solar) and dispatchable forms of
generation (e.g., coal and gas) are common practice but ignore a key difference between the two:
dispatchable power is more-or-less guaranteed to be available when demanded, but this is not generally
the case with intermittent generation [EIA, 2012d].
For photovoltaics connected to grids where air conditioning loads drive peak demand, there is a strong
correlation between the availability of photovoltaic generation and the need for generation. Not only
does this make it more reasonable to compare its LCOE to that of dispatchable generation, it suggests
that photovoltaics will be in competition with more expensive, peaking forms of generation. In many
electrical systems this will be natural gas. On the one hand, for countries like South Korea with high
natural gas prices, this makes photovoltaics more cost-competitive. On the other hand, it means that
the greenhouse gas emissions reductions that can be attributed to photovoltaic generation are less
significant than they would be were they to displace coal generation.
While the LCOE of renewables is underestimated when intermittency raises integration costs, there are
also biases that favour fossil fuel-fired generation in such comparisons. In particular, the uncertainty
about future fuel prices creates significant risk for thermal plants: gas and coal prices could escalate
significantly, inflating the LCOE estimates of Figure 17 and Figure 18, and making photovoltaics more
cost-effective46. Furthermore, since this risk is completely absent for photovoltaics, and the riskiness of
an investment should be reflected in the discount rate, this suggests that the LCOE of photovoltaics
46

The OECD study assumes stable coal and gas prices.

should be calculated with a lower discount rate than used for thermal plants [Awerbuch, 1996]. This is
especially important for gas plants, since their LCOE is most sensitive to fuel costs47.
Another concern in comparing the LCOEs of photovoltaics and fossil fuel-fired generation is the
difference in the risk associated with their environmental externalities—e.g., greenhouse gas emissions
and air pollution for coal. An investor in a coal-fired power plant must consider the risk that some form
of GHG emissions penalty will be levied on their investment sometime in the next 40 years (the lifetime
of the plant). Although this penalty may not yet figure in the variable operation and maintenance costs
of the coal-fired plant, this risk of such an additional cost should be reflected in a higher discount rate.
For example, the EIA uses a discount rate of 9.8% for LCOE calculations for coal without carbon capture
and sequestration (CCS), and 6.8% for photovoltaics and coal with CCS [EIA, 2012d].
Grid Parity Timelines: Comparison with Electricity Tariffs
“Grid parity” is the situation in which the price of photovoltaics has declined to the point at which it can
compete with subsidy with conventional forms of generation. The recent sharp decline in photovoltaic
module and system prices have led to speculation that grid parity will soon occur in an increasingly large
number of areas. Several studies have attempted to survey how this will unfold for various regions,
including Asia.
These grid parity studies often consider the situation of residential and industrial or utility-scale
photovoltaic systems separately. The reason for this is twofold. First, the costs of small residential
photovoltaic systems are higher than those of utility-scale systems. Second, and counteracting this, the
price paid for electricity by residential consumers is typically considerably higher than the wholesale cost
of generation; it is also, in general, different from that paid by industry. If the residential electricity tariff
is sufficiently high, grid parity may be reached sooner from the perspective of the residential customer
reducing purchases from the grid, than for the utility-scale producer supplying electricity to the grid.
Figure 19 shows an assessment of grid parity for residential systems based on 2012 and 2015 PV system
prices very similar to those estimated for utility-scale systems in Figure 14 [Bazilian et al., 2012]. Asian
markets are indicated by red bubbles, with the size of the bubble proportional to the size of the market.
The LCOE of photovoltaics in 2012 and 2015 is traced by the lines that decrease with increasing solar
radiation; bubbles above the line indicate markets that have achieve grid parity. Compared with other
continents, the Asian countries examined here tend to have low residential electricity tariffs and
moderate-to-good solar radiation. By 2015, South Korea and North India will be approaching grid parity.
South India, North China, Indonesia, and South China are progressively further from grid parity.
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This risk is somewhat mitigated by the role peaking gas plants have in determining the price of electricity: since
they are generally dispatched last, higher gas prices tend to be reflected in higher electricity prices, so increased
revenues offset increased costs [OECD, 2010].

Figure 19 Residential PV Price Parity Worldwide (size of bubbles indicates size of market). From [Bazilian et al., 2012]

Results from a similar study, but covering both residential and industrial photovoltaic systems and
focussed exclusively on Asian countries, are shown in Figure 20 [Breyer and Gerlach, 2010]. Note that
the axes are reversed from those of Figure 19—solar radiation is now on the vertical axis. In 2010,
photovoltaics had achieved grid parity in only a few small markets, e.g., the Cambodian and Fijian
industrial market, and the Afghanistan residential market. In 2013, PV achieves grid parity in industrial
and residential markets of the Philippines and the industrial market of eastern China. In this analysis
photovoltaics achieve grid parity for virtually all developing Asia markets by 2020.

Figure 20 PV Price Parity for Asian Residential and Industrial Sectors in 2010, 2013, 2016, and 2020. Orange bubbles are for
residential markets, blue for industrial. The red and green dashed lines show the range of LCOE for residential systems; the
red and green solid lines show the range of LCOE for industrial systems. From [Breyer and Gerlach, 2010].

These analyses suggest that over the next decade, photovoltaics will finally become cost-effective ongrid. This is a radical development, and seemingly one of great import for the climate, for the Asian
consumer of electricity, and for competing energy producers. While it is very encouraging, there are
reasons to be cautious about this conclusion.
First, note that these studies do rely on lower estimates of LCOE than calculated here. For example, the
LCOE used by [Breyer and Gerlach, 2010] for industrial systems in 2020 ranges from about €0.06/kWh to
€0.11/kWh, or $0.08/kWh to $0.15/kWh; in Figure 15 the LCOE for photovoltaics in 2020 was
$0.057/kWh in the low scenario, $0.11/kWh in the medium scenario, and $0.26/kWh in the high
scenario.
Rather, these conclusions are contingent upon comparing the LCOE for photovoltaics with the price paid
for electricity, and not the wholesale cost of generation. For a limited number of industrial or residential
systems, this may be reasonable: a consumer would be better off generating electricity with
photovoltaics than purchasing from the grid if the LCOE were below the tariff.
But this individual consumer perspective cannot be scaled-up to the level of millions of consumers.
There is a reason that the residential or industrial tariff is typically higher than the wholesale cost of
generation—the difference pays for the transmission and distribution system, reserve generation,
system management, etc. Now imagine that millions of consumers make no net purchase of electricity
from the grid. They still require electricity from the grid—the sun does not shine all the time—but the
amount they sell back during sunny weather compensates for their purchases during cloudy weather

and night. These consumers would require transmission and distribution, reserve generation, and
system management, but would pay nothing for this.
This free rider situation can be sustained for a certain number of consumers, but not for a large fraction
of the ratepayers. Eventually, new charges would need to be levied, or the utility might pay a reduced
rate for surplus electricity sold back to the grid. In the former case, the net effect would be to increase
the LCOE of photovoltaics; in the latter, it would essentially reduce the tariff against which the LCOE
must be paid, and particularly penalize larger systems (which tend to benefit from moderate economies
of scale).
A second reason that these analyses are overly optimistic is that they compare the actual tariff for
electricity with a LCOE calculated using photovoltaic prices in a well-developed market; if the market is
not well-developed, the actual LCOE will be much higher than the LCOE used here, and grid parity will
not be attained so quickly.
For example, Figure 20 indicates that there is already grid parity in Cambodia. This would be true if
residential systems could be purchased in Cambodia at the same price that they are sold in Germany.
But Germany’s prices are exceptionally low, much lower, for example, than those of the USA, even
though modules and inverters can be purchased for roughly the same cost. About half the $2.8/W
difference in the price in these two countries can be crudely attributed to their respective positions on
the non-module PV system cost learning curve: Germany, with over 30 GW of photovoltaic capacity
installed, is much further along the learning curve than the USA, with around 7 GW [Seel et al., 2013].
According to the learning curve, all other things being equal, system prices in Cambodia, with a
miniscule market and minimal experience compared with either the USA or Germany, should be much
higher48. Thus, the LCOE cost curve shown in Figure 20 is unlikely to be valid for Cambodia.
Ignoring for a moment the problems of scaling up discussed earlier, it may be argued that the grid parity
analysis tells us when electricity consumers as a group would be better off if they decided to all install
photovoltaic systems: this would create a sufficiently large market to bring down prices such that they
paid less for electricity. But this type of coordination does not occur automatically. Rather, the early
adopters pay a higher price, essentially subsidizing the late adopters. From the individual perspective,
this creates an incentive to wait for lower prices, delaying the development of the market and putting
off the date when the LCOE at actual market prices beats the electricity tariff49.
A third objection to the grid parity analyses is that it ignores the types of financial indicators actually
used in decision-making about capital purchases. From the point of view of residential or industrial
consumer of electricity reducing their electricity costs, a net metering photovoltaic system functions just
48
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Cambodian photovoltaic system prices have not been verified by the author.

Surmounting the hump between actual market prices and those that can be achieved with a
developed market may be a role for government or institutions such as the Asian Development Bank:
overall welfare can be improved by minimizing the penalty paid by early adopters. This is the
justification for feed-in tariffs (FITs), but other mechanisms may achieve the same outcome.

like an energy efficiency measure. For energy efficiency measures, even quite large investments,
payback period is typically used, despite all its failings. The discount rate of 6.4% used in the analysis of
[Breyer and Gerlach, 2010], giving rise to Figure 20, may be reasonable for government or utilities, but
is lower than that effectively applied by consumers and businesses when they require payback periods
of 2, 3, 5 or even 8 years. In short, most consumers and businesses put much more emphasis on the
short term than implied by a discount rate of 6.4%. This is especially true in developing countries, where
access to capital may be very limited.
For example, Figure 20 shows photovoltaics having achieved grid parity for industrial systems in the
Pakistan by 2013. With a price of $0.15/kWh (€0.11/kWh) in 2013, escalating at 3% annually, the simple
payback for an industrial system costing $2190/kW (the utility-scale project price for 2012 from Figure
14) and with maintenance costs of $30/kW annually would be slightly longer than 8 years. Even though
this might be a profitable investment over its 25 year lifetime, it is unlikely that most industry would
invest in an energy efficiency measure with a payback period this long.
The validity of the above-mentioned grid parity analyses is therefore undermined by inconsistencies in
their assumptions: the learning rate is used to project price reductions into the future, but its role in
determining actual prices in local markets is ignored; the condition of grid parity is contingent upon
adopting the perspective of the individual consumer, but the consumers are supposed to make decisions
based not on their individual welfare, but on market-wide outcomes; and the discount rate is
appropriate for decision-making for utility-scale projects, but the decision-makers are residential and
industrial consumers who typically require payback periods quicker than those associated with projects
deemed profitable at the low discount rates assumed.
Several conclusions can be drawn from these objections to the grid-parity analyses:






For countries that do not already have well-developed photovoltaic installation industries, true
grid parity may lag the above-estimated arrival of grid-parity by perhaps 3 to 7 years, the time
required for a local photovoltaic market to develop to the level of efficiency and sophistication
of the most advanced photovoltaic markets, e.g., in Germany. By the time this has occurred, the
LCOE of photovoltaics will likely have shifted to a lower level, a necessary condition for achieving
the shorter payback periods typically demanded for energy efficiency measures.
On top of this 3 to 7 year time lag, true grid parity will be further delayed because photovoltaics
will need to pay for some transmission and distribution, reserve generation, and system
management costs, effectively procured for free when photovoltaic output is credited at the
rate of the electricity tariff.
Government, utility, or other intervention may be required to encourage early adopters to
generate the market volumes necessary to push a local market along the learning curve;
otherwise, they are essentially being asked to subsidize late adopters so that, on average,
everyone is better off.

Cost-Effective Now: Off-grid Photovoltaics

Although they receive less attention that the on-grid market, many off-grid applications of photovoltaics
have been cost-effective for well over a decade. These include industrial systems, such as
telecommunications towers, and, more important, the large number of people who live in rural areas
not connected to the grid.
In Asia, the number of people lacking grid power has been estimated at 800 million, with three-quarters
of these in South Asia and almost a quarter in East Asia [Breyer and Gerlach, 2010], [Rolland, 2012].
Energy in these locations comes from direct use of kerosene or other liquid fuels (e.g., for lighting and
possibly cooking, and sometimes water pumping), combustion of locally collected biomass like wood
and dung (e.g., for cooking), primary batteries (e.g., for radios and flashlights), and electricity generated
by small diesel reciprocating engines (e.g., for lighting, sound systems, and television) [Ross, 1994].
Provision of energy is expensive in these areas. For example, even though diesel or kerosene may cost
around $1.00/litre, it is used extremely inefficiently by appliances and small engines, and the fuel costs
alone may result in diesel-generated electricity costing $0.50 to $1.00/kWh. Grid extension to a remote
community may easily cost $5000 per kilometre (costs in the developed world would be larger by a
factor of 2 to 5), and is difficult to justify where population densities are low, especially since per
consumer electricity consumption may be 1 kWh per day or less [Rolland, 2012].
Since other forms of energy are so expensive, photovoltaics can compete, especially where electricity
requirements are modest. These systems may be as small as photovoltaic-powered lanterns (with
battery storage) or individual home systems having a few tens or hundreds of Watts of photovoltaic
capacity. Alternatively, photovoltaics may provide power to mini-grids, possibly in combination with
diesel generation.
The potential market for off-grid photovoltaics is large: to supply a household of six consuming only 1
kWh of electricity per day, 40 to 50 W of photovoltaic capacity per person would be required. It would
take roughly 35 GW capacity—about a third of the total photovoltaic capacity installed worldwide at the
time of writing—to supply photovoltaic electricity to the 800 million people lacking grid electricity in
Asia.
For these systems, the cost of storage often equals or exceeds the cost of photovoltaics. The majority of
electric loads—e.g., lighting and television—are required in the evening, once the sun has set. The leadacid batteries typically used for electric storage add around $0.15 to $0.25 per kWh of electricity stored.
Furthermore, lead-acid batteries have lifetimes of only 1 to 6 years, and contain toxic lead that can harm
people and wildlife if it enters the environment. Recycling of these batteries is essential, but safety
standards may be inadequate in developing nations [Fuller, 2009] and used battery collection networks
underdeveloped or non-existent in remote areas.
Financing of these systems is challenging. Often the capital required to purchase a photovoltaic system
is scarce, and effective discount rates are high, necessitating quick payback periods. The transaction
costs for arranging small loans may be prohibitive.

While the cost of electricity, whether generated by diesel or photovoltaics, is high in these regions, so is
its perceived value. Electricity, electric lighting, and television are compelling symbols of modernity that
are significant for many people living in underdeveloped regions. In some ways electricity is more
convenient than the direct use of kerosene or oil for lighting; it is generally cheaper.
But it is important not to overstate the value of electricity in these regions in terms of measurable
development outcomes; it is unlikely to facilitate development of a rural village except perhaps through
making it cheaper and easier to read at night or watch television. The major health hazard associated
with existing energy supply—the use of open fires for cooking—is rarely rectified through expensive
photovoltaic electricity. Adequate disposal of sewage and provision of clean drinking water are likely to
do far greater good than electrification, though they may not elicit the same levels of interest and
enthusiasm.
Furthermore, the impacts of electrifying a remote village on its social fabric may be complex and poorly
understood by an outsider. For example, migration to the city may be slowed through rural
electrification; in near-subsistence economies, inequality may be amplified because those who receive
more of their wealth in the form of money (e.g., the teacher or shopkeeper, or the family being sent a
remittance from a relative in the city) will be more easily able to pay for electricity; ostentatious displays
of wealth (e.g., duelling televisions) may upset traditions; and the need to keep up with the neighbors
may lead to indebtedness. Different forms of electric generation may have different impacts.
Limits to Grid Penetration
Without significant levels of electricity storage, the diminished output of a photovoltaic plant during
night and cloudy weather intuitively suggests that the grid cannot be powered exclusively by
photovoltaics. With photovoltaic system prices declining to levels that will see increasing application of
the technology on grid, it is natural to ponder the limits on the fraction of grid electric energy that can
be supplied by photovoltaics (i.e., its “penetration ratio”). From an energy security perspective, the
higher the penetration ratio, the more photovoltaics can supplant fossil fuel imports, reduce exposure
to fuel price volatility, reduce greenhouse gas emissions, and free-up gas and oil supplies for other uses
(e.g., as feedstock).
Here the challenges to grid penetration are investigated, starting with the ones that dominate now, and
progressing through those that will appear as penetration ratios increase over time.
The first challenge to grid penetration is not technical, but economic: until photovoltaics are considered
cost-effective compared with other forms of grid integration, the penetration ratio will remain very low.
This has been investigated in the previous sections.
The second challenge will be financial. Even assuming a low average photovoltaic system cost of $1/W,
achieving a 10% penetration ratio for the 20,000 TWh of electricity that developing Asian countries are
expected to require in the year 2035 [Doi, 2012] will require approximately 1400 GW of photovoltaic

capacity. This will have a capital cost of $1.4 trillion, a staggering level of investment50. For comparison,
generating this same amount of electricity with a combined cycle gas turbine having a capacity factor of
85% would require a capital expenditure of “only” $161 billion—almost an order of magnitude less51. In
the long term, photovoltaics may be competitive, but it is both a blessing and curse that included in the
purchase price of a photovoltaic system is a 30 year fuel contract: the resulting up-front costs present a
serious hurdle.
The third challenge will be related to transmission and distribution infrastructure. At low penetration
ratios, photovoltaics can limit the need for transmission infrastructure, because distributed generation
can be located near loads. But increased photovoltaic penetration ratios will tax existing transmission
capacity, necessary since attractive areas for photovoltaic generation will not necessarily coincide with
areas of high demand nor with existing generation, and also to facilitate the import and export of
photovoltaic electricity between balancing areas in response to changes in the solar irradiance. This will
be especially important in China, because the eastern parts of the country, where much of the
population resides, receives much less sunshine than the relatively uninhabited west52.
Building transmission capacity specifically for photovoltaics is especially expensive per unit of electricity
transmitted, because photovoltaic plants operate at their rated power only a few hours per day, and
produce no power at night: transmission lines will be underutilized or idle most of the time. The fixed
costs of the transmission system stay roughly the same, but if dedicated to photovoltaic plants having a
capacity factor of 20%, the energy transmitted is only one-fifth that of a transmission line operated at
capacity all the time53.
Transmission capacity capable of importing and exporting power from a region or country in order to
balance intermittent supply and demand will greatly facilitate the penetration of renewables like solar
and wind. This is the the fourth challenge: the technical difficulties of accommodating fluctuating
generation into the grid; these become more acute as penetration ratios exceed 10% and rise to 20 or
30%.
In order to ensure the proper function of the electric grid, generation and loads must be perfectly
balanced. Having large amounts of somewhat unpredictable variable generation, like photovoltaics,
amplifies these difficulties. More robust transmission and distribution networks may be required, better
predictions of photovoltaic output may need to be fed into balancing authority decision-making, the
planning of the mix of generators that gets built may need to factor in the impacts of variable
50

This ignores all costs related in integrating intermittent generation into the grid.
Based on a price of $600/kW for combined cycle gas turbines, this being the current price in South Korea and
China [OECD, 2010].
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Already 500 MW of photovoltaic capacity installed in China’s Qinghai province apparently struggled to be
connected to the grid, although the problem appears to be lack of transformers, not transmission infrastructure
itself.
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Where good solar and wind resources coincide, such as Mongolia, a logical approach would be to share
transmission lines between wind and photovoltaics, the temporal variation in the two sources of generation being
largely uncorrelated. Further improvements in the utilization of transmission capacity could be realized by adding a
modest amount of thermal generation using local gas or coal resources.
51

generation, thermal generation may need to cycle more, larger flows of energy between neighboring
balancing areas may need to occur, and reserve generation (capable of coming on line in response to a
contingency) may need to be built [OECD, 2010], [Milligan et al., 2011].
While these issues must be addressed through technical expertise and good planning, they need not
imply prohibitive additional costs. The most significant costs stem from the building of additional
reserve generation and transmission capacity for imports and exports. These can be minimized through
planning for variable generation by incorporating more flexible generation into the grid portfolio,
modulating demand in response to available power, forecasting, etc. Integration costs are very hard to
estimate, open to interpretation, and very specific to particular situations, but have been found to be
modest, e.g., for wind54 penetration ratios of 20 to 25%, integration costs of $1 to 6/MWh [OECD, 2010].
This is small fraction of the $57/MWh LCOE for photovoltaics in 2020 in the low LCOE scenario,
calculated earlier.
It is also important to recognize that the intermittency of photovoltaics is mitigated by several factors:






Geographic averaging: although the output of a single photovoltaic plant may change rapidly as
clouds pass over the system, clouds do not pass over neighboring systems, or systems located a
few hundred kilometres away, at precisely the same time. Thus, geographic dispersion of
photovoltaic plants smooths temporal fluctuations, especially over the time scale of minutes or
less.
Unlike wind, sunshine is strongly correlated with load: Grids require more power during the day,
when photovoltaics are producing power, than during night. This correlation between
photovoltaic output levels and load, which arises due to human activity being greater during day
than night, is strengthened by air conditioning loads, which are also driven by sunshine; air
conditioning loads will become more significant in Asia as the middle class grows. The
correlation between sunshine and load helps avoid one of the major difficulties of grid
integration for wind at high penetration levels—the situation where loads are at a minimum,
wind generation at a maximum, and thermal plants must operate not in order to supply energy,
but simply to maintain correct grid function.
Sunshine is uncorrelated or even somewhat negatively correlated with other forms of
generation: Just as geographic averaging of fluctuation power sources eases integration, it is
easier to integrate fluctuating generation when the fluctuations in the diverse generators are
not positively correlated. This is the case, for example, with wind and solar generation
(negatively correlated in many areas where winds strengthen during winter), but it also applies
to intermittent run-of-river hydro and dispatchable forms of generation.

The fifth challenge will be suitable land. At high penetration ratios, attractive sites close to loads and
transmission and distribution capacity will all be taken, and sites further afield will need to be sought.
Utility-scale generation is cheaper than small, distributed photovoltaic generation, but requires large
54

Wind and solar are both variable generation; since wind was widely adopted earlier than photovoltaics,
integration costs have been more extensively investigated for wind.

areas of land. With tightly packed photovoltaic arrays at ground level, and shading of the arrays
drastically curtailing their output, the land cannot be shared with other uses, such as farming. This will
be problematic in the highly populous regions of Asia. Of course, the most populous countries of Asia
have large desert areas superbly suited to photovoltaic generation and with low population density, but
as mentioned earlier, transmission of electricity from these sites may be costly.
Finally, at very high penetration levels (e.g., 40 to 50% or more) of intermittent generation (solar and
wind), storage will become increasingly necessary in order to shift significant amounts of energy over
periods of hours, days or even longer 55 [IEC, 2011]. Current dedicated electric energy storage
technology is too expensive to permit this, and with the exception of pumped hydro storage, accounting
for over 99% of worldwide electric grid storage today, and (inefficient) diabatic compressed air energy
storage, must be considered as relatively untested in this application.
When considering storage technologies, existing forms of storage already found within the grid should
not be ignored. These will be insufficient at very high penetration ratios, but have value at lower
penetration ratios. For example:




Hydro power reservoirs can be considered large batteries; using photovoltaics instead of hydro
power preserves the energy in the reservoir for times when the sun is not shining. Adding more
generation capacity to an existing reservoir may enhance this capability. Hydro power facilitates
the integration of intermittent renewables like photovoltaics.
Where air conditioning loads extend into the night, cool storage can effectively shift
photovoltaic output from the day into the night, at very low cost. By running chillers more than
is necessary during the day, and storing cold water (or reducing the temperature of some other
medium, perhaps even a building’s concrete structure) the evening and nighttime requirement
for electricity for cooling can be reduced. This is indistinguishable in function from electric
storage with a relatively quick self-discharge rate [Ross, 1999].

In the very long run, it is likely that solar and other renewables will supply the majority of power to Asian
countries. Based on the capital requirements alone, however, it would be optimistic to expect it to
supply more than 10 to 20% of Asia’s power by 2035; it must be remembered that this modest
percentage, is, in absolute terms, an enormous amount of energy. For most countries, therefore, the
issues out to 2035 will be 1) developing the market to push local costs down such that photovoltaics is
competitive with conventional generation; 2) capital requirements; 3) transmission infrastructure; and
4) grid-planning that will maximally accommodate future additions of variable generation. Integration
costs, land requirements, and storage will be concerns beyond this timeframe.
A 10 to 20% share of electricity generation is a significant contribution, but not sufficient to solve the
looming environmental catastrophe threatened by conventional forms of generation. There are two
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Storage has a role to play at lower penetration levels, too. For example, it has long been recognized that a
relatively small amount of storage can greatly enhance the ability of photovoltaics to reliably supply peak loads
where these are driven by airconditioning [Perez, 1993]

ways in photovoltaics could take a bigger chunk of generation away from coal, gas, and other fossilfuels. One option would be for governments to more actively promote renewables. This will be a very
costly route, starve other sectors of the economy of investment, and may detract from other
development goals. The second option would be to drastically curtail the consumption of energy
through efficiency and conservation measures, permitting the same investment in photovoltaics to
supply a larger fraction of the energy requirements. Although politically difficult, this option is
technically feasible.
Asia in the World Market
Around 100 GW of photovoltaic capacity had been installed worldwide by the end of 2012. Although
Figure 21 is dated, the conclusion that South Asian and East Asian countries are significant markets for
photovoltaics is still valid. In fact, Asia is taking the place of Europe as the world’s main market. In 2013,
44% of the world demand for photovoltaics will be in Asia, with Europe, the Middle East and Africa
accounting for 36% and the Americas accounting for 20% [EnergyTrend PV, 2013].

Figure 21 Cumulative Installed Photovoltaic Capacity by Country at the end of 2009. From [Werner et al., 2011]

In 2012, China installed 5 GW of photovoltaic capacity, or 15% of the world total, and was second only
to Germany, with 7.6 GW. India, which had not even been in the top ten in 2007, was ranked sixth in the
world at 1.4 GW, or almost 5% of the world total [Parkinson, 2013].
Optimistic analysts56 expect that in 2014 China will will install 10.6 GW (nearly a quarter of the world
total), and be the largest market in the world. India will rank fifth, with 2.9 GW, about 6% of the world
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The EPIA’s forecasts based on 2011 data are more modest that those reported here but generally
underestimated 2012 capacity additions [EPIA, 2012].

total. Thailand (0.7 GW) and South Korea (0.6 GW) will be out of the top ten, but will show rapid growth
[Parkinson, 2013].
Other Asian countries, such as Taipei (China), Malaysia, Bangladesh, and Indonesia also have significant
markets, including sales for off-grid electrification, and a number of them have announced or are
crafting FIT programs that will stimulate the market [Werner, 2011], [EPIA, 2012]. On a per capita basis,
smaller Asian countries, especially island nations with high electricity costs, will no doubt be world
leaders.
Asian countries are also leaders in the production of photovoltaic equipment. The world’s largest
producer of cells, modules, and polysilicon feedstock is China, with over 50% of the world’s production
[Choudhury, 2012], and Taipei and South Korea are also in the top six countries.
Environmental Concerns
No energy generating technology has absolutely no impact on the environment, but photovoltaics is
relatively benign. Since it emits nothing during operation, the most serious concern is the GHG
emissions during its manufacture. These emissions will depend on the source of energy, particularly
electricity, used in the manufacturering process: if it comes from coal, the emissions will be much higher
than if it comes from gas, nuclear, hydro or other renewables. Estimates of the life-cycle emissions from
photovoltaic systems (post 2000) range from 9.4 to 217 g CO2/kWh, with an average around 60 g
CO2/kWh [Sherwani et al., 2010]. For comparison, the operating emissions of electricity generation are
around 400 g CO2/kWh for natural gas and 900 g CO2/kWh for coal. Sometimes it is asserted that the
manufacture of photovoltaic modules requires more energy than they produce during their lifetime.
This is simply not true; energy payback times can be less than 1.5 years [Sherwani et al., 2010].
Local impacts on land use and vegetation, potentially causing erosion, may be a concern in large-scale
systems. This is particularly true where the site is leveled to facilitate installation and native vegetation
cut or removed to avoid shading. Such impacts are generally not associated with installations on roofs.
Most photovoltaic modules are constructed of glass, processed silicon, aluminium, and a small amount
of plastic. These components are relatively harmless for the environment.
Winners and Losers
All Asian countries have a good to excellent solar resource, and therefore stand to be winners from the
emergence of a clean generating technology with levelized cost of energy approaching that of
conventional, dirtier forms of generation. Since the solar resource is a local resource, it bolsters energy
independence. Furthermore, they all stand to benefit from the use of photovoltaics in neighboring
countries and elsewhere in the world, in that reduced emissions and global climate impacts benefit
everyone.
Off-grid residents of remote and rural regions, particularly in South Asia, will also benefit from
photovoltaics, in that it opens a new low-cost path towards electrification for a sector that has

previously been neglected. The extent to which they benefit will depend on access to capital. Remote
island nations, where generation is expensive, will also be winners.
Currently, China, Taipei, and South Korea are major manufacturers of photovoltaic technologies. It is still
early days in the PV industry, so this could change, but if they continue to hold this position, these
countries will benefit from a growing manufacturing industry and related exports. Other countries in
Asia could also further develop their PV manufacturing industries.
As photovoltaic module prices decline, an increasing fraction of the cost of photovoltaics represents
revenue for local installation companies. Thus, photovoltaics uses a local energy resource that is
purchased largely through a local industry, not energy imports.
There are few obvious losers from the emergence of photovoltaics. Investors in PV manufacturing
companies, many of whom operate at a loss and are likely to disappear in the next few years, will be
disappointed. If feed-in tariffs or other incentives are set too high, rate payers and taxpayers who
subsidize photovoltaic production may be losers; alternatively, if they are set too low, early adopters
who effectively subsidize late adopters can be considered losers.
There are two potential dangers associated with photovoltaics that could undermine this rosy picture.
First, the high capital costs of photovoltaics may divert investment from other priorities and sectors of
the economy. Second, even large worldwide investments in photovoltaics will not be sufficient to
address looming climate catastrophe on an acceptable timeline—large quantities of coal, gas, and other
fossil fuels will be consumed over the next decades, even if the photovoltaics penetration ratio achieves
a miraculous 20 or 30%. If photovoltaics is seen as a panacea for addressing climate change, and other
approaches like energy efficiency and conservation are ignored or suffer as a result, the emergence of
this technology will constitute a phyrric victory.

Wind Energy
Wind energy currently plays a larger role than photovoltaics in the electricity supply, and will continue
to do so for the near future. The levelized cost of energy from wind beats that from photovoltaics. Yet
this chapter has focused on photovoltaics rather than wind. The reason for this speaks to the strength of
wind energy: it can no longer be considered an emerging technology. It is a mature technology, with a
well-established track record and decades of use on-grid. While it is still evolving, improving, and
growing in importance, the kind of radical price declines seen over the past five years in the photovoltaic
industry occurred in the wind industry over a decade ago.
This section will survey the prospects for wind energy in Asia. It will draw attention to the similarities
and differences between wind power and photovoltaics. An introduction to the technology is provided
in Appendix C.
Wind Resource
Compared with the solar resource, which is fairly similar throughout Asia, there is significant spatial
variation in the wind resource, as suggested by Figure 22. The spatial variation seen in the map is
echoed by finer scale spatial variation over shorter distances—in differentiated terrain, the wind
resource can vary significantly between two sites separated by no more than several hundred metres.
On land, wind resources tend to be stronger at higher elevations, along ridges and over rounded hill
tops, in plains with few obstructions to wind, and near coastlines.
Wind resources also vary in time; in many areas, winds are stronger during winter than during summer,
and during night than during day [Kirk-Davidoff, 2012]. Evidently, wind power lacks the very pronounced
and predictable diurnal and seasonal pattern of solar power: while the rotation and tilt of the planet
strictly limits the amount of sunshine that may be received during winter (and at night!), there can be
very strong winds at any time of the day or year.
Outside of the tropics, wind resources tend to be considerably stronger offshore than on land, because
the only obstacle to wind flow is waves. Winds also tend to be steadier at sea than onshore.
Figure 22 shows the wind resource in terms of wind speed measured at a height of 80 m. The power of
the wind is not proportional to its speed, however: it is related to the cube of the speed. This greatly
amplifies the variability; sites with an average wind speed of 4 m/s have an abysmal wind resource; ones
with 8 m/s have a superb wind resource, offering much more than twice the energy.

Figure 22 Mean wind speed at 80 m. Cropped and reprinted from world mean wind speed map developed by 3Tier
www.3tier.com. Copyright 2011 3Tier Inc. Reprinted with permission.

Mean wind speed is the major determinant of the capacity factor. This is illustrated in Figure 23. It
demonstrates that turbines installed in the large areas of Figure 22 in blue and green will have capacity
factors of 20% at most, and generally around 5 to 15%. It is hard to competitively generate electricity at
such low capacity factors given the capital costs of wind farms. Areas with mean wind speeds in excess
of 6 m/s at a height of 80 m above the ground are necessary to achieve capacity factors of 30% or
higher.
Figure 23 shows that capacity factor is not uniquely a function of wind speed, however. Another
important determinant is the relative sizing of the blade rotor diameter and the generator. All the
turbines of Figure 23 have a 1.8 MW generator, and take their power rating from it, but the capacity
factor is significantly improved when a 100 m diameter rotor is used in place of an 80 m diameter rotor:
the area swept by the rotor is larger, therefore the turbine captures more wind.
One of the developments of the past decade in turbine manufacture has been the development of
turbines with oversized rotors. This has permitted the use of wind power in a vastly larger area. For
example, to achieve a capacity factor of 30% with the 80 m rotor diameter turbine in Figure 23 requires
a mean wind speed around 7.5 m/s—that is, a dark orange or red area of Figure 22. There are few such
areas, especially when considering other constraints (access to transmission lines, proximity to loads,
etc.). In contrast, the 100 m rotor turbine can achieve this capacity factor at a mean wind speed only
slightly higher than 6 m/s—opening up all the yellow areas of Figure 22 for wind power.

Figure 23 Capacity factor for three 1.8 MW turbines with different rotor diameters and hub heights
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Bigger rotors improve capacity factor, but do not come for free. The rotor accounts for around a quarter
of a turbine’s cost [IRENA, 2012b], and bigger rotors cost more. Furthermore, a turbine with an
oversized rotor may be unable to deal with high windspeeds, and shut down when the instantaneous
wind speed increases above, say, 20 m/s, rather than 25 m/s. This is the cause of the leveling off at high
wind speeds of the curves for the 100 m diameter rotor turbines in Figure 23. At a site with a strong
wind resource, it may be more profitable to use a turbine with a modest-sized rotor than an oversized
rotor, even though the capacity factor might suffer.
These considerations may seem far from a discussion of the wind resource, but they are the reason that
capacity factors cannot be superimposed on Figure 22 the way this was done for the solar resource in
Figure 10: the capacity factor reflects design decisions, not just the wind speed. Typical capacity factors
for recent onshore wind projects range from 20 to 45% [IRENA, 2012b].
The mean wind speeds shown in Figure 22 are for a height of 80 m above the ground. At a different
height, wind speeds would be different. As a rule, wind speed increases with measurement height, with
the rate of increase being more pronounced over terrain with “rougher” ground cover, like trees and
buildings58. This has several important implications. First, installing a turbine on a taller tower can
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Calculated from published power curves for two 1.8 MW turbines manufactured in 2013 by the same company,
assuming wind speeds follow a Weibull distribution with a shape factor of 2, wind speeds increase in height with a
wind shear exponent of 0.14, array (wake) losses of 5%, air foil losses of 3%, miscellaneous losses of 4%, and an
availability of 97%.
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Roughness induces turbulence which enhances momentum transport in the vertical dimension.

improve the capacity factor, as seen in Figure 23 for the turbine installed at 120 m versus the turbine
installed at 80 m. Of course, taller towers cost more. Second, statements of wind speed are meaningless
unless the height at which they are valid is specified. Third, the ocean being generally a fairly smooth
surface, the increase in wind speed with taller towers is limited, and relatively short towers can be used.
Global Wind Power Market
Global growth in installed wind capacity, and the fraction of this occurring in China and India (the two
largest Asian markets), are shown in Figure 24. In 2012, wind generated around 500 TWh, or around
2.5% of the world’s electricity, and around 100 TWh in China alone59. China has more installed wind
capacity than any other country in the world [GWEC, 2013a].

Figure 24 Global Cumulative Installed Wind Capacity, 1996-2012. Data from [GWEC, 2013a], [The Windpower, 2013]

Asia’s increasing importance in the global wind market is evident in Figure 25. From 2009 through 2011,
there was no growth in Europe, wind’s traditional stronghold, and a decline in North America, but the
Asian market continued to expand. In 2012, that situation was reversed, but Asia remained the largest
market in the world.
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Estimates derived from 2011 figures in [GWEC, 2013b].

Figure 25 Wind Capacity Installed in 2004 through 2012, by continent. From [GWEC, 2013a]

Although China and India dominate the Asian market, Taipei and South Korea each have around 0.5 GW
installed, and most of the remaining Asian nations have some level of experience with wind, as shown in
Figure 26.

Figure 26 Total wind capacity (MW) as of 2012 in the countries of Asia. Data from [GWEC, 2013a] and [The Windpower, 2013]

In most Asian countries, the wind potential has barely begun to be exploited. Figure 27 shows one
assessment of the technical potential for Asian countries, and compares that with what has been
installed to date. Although the exact criteria used in this particular assessment are unclear, such studies
are based on the land area having a wind resource considered reasonable for development. According
to this assessment, Mongolia and China could each install over 1 TW of wind capacity, sufficient when

combined to generate in excess of 4000 TWh annually. This is roughly equal to China’s total electricity
consumption in 2010. Kazakhstan, Afghanistan, and Vietnam could each install over 100 GW. No country
has exploited more than 5% of its potential with the exception of India (at 30%). Figure 27 emphasizes
the unequal distribution of the wind resource, with many Asian countries having quite modest potential,
and a handful having huge potential.

Figure 27 Installed Capacity and Technical Potential for Wind. From [Shah, 2012]

Wind Power Costs60
Since the wind is free, capital costs are the most important consideration in the determination of the
cost of wind power. Figure 28 shows the installed capital costs for wind power projects between 1980
and 2005 for the two markets with the longest history of modern wind power development, Denmark
and the USA. Over this period, a steady decline in capital costs is evident, falling from $3500/kW to
$1200/kW in constant dollar terms.
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This and the following two sections rely heavily on two excellent reviews, [Lantz et al., 2012] and [IRENA, 2012b].
The reader seeking a more in-depth understanding is encouraged to consult these reviews and the studies they in
turn reference.

Figure 28 Wind power project capital costs in Denmark and the USA, 1980 through 2005. From [Lantz et al., 2012]

In Europe and North America, this trend of declining capital costs ended around 2003, as shown in
Figure 29. During this period, failings in the supply chain that lead to shortages of certain components,
strong demand for turbines that allowed for larger profit margins, increases in commodity costs
(principally copper and steel) and input energy price escalation, larger and more complex turbine
designs, higher labour costs, and other factors led to increases in the capital cost of turbines [Lantz et
al., 2012], [IRENA, 2012b]. The reversal in a hitherto declining price trend was a watershed moment in
the global wind industry.

Figure 29 Wind power project capital costs in Europe and the USA, 2003 to 2010. From [Lantz et al., 2012]

This trend was not global, however. In China and India, for example, domestic manufacturing, lower
labour costs, and competition were able to keep project capital costs to the range of $1,100-$1,500
even when capital costs peaked at $1,600- $2,100 in Europe and the USA [Lantz et al., 2012], [IRENA,
2012b]. Figure 30 shows that in 2010, Chinese turbine prices were one-half those in North America and
the lowest-cost European markets, and one-third those in Japan and higher cost European markets. In
2015, Indian and Chinese project costs are forecast to be only $950 to 1250/kW, slightly over half the
cost in North America or Europe [IRENA, 2012b].
With the global financial crisis of 2007 and 2008, demand for turbines softened. Simultaneously, supply
chain issues that had caused chronic component shortages through much of the decade were resolved.
The result appears to have been a plateau or even a decline in project costs. The decline in turbine
prices between 2008 and 2010 is evident in Figure 30. Analysis of recent data suggests substantial
declines in wind project costs in 2011 and 2012 [Wiser et al., 2012].
The increase in wind project costs seen in many markets over the past decade did not necessarily mean
that wind generated electricity was getting more expensive, however. Over the decade, turbine
manufacturers made significant improvements to their turbines’ ability to generate power, especially in
lower wind regimes. Larger turbines were developed, and as shown in Figure 31, larger rotors and taller
towers result in turbines of a given rated capacity having higher capacity factors. In North America, for
example, this was reflected in generally rising fleet-wide capacity factors [Wiser et al., 2012].

Figure 30 Wind turbine prices in 2008 and 2010. From [IRENA, 2012b]

Figure 31 Capacity factors achieved by old and new turbine technology. From [Wiser et al., 2012]

Cost-Effectiveness
The cost-effectiveness of wind power depends not just on the installed capital cost, but also the capacity
factor and other considerations like maintenance and financing costs over the life of the project. As for
photovoltaics, these can be combined in a calculation of the levelized cost of energy, permitting
comparison with other forms of generation.
Although North America and Europe saw a significant increase in installed project costs over the past
decade (Figure 29), this was counteracted by a rise in capacity factors (Figure 31 ) and a decline in
operation and maintenance costs with the result that the rise in the LCOE for wind in these markets was
relatively modest, as seen in Figure 32. It is speculated that the rise in LCOE would have been even
worse had turbine technology not improved, since not only were prices increasing, but turbines were
being installed in poor wind regimes, as the best sites were already developed [Wiser et al., 2012].

Figure 32 Estimated LCOE for onshore wind projects in North America and Europe, 1980-2010. From [Lantz et al., 2012]

Two of the main variables in the LCOE for wind power are installed costs and capacity factor. As
mentioned earlier, installed costs are substantially lower in India and China than in Europe and North
America. All other things being equal, this would suggest that the LCOE of wind should be 30 to 45%
lower in Asia. Unfortunately, average capacity factors are also lower in Asia: for new wind farms, typical
capacity factors are 25 to 35% in Europe, 30 to 45% in North America, but only 20 to 30% in China and
India. As a result, the LCOE in India and China is generally not radically lower.
The simple LCOE for wind energy is calculated, in the same way as was done for photovoltaics, in Table
9. The middle and high LCOE scenarios are similar to the range of estimates in [IRENA, 2012b]. The low
LCOE scenario might be considered what is possible at a site with a very good wind resource. Obviously,

the wind resource at the site is a key determinant of the LCOE, as are installed costs and the discount
rate.
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Installed Cost
Capacity Factor62
Discount Rate
Maintenance Costs63
Lifetime
LCOE

Low LCOE Scenario
$1300/kW
40%
4%
$0.005/kWh
25
$0.029/kWh

Middle LCOE Scenario
$1375/kW
30%
7%
$0.01/kWh
25
$0.055/kWh

High LCOE Scenario
$1450/kW
20%
10%
$0.015/kWh
20
$0.106/kWh

Table 9 Assumptions and Estimated LCOE for Wind Energy in India and China in 2011

It is generally believed that further reductions in the LCOE are possible, although the already low costs in
India and China may make them hard to achieve [IRENA, 2012b]. Various estimates of reductions in the
LCOE for global markets have been made, based on learning rate analyses, elicitation of expert opinion,
and engineering analyses. These estimates are summarized in Figure 33. Based on a majority of the
studies, a 20 to 30% reduction in the LCOE is expected by 2030 [Lantz et al., 2012].

Figure 33 Estimated reductions in LCOE across 18 scenarios, 2010 to 2030. From [Lantz et al., 2012].

Applying these projected decreases in the LCOE to the above calculated medium and high LCOE
scenarios (the low scenario being exceptional rather than typical), the LCOE for wind power at present,
in 2020 and 2030 can be compared to the LCOE for conventional forms of generation. As was done for
photovoltaics in Figure 17 and Figure 18, this is done for South Korea and China in Figure 34 and Figure
35, respectively.
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Based on a range of $1300 to 1450/kW for typical installations in 2011 given in [IRENA, 2012b]
Based on a range of 20 to 30% for typical installations in 2011 given in [IRENA, 2012b], and recognizing that
there are some very good wind resource sites that would result in capacity factors higher than typical.
63
Based on estimates of North American O&M costs of $0.005 to $0.015/kWh given in [IRENA, 2012b]
62

Figure 34 LCOE for Wind Electricity versus Gas, Coal, and Nuclear Generation in South Korea

Figure 35 LCOE for Wind Electricity versus large Hydro, Gas, Coal, and Nuclear Generation in China

Wind is more competitive with these conventional forms of generation than is photovoltaics. Good wind
sites already beat expensive imported coal and gas in Korea, and will take on nuclear by 2020. In China,
where inexpensive gas and coal are used, there is a modest price gap between wind and conventional
forms of generation. As for photovoltaics, comparisons should recognize the difference in the value of

dispatchable and intermittent generation, but also the risks, absent for wind, of fuel cost escalation or
future penalties levied for greenhouse gas emissions or local pollution, which could easily tilt the
balance in favour of wind.
Limits to Grid Penetration
Wind power is growing rapidly in Asia, particularly in China and India. Already some of the roadblocks to
further growth are emerging. Many of these are the same challenges to further grid penetration faced
by photovoltaics and discussed earlier; these are reviewed here.
As for photovoltaics, the first challenge is economic. The LCOE of wind power is generally still higher
than that of conventional generation, although the gap is smaller than that for photovoltaics. This will
put a brake on wind’s expansion.
The second challenge is, once again, financial. Because capacity factors are higher for wind than solar,
while projected Asian per unit costs similar, the capital cost is lower, but still huge—perhaps $900 billion
to purchase the 900 GW of capacity necessary to achieve a 10% penetration ratio for developing Asia as
a whole in 2035.
Transmission and distribution infrastructure will be even more of a challenge for wind than for solar,
since large population centres rarely collocate with windy areas—transmission capacity will be needed
to carry electricity between the two. When constrained by lack of available transmission capacity, wind
output must be curtailed at certain points in time, reducing capacity factors and increasing costs. T&D
infrastructure is already a problem in China, though the national wind penetration ratio is only 2%,
largely because about one-quarter of the country’s capacity is installed in the windy Inner Mongolian
province, far from major loads. As for photovoltaics, transmission capacity dedicated to wind power is
expensive because of the variable output and modest capacity factors.
Technical difficulties arising from fluctuating generation are generally associated with penetration
ratios above 15 to 25%. Such difficulties are already appearing in China, but these reflect weaknesses in
the Chinese grid and limitations of the wind turbine technology installed in China prior to the
implementation of grid connection standards in 2005 through 2009. Grid penetration levels of 10 to 20%
have been achieved by wind in Denmark, Spain, Portugal, Ireland and parts of northern Germany
without significant difficulties, though wind output is sometimes curtailed. This is especially notable for
Ireland, Spain, and Portugal because they have limited interconnections with neighboring countries.
Nevertheless, the experience of Denmark and its hydro-rich neighbor Norway demonstrate the value of
strong transmission capacity to enable imports and exports and the ability of hydropower to facilitate
the integration of intermittent renewables [Piwko et al., 2012]. As mentioned earlier, grid integration
costs are generally modest, perhaps $1 to 6/MWh for wind penetration ratios of 20 to 25% [OECD,
2012], 2 to 10% of the cost of wind power at good sites.
As for photovoltaics, geographic averaging reduces the variability of the ensemble of generating plants
operating in an area. Unlike photovoltaics, wind can produce power at night. On the one hand, this
reflects that wind is largely uncorrelated with peak load, and tends to compete with cheap baseload

rather expensive peak generation. On the other, combined with geographic averaging it can mean less
variability in the demand for transmission capacity, and therefore more efficient use of dedicated
transmission capacity. Wind generation and photovoltaic generation are uncorrelated or loosely
negatively correlated in time, making them somewhat complementary, as mentioned earlier.
The problems associated with land are different for wind and photovoltaics. Unlike photovoltaics, wind
can be installed in farmland or forest without significant disruption of other land uses; indeed, in
farmland the turbines, access roads, and substations occupy just 1 to 3% of the land. But good wind
sites—with a strong resource, near transmission capacity, set back from dwellings, unlikely to interfere
with migrating birds and bats—are limited, and once they are developed, less good sites must be
developed. These will have poorer wind resources, higher development costs, or both. So as wind
penetration ratios rise, the lack of good sites tends to make wind less attractive.
As was mentioned for photovoltaics, storage may be necessary to accommodate very high penetration
ratios (40 to 50% or more) of variable generation like wind. The same deficiencies and considerations
mentioned earlier apply for wind.
The conclusions that were made for photovoltaics apply here: exceeding a penetration rate of 10 to 20%
for photovoltaics and wind combined by 2035 will be difficult, simply due to the scale of the enterprise.
Transmission capacity and planning for intermittent generation will be required. This is a significant
contribution, but insufficient to fully address the climate consequences of conventional generation—
greater efficiency and conservation efforts to limit the need for generation are essential.
Offshore Wind
Thus far, the section has focussed exclusively on utility scale on shore wind projects. A second major
area of wind power development is the siting of turbines in shallow coast areas, so-called “offshore
wind”.
There are a number of potential advantages to offshore wind that have spurred interest in it:





Higher and steadier winds leading to higher capacity factors.
Potential sites near coastal cities that have no suitable areas for land development, bypassing
the need for power transmission from distant on-land sites.
Sites for large wind farms permitting further wind penetration in areas where all suitable onland sites have been developed.
The possibility of using very large turbines in very large wind farms.

Against these potential advantages, there are some serious disadvantages:




Building and maintaining a wind farm at sea is challenging.
Added costs for undersea foundations.
Transmission of power by undersea cable is expensive.




Sites cannot be especially deep—e.g., beyond 40 m foundations may be prohibitively expensive
and (experimental) floating platforms may be required.
Turbines must be designed and built to withstand the harsh maritime environment.

As a result of these challenges offshore wind is still expensive—with European project costs of around
$4000/kW, or twice that of onshore wind, and maintenance costs of $0.025 to $0.05 are typical [IRENA,
2012b]—and the market is still small, with the offshore sector being around 2.5% of the global wind
market [GWEC, 2012a].
Some analysts think that there is considerable room for cost reductions in offshore wind, it being an
immature sector of the wind industry. But recent trends have not been encouraging, as shown in Figure
36. The LCOE for offshore wind is 25% to 75% higher than that for onshore wind, and appears to be
rising as sites further from shore are being built, and turbines built specifically to withstand the rigours
of the sea inflate prices. One study concluded that offshore wind “will probably always be more
expensive” than onshore wind [IRENA, 2012b]. The continued interest in offshore wind largely reflects
European needs to find new wind sites to achieve ambitious renewable energy targets.

Figure 36 Average LCOE for Onshore and Offshore Wind 2009-2011. From [IRENA, 2012b]

In Asia, offshore wind has been developed by China, which in 2011 had around 260 MW of capacity in
several demonstration projects (sufficient to rank it third in the world). Halting progress on commercial
projects calls into question official targets of 5 GW by 2015 and 30 GW by 2020 [GWEC, 2012a]. Capital
costs of $2500/kW for offshore wind in China are lower than in Europe, but twice that of onshore

wind—and the capacity factors of some existing offshore projects are under 30%. Korea is planning to
build a 2.5 GW off shore wind project [GWEC, 2012a].
Small Wind
Small wind turbines, a few tens of kilowatts or less, have been available for decades. They can be used
for electrification off-grid, for example, for remote communities, or for “urban” wind, being integrated
into buildings.
These compete to serve the same market as small photovoltaic projects, but have a number of
disadvantages: most sites where power is needed do not have a good wind resource; moving parts lead
to higher maintenance requirements than photovoltaics; obstacles like buildings and trees impede the
flow of wind and cause turbulence; and integration of wind power into isolated diesel grids at even
moderate penetration ratios is technically challenging. With falling prices for photovoltaic systems,
these turbines will struggle to compete in all but the windiest and least sunny locations.
Environmental Concerns
Wind energy does have environmental impacts, but these are relatively minor:






GHG emissions associated with turbine manufacture and project construction are around 3.0 to
45 g of CO2 equivalent per kWh [Dolan and Heath, 2012], compared with an average of 60 g for
photovoltaics, 400 g for natural gas, and 900 g for coal generation. Accommodating intermittent
wind generation can lead to cycling and inefficiency in thermal plants simultaneously feeding
the grid, but this is unlikely to change wind’s “greenness” compared to fossil-fueled generation
[Dolan and Heath, 2012].
Birds and bats, particularly migrating tree bats, can be killed in large numbers by a wind farm.
For most species and most wind farms, the impact is insignificant compared with any number of
other threats they face, including buildings, household cats, and habitat destruction.
Nevertheless, wind farms sited in migratory pathways risk causing elevated levels of bird and
bat mortality, and there is still concern about the nature and scale of the problem for certain
types of bats that have been the subject of little attention in the past [NWCC, 2010].
Large wind farms can cause downstream turbulence that enhances the vertical movement of air
and heat. As a result, local changes in climate, such as higher nighttime temperatures and cooler
daytime temperatures, can be observed [Zhou et al., 2012]

Particularly in North America, there have been objections to noise pollution and visual pollution
associated with wind farms. Where turbines are set back from human habitation by half a kilometre or
more, scientific evidence for adverse health impacts arising due to noise pollution in excess of, say, road
noise, does not exist [NHMRC, 2010]. Noise and visual pollution complaints are rare among people, such
as farmers, who earn revenues from hosting turbines on their land.
Asian Wind Industry

China and India both have a significant domestic wind industry. A smaller wind industry, including
turbine and turbine part manufacturing, exists in Korea and Taiwan [GWEC, 2012a].
By 2010, four of the top ten wind turbine manufacturers were Chinese, together producing around 30%
of the world’s turbines (mainly for the domestic market). Foreign manufacturers have also built
manufacturing plants in China. Chinese manufacturers mainly build turbines and parts that can be
traced to foreign designs and technology, which may limit their ability to expand into foreign markets
[Yang et al., 2012].
Wind manufacturing plants in India can build 10 GW of wind capacity annually. The manufacturers
include both major domestic and foreign companies, with one Indian company in the top ten
manufacturers in the world. Taking advantage of low labour costs, parts (e.g., blades) are exported
abroad [GWEC, 2012b].
Winners and Losers
While the solar resource offers all Asian countries a clean energy alternative, in terms of wind, certain
countries have been blessed more than others.
Mongolia has been blessed most of all. If the necessary but expensive transmission infrastructure can be
built, wind power could provide clean power both to addres its own serious air pollution problems, and
for export to its power-hungry neighbor, China. Mongolia is in the process commissioning a 50 MW wind
farm, a first small step in this direction [Kohn, 2012].
China has also been lucky, with a strong onshore and offshore wind resource. Its manufacturing industry
faces challenges but is large and supplies a giant domestic market.
Other countries with sizeable areas having a strong wind resource include Afghanistan, Kazakhstan, and
Vietnam.
Other countries have less bountiful wind resources, but can still benefit from the “hot spots” where the
wind is good, and may even build a local manufacturing industry. India is a good demonstration of this;
although most of its area has modest wind speeds, it has taken advantage of what it has, and built a
domestic wind industry. Korea and Taiwan have similar opportunities.
As mentioned for photovoltaics, reductions in GHG emissions and other pollution achieved through
wind generation are a global benefit, so other Asian countries win when, for example, China builds wind
power in place of coal-fired plants.
There are few losers from wind, especially if FITs and other incentives are kept small and ratchet
downwards over time. But like photovoltaics, wind cannot solve the serious climate problems that face
Asia and the world, and must not be permitted to detract from efficiency and conservation efforts.

Shifting Technological Context
For each of unconventional gas, photovoltaics, and wind, this chapter has attempted to identify winners
and losers. This task is impeded by the shifting technological context. Any of the following potential
future developments would have important implications for these emerging energy sources:








The widespread development of liquid natural gas infrastructure may lead to geographical
convergence of prices. Other improvements in natural gas infrastructure (e.g., pipelines) will
also make this a more valuable resource.
Major improvements to electrical transmission infrastructure. Of particular note is the
possibility of an integrated Asian electric grid with long distance conveyance of electricity,
through the use of advanced high voltage DC lines or, more radically, superconducting materials.
This would make electric renewables a more valuable energy resource since resource-rich
locations would need not be so close to loads, and intermittency of supply and challenge of
storing electricity would be mitigated by geographic variation in the timing of supply: winds
rarely die everywhere simultaneously, and when it is night in one location, it is daytime
somewhere else, especially in a content as large as Asia.
Major improvements to electric grid operations: The integration of non-dispatchable power
sources, and particularly intermittent renewables, may also be facilitated by a variety of
improvements in grid operations. The grid must already deal with variations in load, so variation
in supply (negative loads) is not a radically new proposition. Already certain areas, such as the
Iberian Peninsula, have shown that grid function can be comfortably maintained even when the
instantaneous contribution of intermittent renewables (wind and solar) exceeds 40%—a much
higher level than some detractors of these technologies once claimed was possible64.
Improvements to electrical energy storage, through batteries, hydrogen infrastructure, or other
technology: Despite much attention over the past several decades, large-scale energy storage
technologies have not advanced in the same way as small-scale energy storage (e.g., lithium ion
batteries for portable devices). Economically viable electric storage is still largely limited to the
opportunities available in the past: hydro storage, and possibly compressed air storage.
Nevertheless, with the price of battery technology falling, and markets that may spur further
reductions (e.g., electric vehicles), it is not inconceivable that over the next several decades
storing electricity will become materially cheaper, with consequences for intermittent
renewables such as solar and wind. Hydrogen may be an alternate route to this outcome,
although in terms of transporting energy it has yet to demonstrate clear advantages over
standard electric transmission lines, and as a store of energy it struggles to match the advances
of battery technology at the small scale nor demonstrate huge advantages at the large scale.
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It should be pointed out that in the Iberian Peninsula this has been done without an especially strong grid
connection to the rest of Europe, so this result cannot be put down to a special case where electricity imports and
exports made grid integration easy.

Asia, as elsewhere, currently relies heavily on fossil fuels, particularly coal, for its energy supply. This
rate of consumption, even of so-called clean natural gas, cannot continue: the climate change that is
likely to occur has potentially catastrophic consequences.
As advanced as our technology has become, will still need to eat, to drink, to maintain our temperature
within certain levels, and to operate relatively free of the threat of flood or fire. We rely on our climate
for all these things.
In the past, climate change has been linked to social and economic upheaval and even the end of
empires. Disturbingly, there is much to suggest that tightly integrated technological societies have fared
worst—indeed, collapsed most readily—in the face of climate change: they tend to overreach in the
expansive phase prior to the onset of trouble, and therefore their systems must operate within finely
tuned tolerances to be maximally efficient.
If human society has ever been technologically-oriented, tightly integrated, and operating within finely
tuned tolerances because it has overreached, that point is now. This does not guarantee an apocalyptic
outcome, but does raise the possibility. It is easy to imagine us adapting to any one aspect of climate
change—rapid-fire occurrence of natural disasters, regional droughts, rapid changes in the price of food,
mass migration, the value of assets vanishing (under waves, or sand, or simply due to lack of demand),
economic upheaval, shifting patterns of disease or even epidemics, war over water: but what if, all being
linked to climate, they occur together, and amplify each other?
Being a winner under the worst outcomes of climate change will count for little. In terms of
development, everyone will suffer, with the poorest probably the least equipped to adapt to the
changes and suffering the most. This is mentioned here because when we craft energy policy, the way
we tilt the playing field for these emerging energy sources, some of which have lower climate impacts
than others, will play a large role in determining how much our climate changes. And although
historically the rich countries of North America and Europe have the most to answer for this planet-wide
own goal, moving forward, Asia’s decisions will dictate the course of history.
Thus, the current conventional energy sources are unacceptable. But the emerging sources each have
their problems, too. In particular, there is the issue of investment cost. Most of these energy sources
have relatively high investment costs. Particularly for the intermittent renewable energy sources,
achieving high penetration ratios will require additional massive investments in electric transmission
and distribution infrastructure, reserve capacity, and energy storage. These investments may come at
the cost of investment in other sectors of the economy, eventually stunting growth (both economic and
social well-being). Meeting the expected demand growth with clean, emerging energy sources seems to
be an overwhelming challenge, simply due to the scale of the endeavour.
But if meeting demand growth with the conventional options is climate suicide, and meeting demand
growth with the emerging options prohibitively expensive, what options remain?

Clearly, there is one option: reduce demand growth. This approach, as challenging as it may be, is
essential. The next section makes some suggestions for how this might be achieved.

General Observations on Energy Policy Related to Emerging Energy Sources
Energy policy will vary within the ADB member countries according to their specific contexts and
national objectives. This paper does not prescribe one particular path, but it does offer guidance for the
crafting of energy policy. This guidance logically evolves from some broad observations about the future
of energy to more specific policy recommendations.
1) The long term future for energy is renewables65. This is a truism: if an energy resource is not
renewable, it must necessarily deplete. Economists have pointed out that we will never run out
of non-renewable energy stocks, but merely eventually find them too scarce, and therefore,
expensive to exploit. The distinction is academic: at some point their further use will not be
possible. We may view the current epoch as an aberration in human history, one in which we
are drawing down hitherto unused reserves of energy before returning to our ancient pattern of
relying on renewables.
2) While the long term future is known, the path to get there, when we will arrive, and in what
state we will find ourselves, is not. Perhaps near total reliance on renewables will occur as early
as 50 years from now. It seems more likely that the transition will take longer, perhaps on the
order of a century or centuries. Heavy reliance on coal and nuclear could extend this to a
millennium.
The status quo is a dangerous path to continue down. It may lead to costly or even disastrous
climate outcomes, ravaged landscapes, local pollution, and depleted feedstocks for production
of goods. Countries that stubbornly follow it may find themselves in an obsolete energy
paradigm, and perhaps excluded from new opportunities related to renewables. It is likely that it
will not be resource depletion, but rather concerns about global climate change, local
environmental impacts, and shifts in the international energy paradigm that will herald the end
of the non-renewable era. Why delay this transition, when every delay is associated with such
cost and risk?
On the other hand, making a rapid transition to renewables poses its own dangers. The costs of
procrastinating must be weighed against the opportunity costs of massive investments in
renewable technologies that may prove to be the wrong choices, or more expensive than
alternatives achieving similar outcomes.
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This analysis ignores exotic, yet to be built or imagined power systems, among which it counts nuclear fusion, a
technology apparently perpetually stuck 50 years away from commercial reality. It also ignores the possibility that
energy consumption will decline more quickly than non-renewable energy stocks, perhaps due to collapsing birth
rates. In short, we bet on neither demographics nor futuristic technology here.

It is dangerous, given the human reluctance to abandon the status quo, to preach a middle way,
but it does seem like the most viable route: a purposeful transition, rather than an attempt at
renewable shock therapy.
3) Emerging renewable resources may never be as cheap as conventional energy sources are today:
In an ideal world, the price of energy from emerging renewables like wind, solar, and biofuels
would decline to levels cheaper than the current price of conventional competitors. This may
happen, but it is not inevitable. The geographic energy density of many renewable sources is so
low that the cost of equipment, labour, and land will necessarily be high; intermittency of supply
and modest capacity factors mean that transmission infrastructure may be used inefficiently or
expensive storage will be required; and at high penetration levels, the technologies may require
expensive backup capacity to be built into the system.
The transition to renewables will still occur, however, either because prices of conventional
competitors rise if demand outstrips supply, or because the consequences of continued reliance
on conventional sources (e.g., climate change) become too severe. Predicting when either of
these two events will occur is prognostication beyond the ken of this author.
4) Energy conservation and efficiency will be an integral part of this turn to renewables.
Alternatives to renewables may include fossil fuels with comparatively low GHG emissions—
some argue that the substitution of natural gas for coal, for example, may actually be, in the
short term, a more effective investment for reducing emissions (while meeting industrial and
economic objectives) than, say, photovoltaics. But a more promising set of alternatives consists
of those measures related to energy conservation and efficiency.
Energy conservation and efficiency are the poor cousins of renewables, but the lack of interest
reflects factors other than their potential and their viability. First, when energy is as cheap as it
has been over the last century, and the price generally declining in real terms, it is not rational
for a consumer to spend much time or effort to think about how to use less of it. Second,
although conservation and efficiency can achieve massive reductions in energy requirements,
these savings will accrue to consumers throughout the economy, rather than a concentrated
subset of energy producers. Furthermore, many of the most effective measures involve changes
in planning or behaviour. Thus, efficiency and conservation are deprived of two constituencies
that champion renewables relentlessly in response to their own interests: the renewable energy
producer lobby and the renewable equipment supplier industry association. Third, renewable
energy technologies seem to be more “sexy” to both the lay person and the engineer;
conservation and efficiency measures are harder to depict visually, and offer sober cost savings
rather than exuberant promises of boundless supply.
To call conservation and efficiency an alternative to renewables is only partly true: it applies in
the sense that they may compete for scarce investment funds. That they do compete in this way
is very important, however, because there is often a bias towards renewables when efficiency

and conservation would be a more cost-effective way to achieve cost savings, GHG emissions
reductions, and local pollution. The opportunity cost of investments in renewables may be very
high when conservation and efficiency are neglected.
But in the longer term, conservation and efficiency are likely essential to the development of a
renewables-dominated energy supply. In order to supply the immense quantities of energy
required, investments in renewables will need to be similarly immense. To make this feasible,
everything that can be done to reduce the total energy requirement—and requisite
investment—must be applied. In certain cases, there may be other limitations related to the
scale of this enterprise: the availability of land for projects, or perhaps water. An all-renewables
future is only feasible assuming energy conservation and efficiency have come first and pruned
the task to a viable scale.
5) The mix of energy sources will change, but it will remain a mix. At present, we use a mix of
energy sources to meet our needs. For example, a diverse range of resources and technologies
supply grid electricity; just looking at conventional sources, these include coal, gas, nuclear,
hydro, oil and hydro. Although in transportation a few fossil fuels dominate the mix, they are
augmented by electricity (e.g., in rail transit) and even beasts of burden (mainly in rural parts of
the developing world). This situation will continue, in the sense that we will continue to make
use of a mix of energy sources, though the composition of the mix will no doubt evolve.
Reliance on a diverse mix of resources can be useful from an energy security perspective: it
helps minimize risk. It insulates a country or region from the worst price shocks, but also results
in less upheaval when there is a radical change in the public perception of a resource or
technology (e.g., opposition to nuclear in Germany and Japan), the imposition of international
regulation (e.g., related to GHG emissions reductions), variation in climate (e.g., drought
affecting hydro output), or scarcity in an input required to exploit the resource (e.g., water
required for certain resource extraction operations). As in a portfolio of investments, the more
diverse the mix, the less likely it is for there to be commonality that could undermine them all
simultaneously.
6) There is no silver bullet energy solution, and energy policy should not seek one: It is evident that
the current energy supply comes from a mix of resources, and that this will continue to be the
situation into the future. Why, then, does energy policy often prioritize a single technology or
limited set of technologies over all others? This is especially troubling given the chequered
history of policies targeting a single technology or resource: unintended consequences and
uneven outcomes, not least in those cases where the chosen technology or resource turns out
to be a dead end. Even positive outcomes sometimes do not survive once energy policy shifts
and no longer heaps especial favour on the chosen technology: industries uproot and seek
opportunities where conditions are more naturally favourable. Furthermore, favouring one
approach may mean starving other potentially more apt approaches of attention and

investment. Thus energy policy should, as much as possible, avoid picking “silver bullet”
technologies and resources.
There is a corollary to this: just because a technology or resource is obviously not a “silver
bullet”, capable of solving all energy problems, does not mean that it has no role to play in the
mix. Technologies or resources may be dismissed as unimportant because they might supply
only a few percent of a region’s energy requirements. But it must be understood that a few
percent of a very large number is still a very large number. Energy requirements around the
world are huge, and this will be even truer in Asia’s future. Any resource or technology that can
supply even a few percent of a nation’s energy requirements deserves consideration in an
energy policy that recognizes the value of a diverse energy mix.
7) There should be no energy policy, just social, environmental, and economic policy: Just as energy
is a means to an end, energy policy should merely reflect broader social, environmental and
economic goals. Energy policy should be open to the emergence of any resource or technology
that satisfies the country’s broader objectives. Energy policy that targets a particular manner of
achieving the goals runs the risk of restricting or contorting the paths to the broader objectives.
8) Recognize not the just diversity of supply, but the diversity of load requirements: Though
different energy sources can all be measured in the same units, this does not make them
equivalent. Low quality energy (e.g., low temperature heat) cannot substitute for high quality
energy (e.g., electricity) in applications that require the latter. Similarly, loads requiring storable
forms of energy (e.g., transportation) cannot be met by energy sources that are not easily
stored. Great efficiencies can be achieved by matching the quality of supply to the quality
required by the load. Moreover, recognizing the diversity of load requirements may permit the
identification of local energy sources which, though of limited value, can substitute for more
valuable high quality forms of supply. For example, low grade heat being supplied by electricity
or even fossil fuels may be supplied by waste heat, possibly from a combined heat and power
plant, or even low-cost solar thermal installations (e.g., in crop drying applications).
9) Value indigenous energy ideas, not just indigenous energy sources: Probably no technology or
energy resource discussed in this paper is indigenous to Asia, in the sense of the idea being born
in and developed in Asia. Certainly no technology mentioned here is used exclusively in Asia.
This raises a question: are there opportunities indigenous to Asia—not just energy sources, but
ways of using or harnessing energy—that are being passed over because they are specific to a
local area, and not applicable globally?
Once we have accepted that there is no silver bullet energy solution, and that countries and
regions may rely on a diverse portfolio of energy sources/technologies adapted to a diverse
range of loads, then it is not hard to imagine that there are niche opportunities specific to Asia,
where locally available resources will match local loads in a way not commonly seen elsewhere.
Exploiting this niche will require in-depth local knowledge about energy, the confidence to

pursue an energy solution not adopted elsewhere, and an openness to energy sources that may
contribute only marginally to the overall energy requirements—but taken together can
materially increase energy security and provide opportunities for local development.
10) Prepare for a future without energy slaves by investing in human capital: The abundant and
cheap energy available over the last century created a situation where vast quantities of energy
could leverage the output of the workforce, effectively providing an army of “energy slaves”
doing the bidding of the humans. Energy could substitute for understanding and thought: it has
been cheaper and easier (and in the financial interest of certain industries) to overcome
problems by the intensive application of energy than it has been to apply ingenuity, planning,
and in-depth understanding.
In a period of transition towards renewables, this is likely to change as energy costs rise66. It
must be recognized that if energy can substitute for thought, then when energy becomes costly,
thought can substitute for energy. This substitution can be encouraged and amplified, with
salubrious effects on the economy, by making in-depth understanding less costly: that is, by
investments in the workforce that improve its comprehension of energy, energy use, and energy
project decision-making—energy literacy, if you will.
Investments in basic literacy, numeracy, and particularly math and science will contribute to
this. In addition, specific areas should be emphasized in managerial and technical training
programs. These include education about energy for professionals not directly involved with the
energy industry: it may not be the energy engineer that needs to understand energy better, but
rather the business manager who will allocate resources among a range of different priorities.
For example, at present most managers worldwide are likely evaluating potential investments in
energy efficiency exclusively through measures of quickness of return (i.e., the simple payback),
and completely ignoring measures of profitability. It is hard, in this environment, for any long
term thinking about energy to take root. It may also undermine long term profitability.
11) Higher energy prices need not translate into higher energy costs: Rising energy prices generally
induce reactions bordering on panic. This results from the conflation of energy costs and energy
prices. The cost is the price times the quantity consumed; if the latter falls more quickly than the
former rises, then costs will not rise.
Expecting energy costs to hold steady or rise only moderately in response to energy prices is not
magical thinking. It reflects the observation that there is immense inefficiency in our use of
energy today. This inefficiency is a rational outcome of having built our modern energy
66

This article is not making the argument that energy costs will inevitably rise in the next decade. It is making the
argument that once the transition to renewables is underway, energy costs will necessarily be higher than they are
now: this will be either the spur for renewables, or the consequence of investments in an expensive new system.

consuming infrastructure during a period when energy costs were essentially so cheap as to not
merit attention. If energy prices rise, there is room for consumption to fall very significantly
throughout every sector of the economy.
An illustration from outside the field of energy is helpful. It is often said that we could not build
the Egyptian pyramids today with our current technology. This is likely true. It reflects the lack of
any real interest in building pyramids on that scale for many generations. If, all of a sudden, we
needed to build some really huge pyramids, our society would surely develop the technology
and social arrangements necessary to do so, just as it took humankind roughly a decade to put a
man on the moon once that became an overriding objective.
We are in the situation now where designers of energy-consuming infrastructure have not
needed to seriously consider energy consumption for many decades. When price signals change
this situation, infrastructure will change accordingly.
The main proviso in this argument is that infrastructure is long-lived, and people take time to
learn new behaviour. Sudden price hikes are unlikely to have much long-term effect on energy
consumption, but often lead to social unrest and economic upheaval.
12) Create an expectation that over time real energy prices will rise gradually, but steadily and
significantly: While sudden price hikes are to be avoided, a sustained rise in energy prices may
be the signal necessary to induce a shift in the energy paradigm. By artificially inflating the price
of energy in a gradual and predictable way (e.g., through a rising tax), energy policy will focus
attention on energy consumption in a way that does not favour any specific technology.
Analogous policy has been used elsewhere to establish paradigmatic shifts. For example, one of
the measures applied by central banks to tame the vicious inflationary spiral of the 1970s was to
establish rigorously defended inflation targets. By publicising these targets, central banks
altered the perception of where general prices would be in the future, workers tempered their
expectations for wage hikes, and businesspeople adjusted their planning processes. Similarly, if
there is an expectation of rising energy prices, this will enter planning processes for businesses,
cities, transportation networks, agriculture, etc.
Under such a policy, there would be a target for general inflation, and then a higher target for
energy price escalation. The difference in the targets should be modest. It should be no lower
than, and probably higher than the long term increase in underlying energy prices. If the
underlying price falls below the target, then, through taxation or some other means, the price
paid by consumers should be inflated to match the target. If, in a given year, the underlying
price rises faster than the target, then the artificial premium (e.g., tax) should be pared back to
maintain the target. In this way, policy would also shield the economy from price volatility.

Crucially, such a policy need not increase the cost of economic activity; it can, if so desired, be
revenue neutral. Other taxes may be reduced, or fixed rebates may be issued to individuals and
businesses. These rebates or tax reductions may help make this approach palatable to the
population and to businesses (though they may be difficult to implement in areas with weak
government or corruption). If it is necessary to avoid penalizing energy-intensive industries,
these rebates may be calculated on the basis of energy requirements when production follows
best practices, amplifying competition specifically related to energy consumption.
13) Implement a carbon tax: Gradually rising real energy price targets will encourage conservation
and energy efficiency, and create awareness of energy issues, but will not favour any particular
source or technology for the supply of energy: if electricity prices are being artificially inflated by
a certain amount, then that amount will apply to photovoltaic generation as well as coal-fired
generation. Whether this is deemed good or bad depends on how it corresponds to
environmental, economic, and social policy.
Here it will be assumed that environmental policy recognizes the need to reduce greenhouse
gas emissions and therefore substitute low-carbon energy sources for high-carbon sources. A
logical and practical way to achieve this, and a mechanism for achieving the energy price targets
endorsed in the previous point, is a carbon tax. It is strongly recommended here, especially since
it avoids encouraging specific sources/technologies, but rather tailors the encouragement to
however well a source or technology matches environmental policy objectives.
14) Level the playing field: A carbon tax is one way to promote low carbon energy sources and
technologies. Currently, most countries employ a different set of measures that promote
another set of technologies and sources—typically the status quo conventional energy systems.
These measures vary from country to country, but include subsidies on fossil fuel purchases; tax
incentives and industrial policy supporting fossil fuel research, development, and deployment;
and legal structures (e.g., mineral rights) that are tailored to conventional energy technologies.
These direct and indirect subsidies often go unnoticed, but they are not insignificant.
Conventional technologies have a natural advantage over emerging energy sources in that they
benefit from inertia, have been optimized over many decades, and are defended by established
and well-funded companies. When this natural advantage is compounded by direct and indirect
subsidies, it makes it hard for new sources to emerge.
If energy policy is not to favour specific technologies, but rather encourage a mix of sources,
then these direct and indirect subsidies should be evaluated in terms of their alignment with
economic, social, and environmental objectives. If there is no strong argument for them, they
should be removed. This is true with or without a carbon tax.
15) Invest in enabling infrastructure: Investment in transmission capacity to (renewable) resourcerich areas, strong electric grids, gas infrastructure, and other physical infrastructure may be a
necessary prerequisite to exploitation of emerging energy sources. These types of decisions are

typically the purview of energy policy. Because different types of investments may favour
particular technologies (e.g., transmission capacity to desert area with a strong solar resource
and little else is a gift to photovoltaics), crafting this policy may be akin to attempting to pick
winners. Caution is advised.
16) Energy policy related to climate change should be the sole mandate of an organization with
teeth: Decision-makers, especially in government, typically must consider multiple criteria. This
is challenging. In many cases, climate considerations are one of many criteria. Although much
lip service is paid to them, when the decision is made, the “compromise” position that is
adopted often pays no heed to climate. Since climate change became a clear concern twenty
years ago, few countries have adopted energy policy that has effectively reduced emissions.
Weak climate policy arises for a number of reasons. As a rule, the consequences of a particular
decision seem diffuse and distant. Furthermore, climate change policy has no natural lobby:
negative climate outcomes will be felt by a large number of people, but with the exception of
some low-lying island nations, it is not obvious who stands to lose the most. In contrast, the
winners and losers resulting from choices in economic policy and social policy are often quite
clear, and as a result lobbies spring up to battle for their interests.
17) Beware of subsidies and regulations: In renewables at least, subsidies and regulations have a
chequered history. It is clear that they have their place: regulations have proven useful tools for
improving building and automobile energy efficiency, and feed-in tariffs, a form of subsidy, have
helped create the conditions for massive investments in renewables that led to declining prices.
But they often have unintended consequences, generate resistance and resentment, and lead to
certain attractive options being ignored. They should be a last resort, and when applied, should
dictate or incentivize a broad outcome, not a particular method for achieving the outcome.
18) Consider a carbon currency: In the form of climate change and local pollution, energy
consumption has huge negative externalities. Pricing in these externalities is one approach to
limiting the damage, but it penalizes the poor, since increases in energy costs are likely to hurt
them more. This is doubly unfair, because the poor, in general, contribute less to the problem of
global warming; indeed, if everyone consumed energy at the rate of the poor, there would be
no problem.
An alternative approach is to ration energy consumption not just by price, but by a separate
accounting system that allotted the same right to emit GHGs to every person. The eventual goal
would be to have all such allotments add up to a total emissions level equal to or less than that
required to hold climate change to a, say, 2°C global temperature rise. This accounting system
would rely on a separate “carbon currency”. A person who consumed less than his or her
allotment could sell (for money) the surplus to someone who wished to consume more than the
allotment.

Obviously, the widespread implementation of a carbon currency would be a radical undertaking.
Unfortunately, the problem of climate change does not seem to respond to the solutions we
have attempted over the last several decades, so radical approaches may be necessary.
A carbon currency would, on the whole, favour countries where per capita emissions were low.
This would include most of developing Asia.

Conclusions
This chapter has examined a number of emerging energy sources, and given special attention to
unconventional gas, photovoltaics, and wind energy. Although each has promise for Asia, none is a
panacea. They will struggle to rapidly replace conventional energy sources, require immense capital
investments, and face technical challenges—such as the development of shale gas drilling techniques
suited to Asia’s geology, the integration of intermittent wind and solar generation, or limited exploitable
resources for wave and ocean current power.
Unfortunately, continuing with the status quo is untenable: the climate consequences are likely to be
catastrophic, and, since the poor are likely to suffer disproportionately, are directly at odds with
development goals of the Asian Development Bank.
Thus, new supply cannot solve Asia’s energy challenges; limiting demand growth, possibly through
radical efficiency and conservation measures, will be necessary.

Appendix A: Unconventional Gas Formations and Technology
Natural gas forms over geological timeframes from organic matter contained in sedimentary rock layers,
particularly those (once) covered by lakes and oceans. In some areas, this methane (the principal
constituent of natural gas) migrates out of the layer in which it is formed. It may enter rock formations
that are both porous (i.e., containing many voids in which the gas can reside) and permeable (i.e., the
pores are largely interconnected, allowing the gas to move through the rock). In this case, it may move
through the rock and accumulate in reservoirs, trapped by a cap of impermeable rock [Department of
Mines and Petroleum, 2013c].
If a well penetrates this reservoir, gas will flow, under its own pressure, out of the reservoir. This is
“conventional” gas; historically, this has been the source of the majority of the world’s natural gas.
But only a fraction of the gas formed in the sedimentary layers ends up in these conventional reservoirs.
Some of the gas enters much less porous and permeable formations. When this formation is penetrated
by a well, little gas flows: the formation is too impermeable to permit gas to migrate to the well. This is
called “tight gas”. It is one form of “unconventional gas”.
In addition to the gas that leaves the sedimentary layers where it originates, there is gas that remains
trapped in the source rocks. This is the situation of “shale gas”, a second form of unconventional gas.
Figure 37 schematically shows the geological situation of conventional gas, tight gas, and shale gas.
The key characteristic of tight gas and shale gas that distinguishes them from conventional gas is that
they will not naturally flow into a well. They can be made to flow, however, by fracturing the formation
containing the gas, artificially increasing its permeability. This can be achieved by a process called
“hydraulic fracturing”, or “fracking” for short. Typically, “slick water” fracking is used: large quantities of
water mixed with lubricants, biocides, surfactants, corrosion, inhibitors, scale inhibitors and “proppants”
are injected into the well, pressurizing the formation to between 55 and 85 MPa (340 to 540 times
atmospheric pressure) [Ramudo et al., 2010, p. 7]. This fractures the rock. The proppants—often sand is
used—enter the fractures, preventing them from closing when the well pressure drops [Department of
Mines and Petroleum, 2013b].
Following the fracturing, the injected water flows back out of the well, mixed with natural gas. Over a
period of days to weeks, the water flowing out tails off, but the gas picks up. The water is collected for
treatment, storage, and/or disposal. It contains the chemicals originally injected into the well, plus salts
that were contained in the formation and sometimes even some radioactive compounds. Not all the
water that was injected into the well flows out; some remains in the ground.
Fracturing liberates the gas in a localized area of the formation. To access large amounts of gas, a large
region must be fractured. This is achieved by multiple stage fracking, in which the fracking process is
repeated 4 to 20 times [Ramudo et al., 2010, p. 8], with each pressurization fracturing a new region of
the formation.

The effect that multiple fracking can have will be limited, however, if a vertical well passes through a
horizontal gas-bearing formation. To increase the area accessed by the well, the well must pass
vertically down to the level of the formation, and then turn to a horizontal orientation and drill into the
formation [Ground Water Protection Council et al., 2009, p. 47].
Geologists have known of the existence of shale gas and tight gas for a long time, but it was long
thought impossible to access at a reasonable cost. What has changed over the last few decades, first for
tight gas and then for shale gas, is the recognition that the combination of (multiple) fracking and
horizontal drilling can sufficiently raise the permeability of the formations holding these resources to
liberate a large quantity of gas, and this at a price that may be competitive with conventional gas
exploitation [Medlock et al., 2011, p. 9].
Shale gas and tight gas are similar in many ways, such as the techniques used to exploit them, but differ
in two respects. First, shale gas is found in the same formations where the gas was produced, but tight
gas formations (often sandstone) are not the original source of the gas, just where it now resides.
Second, while tight gas formations are orders of magnitude less permeable than the formations holding
conventional gas, shale formations are orders of magnitude less permeable yet. This makes shale gas
harder to access, and explains why tight gas production occurred decades before widespread shale gas
production.
A third source of unconventional gas is coal. Methane is often adsorbed into the matrix of coal, and held
in place by water pressure. When water is removed from the coal, the methane desorbs.
If methane desorbs from coal within a coal mine, the resulting gas is referred to as “coal mine methane”
(CMM). Because it is flammable, it poses a danger to coal mine operations, and mine operators try to
drain it from the mine. If simply vented to the atmosphere, the methane, a potent greenhouse gas, will
contribute to global climate change. The gas may instead be utilised, but is often mixed with other gases
and may require processing before use.
It is possible to drill into a coal seam from the surface, remove the water, and induce production of
natural gas. This is called “coal bed methane” (CBM). This is indicated schematically in Figure 37.
Sometimes fracking is applied in CBM. Horizontal drilling is used with deeper coal seams; vertical wells
are typical for coal seams near the surface [IEA, 2012b, p. 29].

Figure 37 Geological formations for conventional and unconventional gas. Reprinted from [Department of Mines and
Petroleum, 2013a], with permission of the Department of Mines and Petroleum of Western Australia

Appendix B Photovoltaic Technology67
While the building block of a photovoltaic system is the photovoltaic module, modules themselves are
composed of photovoltaic cells (Figure 38). These are thin, flat sheets or strips of semiconductor that are
sensitive to light: they convert a portion of the light's energy directly into electricity. The semiconductor
most commonly found in photovoltaic cells is silicon, a plentiful element found in sand.
Under bright sunlight, a typical photovoltaic
cell measuring 10 cm by 10 cm will generate
about 3 amps of current at 0.5 Volts, or about
1.5 Watts. This is a small amount of power. If
30 or so of these cells are connected in series,
the output will be around 3 Amps at 15 V, or
almost 50 Watts, which is enough to power
small loads. Such an assembly of cells,
encapsulated in a weather-proof envelope of
glass and plastic, composes a photovoltaic
module. Larger modules may contain more
cells, operate at a higher voltage, and provide
more power.
When a single PV module is insufficient to
supply the desired quantity of power, it can
Figure 38 A monocrystalline photovoltaic cell
be wired into an array consisting of multiple
modules. The array is mounted on a structure that orients it in such a way that it will catch a reasonable
amount of sunlight. For example, this structure may be a tilted roof that, in the northern hemisphere,
faces south. Some mounting structures turn to track the sun, increasing the output of the system over
the course of the day.
The output of a photovoltaic array is direct current. Generally speaking, grid connection will require
alternating current at a different voltage than that supplied by the array. An inverter is an electronic
device that converts the output of the photovoltaic array from direct current into alternating current at
a voltage that will cause it to flow into the grid.
Photovoltaics can be integrated into the grid at a central plant or distributed around many locations on
the grid. The centralized approach is familiar to utilities accustomed to conventional coal, hydro, gas,
and nuclear power plants. In general, this approach facilitates system control, operation, and
maintenance and leads to economies of scale. These advantages are less significant for photovoltaic
systems, however, due to photovoltaics' inherent modularity, simplicity, and reliability.
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Adapted from text previously prepared (by the author) for RETScreen International [RETScreen International,
2013c].

The distributed approach, though inappropriate for conventional power plants, is applicable to
photovoltaic systems. In its favour, it overcomes a disadvantage of centralized integration, in that
distributed systems can be mounted on roofs and facades, minimizing land use and providing power
close to where it is consumed, so as to reduce losses in power transmission.
In distributed integration, the PV array will typically be located on a building. When the sun shines, the
PV-generated electricity will power some or all of the loads in the building. This reduces the amount of
electricity that the building owner must purchase from the grid. Should the output of the array exceed
the total load of the building, the surplus can be sold back to the grid.
Photovoltaics can be integrated into either a central grid or an isolated grid. A central grid is one that
covers a vast geographical area, with thousands of generators and millions of consumers. An isolated
grid is a smaller network of generation and distribution facilities, not interconnected with the central
grid, that supplies electricity to a limited area, such as a single remote community or the communities
on an island. Often isolated-grids rely on diesel generators as their primary source of energy. The
expense of diesel fuel, especially when inflated by the cost of transporting the fuel to a remote or
inaccessible community, makes photovoltaics attractive: when the sun shines, less fuel is consumed.
Because a PV module provides little electricity during overcast periods and no power at night, off-grid
photovoltaic systems generally must store excess power generated during sunny periods. A battery or,
in water pumping systems, a reservoir, fulfils this function. About 90% of the batteries used in PV
systems are of the lead-acid variety. While the lead-acid battery is relatively cheap and common, it is not
as long-lived as a photovoltaic module and requires some maintenance, such as the replenishment of
water lost during use. The system may require additional controls to manage battery charging. The
output of the photovoltaic array may be augmented by that from a complementary generator (e.g., a
wind turbine or diesel-fuelled engine driving a generator) in a “hybrid” system.
Most photovoltaic modules have an efficiency in the range of 10 to 20%, that is, they can convert 10 to
20% of the sun’s incident radiation into electricity. Efficiency is much less important in the realm of
photovoltaic systems than thermal power plants, because sunshine is free. A more important metric is
the capital cost of the system versus its power rating. Efficiency does matter, but mainly because more
efficient systems require less space, and incur lower racking structure costs, for a given amount of
capacity.

Appendix C Wind Power Technology68
Wind turbines convert the kinetic energy of the wind into
electricity.
Wind turbines contain a number of different subsystems
(see Figure 40). When considered together, the individual
blades of a wind turbine constitute the rotor. Wind blowing
over a blade generates a force on the blade, called lift. This
is the same force that permits airplanes to fly, and it is no
coincidence that wind turbine blades are reminiscent of
airplane wings. The blades of a turbine are angled in such a
way that part of this lift force lies in the plane of the rotor,
causing it to rotate. This rotational momentum is
transmitted, by way of a shaft, to a generator, an
electromagnetic device that converts the kinetic energy
available from the shaft into electrical energy. In larger
wind turbines, the rotor turns at 10 to 20 revolutions per
minute, which is too slow for many types of generators that Figure 39 A Wind turbine in Hong Kong. Photo by
PatrickMak, 2008.
are to be connected to a grid operating at 50 to 60 Hz. In
these turbines, a gearbox is often used to increase the
rotational speed of the shaft between the rotor and the generator.
The gearbox and generator are located in a nacelle, mounted atop the tower. The tower may be a
tubular steel structure or, less commonly among large turbines, a lattice structure somewhat similar to
an electricity transmission line tower. The tower sites on a massive foundation. Smaller turbines may
use guyed towers.
Modern, large-scale turbines follow a design championed by Danish manufacturers, and therefore
referred to as the Danish design. In this design, the rotor has three blades and turns about a horizontal
axis. The rotor is kept upwind of the turbine by motors, controlled by input from an anemometer and a
wind vane located on the nacelle.
The turbine contains a number of controls to keep it operating properly through changing wind
conditions, for example, by changing the pitch (angle) of the blades or the rotational speed of the rotor.
The turbine shuts down when either winds are too low (e.g., below 3 m/s) or too high (e.g., above 25
m/s). Controls will motor the rotor up to the speed where it starts to generate lift when the
anemometer indicates that there is sufficient speed for power generation.
It is important to recognize that the wind energy available to the turbine is directly proportional to the
area swept by the rotor. Regardless of the size of the generator, the rotor diameter is the ultimate
68

Adapted from text previously prepared (by the author) for RETScreen International [RETScreen International,
2013d].

determinant of the maximum power that can be produced by the turbine at a given wind speed. Over
the last twenty years, rotor sizes on utility scale turbines have increased dramatically. Today's largest
turbines have rotor diameters of 120 m or more - that is, they are much larger than even the largest
planes. Similarly, tower heights have
increased, with the hub height, or
distance between the ground and the
nacelle, being between 80 and 100 m for
most utility scale turbines.
Wind turbines are used in a variety of
applications, and this is reflected in the
size of the turbines available on the
market.
The turbines used for off-grid power
supplies tend to be small, ranging from as
small as 50 W up to 10 kW. Since their
output will vary with the strength of the
wind, turbines are often used to charge
batteries, which store the electricity
generated during windy periods for use
during calm periods.
For isolated-grid applications, the
Figure 40 Components of a Wind Turbine. Reprinted from [TVA, 2013]
turbines are typically larger, ranging from
about 10 to 200 kW. Often isolated-grids rely on diesel generators as their primary source of energy. The
expense of diesel fuel, especially when inflated by the cost of transporting the fuel to a remote or
inaccessible community, makes wind attractive: when the wind blows, less fuel is consumed. On those
isolated-grids where the capacity of the wind turbines is relatively small compared to the typical loads,
the diesel generators are responsible for maintaining grid stability in the face of changing demand for
electricity. Such systems are referred to as low penetration wind/diesel hybrid systems. In contrast, high
penetration systems have sufficient wind capacity that turbine output often exceeds electricity demand.
In these cases, the diesel generator is shut down entirely, and non-critical dump loads are used to
maintain grid stability.
The largest turbines are found on the central-grid. Some older turbines as small as 600 kW are still
found, but most onshore turbines being installed today are rated at 1.8 to 3 MW. Yet larger machines
are sometimes used offshore. While turbines may be installed, owned, and operated individually, they
are often grouped in wind farms of tens or even hundreds of turbines. This shares fixed costs among a
large number of turbines.

Appendix D Other Emerging Energy Sources
Shale gas, solar photovoltaics and wind are three emerging energy sources that are receiving much
attention because their rapid development suggests that they are or may soon upset the mix of energy
sources being used in Asia.
There are other non-conventional energy sources that can contribute to energy supply in Asia, but they
generate less interest at present than the three this chapter has examined. The reasons for this vary, but
include:




The technology is still in the research and development stage.
The technology is commercial and mature, but remains relatively expensive and is evolving only
slowly.
The resource is limited or only applicable in certain countries.

These are not good reasons to discount these technologies: a portfolio of many different supply
technologies, with some technologies making only limited contributions, and new energy sources
ramping up to replace old ones that are no longer viable, is no bad thing. But over the next few decades,
for most countries in Asia these energy sources are less likely to radically shake up the mix of energy
supply.
Here these technologies are introduced. They include two renewable energy technologies that are
proven and widely used, but constrained by limitations in the easily available resource and/or slow pace
of development of their technology (geothermal and landfill gas); two renewable technologies that are
also proven, but presently used only at a small number of sites (tidal power and concentrating solar
power); two renewable energy technologies in the research and development phase (ocean current
power and wave power); and two fossil-fuel based developments that are in the research and
development stage (“clean” coal and gas hydrates).

Geothermal Energy
The term “geothermal energy” is applied to three distinct uses of the ground as a source (or sink) of
heat:
1) Geothermal power: The generation of electricity with turbines that use the heat surface at
moderate and high temperatures (e.g., above 100°C), originating in the Earth’s molten core, that is
available within a few kilometres of the earth’s surface at certain locations. See Figure 41.

Figure 41 Geothermal power generation system schematic. This shows direct use of “flash” steam to drive a turbine; in
“binary cycle” systems, the heat evaporates a second working fluid which in turn drives a turbine. Reprinted from RETScreen
International, www.RETScreen.net

2) Direct utilization of geothermal heat: The direct use of the heat (for bathing, heating buildings,
water, industry, agriculture, etc.) originating in the Earth’s molten core, but available near the
surface. Sometimes this heat is a by-product of geothermal power generation, i.e., combined heat
and power generation.
3) Ground source heat pumps: The heating of buildings and water by upgrading the temperature of
heat extracted from the ground, typically within one hundred metres of the surface, as shown in
Figure 42. The heat available at these depths comes mainly from solar energy heating the ground
over a period of years. It is at a low temperature, so an electrically driven heat pump is required to
raise the temperature. When cooling is required, the system can operate in reverse, extracting heat
from the building and dumping it to the ground69.
The technologies used to exploit geothermal energy resources are not new: commercial geothermal
power generation started in 1913, and has been proven in large-scale plants since the 1960s
[Fridleifsson et al., 2008].
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This chapter is about new forms of energy supply, whereas ground source heat pumps can be considered a very
efficient way to consume electricity. As important as they may be, they will not be further discussed here.

There is an astronomical quantity of heat in the Earth’s molten core—perhaps 30,000 times global
energy demand [Moomaw, 2008]—but with current approaches it is economically accessible at only a
relatively small number of locations, mainly where magma intrudes into the Earth’s crust and the heat is
transported from these deep hot zones to near the surface by natural water or steam flows [Fridleifsson
et al., 2008].

Figure 42 Ground source heat pump example: Heat extracted from the ground near the surface is upgraded with a heat
pump to temperatures suitable for residential heating. Reprinted from RETScreen International, www.RETScreen.net

The restricted number of locations where this occurs limits the use of geothermal energy. Estimates vary
widely, but using known geothermal resources, worldwide it might be possible to build 70 GW of electric
generation capacity with today’s technology, and double that with improved technology [Fridleifsson et
al., 2008]. However, based on countries such as Iceland and USA where the resource has been explored
quite thoroughly, it is thought that there may be unidentified geothermal resources five to ten times
greater than known resources. This has led to estimates of the technical potential for geothermal power
generation of 1000 to 2000 GW. This is for sites where heat is transported to near the surface by water
or steam flows; other forms of geothermal heat, not currently utilized, may further expand the technical
potential of geothermal energy in the future [Goldstein et al., 2011].
At present, there is around 11 GW of geothermal power generating capacity worldwide. Unlike wind and
solar, capacity factors are high, averaging 74.5% worldwide in 2008, and still improving, with capacity
factors for new plants often around 90% [Goldstein et al., 2011].

Globally, capacity for direct utilization of geothermal heat totals around 15 GWth (excluding ground
source heat pumps). Capacity factors average around 50%, in part because space and other heating is
not required year round [Lund et al., 2011].
About 20% of the worldwide technical geothermal potential is found in developing Asia70, particularly in
areas near the boundaries between tectonic plates. As seein in Figure 43, the Philippines and Indonesia
rank second third in the world in geothermal power generation, and while geothermal power may
account for only 0.3% of the world’s electricity generation, it accounts for more than 10% in the
Philippines. There is also some generation in Papua New Guinea, China, and Thailand [Goldstein et al.,
2011]. China is a world leader in the direct use of geothermal heat, with around 4 GWth of capacity,
more than a quarter of the worldwide total; elsewhere in developing Asia, direct use of geothermal heat
has largely been limited to bathing and small scale drying operations [Lund et al., 2011].

Figure 43 Geothermal power generation capacity. Developing Asia countries are in red. Data from [Goldstein et al., 2011]

Geothermal heat is considered a renewable resource (if extraction rates are kept within certain bounds,
the wells can continue to provide heat over a period of a hundred years or more), and it has minor and
manageable environmental impacts [Goldstein et al., 2011].
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Based on Table 4.3 in [Goldstein et al., 2011]

Direct use of steam to drive turbines releases some CO2 dissolved in the geothermal water, resulting in
emissions from 4 to 740 g CO2/kWh, with an average of 122 g CO2/kWh; binary cycle plants have no
direct GHG emissions, and direct utilisation of geothermal heat emits negligible quantities of GHGs. The
emissions from geothermal water that do occur would eventually be vented to the surface in any case,
although this would occur over a much longer time frame [Goldstein et al., 2011].
As with many renewable energy sources for which fuel purchase is not required, geothermal power and
direct utilisation of heat is characterized by high investment costs but low operational costs. The recent
increase in investment costs of geothermal power seen in Figure 44 results from price escalation in
engineering, drilling and commodities [Goldstein et al., 2011].

Figure 44 Investment costs for turnkey geothermal power plants, 1997-2009. Reprinted from [Goldstein et al., 2011]

While investment costs have not declined over the last decade, capacity factors have improved. This has
a salutary effect on the levelized cost of electricity from geothermal power plants (Figure 45). At current
average capacity factors, levelized costs range from $0.05 to $0.10/kWh. At a 90% capacity factor,
levelized costs are $0.04 to $0.075/kWh.
Because geothermal power is not intermittent, it does not present especial challenges for grid
integration, beyond the need to transmit power from the limited locations where it can be generated.
Levelized costs for direct use of geothermal heat vary widely depending on the application, with
aquaculture pond and greenhouse heating being on the low end ($8.60 to $12/GJ), district heating being

somewhat more expensive ($14 to 31/GJ) and individual space heating being yet more expensive ($24 to
$65/GJ)71 [Goldstein et al., 2011].

Figure 45 Levelized cost of geothermal power as a function of capacity factor. On the left, the discount rate is 7%. On the
right, investment costs are $2700/kW for flash plants and $3650/kW for binary cycle plants. Reprinted from [Goldstein et al.,
2011].

The future prospects for geothermal power and direct heat use are solid but not game-changing. The
levelized cost of energy for geothermal power may fall be a modest 7% over the next decade. Between
2010 and 2015, electric capacity installed in developing Asia may increase from 3.2 GW to 6.1 GW, with
a slightly larger increase in electricity generation due to improved capacity factors [Goldstein et al.,
2011].
Certain analyses, such as that of the IPCC, project strong future growth for geothermal power. For
example, they foresee global installed capacity of 51 GW (a fivefold increase from the current situation)
by 2030 and 150 GW by 2050. These reflect expectations of future growth much stronger than has
historically been the case, as shown in Figure 46. Over the twenty-five years preceding 2010, geothermal
power capacity grew linearly, and did not show the explosive geometric growth of solar or wind power
(see Figure 13). With no significant change in the LCOE of geothermal power, such projections suggest a
belief that conventional forms of energy will become more expensive, and increasing penalties for GHG
emissions.
But even if the optimistic estimates of geothermal power growth are realized, the impact for developing
Asia as a whole is not earth-shattering. If developing Asia’s fraction of global capacity increases from
under one-third presently to fully one half by 2035, that would imply around 40 GW of capacity. With a
capacity factor of 90%, this would generate 315 TWh annually, or around 1.6% of developing Asia’s
power.
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Assuming a 7% discount rate.

Figure 46 Historic (blue) and forecast (red) growth in global geothermal power capacity. Data from [Goldstein et al., 2011]

For individual countries, however, the impact could be much larger. Indonesia, the Philippines, Papua
New Guinea, the volcanic islands in the Pacific (e.g., Fiji and Solomon) have large resources that, with
the exception of the Philippines, have barely been tapped. A large fraction of these nations’ electricity
supply could be provided by geothermal power. Large-scale deployment is also expected in Central Asia.
There are high temperature resources in remote parts of China (Tibet), but development would be
contingent upon transmission lines being built. In the next five years, significant use of geothermal
power is not foreseen for South Asia [Goldstein et al., 2011].

Landfill Gas
Municipal solid waste—garbage—typically contains large amounts of organic matter. If the municipal
waste is contained in a landfill, the decay of this organic matter by microorganisms generates a mix of
gases containing around 40 to 60% methane, with most of the remainder being carbon dioxide.
The methane emissions from landfills represent a significant source of greenhouse gas. Methane is
roughly 25 times more potent a greenhouse gas than carbon dioxide, and landfill gas is the third largest
anthropogenic source of methane, accounting for 11% of global methane emissions [Global Methane
Initiative, 2011]. In addition, landfill gas can be a local hazard.
One way to reduce emissions of methane from a landfill is to place an impermeable cap over it and
collect the gas via wells penetrating the cap and the landfill (see Figure 47). One option is to simply flare
(burn) the methane, converting it to much less harmful carbon dioxide. But in addition to being a GHG,
methane is a fuel, indeed, the principal component in natural gas. Instead of being simply flared, the
landfill gas can be used as a fuel in three ways:
1) It can be used to generate electricity, typically in a reciprocating engine, but sometimes in a turbine.
2) Fired in a boiler, dryer, or furnace, it can generate heat for industrial or district heating purposes.
3) If thoroughly cleaned, it can be fed into a natural gas pipeline for use elsewhere.

Figure 47 Typical capture and use of landfill gas. Reprinted from [Global Methane Initiative, 2011].

Developing Asia produces a significant proportion of the world’s landfill gas, as seen in Figure 48. In
2010, developing Asian countries produced 162 MtCO2-eq, or around 1.14·1010 m3 of methane, with an
energy content of 10.5 MToe. By 2030, this is projected to have increased to 200 MtCO2-eq, with an
energy content of 13 MToe. Three Asian countries were in the top ten emitters of landfill gas in 2010—
China, (47.1 MtCO2-eq annually), Indonesia (28.3 MtCO2-eq), and India (15.9 MtCO2-eq)—and Burma,
Kazakhstan, the Philippines, and South Korea each emit more than 5 MtCO2-eq annually [EPA, 2011].

Figure 48 Historic and Projected Methane Emissions from Landfilling of Solid Waste 1990-2030. Reprinted from [EPA, 2011]

While capturing these landfill emissions and using them for energy is logical, environmentally sound,
and, in many cases, economically attractive, it hardly makes a dent in Asia’s energy requirements: in
2030, all landfill gas in Asia, were it captured and utilized, could provide no more than 0.5% of either
developing Asia’s final energy demand or input for fossil-fuel power generation.

Tidal Power and Ocean Current Power72
Tidal power and ocean current power projects both harness the flow of ocean water. Tidal projects rely
on the flow, generated by the gravitational pull of the moon, and to a lesser extent, the Sun, on the
ocean’s water which, in combination with the rotation of the Earth, causes water levels at a given
location to periodically rise and fall. Certain configurations of ocean floor and shoreline accentuate this
flow. At these locations, the power of the tide can be used to turn electricity-generating turbines.
These turbines may be located in a barrage, or dam, that blocks off an estuary, allowing its level to differ
from that of the ocean, thus creating what is in essence a low-head hydro installation (see Figure 49).
Alternatively, they may be placed in fences or used as isolated “free stream” installations that rely solely
on the kinetic energy of the tidal current (see Figure 50).

Figure 49 Electricity generation using tidal range at a barrage installation. Reprinted from RETScreen International,
www.RETScreen.net

Although large tidal power installations using barrages have been successfully operated since the 1960s,
including a 240 MW project in Rance, France, the high cost of building a barrage and possible
environmental impacts on the estuary have meant that there are only a handful such projects worldwide.
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Some of this text, as well as the texts on wave power and concentrating solar power, was previously prepared
(by the author) for RETScreen International, and is reprinted from [RETScreen International, 2013b].

Figure 50 Artists conception of one approach to in-stream tidal current generation. www.tidalstream.co.uk

Tidal flows are not the only ocean currents. Other circulation currents arise due to differences in density
stemming from temperature and salinity gradients. At certain near-shore locations, these currents can
be quite fast. Recently there has been much interest in placing submerged turbines directly in these
currents—using the approach proposed for “in stream” tidal flow turbines. Most of the proposed
turbines are similar in design to wind turbines, but other approaches are emerging. Several prototype
projects have been built or are under study.
The power output of tidal range and tidal current developments being dictated by the tides, their output
is intermittent (like wind and solar), but periodic and utterly predictable. This may facilitate integration
into the electricity grid. Also like solar and wind power, typical capacity factors are relatively low,
ranging from 22.5 to 35% for tidal range developments and 26 to 40% for tidal current developments
[Lewis et al., 2011]. Unlike periodic tidal flows, ocean circulation currents are relatively constant year
round, and consequently may achieve higher capacity factors.
The energy resource of tidal range, tidal current, and other ocean currents is huge, but with the
exception of tidal barrages, the technology remains firmly in the research and development stage, with
fully commercial products not yet on the market.

The technology faces a number hurdles: wear and corrosion in the harsh maritime environment, difficult
conditions for construction and maintenance, local environmental impacts like silting in estuaries for
barrage developments, a state of relative ignorance concerning the ecological impacts of other types of
developments, and undersea transmission of power to shore.
Partly as a result of these challenges, investment costs and levelized costs of energy are both high, as
seen in Table 1073. Given the small number of projects and the R&D nature of much of the technology,
future costs are very uncertain.

Tidal Range
Tidal Current

Investment Costs
2005 USD/kW
4500-5000
5400-14300

O&M Costs
2005 USD/kWh
0.045
0.05

Capacity Factor
%
22.5 – 35
26 – 40

LCOE @ 7% discount rate
2005 USD/kWh
0.18 – 0.24
0.19 – 0.66

Table 10 Costs of Tidal Generation. From [Lewis et al., 2011]

At present, there is around 600 MW of tidal and ocean current power projects installed worldwide.
Making projections of future deployment is obviously highly speculative. In assessments that assume no
major policy changes, worldwide generation of around 12 TWh/year in 2030 and 25 TWh/year in 2050 is
forecast. This is less than 0.1% of developing Asia’s projected electricity requirement. The most
optimistic scenarios, which assume 80% reduction in GHGs by 2050, forecast worldwide generation of
420 TWh/year in 2030 and 1943 TWh/year in 2050 from all forms of ocean energy (including wave
power) [Lewis et al., 2011]. For comparison, under a business as usual scenario, developing Asia is
expected to consume around 20,000 TWh/year in 2035.
In 2011, South Korea completed the 254 MW Sihwa tidal barrage project, a retrofit of an existing sea
dyke, and now the largest tidal power project in the world. A number of other projects, some of them
very large, are under consideration in Korea and India. China has developed some small projects. Good
sites have been identified in the Philippines [Lewis et al., 2011].
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The precommercial status of ocean current technology appears to preclude the estimation of costs or capacity
factor.

Concentrating Solar Power
Photovoltaics are not the only way to generate electricity with the sun’s energy: in solar thermal power
projects, the sun’s rays, generally concentrated by lenses or mirrors, warm a collector surface that then
raises the temperature of a heat-transfer fluid to the point that it can operate a heat engine, e.g., a
Rankine cycle steam turbine or a sterling engine (see Figure 51).
There are various configurations for the collector. The most common design, well-known for its
pioneering use a series of nine utility scale plants (totalling 354 MW) installed in the Mojave Desert of
Southern California between 1984 and 1991, involves concentrating the sunlight on a collector tube
running along the focal point of a mirrored, parabolic trough. This is illustrated in diagram [a] of Figure
52.

Figure 51 Operation of a Concentrating Solar Power Plant. Reprinted from RETScreen International. www.RETScreen.net

Another design (diagram [c] of Figure 52) of the same vintage that continues to be used is the central
receiver, in which a field of adjustable mirrors focus the sun’s rays on a central tower, heating it to high
temperatures. Systems as large as 400 MW, with mirror fields of 1600 ha, are being constructed.
Temperatures of 1000°C can be reached. A third design (diagram [b] of Figure 52) combines the linear
design of the parabolic trough with a central receiver, but avoids the need for parabolic mirrors.
A fourth design (diagram [d] of Figure 52) involves a parabolic mirror mounted on a two-axis tracker that
follows the sun. A collector is located at the focal point of the mirror. In most designs, each such system
has its own Stirling cycle heat engine integrated into the collector. This type of system is highly modular,
with each unit having an electric power generating capacity in the 10 to 25 kW range.

All concentrating power systems require direct (beam) sunlight; diffuse sunlight, which comes from all
directions, cannot be effectively focused. Thus, concentrating solar power systems require desert
climates, fairly near the equator, to achieve high capacity factors. All concentrating solar power system
track the sun along one or two axes.
Unlike photovoltaic systems, which produce power according to the sunshine at a given moment,
concentrating solar power systems can integrate storage74: the heat supplied by the collector can be
stored for hours before being furnished to the heat engine. This allows concentrating solar power to
supply power for evening and nighttime loads, and increases capacity factors. Parabolic trough systems
may have 6 to 8 hours of storage, and achieve capacity factors of 36 to 41%. Central receiver systems
can incorporate more storage, up to 15 hours, due to their higher temperatures, and may achieve
capacity factors of 75%.75 This thermal storage of energy is currently cheaper than electrical storage.

Figure 52 Four Configurations of Collector for CSP. Reprinted from [Arvizu et al., 2011]

74

Even without this storage, it takes some time for changes in solar irradiance to affect the temperature of the
working fluid at the heat engine, smoothing out fluctuations.
75
Without thermal storage, concentrating solar power systems have capacity factors around 22 to 29%, based on
limited operational data [Arvizu et al., 2011].

Another way in which concentrating solar power plants can provide firm power for peak demand is by
providing backup heat through combustion of a fuel, possibly natural gas. The additional investment
cost is relatively small, since the two plants can share most components of the heat engine.
Concentrating solar systems may also provide heat for thermochemical reactions, such as to produce
fuels through the hydrolysis of water or through gasification, cracking, or reforming of fossil fuels. This
technology is still in its infancy.
The environmental impacts of concentrated solar power are comparable to those of utility scale
photovoltaics: there are local land impacts, the energy embodied in the materials used to construct the
plant (estimated to be equal to as little as 5 months of production), and life-cycle GHG emissions of 14
to 32 gCO2/kWh. One concern, especially in deserts, may be the use of water for the heat engine cooling
tower. This can be eliminated through dry air cooling, although this raises the cost of the plant by 2 to
10% [Arvizu et al., 2011].
Investment costs for concentrating solar power systems range from $3800/kW (without storage) to
$7700/kW (with storage) resulting in estimates of levelized cost of electricity in 2009 ranging from $0.18
to $0.27/kWh. It is expected that with continued development, these can be halved by 2025. US and
European research and development programs envision even more dramatic cost reductions, targeting
$0.05 to $0.06/kWh by 202076 [Arvizu et al., 2011].

Figure 53 Cumulative installed capacity of concentrating solar power, 2005-2012. Data from [CSP World, 2013]
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2005 USD.

After almost 400 MW of concentrating solar power capacity was built between 1984 and 1991, there
was no activity in this field for fifteen years. Since then, growth has exploded (Figure 53), though
compared with other technologies, even photovoltaics, the cumulative installed capacity is miniscule. It
is not yet clear whether the rapid decline in photovoltaic costs over the past five years will affect the
development of concentrating solar power, with which it competes.
Most plants have been built in the USA and Spain, but plants have been built in China, India, and
Thailand, are more are under construction in India and China. The desert areas of Tibet and Xinjan in
China, and Rajasthan and Gujarat states in India, have been identified as promising sites.

Wave Power
A wide range of offshore, near-shore, and on-shore devices (e.g., Figure 54) have been proposed for
harnessing the energy in waves. The first wave power project, with a capacity of 2.25 MW, opened in
2008, in Portugal77.
The theoretical potential of wave power is huge, roughly estimated at twice global electricity
consumption in 2008. The technical potential is much smaller, however—500 GW according to one
study [Sims et al., 2007], with an economic potential even lower than this. This study assumed that wind
power would only be installed near coastlines with mean wave power in excess of 30 kW per m.
According to Figure 55, this precludes wave energy developments along the coastline of nearly all of
developing Asia, where mean wave power is generally less than 10 kW/m. Waves, ultimately being
generated by energy transferred from wind, are strongest where winds are strong, i.e., between 30 and
60° latitude, and along western coasts of continents: these criteria do not describe the coastlines of
developing Asia [Lewis et al., 2011].

Figure 54 Onshore wave energy converter. Reprinted from RETScreen International. www.RETScreen.net

Wave power developments, largely still precommercial, have investment costs of $6,200 to $16,100 per
kW, operation and maintenance costs of around $0.06/kWh and capacity factors of 25 to 40%. As a
consequence of these high costs, the levelized cost of energy is estimated to fall in the range of $0.23 to
$0.80/kWh. The levelized cost of energy from future commercial scale projects has been estimated at
$0.135/kWh.78 [Lewis et al., 2011]
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Due to financial difficulties of one of the companies involved, the project was scrapped in 2011.
2005 USD.

Figure 55 Global distribution of annual mean wave power. Reprinted from [Cornett, 2008]

Clean Coal
Clean coal is a single term that is used to mean a wide range of technologies for generating electricity
from coal. These include some technologies that have already been incorporated into thermal power
plants. These technologies are “clean” in the sense that they either reduce emissions of local pollutants
(e.g., scrub sulfur dioxide, nitrogen oxides, or mercury from the flue gas) or they improve plant
efficiency. Improving efficiency reduces the amount of coal consumed and the GHGs emitted per unit of
electricity generated, as illustrated in Figure 56.
A common and notable technology for improving the efficiency of pulverized (crushed) coal combustion
is the supercritical boiler. The supercritical boiler heats the steam to higher temperatures and pressures.
This raises efficiencies by several percentage points over that achieved by a subcritical boiler, to around
40%—the exact figure depends on a number of other factors, notably the type of coal79. The investment
costs of supercritical boiler thermal plants are roughly the same as those for subcritical boiler plants,
and over 500 such plants are operating around the world [EPA, 2010b].
Boilers that operate at temperatures and pressures well in excess of those typically found in
supercritical boilers are called ultra-supercritical boilers. They permit higher efficiencies, approaching
50%. There are a handful of such units operating around the world, notably in Denmark, Germany, the
USA, Canada, Japan, and China, with units under construction in Korea and Malaysia.

Figure 56 Coal plant efficiency and GHG emissions. Reprinted from [World Coal Association, 2013], based on data from [IEA,
2006].
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All efficiencies based on higher heating value.

Figure 56 shows that building more efficient coal-fired power plants can reduce coal-fired emissions
substantially, but the flattening of the curve, combined with thermodynamic and practical limits on coal
plant efficiency, mean that continuing to generate large amounts of electricity even in these “clean coal”
plants will lead to drastic climate change due to GHG emissions. To address this, carbon capture and
sequestration, or CCS, is required.
CCS is a suite of technologies, not all currently developed, that permit 80 to 100% of the carbon to be
eliminated from a coal-fired power plant flue gases, and this carbon to be stored more-or-less
indefinitely, typically in underground rock formations.
The first step in CCS is carbon capture. Carbon can be removed from the flue gases or from the fuel prior
to combustion. Alternatively, burning fuels in pure oxygen results in flue gases that consist only of
carbon dioxide and water vapour—which can be removed through condensation simply through cooling.
These approaches use existing technology (though not necessarily applied at the scale of a large power
plant).
One notable avenue for capturing carbon prior to combustion is the integrated gasification combined
cycle (IGCC) plant. Rather than burn coal directly, this processes the coal to generate a synthetic gas
primarily composed of carbon monoxide and hydrogen. Carbon can be removed from this synthetic gas
rather than the flue gases. The synthetic gas can be combusted in a gas turbine, and the hot exhaust
gases of the turbine can be used to generate steam for a steam turbine.
The handful of IGCC plants that have been built have revealed several weaknesses: significantly higher
investment costs, reliability concerns, and efficiency penalties due to the gasification process—IGCC
operates far less efficiently than natural gas-fired combined cycle plants, and is less efficient that the
most efficient pulverized coal technologies.
The second step in CCS is the transport of CO2 to the site where it can be stored. Presently it is thought
that this would be done by pipeline.
The third step in CCS is the permanent storage of CO2. It is presently thought that the best approach is to
inject the carbon dioxide deep underground. This practice has a long history in the oil and gas industry,
but there remain questions about how long it might take for injected gas to leak back to the surface.
It must be emphasized that, unlike the previously mentioned technologies, CCS is currently at the
research and development stage. The costs of coal-fired plants with CCS are the matter of speculation
because the plants do not currently exist, with the exception of a few experimental units.
CCS technologies add significant cost and complexity to coal-fired power plants, e.g., $1600 to $2100 per
kW. Furthermore, they tend to lower plant efficiency by 6 to 12 percentage points, raising fuel
requirements by 15 to 40%. The best developed technologies generally capture only 85% of the carbon
dioxide. The cost of capturing carbon dioxide is estimated to be $25 to $40/tonne, thus raising the cost
of generation by $0.02 to $0.03/kWh [IEA, 2008] This is large enough to significantly alter comparisons
between coal and renewables like wind and photovoltaics.

Gas Hydrates
Gas hydrates refer to methane (natural gas) trapped in a crystal structure of water (essentially an ice).
These occur naturally where water and methane combine at low temperatures and high pressures. They
are found in polar sedimentary rocks where surface temperatures remain below freezing and in ocean
subseafloor sediments where the depth is greater than 300 m or 400 m [USGS, 2013],[Council of
Canadian Academies, 2008].
Interest in gas hydrates arises largely because they are so abundant. The amount of energy in gas
hydrates is estimated exceed that in all other fossil fuels combined. This represents an enormous
potential energy resource. Much of the resource is too thinly dispersed to permit economic exploitation,
but rich, concentrated deposits do exist [USGS, 2013], [Council of Canadian Academies, 2008].
Exploitation of gas hydrates is still very much at the research stage, and with attention having shifted to
shale gas, it is likely to stay at this stage in the near future. It is reported that the current state of
knowledge about producing natural gas from gas hydrates “is analogous to the understanding of
coalbed methane or oil sands about three decades ago…it is too early to judge whether the
development horizon of the gas hydrate resource will be longer or shorter”. [Canadian Academies,
2008].
Exploitation of gas hydrates would use the same technologies used by the natural gas industry
presently, and no insurmountable technical difficulties are foreseen. Nevertheless, the cost of natural
gas from gas hydrates is expected to be higher than that from existing conventional and unconventional
developments due to the lower rate of production, the need for compression from the beginning, and
more expensive well completion. The environmental impacts of gas hydrate exploitation are expected to
be comparable to those of conventional natural gas [Council of Canadian Academies, 2008].
The worldwide known and inferred occurrences of significant gas hydrate formations are shown in
Figure 57. A number of countries in developing Asia appear to have a marine resource of gas hydrates
and have instituted programs to investigate this resource. Korea has been seismically mapping and test
drilling the Ulleung Basin, off its east coast, since 2005. Since 2004, Taiwan has been carrying out seismic
mapping of a promising area off its southwest cost. The South China Sea has been explored by China and
found to be rich in gas hydrate occurrences. India has been exploring its marine gas hydrate resource
since 1996. These studies “have revealed widespread gas hydrate occurrences along all major
continental margins” [Matsumoto et al., 2011].

Figure 57 Known and inferred gas hydrate occurrences in deep marine and Arctic permafrost environments. Reprinted from
[Council of Canadian Academies, 2008], using data from [Kvenvolden and Rogers, 2005]
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