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construction in the Yangtze River Basin will not hap-
pen. The development of the western regions has
priority for a “green mountains and clear water are
as good as mountains of gold and silver”, primarily
based on renewable energy. Before the fourth gen-
eration of nuclear power technology is in commer-
cial operation, it is assumed that China will not open
the inland deployment of nuclear power. Based on
this, we consider nuclear power development to be
within the range of 100 GW in 2050, solely deployed
in coastal areas.”

Although nuclear deployment in the two scenarios considered in the
CREO 2016 report does not different markedly, with nuclear devel-
opment limited to 75 GW by 2030, CREO thus projects much less
nuclear capacity than that implied by the roster of planned reactors
presented by the World Nuclear Association (as described above),
but still creates significant environmental benefits, relative to the
Stated Policies case, through the High RE Penetration scenario.

The CREO project partners have been updating and expanded their
analyses, and a “CREO 2017 report is forthcoming.

Energy Research Institute’s “China 2050 High Renewable Energy
Penetration Scenario And Roadmap Study”

The 2015 report China 2050 High Renewable Energy Penetration
Scenario And Roadmap Study, prepared by the Energy Research In-
stitute (ERI) of the National Development and Reform Commission
(NDRC), and funded by the Energy Foundation, presents scenario
for the evolution of the Chinese energy sector that, like the CREO
and LBNL studies, includes significant additional electrification,
relatively modest growth in nuclear generation capacity and use,
and continuing strong growth in the deployment of renewable pow-
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is given) than listed. After 2038, no additional plants are built,
and as in the BAU case, older plants are retired as they reach
the end of their standard operating lives. This lower capacity
scenario could arise due to a combination of factors, including
minimal growth in electricity demand in the 2030s and beyond,
increased price competition from renewable energy, the avail-
ability of new and cost-effective electricity storage technologies,
and/or perhaps a social backlash against nuclear power. In the
MIN case, nuclear capacity begins to slowly decline about 2050,
reaching a level by 2050 that is somewhat below that of the ERI
and CREO scenarios described previously.

Readers should note that none of these paths account explicitly for
potential shocks to the Chinese nuclear power industry, and to Chi-
nese society as a whole, that might arise from a serious accident in
a Chinese nuclear power plant. Such an event could have poten-
tially devastating consequences for large populations.” The tim-
ing of such an event, should it occur, is not knowable in advance,
although there is an argument that it is statistically likely over the
time frame of these paths, given historical rates of major accidents
per year of reactor operation.”

Figure 8 and Figure 9, respectively, show the capacity and electric-
ity output implied by each of the three nuclear scenarios above. In

75. The author of this paper prepared a rough estimate of the consequences of an
incident involving (accident at or attack on) a reactor and spent fuel pool at the
Ling’Ao nuclear plant in Guangdong province that suggested that “worst case”
releases of Cesium-137 might result in exposures sufficient to cause hundreds of
thousands of premature cancer deaths and almost certainly require the abandon-
ment of one or several big cities, depending on the prevailing wind direction at
the time of the incident (D. von Hippel and P. Hayes, 2016, unpublished).

76. See, for example, He Zuoxiu, “Chinese nuclear disaster “highly probable”
by 2030,” China Dialogue, March 19, 2013, available from https://www.china-
dialogue.net/article/show/single/en/5808 and S. Wheatley, B. Sovacool, D. Sor-
nette, “Of Disasters and Dragon Kings: A Statistical Analysis of Nuclear Power
Incidents and Accidents,” Risk Analysis 37, no. 1, pp. 99-115, available from
http://onlinelibrary.wiley.com/doi/10.1111/risa.12587/epdf.



http://onlinelibrary.wiley.com/doi/10.1111/risa.12587/epdf
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the BAU case, capacity increases to 170 GWe by 2050, while in the
MAX case capacity rises to nearly 260 GWe. In the MIN case, capacity
rises to about 91 GWe by 2040 (about 260% of existing capacity as of
2017), but no new plants are added thereafter, so capacity falls to about
85 GWe by 2050 as older plants are retired. By way of comparison,
as noted above, China’s current (2016) overall electricity generation

capacity for all types was over 1600 GW, and overall generation was
nearly 6200 TWh.”
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Figure 9. Three Scenarios of Nuclear Generation Capacity
(GWe) for China through 2050.

77. For electrical energy, see British Petroleum, “BP Statistical Review of World
Energy June 2017 workbook, available from http://www.bp.com/content/dam/bp/en/
corporate/excel/energy-economics/statistical-review-2017/bp-statistical-review-of-
world-energy-2017-underpinning-data.xlsx. For capacity, see, for example, “Installed
capacity of electric power generation in China between 2010 and 2016 (in GW)”,
available from https://www.statista.com/statistics/302269/china-installed-power-gen-

eration-capacity/.



http://www.bp.com/content/dam/bp/en/corporate/excel/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-underpinning-data.xlsx
http://www.bp.com/content/dam/bp/en/corporate/excel/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-underpinning-data.xlsx
http://www.bp.com/content/dam/bp/en/corporate/excel/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-underpinning-data.xlsx
https://www.statista.com/statistics/302269/china-installed-power-generation-capacity/
https://www.statista.com/statistics/302269/china-installed-power-generation-capacity/
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Figure 10. Three Scenarios of Nuclear Generation Output
(TWhe) for China through 2050.

Broader Energy and Nuclear Sectors Contexts for Nuclear Paths

Each of the nuclear generation capacity expansion paths could, in
theory, be combined with a range of different trends and policies in
the broader energy and electricity sectors, as well as in the overall
nuclear sector, including front-end and back-end fuel cycle devel-
opments. In practice, competition for private and public investment
resources, national and societal goals and preferences, and other
criteria make some combinations more plausible than others. The
assumed energy and nuclear/sector contexts for each of the paths
described above is as follows.
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BAU Path

The BAU path is assumed to exist within a Chinese energy sector in
which significant, but not aggressive, efforts to displace coal-fired
power with renewable energy sources continue, energy efficiency
improvements also continue, but are not major priorities of national
energy policy, and some electrification of currently fossil-fuel-dom-
inated sectors and end-uses, most notably transport, occurs, but is
again aggressively pursued. In the BAU path, investment priorities
in the energy sector are thus split between the nuclear and renew-
ables sectors, with some development of coal- and gas-fired power
continuing.

In the BAU path, as well as in the MAX and MIN paths as described
below, China is assumed to source one-third of its uranium domes-
tically.”® In the nuclear sector under the BAU path, the development
of uranium enrichment and reprocessing facilities, and the use of
MOx fuel, proceeds roughly as described by the World Nuclear As-
sociation, but on a somewhat delayed schedule. For enrichment, this
means that about 80% of China’s enrichment needs are supplied
domestically by 2020, with enrichment being entirely domestic by
2030. World (and Chinese) enrichment costs, driven in large part
by Chinese nuclear expansion, follow a “medium” scenario, rising
to about §75/kg SWU (about twice 2017 levels, but much lower
than historical maxima) by 2050 (2009 dollars). Research and pi-
lot development of fast reactor technologies continues, but also on
a somewhat delayed schedule, such that commercialization of fast
reactors is still at least several years off by 2050. MOx use is in
LWRs assumed to start in 2025, and 25% of reactors are assumed

78. From World Nuclear Association, “China’s Nuclear Fuel Cycle,” updated
September 2017, available from http://www.world-nuclear.org/information-li-
brary/country-profiles/countries-a-f/china-nuclear-fuel-cycle.aspx. “China aims
to produce one-third of its uranium domestically, obtain one-third through foreign
equity in mines and joint ventures overseas, and to purchase one-third on the open
market.”

79. See, for example, Qiang Yue, Jingke He, Laurence Stamford, and Adisa
Azapagic, “Nuclear Power in China: An Analysis of the Current and Near-Future


http://www.world-nuclear.org/information-library/country-profiles/countries-a-f/china-nuclear-fuel-cycle.aspx
http://www.world-nuclear.org/information-library/country-profiles/countries-a-f/china-nuclear-fuel-cycle.aspx
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to use cores with 20% MOx fuel by 2050. Reprocessing also starts
in 2025, with capacity and throughput ramping up sufficiently to
process 50% of cooled spent fuel by 2040 and thereafter.

Spent fuel management in the BAU path, consistent with the path’s
emphasis on reprocessing, focuses mainly on interim spent fuel
storage in spent fuel pools at reactors and at reprocessing facilities,
although there is some dry cask storage of spent fuel.*’

MAX Path

Consistent with, for example, the “Reinventing Fire” scenario de-
scribed above, the MAX Path includes both significant investments in
energy efficiency and in renewable generation, as well as in electric-
ity transmission facilities. Electrification of the energy sector is also
a priority, with the reduction of greenhouse gas emissions and local/
regional air pollutants a driving policy impetus. Both the savings in
year 2050 electricity needs due to energy efficiency improvements
and additional electrification to displace fossil fuel at the end-use level
are assumed to be about half that assumed in the “Reinventing Fire”
study—about 25 and 17%, respectively. The lowered assumptions for
these impacts are in part due to a lower reference case assumed here
than assumed in the “Reinventing Fire” study, and in part to an as-
sumption that a more aggressive build-out of the nuclear sector, and of,
for example, reprocessing (see below) and enrichment, will to some

Uranium Flows,” Energy Technologies 5, 2017, pp. 681 —691, available from
http://onlinelibrary.wiley.com/doi/10.1002/ente.201600444/epdf.

80. “Dry casks” refers to the spent fuel storage option, used in many countries,
in which cooled spent fuel is isolated in massive casks designed to last for up
to 100 years. Spent fuel assemblies are typically sealed into stainless steel con-
tainers several centimeters thick, which are then placed in “overpacks” made
of steel or concrete. The resulting cask is on the order of 2 meters in diameter
and 6 meters tall, weighs up to 50 tonnes, and is essentially impervious to any
significant damage that could be caused by natural disasters or accidents, as well
as to all but the most determined and well-equipped attempts at penetration by
criminals or terrorists.


http://onlinelibrary.wiley.com/doi/10.1002/ente.201600444/epdf
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extent crowd out investments in efficiency and renewable energy (for
example). Investment to drive the nuclear sector comes to a large extent
from public funding, while renewable power investments are mostly
privately driven, but take advantage of necessarily higher prices for
electricity required by nuclear investments.

The MAX path focuses on building national capacity in the nuclear
sector, including aggressive build-outs of uranium enrichment and
related capacity, as well as reprocessing capacity and MOx use. For
enrichment, this means that about 90% of China’s enrichment needs
are supplied domestically by 2020, with enrichment being entirely
domestic by 2025. Enrichment costs, again driven by Chinese de-
mand, are assumed to follow a “high” scenario, rising to $104/kg
SWU (still much lower than the $160/kg SWU historical maxima)
by 2050. National capacity for manufacturing of key nuclear plant
components grows rapidly, and the MAX path is likely to be also
combined with an aggressive national effort to export nuclear re-
actors to other nations. MOx use is in LWRs assumed to start in
2022, and 40% of reactors are assumed to use cores with 20% MOx
fuel by 2050. Reprocessing on a commercial scale likewise starts
in 2022, with a target of 80% of cooled spent fuel reprocessed by
2035. Spent fuel management focuses on interim storage in spent
fuel pools at reactors and at reprocessing facilities.

MIN Path

Consistent with paths projecting high rates of renewable energy pen-
etration in the CREO and ERI studies, the MIN path couples nuclear
capacity expansion at a rate that holds the nuclear share of generation
roughly constant with aggressive development of renewable energy for
power generation and for end-uses, plus aggressive energy efficiency
programs. Electrification is also an emphasis, both for greenhouse gas
emissions reduction and to bring down emissions of local and regional
air pollutants. Energy efficiency efforts, and the use of more renewable
energy sources at the end-use level, are assumed to reduce electricity
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needs by 33% by 2030 relative to BAU requirements, with electrifica-
tion adding 20% back to electricity demand by 2050. Ongoing poli-
cies, including carbon markets and carbon taxes, preferentially target
markets for renewable energy and energy efficiency, with the proceeds
used to support investment in both, as well as in pollution control and
environmental remediation. The MIN path does not explicitly include
carbon capture and sequestration (CCS) for coal- and/or gas-fired
power plants, as used in the “IPCC Target” scenario of the Gang He, et
al (2016) study referenced above, but could include CCS if CCS tech-
nology is suitably advanced and if greenhouse gas emissions reduction
policies in China required its use. China has been rapidly developing
facilities for importing LNG, and LNG could play a more important
role in power generation in China’s future in a variant of a MIN path,
with or without CCS. Greater gas-fired generation, perhaps displac-
ing some planned nuclear plants, would be even more plausible if, for
example, infrastructure for bringing North American gas to China at
attractive prices can be developed. Also not explicitly modeled in the
MIN path is the development and widespread use of electricity storage
technologies, which would be needed to complement the aggressive
development of renewable (wind and solar) electricity sources.

In the nuclear sector, reprocessing is not pursued beyond the exist-
ing and under-construction pilot plants, and MOx use in existing
reactors is limited. Uranium enrichment facilities planned for the
near-term are built by 2025, but no additional enrichment plants
are built, and the remainder of China’s required enrichment ser-
vices are imported. With a smaller nuclear capacity expansion in
China, and (assumed) reduced nuclear restarts in Japan, relative to
other scenarios, international (and Chinese) enrichment costs fol-
low a “low” trajectory, reaching $54/kg SWU by 2050, about 40%
above 2017 levels. Efforts to export reactors continue, but are not
heavily subsidized by the Chinese government. Research into fast
reactors continues, but at a low level, and commercialization of fast
reactors is still decades away by 2050. In part to provide fuel for
fast reactor research, the smaller (200 tHM/yr) reprocessing facil-
ity reportedly (as of 2017) being built at Gansu is eventually com-
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pleted, but is not run until 2025, and then at only partial capacity for
several years. Plutonium (Pu) from this facility is used to produce
MOx fuel, which is used in 10% of LWRs by 2050, with phase-in
occurring slowly starting in 2030. MOx fuel again makes up 20%
of reactor cores in those units that use MOx. Cooled spent fuel is
stored mostly in a mixture of at-reactor spent fuel pools and in dry
casks, which may be located at or near reactors or at a centralized
dry cask facility.

Flows of Nuclear Materials

Table 2 shows estimated total requirements for uranium and ura-
nium ore in each of the three scenarios, both for the individual years
2010, 2030, and 2050, and on a cumulative basis from 2015 through
2050. The MAX path implies the use of over 50,000 tonnes of U
annually by 2050, while less than a third as much is required in the
MIN path. The extraction of 11 million tonnes of ore is required
by 2050 in the MAX path, but placed in context, this is much less
than a percent of the total volume of coal extracted to fuel China’s
power sector. By assumption, two thirds of Chinese uranium needs
are sourced abroad, and one third are from domestic mines.
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Parameter YEAR MAX Path | BAU Path | MIN Path

2010 2,629 2.629 2,629

Annual Tatal Metric Tons Natural 2030 27 718 21 53T 15 946

Uranium {as U) Imported plus 2050] 53659 35,106 16,570
Domestic Production Cumulative,

201s5-2050 [ 1,105,629 820,318 540,581

Annual Total Thousand Metric Tons 2070 546 546 546

Uranium Ore {from In-country and 2030 5,752 4,532 3,309

2050 11,136 7.286 3.43%

outside mines) to Supply All

1 i C lative,
Domestic Uranium Meeds Umulatie

2015-2050 229 A&7 170,245 112,190

Table 2. Uranium Requirements by Nuclear Capacity
Expansion Path.

Under the MAX expansion path, if China chose to provide all of its
own enriched uranium, China alone would need to build new en-
richment capacity by 2050 approximately equal to more than half
of today’s global capacity. China’s annual requirement require-
ments by 2050 rise to nearly 42 Million kg SWU. Under the MIN
expansion path, however, international enrichment facilities extant
as of 2015 are likely sufficient to meet China’s enrichment needs by
2050 (about 12 million kg SWU), even factoring in likely East Asia
regional and out-of-region demand without significant expansion,
assuming existing international enrichment facilities (or replace-
ment facilities) continue to operate. Though the ROK and Japan
have accounted for almost all enriched uranium in East Asia needs
pre-Fukushima, the rapid growth of China’s nuclear power sector
and the slow process of restarting Japan’s reactors means that Chi-
na’s demand for enrichment will likely outstrip needs in the rest of
the region well before 2020.

The uranium oxide (UOx) and MOx fuel requirements under each
scenario are summarized in Table 2. MO fuel requirements in the
BAU path by 2050 are less than half of those in the MAX path, and
MIN path MOx use is less than a tenth of MAX path use by 2050.
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Parameter YEAR MAX Path | BAL Path | MIN Path
Implied Total Requirements for UOx 2010 267 267 267
Fuel {excluding MOx) from All 2030 2,929 2.327 1.1
Sources (Metric tonnes heavy metal 2,050 5417 3.620 1.763
in fabricated fuel) Cumulative,
n 20152050 | 115.040 86.601 57,961
Implied Reguirements for MOx Fuel 2010 - - .
Blended and Fabricated from All 2030 =] 24 -
Sources for Use in Domestic 2050 408 191 36
Reactors (Metric tonnes heavy metal| Cumulative,
in fabricated fuel) 2015-2050 4 657 2123 394
Table 3. Requirements for UOx and MOx Fuel in Each of three
Nuclear Paths.

With widely varying use of reprocessing in the three scenarios, it
is not surprising that plutonium production and uptake (as MOx)
also is significantly different, as shown in Figure 10. Cumulative
plutonium separation through reprocessing rises to over 450 tonnes
of Pu in the MAX case by 2050, and about 9 tonnes of Pu inven-
tory remains after MOx use in 2050. About 200 tonnes of Pu are
produced by 2050 in the BAU case, but almost all stocks are used
as MOx. In the MIN case, only about 27 tonnes of Pu are produced
via reprocessing in China through 2050, and more than that amount
of Pu is used as MOx, implying, for example, that some Pu from
other nations (stocks from Russia, the UK, or France) is blended
into fuel used in Chinese reactors, and/or military Pu from the Chi-
nese weapons program is disposed of as MOx. Note that all of these
calculations of net Pu inventories by 2050 are extremely sensitive
to the combination of assumptions regarding the fraction of spent
fuel reprocessed and the amount of fuel used as MOx. In practical
terms, this means that if a reprocessing program is successful BUT
MOx use is delayed, significant inventories of Pu can build up, and
can serve as a proliferation target. As a sensitivity analysis, Figure
11 shows what might happen if reprocessing proceeds in each path
as indicated above, but MOx use is delayed by 10 years in each
path, and used in only half as many reactors—a plausible outcome
given the difficulties in implementing MOx use that other nations
have experienced to date. In this sensitivity case, inventories of Pu
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of about 300, 140, and 18 tonnes build up in the MAX, BAU, and
MIN cases, respectively, by 2050, at which point Pu stocks are still
continuing to accrue. The stocks building up in this sensitivity case
in the MAX and BAU paths would suffice to build tens of thou-
sands of nuclear weapons, and even the MIN case stocks represent
thousands of times the mass of Pu contained in a nuclear warhead.
Additionally, paths that produce high volumes of Pu, whether or
not fully consumed as MOx, would tend to enhance the chance of
significant volumes of Pu going astray, as the more Pu is produced,
the easier it will be for weapons-relevant quantities (kilograms) of
Pu, amounting to less than a tenth of a percent of MAX and BAU
annual output from reprocessing facilities, to be diverted for crimi-
nal purposes.

Estimated Cumulative Plutonium Separation and

Stocks net of MOx Fuel in China by Path
500

450 -
e [{1AX PATH--Pu Separated

400 - ——— BAU PATH--Pu Separated

= NIN PATH--Pu Separated

350 -
= = NAX PATH--Pu Separated less MOx Use

300 - = = BAU PATH--Pu Separated less MOx Use

= = MINPATH--Pu Separated less MOx Use
250 -

200 -

Tonnes Heavy Metal

150 -

100 -

50 -

200

200

200

2006
2008
2010
2012
2014
2016
2018
2020
2022
2024
2026
2028
2030
2032
2034
2036
2038
2040
2042
2044
2046
2048
2050

Figure 11. Pu Separation and Stocks Net of MOx Fuel Use by
Path.
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Sensitivity Case: Estimated Cumulative Plutonium
Separation and Stocks net of MOx Fuel in China by
Path
500
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Figure 12. Sensitivity Analysis: Pu Separation and Stocks Net
of MOx Fuel Use by Path if MOx Use is Delayed.

Table 4 presents annual and cumulative results for the production of
cooled spent fuel® and high-level wastes from reprocessing, as well
as the number of casks used for dry cask storage, in each of the three
nuclear paths. Despite the large difference in 2050 nuclear generation
capacity between the three paths, the cooled spent fuel produced over
time is not all that different, because cooled spent fuel production lags

81. Spent LWR nuclear fuel must be cooled—typically for five to 10 years, in
spent fuel pools before it can be either reprocessed, placed in dry casks for long-
term (100 years or more) storage, or placed in long term storage/indefinite or
permanent disposal in mined repositories, such as the canceled Yucca Mountain
facility in the United States, or in deep borehole disposal (a technology in the ear-
ly phases of development—see, for example, Neil Chapman (2013), “Deep Bore-
hole Disposal of Spent Fuel and Other Radioactive Wastes,” NAPSNet Special
Reports, July 25, 2013, available from https://nautilus.org/napsnet/napsnet-spe-
cial-reports/deep-borehole-disposal-of-spent-fuel-and-other-radioactive-wastes/.



https://nautilus.org/napsnet/napsnet-special-reports/deep-borehole-disposal-of-spent-fuel-and-other-radioactive-wastes/
https://nautilus.org/napsnet/napsnet-special-reports/deep-borehole-disposal-of-spent-fuel-and-other-radioactive-wastes/
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changes in generation. The MAX scenario produces much more high-
level waste (HLW) from reprocessing than the other cases. Though
the volume of HLW is not large—5000 or so cubic meters could be
contained in 25 or so average urban apartments—it is highly radioac-
tive and, like spent fuel, remains so for thousands of years, meaning
that special well-secured facilities capable of holding the wastes in-
definitely must be constructed. In the MIN path, where the emphasis
is on dry cask storage, on the order of 2600 casks would be required to
accommodate the cooled spent fuel produced by 2050, not including
the relatively small amount of spent fuel reprocessed in the MIN path.
To put this number of casks in perspective, the total dry casks filled
during the MIN path could be stored in an area of less than 10 hect-
ares, just a bit bigger than area enclosed by the fence around the White
House in Washington, DC.
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Parameter YEAR MAX Path | BAUPath | MIM Path
Annual New Spent LWR Fuel Cooled and gg;g ; 13; , 12; g?;
Available for Reprocessing, Storage, or ' '
Disposal (excluding MOX spent fuel), | — I§”5” 2.694 2688 1.747
i nr B A mulatve,
Metric Tonnes Heavy Metal e — 57 028 4E.EER 25 820
2010 - - -
Annual Spent MOx Fuel Cooled and 2020 - - -
Available for Storage or Disposal, Metric 2050 23q 112 a3
Tonnes Heavy Metal Cumulstive,
2015-2050 2 020 a83 150
Implied Amount of Spent LWR Fuel (UOx 2010 1 1 1
only ) Reprocessed in Total for Use in 2030 G12 214 9
Domestic Reactors (Metric tonnes heaw — IEEDSD 2,923 1,343 175
| Cumulstive,
metal) o150 | 41,045| 18276 2 438
Implied VW olume of High-level Waste (as 2010 0.13 013 013
vitrified) fom All Cooled Spent LWR Fuel 20301 70.37 24.57 1.02
2050 336.18 154 47 2010

(U only ) Reprocessed for Lse in Tt
Domestic Reactors (cubic meters) 215280 | 472015] 2.101.78 230.35

Total Annual Mumber of Casks Required 2010
for Oy Cask Storage of Cooled Spent 030 - - -
WRFuel (UOx only) for 2050 36 109 156
Storage/Disposal, Met of Reprocessing | Cumulstive,
(units 2015-2050 362 1,496 2 608
Total Annual Mumber of Casks Required 2010 - - -
for Dry Cask Storage of Cooled Spent 2030 - N -
LWR MOx Fuel for Storage/Disposal | 2090 24 1 E
{units) Currulstive,
20152050 202 83 15

Table 4. Spent Fuel Management Results for Three Nuclear Paths.

Costs

Although a full quantitative evaluation of the direct costs of the sce-
narios described above is beyond the scope of this paper, some of
the considerations in comparing the costs between the three sce-
narios in qualitative terms are as follows:

» Fossil fuel costs for electricity generation will be highest
for the BAU case, with annual costs in the MAX case about
half of BAU levels by 2050, and in the MAX case about a
quarter of BAU levels, due to displacement of fossil fuels
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by efficiency improvements, electrification, and use of re-
newable energy for direct end-uses and electricity genera-
tion.

Overall fossil fuel costs, including “upstream” costs for oil
refining, coal mining, and other fuel-cycle activities, will
be lower due to electrification of end-uses in the MAX
scenario, and even lower in the MIN case.

There is likely to be very little growth in capital and op-
erating and maintenance (O&M) costs for fossil-fueled
power plants in any of the scenarios, though these costs
will be lower in the MAX path, and lower still in the MIN
path, as more coal-fired generation is displaced by nuclear
(in the MAX path) and renewable generation/energy effi-
ciency in both paths. In the MAX and especially the MIN
path, at least more coal-fired capacity will likely be re-
tired, providing a reduction in O&M costs. One factor that
could cause power plant costs to rise, and could be applied
to any of the three scenarios, is if more stringent controls
are required to reduce local and regional air pollutants,
and/or if carbon capture and sequestration is required on
fossil-fueled plants.

Costs for energy efficiency and increased deployment of
end-use renewables will be higher in the MAX case than
in the BAU case, and higher still in the MIN case, although
previous experience in China and elsewhere suggests that
in many cases energy efficiency provides electricity sav-
ings more cheaply than electricity case be generated by
supply-side resources. Thus when the avoided costs of
electricity generation and direct fuel use are factored in,
efficiency investments will likely yield a net savings in
overall direct costs. The much higher rate of renewables
deployment in the MIN path will likely reduce the per-unit
costs of renewable energy systems, and accompanying
electricity storage systems. It is difficult to say whether
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the net costs of aggressive deployment of energy efficiency
and renewable energy in the MIN path will be higher or
lower than the costs of the conventional and nuclear energy
systems that they displace in the BAU and MAX paths, but
recent experience and at least some previous studies of en-
ergy futures suggest that the cost differences may be small
relative to overall energy system costs and to the uncertain-
ties of costs projected three decades into the future.

The MAX scenario will have the highest overall costs for
nuclear generation capacity, as well as for fixed and non-fuel
variable operating and maintenance (O&M) costs, followed
by the BAU case. MIN case total capacity costs and O&M
will be substantially lower than in the other two cases. Costs
for fast reactor research and development will be highest in the
MAX case, and relatively limited in the MIN case.

Nuclear fuel cycle costs—exclusive of reactor capital and non-fu-
el O&M costs—have been quantified for each of the three nuclear
paths described above. Not surprisingly, as shown in Figure 12, nu-
clear fuel cycle costs are much higher in the MAX path, at a about
$560 billion on a cumulative basis over 2015 through 2950. This
total is nearly twice as much as for the BAU path, and on the order
of five times that of the MIN path. The three largest cost categories
are raw uranium and uranium enrichment—higher in the MAX path
due to higher cost escalation assumptions—and reprocessing costs,
which are nearly avoided altogether in the MIN path.
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Cumulative National China Nuclear Fuel Cycle Costs
by Path, 2015 - 2050
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Figure 13. Cumulative National China Nuclear Fuel Cycle
Costs by Path, 2015- 2050.

The relative indirect costs to the economy of alternative energy scenar-
i0s, and the policies that will drive them, are often a key consideration
for policymakers. The perceived and projected impacts of different nu-
clear scenarios on, for example, GDP and employment at the provin-
cial and national levels in China will have a considerable impact on the
acceptability of particular scenarios and policies. In practice, there are
always winners and losers—for example, with regard to employment
in different sectors and even regions—when policies are shifted, but
the net impact of these changes is very hard to know in advance, due
to policy- and non-policy-related shifts in the economy and technol-
ogy (and in underlying costs and factor prices) shifts over time, and to
the general uncertainty associated with any economic prognostication.
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In many macroeconomic studies of different energy scenarios, changes
to GDP and employment by, for example, 2050 come out looking like
large numbers, but are invariably swamped by the underlying combina-
tion of the size of overall GDP by a target year, and the uncertainties
inherent in the analysis.

That said, there will be certain sectors that will doubtless win and lose
to different extents between the three nuclear scenarios. The nuclear
sector, and particularly firms and government organizations associ-
ated with advanced fuel cycles and reprocessing, will be the losers in
the MIN scenario, and to a lesser extent, the BAU case, relative to the
MAX scenario, while the renewable energy industries will benefit most
in the MIN case. Coal mining income and employment will be reduced
substantially in the MIN case relative to the other cases, though coal
mining in China is becoming less labor-intensive in general, following
the historical trend in the US and other places. In general, many studies
have found that scenarios that focus on renewable energy and energy
efficiency produce more long-term jobs and similar if not greater na-
tional and regional net income than scenarios focused on supplies of
conventional and nuclear energy, but, as noted, there will inevitably be
subsectors and industries that are winners and losers in any case relative
to any other.

Energy Supply Security

The traditional concept of energy supply security, in brief, is that
the more a country can source its fuel requirements from its own
territory—or failing that, the more a country can draw for its en-
ergy needs from a diversity of domestic resources and imports from
large number of trading partners—the more energy supply security
is enhanced. Under that definition, the MAX case, which uses more
nuclear power and less oil (the reduction being mostly due to elec-
trification of the transport and other sectors) coal, and natural gas,
is provides arguably more energy security than the BAU case. The
MIN case, with more use of domestic resources (wind, solar, and
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energy efficiency) than the other two cases, arguably comes out on
top in terms of energy supply security. Figure 13 shows the relative
use of fossil fuels, both cumulative and for selected years, under
each case. By assumption, in each case, uranium is sourced from
the same ratio of domestic and foreign sources, though in principle,
a higher proportion of domestic U could be used in the BAU and,
especially, the MIN cases, given the lower overall U requirements.
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Figure 14. Annual Fossil Fuel Use for Electricity Generation
by Type and Year for Three Paths.

Environment

The environmental component of a broader concept of “energy se-
curity” includes comparing the performance of the three scenarios
on the basis of emissions of greenhouse gas emissions, local and
regional air pollutant production, water pollution, and disposal of
nuclear-fuel-cycle related wastes. With respect to these criteria, the
three nuclear paths described above yield the following quantita-
tive and qualitative comparisons:
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The MIN path produces nearly 30% lower cumulative elec-
tricity generation sector (2015-2050) greenhouse gas emis-
sions than the other BAU path, and in particular, as shown in
Figure 14, produces a small fraction of the year-2050 emis-
sions included in the BAU and MAX paths. Although the
overall Chinese societal GHG emissions are the main concern
here, and have not been quantified for this paper, the inclu-
sion of additional electrification in the MAX path indicates
that China’s MAX-path GHG emissions will be considerably
lower than in the BAU path, and emissions in the MIN path
will be lower still.

Likewise, though not directly quantified here, non-GHG air
pollutant emissions of consequence to local and regional
air quality will be less in the MAX path than in the BAU
Path, with emissions in the MIN path considerably less in
the other two cases, particularly by 2050.

Million Tonnes Carbon Dioxide

Equivalent

6,000
EBAU Path & MAX Path EMIN Path

5,000

4,000

3,000

2,000

1,000

2010 2015 2020 2030 2040 2050

Figure 15. Greenhouse Gas Emissions from the Electricity
Generation Sector in China Under Three Nuclear Power

Development Paths.
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* Because considerably less coal is used in the MIN and MAX
paths than in the BAU path, water pollution from coal mines will
be less in those paths. Thermal pollution from coal-fired power
plants will also be less, though additional thermal pollution from
nuclear power plants, some of which may be on inland sites (on
rivers), may occur in the MAX path, relative to the other two
paths. Additional water pollution and solid wastes from uranium
mining in China and abroad will accrue in the BAU and, espe-
cially, MAX paths relative to the MIN path.

» The disposal of nuclear-sector-related waste streams will be
much more of an issue in the BAU and, especially, MAX
paths relative to the MIN path. Considerable HLW and inter-
mediate and low-level wastes from reprocessing will accrue
in the BAU and MAX paths, and China will need to find a
final resting place for those materials, as well as for any spent
fuel placed in long-term storage/disposal. Finding places to
store/dispose of these materials may prove to be foci for po-
litical and social problems, as noted below.

Social and Political Criteria, and Military Security

During China’s period of rapid economic growth, Chinese decision-
makers have typically given (or at least, exhibited) limited concern
to the reaction of local populations in decisions on siting of key
energy-sector facilities, relative to decisionmakers in many West-
ern nations. Over the past decade, however, trends have suggested
that the role of Chinese civil society in the siting of large and poten-
tially polluting or dangerous facilities has been growing, at least in
some ways. Very recent events have arguably suggested that civil
society’s voice in China may not continue to develop as some in
the West might have hoped, though the impact of recent changes
in Chinese governance on the nuclear sector is not yet clear.’? In

82. See, for example, Chris Buckley and Adam Wu, “Ending Term Limits for
China’s Xi Is a Big Deal. Here’s Why,” The New York Times, March 10, 2018,
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general, paths, like the MAX path, that call for large, centralized,
secure facilities for handling and managing nuclear materials may
galvanize opposition to such facilities on the local and national lev-
els, thus making those paths arguably less secure than paths like the
MIN path, where energy needs are supplied by resources that are
often tapped by facilities that are more distributed and each smaller
and less obtrusive (and polluting) than the other two paths.

Additionally, the nuclear facilities (including enrichment and re-
processing, nuclear power plants, and spent fuel transport) that are
part of the BAU and, particularly, the MAX paths will require much
more in the way of military security arrangements than the MIN
path. These military security requirements increase military costs
and enhance the possibility of conflicts between the military secu-
rity apparatus and a population becoming accustom to greater social
and economic freedoms. The impact of required nuclear sector se-
curity arrangements will be mirrored, to some extent, by the greater
needs to secure supplies of oil and oil transport lanes; the needs to
secure oil supplies will be highest in the BAU case.

Conclusions

What Alternative Scenarios of China’s Nuclear Future Tell Us

As of 2017, China arguably sits at a point of decision, inflection, or
possibly both in the evolution of its electricity generation system,
its nuclear power future, and possibly its energy sector as a whole.
Scenarios of nuclear power development in China, including those
presented in this paper and many others, span the range from mod-
est growth to 80-100 GWe by 2050 (from about 34 GWe today) to
projecting growth to 300 to 400 or more GWe of nuclear power by
2050, with the beginnings of commercialization of fast reactor tech-

available from https://www.nytimes.com/2018/03/10/world/asia/china-xi-jin-
ping-term-limit-explainer.html.
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nologies. At the same time, transitions are occurring for China’s
coal-fired power fleet, with plans for future new capacity being rap-
idly scaled back, and smaller, less-efficient units being taken out of
service. The rethinking of plans for expansion of coal-fired power
is in part in response to progressively more stringent policies to
address local and regional air pollution, but also in response to the
two trends, particularly in recent years, of accelerating deployment
of wind and solar power, and reduced growth in electricity demand,
the latter particularly in comparison to the double-digit growth
rates of recent decades.

Developing internally-consistent scenarios of China’s electricity sec-
tor in general, and the nuclear energy sector within the electricity sec-
tor, with the different scenarios designed to serve the same needs for
energy services in similar economic futures, provides a means to test
policy directions. China could choose a path including rapid deploy-
ment of LWRs with spent fuel reprocessing, blending the resulting
plutonium into MOx fuel and subsequent use of same in LWRs and,
ultimately, in a fleet of fast reactors. Or an explicit or implicit policy
(for example, through adjusting levels of power sector subsidies) could
damp down the current nuclear build-out after those reactors currently
under construction are built, such that additions in the decades after
2025 are modest, while aggressively encouraging energy efficiency
and the development of solar and wind power, plus the supply-side
changes (transmission systems, smart grids, and electricity storage,
for example) that would be needed to maximize renewable energy us-
ability. The estimates of future fuels use, costs, pollutant and waste
emissions, and accompanying (typically) qualitative consideration of
issues such as the relative political and social security ramifications
that result from consideration of different future scenarios provide a
way of testing and illustrating for policymakers the different ways of
organizing the energy future of a nation.
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Prospects for Meeting China’s Future Energy Needs with Limited
or No Increases in Nuclear Capacity and Proliferation-resistant Fuel

Cycles

The comparison of the BAU, MAX, and MIN paths for the Chinese
nuclear and electricity sectors, considered together with the existing
body of China scenarios work described (in part) in this appendix,
suggests that it will be possible for China to meet its economic de-
velopment, GHG and air pollutant emissions reduction, and other
goals without an extended and massive build-out of LWR capacity,
and without expansions of uranium enrichment or reprocessing ca-
pacity beyond those projects now underway. Further, although the
MIN case implies that China will not become a major exporter of
nuclear power technologies, it also implies that China will continue
along its current trend of being perhaps a dominant provider of re-
newable power systems. Nuclear sector costs in the MIN Path are
much lower, both on an aggregate basis and per unit of output, than
in the other two paths, largely because of lower uranium, enrich-
ment, and reprocessing costs. Although these costs are only a small
part of the overall cost of providing energy services to the Chinese
economy, indications from past experience and other studies is that
the emphasis on energy efficiency and renewable energy will offer
the opportunity for China to effectively address its environmental
concerns without significant (if any) additional costs, relative to a
reference path. Further, a path with less nuclear power and fewer
front-end and back-end nuclear facilities will be arguably easier to
deploy in a social and political sense, particularly as expectations for
a stronger voice in how its future unfolds continue to grow among
the Chinese citizenry.

The MIN scenario provides significant benefits over the other two
cases in terms of plutonium production and stocks (transient and
otherwise), and thus provides significantly lower risk of the prolif-
eration of nuclear weapons. For the MIN path to become a reality,
policy support for energy efficiency and renewable energy will need
to take precedence over policy support for nuclear power. Trends
in recent years, including the slow-down in reactor construction and
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re-thinking of nuclear safety regulations post-Fukushima, ongo-
ing structural change in the Chinese economy away from heavy
industry (and much-reduced growth in electricity needs), and ex-
ceedance of even the ambitions government targets for renewable
energy all point toward the enhanced practicality of a low-nuclear
path for the evolution of the Chinese energy sector. Acknowledge-
ment of the benefits of the MIN path (or similar) for China by in-
ternational political and trading partners, probably including inter-
national policies that encourage such a path and embracing energy
paths of their own that de-emphasize nuclear power, enrichment,
and reprocessing, would likely serve to encourage China to move
toward a low-nuclear future.

China arguably is at a point in marketing its nuclear technologies
abroad in which its technologies are not particularly competitive—
as they are based on older U.S. and other Western designs—and it
is facing a worldwide market for nuclear power that even a Russian
reactor vendor has reportedly described as weak. If China’s do-
mestic market for nuclear power were to follow a trajectory more
like the MIN path described above than the BAU or MAX paths,
it seems likely that China’s nuclear exports would be relatively de-
emphasized. Building and maintaining the capabilities to export
nuclear technologies, including to countries where nuclear weap-
ons proliferation is a danger (or historical fact, as in Pakistan), will
be technically and economically riskier and more difficult without
a burgeoning domestic market to fall back on. As such, timely en-
couragement (including by example) of China by the United States
and the rest of the international community to focus on non-nuclear
technologies for power generation could contribute to influences
already in play and induce China to focus its efforts on exporting
technologies that do not carry a weapons proliferation threat.
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