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Abstract

In an analysis conducted for the U.S. Department of Energy Office of Building Technologies (OBT), the
Pacific Northwest Laboratory examined the fuel type composition of energy consumed in the U.S, buildings
sector. Numerical estimates were developed for the physical quantities of fuel consumed, as well as of the
fossil fuel emissions (carbon dioxide, sulfur dioxide, nitrogen oxides) and nuclear spent fuel byproducts
associated with that consumption. Electric generating requirements and the economic values associated
with energy consumption also were quantified. These variables were quantified for a generic quad
(1 quadrillion Btu) of primary energy for the years 1987 and 2010, to ilinstrate the impacts of a fuel-
neutral reduction in buildings sector energy use, and for specific fuel types, 1o enable meaningfui
comparisons of benefits achievable through various OBT research projects or technology developments.
Two examples are provided to jllustrate how these conversion factors may be used to quantify the impacts
of energy savings potentially achievable through OBT building energy conservation efforts.
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Table 4.7. Emissions of CO,, 8O,, and NO, per TBtu and per Generic Quad of
Buildings Sector Energy Consumption, 1987 and 2010

. Emissionsper TBtu  Emissions per Generic Quad
CQ,, SO, NQ,, CO,, SO, NO,,
billion thousand thousand trillion million million
_gc b 1b® ge 1b® 1b®
1987
Coal 25.1 1900 890 8.79 654 310
Natural Gas 14.5 4.45
Petroleum 203 243 _ _
Total 15.67 722 292
2010
Coal 251 900 550 1135 405 248
Natural Gas 14.5 3.15
Petroleum 203 140 — .
Total 15.89 405 248

(a) See text for 2010 high-compliance levels.

Table 4.8. Generic Quad of Buildings Sector
Emissions Share of U.S. Totals for
CO,, 80,, and NO,, 1985 and 2010

% of U.S. Total

€0, so, No
1985 13 15 0.7
2010 09 0.8 0.4

to decrease roughly in proportion to the building
sector 1-quad share of total U.S. energy consump-
tion. The shares of SO, and NO, are projected to
decline over the period for the case considering
no change in the current NSPS emissions require-
ments. This is because total U.S. SO, and NO,
emissions are projected to increase and because
new NSPS-regulated capacity will come on line
and replace pre-NSPS capacity. These increases
more than offset the increasing share of coal in
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the generic quad. For the NSPS high-compliance
case, the emissions of both SO, and NO, are
projected to account for about 0.6% and 0.2% of
their respective U.S. totals in 2010.

4.2.2 Spent Nuclear Fuel Conversion

The conversion to spent nuclear fuel is treated
in detail in Appendix B. Spent nuclear fuel is
typically stored for a period at the reactor in a
water pond and in the feture may be sent to a
geologic repository for long-term storage.(®
Although spemt fuel differs from the emissions
byproducts, it is a byproduct of the energy
conversion process and requires special treatment
and handling,

The quantities of spent fuel per TBtu for 1987
and 2010 are (.32 and 0.25 metric tons of heavy

(a) This facility has not yet been identified.



metal (MTHM), respectively. The quantity of
spent fuel associated with the generic quad is the
product of the MTHM per TBtu multiplied by the
contribution of nuclear to the generic quad, shown
in Table 4.4. Thus, 36 and 29 MTHM are asso-
ciated with the generic quad of energy for 1987
and 2010, respectively.

4.3 Economic Valuations

The development of the economic values of the
generic quad of energy is summarized in this
section; Appendix D provides additional detail.
The economic values are summarized from two
general perspectives. The first is the cost of
supplying electrical energy, which includes
electrical generating capacity, fuel input costs to
utilities, and the storage and disposal of spent
nuclear fuel. The second is the value of the
energy to the building owners and occupants who
are the consumers of the delivered energy.

The electric energy component is examined
from these two perspectives, because the first
shows the major investment and operating costs
associated with the supply of electrical energy and
the second provides the annual operating and
maintenance costs to supply the energy plus a
fraction of the capital assets. The valuations for
the electric energy supply component should not
be added to those for the consumer perspective.

4.3.1 Electric Energy Supply Valuation

Major costs developed for the provision of
electric energy associated with the generic quad of
energy are for electric generating capacity, fuel
inputs, and nuclear fuel storage and disposal.
These costs are summarized in the following
subsections.

Electric Generating Capacity Valuation

. The development of the value of the electric
energy generating capacity to supply the eleciricity
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component of the generic quad involves three
steps. The first is to assign the shares of electric
generating capacity additions by capacity type.
The second is to translate the delivered electric
energy associated with the generic quad to gener-
ating capacity needs by capacity type. The third is
to develop the value of the capacity additions.

Because the objective of this analysis is to
quantify major attributes/components of the
generic quad, only the additions of coal and
nuclear capacity are treated, as they comprise 73%
and 80% of fuel input for electricity generation
for 1987 and 2010, respectively. In addition, to
2010 the major utility capacity additions projected
by LREP are coal and nuclear; renewables also
increase, but these capital costs are difficult to
quantify. For the same reason, no attempt is
made to distinguish peak from baseload generat-
ing capacity, as coal and nuclear generating plants
tend to be baseload capacity.

The amount of delivered electricity associated
with the generic quad that is provided by coal-
and nuclear-fueled generation is first developed in
terms of TBtu and then translated to kilowatts of
capacity by fuel type. The shares from Table 4.2
for coal- and nuclear-fueled capacity (63.7% and
16.4%, respectively) are then applied to the total
delivered electricity shown in Figures 4.1 and 4.2
to provide the quantities of delivered electricity
associated with these two capacity types for 1987
and 2010. In 1987, coal and nuclear provided 105
and 34 TBtu of delivered electricity, respectively,
and 132 and 34 TBtu of delivered electricity in
2010.

The second step is to translate the delivered
units of electricity to generating capacity. This is
accomplished using the following formula:

kW = (TBtu electricity) / (3412 Btu/kWh) /
(8760 hrfyr) / Capacity Factor



Capacity factor vailues for coal (0.55) and nuclear
(0.6) generation are representative for recent
industry averages documented in Historical Plant
Costs 1986 and 1987 and the Annual Energy
Review 1988 (Energy Information Administration
1988, 1989b,d). The capacity additions assigned to
the coal-fueled generation of 105 TBtu for 1987
and 132 TBtu for 2010 applied to the formula
with a 0.55 capacity factor are about 6.387 million
kW and 8.030 million kW, respectively. The com-
parable additions for nuclear capacity are 1.896
million kW for both years because the quantity of
delivered electricity is approximately the same.
These capacity quantities associated with the
generic quad of energy additions represent a
requirement of about thirteen 500-MW coal-
fueled and two 1000-MW nuclear-fueled power
plants in 1987, and sixteen 500-MW coal-fueled
and two 1000-MW nuclear-fueled plants in 2010.

The value of these additions is developed from
the actual cost of recently constructed power
plants. This experience has shown coal-fueled
capacity to cost about $1000/kW and nuclear to be
about $2600&W. At these per unit costs, the
instailed capital value of these facilities amounts
to approximately $11.3 billion in 1987 and 513.0
billion in 2010.

An additional cost factor for nuclear generating
facilities is the cost associated with decommission-
ing, estimates of which vary widely in the decom-
missioning literature (from 5% to 200% of the
original investment cost). This report uses a

decommissioning estimate equal to 50% of the
original investment cost, a mid-range value. This
amounts to 52.5 billion for the nuclear capacity
additions associated with the generic quad,
Adding decommissioning costs to the investment
costs provides a total capital value of $15.5 billion
for the coal and nuclear generating capacity
necessary to provide their share of the generic
quad in 2010. (See Appendix D for more detail.)

Fuels Valuation

The value of the fuel inputs for 1987 and 2010
are developed for coal, natural gas, petroleum,
and yellowcake using the resource values for these
fuels. The prices for the three fossil fuels are
taken from LREP. The price for uranium is based
on the current domestic price from the Uranium
Industry Annual (Energy Information Administra-
tion 198%h). The physical quantities of the four
fuels are multiplied by their respective prices for
the two time periods 10 obtain their values for the
generic quad as shown in Tabie 4.9. The com-
bined value of these fuels increases from
$1.3 billion in 1987 to $3.2 billion in 2010.

Nuclear Fuel Storage and Disposal Valuation

An additional fuel-related consideration is the
storage of irradiated spent [uel discharged from
nuclear power plants. Following the assumptions
and cost estimates of the Final Version Dry Cask
Storage Study (Office of Civilian Radioactive
Waste Management 1989), this analysis assumes

Table 4.9. Resource Value of Buildings Sector Generic Quad of Source

Fuels, 1987 and 2010

Value, $ Miilions (31986)

Year Coa] Natural Gas
1987 423 559
2010 803 1684

Petroleum

Yellowcake Total

308 20 1310
675 19 3181




that the spent fuel will be stored onsite (at least
until a geologic repository or monitored retriev-
able storage facility is constructed) and selects the
metal dry storage cask as the storage technology
that utjlities will adopt, This technology was
chosen because it is proven and commercially
available in the United States. The costs of metal
casks are estimated to range from 355/kg to
3105/kg of heavy metal (in 1988 dollars). This
range was simply averaged for a cost of $80/kg and
assumed to remain constant to 2010. Production
of the generic quad of buildings energy yields
about 36 metric tons of heavy metal (MTHM) in
1987 and 29 MTHM in 2010. This yields a
storage cost of $3 million in 1987 and $2.3 million
in 2010 for the spent nuclear fuel that contributed
to the production of the generic quad of energy.

Because this estimate of storage costs does not
include the handling and transportation costs
involved in eventually sending the spent fuel to an
intermediate or long-term storage facility, it
understates the full cost of spent fuel storage.

4.3.2 Consumer Valuations

The value of the generic quad of energy may be
viewed from the perspective of the owners and
occupants of residential and commercial buildings
who purchase the energy. The consumer’s per-
spective presumably captures all of the above
valuations, because the purchase, conversion,
transportation, transmission, and disposal of the
fuels is built into the rate at which he is billed.

The quad of generic source energy, as it is
billed to the final consumer at the building site, is
separated by the residential and commercial
sectors to develop the consumer value, because
the prices for the fuels in the two sectors are
different. The LREP forecasts subdivide the
delivered components of the generic quad between
the residential and commercial sectors along with
their respective fuel prices as shown in Tabie 4.10.
It is important to note that these are average fuel
prices. Economic theory holds that marginal fuel
prices should ideally be nsed to value consumer

Table 4.10. Consumer Value of 1 Generic Quad, 1987 and 2010

Residential Commercial

Total $1986/ $1986/ Toal Value,

Year Fuel TBtu  TBtu MBtu TBtu _MBtu 3 millions
1987  Petroleum 91 S0.0 446 410 3.08 349
Natural Gas 241 1542 557 868 4.94 1288
Electricity® 191 101.2 2034 898 2056 3905
Total 5542
2010  Petroleum 56 24,1 12.39 319 10.03 619
Natural Gas 194 1145 1128 795  10.80 2150
Electricity® 207 1143 2352 927 2341 4858
Total 7627

(a) Electricity is expressed in TBtu delivered energy; conversion to source Btu
may be accomplished by multiplying the 1987 quantity by 3.29 and the 2010

quantity by 3.43.
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expenditures. However, LREP does not provide
marginal prices. The coal and renewabie fuels are
not included in this vailuation, because their prices
were not available in the LREP and they consti-
tute less than 9% of the site-delivered energy from
the source quad. Of the estimated annual con-
surner value of $7.6 billion for 2010 derived from
Tabie 4.10, about $4.3 billion is in the residential
sector and $3.3 billion in the commercial sector.

The consumer value of these three fuel types is
also developed per TBtu, as shown in Table 4.11.
The values in millions of dollars per TBtu are
shown for the commercial and residential sectors
separately and for the two sectors combined on a
weighted average basis,

43.3 Valuation Summary

In Table 4.12, the dollar valuations associated
with the generic quad of buildings energy in 1987
and 2010 are summarized. The valuations are in
current (1986/1987) dollars to facilitate

comparisons. In interpreting these valuations, two
caveats apply. First, it is not appropriate to total
them, as they represent different ways of relating
the economic value of the energy. Moreover,
annual energy costs must not be added to invest-
ment costs. Second, the valuations do not contain
all the costs associated with the generic quad;
therefore, they represent the lower bound of the
economic value.

Table 4.12 reveals that, from 1987 to 2010, the
value of nuclear and coal electric generating
capacity associated with the generic quad will
increase, due to the increasing share of electricity
in buildings sector energy use. The value of input
fuels increases from 1987 to 2010, due to
escalation in real fue] prices. Because the nuclear
share of the generic quad is projected to remain
virtually constant through time, the associated
expense of decommissioning remains constant.
Finally, the consumer expenditures associated with
the generic quad are projected to increase from
1987 to 2010 by about 40%.

Table 4.11, Consumer Value per TBtu of Petroleum, Natural Gas,
and Electricity, 1987 and 2010

Value, $ Millions ($1986)

Year Fuel Residential Commercial Combined

1987 Petroleum 4.46 308 384
Natural Gas 5.57 4.94 534
Electricity® 20.34 20.56 20.44

2010  Petroleum 12.39 10.03 11.05
Natural Gas 11.28 10.80 11.08
Electricity(® 23.52 2341 23.48

(a) Electricity prices are expressed in million dollars per TBtu delivered
energy, conversion to value per TBtu source energy may be accomp-
lished by multipiying the 1987 value by 0.304 and the 2010 value by

0.292.
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Table 4.12. Summary of Economic Valuations Associated with 1
Generic Quad of Buildings Energy, Current Dollars

(186/1987)

Cost Components

Electric Generating Capacity

Nuclear Capacity Decommissioning

Annual Input Fuel Values
Storage of Spent Fuel

Annual Consumer Expenditures

Valuation,
millions of dollars
1987 2010
11,300 13,000
2,500 2,500
1,310 3,181
3 2
5,542 7,627

Note: It is not appropriate to sum these valuations into one total.

The major valuations associated with the
generic quad can be divided into three separate
categories, none of which is additive. Societal
investment costs include the initial expenditures
for generation capacity, as well as the inevitable
outlays for decommissioning nuclear plants and
storing irradiated spent fuel For 1987, these costs
would total $13.8 billion in 1987 and about

4.14

$15.5 billion in 2010, in current dollars. Note that
these are not levelized costs. The annuai "operat-
ing" cost to society of the generic quad is essen-
tially the annual value of the source fueis. Finally,
consumer expenditures for energy capitalize both
types of expenditures in the rate at which
consumers are billed.



5.0 Programmatic Application

The conversion factors documented in this
report can be used 1o quantify the range of
attributes associated with programs under
development in DOE’s Office of Building
Technologies (OBT). Two illustrative examples
are presented in this section. Both cases were
selected from the Energy Conservation Multi-Year
Plan, 1990-1994 (Office of Conservation 1988).
The first applies the generic quad conversion
factors to the energy saving goal of the OBT
research program; the second applies the fuel-
specific factors to the lighting research program
energy reduction target.

5.1 OBT Program Valuation

As shown in Table 4.1, the buildings sector is
projected to consume 40.7 quads of energy in
2010. However, through the continued
development and adoption of energy-efficient
buildings technologies and practices, OBT projects
that it is possible to reduce that level of
consumption significantly. At "economically
achievable® levels, that consumption could be
reduced by 11.2 quads below projected levels; this
would essentially hold buildings sector
consumption constant at the 1987 level in the year
2010. At "technically achievable" levels,
consumption could be reduced by 17.8 quads,
which would reduce year 2010 levels about 209
below 1987 consumption.

Economically achievabie levels are those "...that
could be obtained should consumers adopt, at
modest levels, currently available cost-effective
technologies and anticipated technologies that are
still under development.” Technically achievable
levels are those "...that are possible given full
adoption of all known, potentially cost-effective
conservation techniques, including those still
under development at DOE." (Office of
Conservation 1988, pp. 4-9 - 4-10).
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The conversion factors for the generic quad
developed in Section 4 are applied to the energy
reduction quantities (11.2 quads and 17.8 quads)
to yield a range of values for each attribute. The
two energy savings are simply multiplied by the
generic quad conversion factors developed earlier
to provide the associated physical quantities of
fuel inputs, fossil fuel emissions, spent nuclear
fuel, and major economic costs. (The key
reference table from which ail else follows is
Table 4.4 from Section 4.) In performing these
calculations, the energy reductions are assumed to
be achieved in a fuel-neutral sense, so that the
fuel mix of the saved energy is identical to that
supplied to the buildings sector as a whole. That
is, energy efficiency is assumed to occur in terms
of generic quads.

The results are presented in Table 5.1. The
values listed under each column heading are the
amounts by which the projected energy consump-
tion, emissions, and costs for the buildings sector
in 2010 would be reduced at the economically
achjevable and technically achievable levels
defined above.

The combination of coal, natural gas, and
petroleumn accounts for nearly 75% of the energy
reductions. The physical quantities of fuel can be
put in perspective by comparing them to total
projected consumption for the respective fuel
types. The LREP forecast projects that in 2010,
U.S. total coal consumption will amount to
1698 million short tons. This means that coal
consumption would be reduced by about 14% at
the economically achievable level and 22% at the
technically achievable level. For naturat gas,
reductions of about 14% and 22% wouid also be
achieved for the two reduction levels, Petroleum
consumption reductions wouid range from 2% to
4%, respectively, for the economically and
technically achievable levels.



Table 5.1. Decomposition of Office of Building Technologies Economically
and Technicaily Achievable Energy Reduction Targets, 2010

Economically Technically
Achievable Achievable
(11.2 Quads) {(17.8 Quads)

Energy Form {quadrillion Btu)

Coal 5.06 8.05
Natural Gas 243 3.86
Petroleum 0.77 1.23
Nucjear 1.30 2.06
Hydroelectric 0.64 1.01
Renewables 1.00 1.58

Physical Quantities
Coal (10° short tons) 239 379
Natural Gas (10'2 ft%) 2,352 3,738
Petroleum (10° bbl) 143 228
Nuclear (10° Ib U;0g) 197 12.67

Byproducts
CO, (102 go) 178 283
SO, (10° Ib) 4,536 7,209
NO, (10° Ib of NO,) 2,778 4,414
Spent Fuel (MTHM) 325 516

Major Economic Costs(® (1986/1987 dollars)
Electric Generating Plant

Capacity (MW) 111,171 176,683

Capacity Investment (10° dollars) 146.0 231.0

Nuclear Plant Decommissicning 28.0 44.5
(10° dollars)

Fuel Inputs (10” dollars 35.7 56.7

Spent Fuel Storage (10° dollars) 224 35.6

Annual Consumer Value (10° dollars) 85.2 135.4

(a) The consumer value should not be toualled with the other values,
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The reduction in environmental emissions asso-
ciated with reduced energy consumption is shown
for CO,, SO,, and NO,. The year 2010 carbon
emissions for the economic and technical reduc-
tion levels would reduce total U.S. emissions by
10% and 16%, respectively. With no change in
emissions standards for SO, and NQ,, SO, emis-
sions would be decreased by 9% and 14% below
projected total U.S, emissions for the two respec-
tive reduction levels; NO, emissions would reduce
4% and 7% below projected U.S, totals. (See
Table 4.8 in Section 4.) In the case of more
restrictive emissions levels, the SO, emissions
reduction would range from 7% to 11% of the
U.S. total for the two reduction levels; the NO_
emissions reduction would range from 2% to 4%
of the U.S. total. Avoided discharges of radio-
active spent fuel would range from 325 to 516
metric tons, respectively, for the economically and
technically achievable cases.

A major avoided cost associated with the eco-
nomic and technical energy reduction levels is the
investment in new electric generating capacity,
which ranges from 111 to 177 thousand megawatts
for the respective cases. The avoided cost of this
capacity plus the avoided expenses of nuclear
plant decommissioning, fuel inputs, and spent fuel
storage amounts to about $210 billion for the
economically achievable reduction level and
$332 billion for the technically achievable level.
The reductions in petroleum consumption would
likely result in reduced demand for oil imports
and would improve the nation’s merchandise trade
balance by $7.5 billion and $12 billion for the
economic and technical reduction levels, respec-
tively. (See Table 4.9, Section 4.)

The consumer value of the energy provides an
alternative economic measure that includes the
fuel cost as well as the capital that is used in
providing the energy to the consumer. The eco-
nomically achievable reduction level of 11.2 quads
would provide consumers with an additional
885 billion of disposable income in the year

53

2010.® Reductions at the technically achievable
level would give consumers an additional

$135 billion to spend on nonenergy goods and
services. The consumer valuations should not be
added to the other values, as this involves double
counting. The energy bills paid by consumers
include the total of the total annual operation and
maintenance costs pius the annualized capital cost.

This analysis does not attempt to estimate the
potential costs to society of achieving energy
savings targets of the magnitude discussed here,
because this is not a benefit-cost analysis,
However, it is recognized that these costs are
potentially large.

5.2 Lighting Program Valuation

The OBT lighting research and development
program could reduce energy consumption
projected for 2010 by 1.7 quads of primary
electrical energy (Office of Conservation 1988).
The development of the energy reductions
associated with the lighting program focuses solely
on electricity and its constituent fuels rather than
the generic quad of Section 5.1. The key
reference table is 4.2 instead of Table 4.4, used in
the previous discussion. In essence, Table 4.2
presents a generic quad for "electricity-only”
energy savings calculations. The decomposition of
the energy for the lighting program is shown in
Table 5.2. Table B.2 is used for the conversions
to physical fuel quantities.

In this case, coal is the major primary fuel type;
natural gas and petroleum are the smallest
contributors. The reduction in coal use amounts
10 almost 3% of projected total U.S. consumption,
with petroleum and natural gas redections
amounting to less than 1% of projected total U.S.
consumption.

{(a) Assuming that any increased program cosis are not funded
with increased taxes,



Table 5.2. Decomposition of Lighting Program Energy Reduction Target
of 1.7 Quads by 2010

Amount of

Consumption Reduction
Energy Form {(trillion Btu)

Coal 1,083
Natural Gas 54
Petroleum 31
Nuclear 138
Hydroelectric 279
Renewables 112
Physical Quantities
Coal (10° short tons) 51
Natural Gas (10° ft3) 54
Petroleum (106 bbl) 5
Nuclear (10° Ib U;0p) 847
Byproducts
CO, (102 gc) 29
SO, (10° Ib) 975
NO, (10° b NO,) 596
Spent Fuel (MTHM) 34

Major Economic Costs (1986/1987 dollars)
Electric Generating Plant

Capacity (MW) 21,452

Capacity Investment (10° dollars) 25.0

Nuclear Plant Decommissioning 29

(10° dollars)

Fuel Inputs (10° dollars) 2.2

Spent Fuel Storage (10° dollars) 2.7

Annual Consumer Value (109 dollars) 11.7

The associated carbon emissions would account be 1.5% and 0.5% of the U.S. touals, respectively.

for less than 2% of projected U.S. total emissions. Because the fuel type is electricity, the major
If emissions level requirements remain unchanged, economic cost is for the generating plant, amount-
S0, and NO, emissions would amount to about ing to about §25 billion. Alternatively, the annual
2% and 1% of U.S. total emissions. If more cost of this energy 1o consumers is nearly
restrictive emissions requirements were imple- $12 biltion.

mented, the SO, and NO, emissions levels would
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Fuel Share Conversion Methodology

This appendix contains the methodology used
for calculating the buildings sector fuel shares for
the historical and forecast periods. Along with
the methodology, key assumptions are identified
to enable replication of the analysis. The calcula-
tion of the fuel shares for energy consumed at the
building site (direct or site energy) is described
first. Next, the methodology used to develop the
fuel shares for the indirect energy used to gener-
ate electricity is described. The summation of the
direct and indirect fuel shares is presented last,
providing the source energy fuel shares.

Direct Fuel Shares

The data and projections used to calculate the
direct fuel shares are from two sources, Staie
Energy Data Report: Consumption Estimates 1960-
1987 (Energy Information Administration 1989b),
hereafter SEDR, and Long Range Energy Projec-
tions to 2010 (Office of Policy, Planning and
Anaiysis 1988), hereafter LREP. The SEDR is the
source for 1960-1987 historical consumption data
on buildings sector consumption of coal, natural
gas, oil, and electricity. The LREP is the source
for projected buildings sector consumption of
coal, natural gas, oil, and electricity in 2000 and
2010, and also the source of the historical direct
consumption of renewables for 1960-1987 and of
the projected renewables consumption in 2000 and
2010. The reference case scenario is selected from
the LREP for this analysis. The renewables data,
which include sojar, wind, and various kinds of
biomass used at the building site (termed
dispersed renewables), are distinguished from
renewables, such as hydropower, geothermal, and
biomass, used directly by utilities to generate
electricity.

Al

Caiculating the direct fuel shares involves a
number of steps. First, the total buildings sector
consumption of coal, natural gas, oil, and elec-
tricity is the sum of the residential and
commercial sector consumption of those fuels in
the SEDR. The electricity data include sales to
the consumers and system losses incurred in the
generation, transmission, and distribution of
electricity, as well as utility own use. Although
such losses are not actually delivered to and
consumed by utility customers, they are included
in the total amount of energy used, because the
production of delivered electricity entails such
losses.

The LREP projections of buildings sector
energy use for 2000 and 2010 are only for sales of
delivered electricity (see Office of Policy, Planning
and Analysis 1988, p. 3-32, Table 3-7) and do not
include buildings sector-specific estimates of
electrical system losses as does the SEDR. These
losses are estimated using the implied generating
efficiencies for the utility sector from the LREP
(p. 3-29, Table 3-6) for 2000 and 2010. For
example, LREP Table 3-6 shows the year 2000
electricity sector sales and losses to be 11.3 and
27.6 quads, respectively. The implied efficiency is
therefore 11.3/(11.3 + 27.6) = 0.2905, or 29.05%
and, in 2010, 29.23%. The inverse of this effi-
ciency, when multiplied by buildings sector elec-
tricity sales, yields the associated primary
equivalent in quads as shown in Thble A.1.

The implied LREP penerating efficiencies are
consistent with the SEDR data. The SEDR indi-
cates that between 1960 and 1987, conversion
efficiencies ranged from 28.6% in 1560 to 30.4%
in 1987, aithough the data do not reveal a



Table A.1. Direct Energy Consumption and Fuel Shares in the Buildings Sector, 1960

Through 1987, 2000, and 2010

Consumption, TBtu

Natural
Year Coal Gas Petroleum Electricity Renewables Total
1960 980.4 4267.7 34928 4,292.5 600.0 13,6334
1965 610.5 5502.6 3867.1 6,039.0 5000 16,5192
1970 3705 7407.2 4306.3 9,570.2 400.0 22,054.2
1975 208.1 7580.3 38046 12,303.5 400.0 24,296.5
1980 147.7 7521.1 3035.4 14,951.2 800.0 26,455.4
1985 176.5 7069.4 25725 17,016.2 1000.0 27,8346
1987 165.0 69193 2618.4 18,027.8 1000.0 28,730.5
2000 200.0 83000 27000 23,405.6 1300.0 35,905.6
2010 100.0 7900.0 2300.0 28,736.4 1700.0 40,7364
Shares, Percent®
Natural

Year Coal Gas Petroleum Electricity Renewables Total
1960 7.2 313 25.6 315 44 100
1965 37 333 234 36.6 3.0 100
1970 1.7 3356 19.5 434 18 100
1975 0.9 312 15.7 50.6 1.6 100
1980 0.6 284 11.5 56.5 30 100
1985 06 254 9.2 61.1 36 100
1987 0.6 241 9.1 62.7 35 100
2000 0.6 23.1 7.5 65.2 36 100
2010 0.2 194 56 70.5 42 100

{a) Shares may not sum to 100% due to rounding.

consistent upward trend with time. The simple
average over the period is about 29.4%. The
generating efficiencies contzined in LREP are
consistent with the historical efficiencies.

The next step calculates the direct fuel shares
on an annual basis for coal, gas, oil, electricity,
and dispersed renewables. The direct fuel shares
are simply the quantity of each fuel divided by the
associated annual total energy consumption. The
direct consumption by fuel type in trillion British
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thermal units (TBtu) and the share of the total by
fuel type for the historical and forecast periods are
shown in Table A.1. These data show that the
electricity share for the buildings sector increased
steadily from 1960 to 1987, and that it is projected
to continue rising through 2010. The share of
dispersed renewables decreased steadily from 1960
to 1975, then increased through 1985 and con-
tinues increasing to the year 2010. The increased
shares of electricity and dispersed renewables are
balanced by the shares of coal and oil, which fall



steadily from 1960 to 2010, and of natural gas,
which declines through 2010 after peaking in
1970.

Indirect Fuel Shares

Electricity is generated from a number of
source fuels that include coal, petroleum, nuclear,
hydro, and renewables. The electricity fuel share
is decomposed into these source fuels to develop
the indirect fuel shares. This is done in three
steps. The first step is to develop a consistent
seties of data for the energy inputs to electric
utilities. The second step is to calculate the share
of each source energy input to total utility energy
use. The final step is 10 multiply the utility input
fuel shares by the direct primary electricity share
{(in Table A.1) for the buildings sector. This
decomposes the direct electricity share into its
respective energy sources.

The first step in estimating the indirect fuel
shares is to ensure that the 2000 and 2010 projec-
tions are consistent in level of detail with the
historical data series for the energy inputs to
electric utilities. The 1960-1987 data are from the
SEDR Table 17, "Estimates of Energy Input at
Electric Utilities." The projections for 2000 and
2010 are from Table 3-6 and Table B-1 of the
LREP. For oil, gas, coal, and nuclear, the LREP
is consistent with the SEDR. That is, the histori-
cal data on oil, gas, coal, and nuclear inputs in
Table 3-6 data are identical to those in the SEDR.
However, in Table 3-6, the LREP aggregates all
renewables (hydroelectric, geothermal, “other”)
into one category, whereas the SEDR provides
estimates for each of these renewable sub-groups.
Table B-1 of the LREP i3 referenced to provide
the breakdown for hydro power and geothermal
and other renewable fuel inputs for the 2000 and
2010 time periods.

For example, the "large hydro” and "small
hydro™ projections from Table B-1 are summed,
then added to net imports of electricity (from
Table 3-6) to produce a hydroelectric number that
is defined consistently with the SEDR. The SEDR
data include electricity imports with hydro
production figures, presumably because the
imports are Canadian hydro. The projeciions of
"other" renewable supplies are obtained by
subtracting the hydro contribution from the
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"Centralized Total" of Table B-1. The utility
energy input data and fuel shares are shown in
Table A2,

The second step in calculating the indirect fuel
shares is to derive the energy input shares for the
utilities. These shares pertain to the energy
supplied to utilities for distribution to the four
sectors of the economy: residential, commercial,
industrial, and transportation. The assumption is
that the utility shares for the buildings sector are
identical to the utility shares for all four sectors.
That is, if, in 1987, 54.9% of electricity is coal-
generated for the entire economy, then 54.9% is
also coal-generated for the buildings sector.

The indirect fuel shares are then derived by
multiplying the utility energy input shares
(Table A.2) by the direct electricity shares for the
buildings sector (Table A.1). This step
decomposes the electricity share into the
respective indirect fuel shares, shown in Table
A3, The indirect fuel shares in Table A3 sum to
the electricity share in Table A.l.

A specific example may be useful. Of each
quad of primary energy supplied to the buildings
sector in 1987, 62.7% was in the form of
electricity (Table A.1), of which 54.9% was coal-
fired (Table A.2). The resulting product provides
that 34.4% is the total share of the generic quad
that was "indirectly" supplied by coal to the
buildings sector. This procedure was then
repeated for the other utility input shares. Other
fuel types do not have the level of associated
losses that electricity has. Natural gas, the other
major fuel type for the buildings sector, has
estimated transmission and distribution losses of
less than 2% in 1987 and 1988 (Energy
Information Administration 198%a).

Summation of the Direct and Indirect
Shares

The total contribution of each primary fuel
supplied to the buildings sector simply involves
adding the nonelectric direct shares from Table
A.l to the indirect shares of Table A.3. For
eample, in 1987, coal provided 0.6% of fuel
consumed directly in the buildings sector and
34.4% of indirect consumption, for a total of



Table A.2. Electric Utility Energy Input Shares by Fuel Type, 1960 Through 1987, 2000, and 2010

Enerpy Input, TBtu

Natural Hydro-

Year Coal Gas Petroieurn Electric = Nuclear Renewables Total

1960 42266  1,785.1 552.7 1,618.0 6.0 23 8,190.7
1965 58214 24085 7220 2,024.8 43.2 7.0 11,026.9
1970 72280 4,476 2,117.3 2,620.1 2393 15.0 16,267.3
1975 8,789.3  3,231.6 3,165.7 3,186.6 1,899.8 72.2 20,345.2
1980 12,1579  3,803.6 2,633.6 3,084.7 2,739.2 114.3 24,5333
1985 14,586.4 3,156.9 1,090.5 3,330.0 4,148.8 212.8 26,5254
1987 15,1148  2,9337 1,256.9 3,054.5 4,046.5 244.5 27,550.9
2000 22,6000  2,7000 1,400.0 3,850.0 6,700.0 1,190.0 38,440.0
2010 31,4000  1,6000 900.0 3,980.0 8,100.0 3,290.0 49,270.0

Shares, Percent(®)

Natural Hydro-
Year Coal Gas Petroleum Electric Nuclear Renewabies Total
1960 516 218 6.7 198 0.1 0.0 100
1965 528 21.8 6.5 18.4 0.4 0.0 100
1970 44.4 24.9 13.0 16.1 1.5 0.1 100
1975 43.2 15.9 15.6 15.7 93 03 100
1980 49.6 15.5 10.7 126 11.2 04 100
1985 55.0 119 4.1 126 15.6 0.8 100
1987 54.9 10.6 4.6 11.1 180 0.9 100
2000 588 7.0 3.6 10.0 17.4 31 100
2010 63.7 32 1.8 81 16.4 6.6 100

(a) Shares may not sum to 100% due to rounding.

35.0%. Table A.4 provides the shares of primary trend may be reversing. Projections show
fuels in the buildings sector. petroleum nearly halving its 1987 share.

The total share of coal increased steadily from Table A.S provides the "generic quad” of
1970 to 1987 and is projected to increase to over buildings sector energy for 1987 and 2010 using
45% of energy supplied to the buildings sector by the source fuel shares from Table A.4 and
2010. The share of nuclear power also steadily converting them to TBtu equivalents. This
increased through 1987, although its share is generic quad is used throughout the report as a
projected to remain virtually flat thereafter. The reference point for quantifying the major physical
share of natural gas declined from its 1970 peak fuel resources, emissions, and economic values
and is projected to continue falling through 2010. associated with buildings sector energy
Petroleum’s share shows a steady decline from consumption.

1960 to 1985, although 1987 indicates that this

Ad



Table A.3. Buildings Sector Indirect Fuel Shares, 1960 Through 1987, 2000, and 2010

Shares, Percent(®)
Natural Hydro- Geo- Renew-
Year  Coal Gas =~ Petroleum Electric = Nuclear  thermal ables Total

1960 16.2 6.9 21 6.2 0.0 0.0 0.0 315
1965 193 80 2.4 6.7 01 0.0 0.0 36.6
1970 19.3 10.8 5.6 7.0 0.6 0.0 0.0 43.4
1975 219 80 7.9 7.9 4,7 0.2 0.0 50.6
1980  28.0 88 6.1 7.1 6.3 0.3 0.0 56.5
1985  33.6 7.3 2.5 7.9 9.6 0.5 0.0 61.1
1987 344 6.7 29 7.0 11.3 0.5 0.0 62.7
2000 383 4.6 24 6.5 114 1.2 0.9 65.2
2010 450 23 1.3 5.7 11.6 1.6 31 70.5

(2) Shares may not sum to 100% due to rounding.

Table A.4. Building Sector Fuel Shares by Source Fuel Type, 1960 Through 1987, 2000, and 2010

Shares, Percent(®)

Natural Hydro-
Year Coal Gas Petroleum Electric Nuclear Renewables Toral
1960 234 38.2 C21 6.2 0.0 44 100
1965 230 41.3 25.8 6.7 0.1 3.0 100
1970 21.0 44.4 25.2 7.0 0.6 1.8 100
1975 227 39.2 235 7.9 4,7 1.8 100
1980 28.6 372 17.5 71 6.3 i3 100
1985 34.3 327 11.8 1.7 2.6 4.1 100
1987 35.0 30.8 12.0 7.0 113 4.0 100
2000 389 27.7 9.9 6.5 11.4 6.5 100
2010 452 217 6.9 5.7 11.6 8.9 100

(2) Shares may not sum to 100% due to rounding.
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Table A.5. Generic Quad of Buildings Sector Source Fuels, 1987 and 2010

. TBtu
Natural Hwydro-
Year Coal Gas Petroieum Electric Nuclear Renewables
1987 350 308 120 70 113 40
2010 452 217 69 57 116 89
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Appendix B

Conversion to Physical Quantities

The conversion of fuels from British thermal
units and fuel shares to equivaient physical
quantities is described in this appendix for coal,
natural gas, oil, and nuclear power. Because no
obvious physical equivalents for hydropower, and
geothermal and renewables exist, no attempt is
made to convert these fuel shares. For coal,
natural gas, and oil, the methodology is simply to
convert the direct and indirect shares for these
fuels (Appendix A) into physical equivalenis using
conversion factors derived from the data im State
Energy Data Report: Consumption Estimates 1960-
1967 (SEDR) and projections in Long Range
Energy Projections to 2010 (LREP) (Energy
Information Administration 1989¢; Office of
Policy Planning and Analysis 1988). For nuclear
power, information from Commercial Nuclear
Power 1989 (Energy Information Administra-
tion 1989b) and World Nuclear Fuel Cycle Require-
ments 1989 (Energy Information Administra-
tion 1989d) is used to make the conversion from
the nuclear [uel share to tons of U;Qy (yellow-
cake) and tons of spent fuel. These conversions
are described separately in the final section of this
appendix

Conversion of Coal, Natural Gas, and Oil

The first step in the conversion process is 1o
derive the physical quantity conversions for the
direct and indirect use of coal, natural gas, and
oil. The physical quantiry data for 1960 through
1987 are drawn from SEDR. Projections for 2000
and 2010 are drawn from LREP. The LREP oil
physical quantity data, expressed in millions of
barrels per day, are multiplied by 365 days to
obtain millions of barrels per year to be compara-
ble to the SEDR data. The physical quantities for
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the fuel types are simply divided by their respec-
tive British thermal unit equivalents to obtain the
physical quantities per TBtu of heat content.

For example, in developing the physical quanti-
ties for direct coal consumption in the buildings
sector in 1987, the 7 million short tons (1 short
ton = 2000 Ib) of coal are divided by the asso-
ciated 165 TBtu (Table A.1) to provide 42.424
thousand short tons of coal per TBtu. Table B.1
provides the direct consumption of physical quan-
tities per TBtu for coal, gas, and oil. The physical
quantities for coal and oil are derived by using the
totals for these fueis rather than by specific fuel
variety. The quantity of coal per TBtu is held
constant at the 1987 level derived from SEDR
because the LREP projections provide signifi-
cantly lower quantities for the forecast periods,
perhaps due to rounding errors.

Although the SEDR categorizes coal into
bituminous and anthracite coal and oil into
distillate, kerosene, and LPG, it is not considered
worthwhile to derive separate conversion factors
for these because most of the coal consumed
directly is bituminous and most of the petroleum
consumed directly is distillate. The added
accuracy of using more disaggregate conversion
factors is considered to be negligible. In addition,
separate conversion factors could not have been
derived for 2000 and 2010, since the LREP pro-
vides only total coal and oil data.

The procedure employed above to derive the
direct physical quantities is replicated to derive
the indirect physical quantities using the total
physical quantity of fuels and British thermal units
supplied to the utilirty sector. The physical



quantities per TBtu for the fossil fuel inputs to dominance of these fuels makes using separate

electric utilities are shown in Table B.2. As with conversion factors for anthracite coal and light oil
the direct physical quantity estimates, separate a negligible gain in accuracy.

conversions for the different varieties of coal and

oil consumed by utilities are not derived. Of the The final step is to develop a weighted average
coal burned by utilities to generate electricity, of the physical quantities of fossil fuel input per
99.9% was bituminous in 1987. Of the petroleum TBtu for the direct and indirect fuels combined
burned, over 90% was heavy oil in 1987. The and to multiply these by the TBtu composition of

Table B.1. Physical Quantities of Buildings Sector Direct Consumption
of Fuel per TBtu, 1960 Through 1987, 2000, and 2010

Consumption Quantity/TBtu

Coal, thousand Natura] Gas, Petroleum,
Year short tons billion ft3 thousand bbl
1960 41.8 966 179.5
1965 42.6 972 180.8
1970 432 977 185.1
1975 48.1 980 186.9
1980 474 g79 182.8
1985 45.3 971 192.0
1987 42.4 972 190.6
2000 42.4 964 189.4
2010 424 962 190.6

Table B.2. Physical Quantities of Buildings Sector Indirect Consumption
of Fuel per TBtu, 1960 Through 1987, 2000, and 2010

Indirect Consumption Quantity/TBtu

Coal, thousand Naturai Gas, Petroleum,
Year short tons billion ft* thousand bbl
1960 41.9 966 159.2
1965 42.1 964 159.3
1970 443 971 160.1
1975 46,2 977 159.8
1980 46.8 968 159.9
1985 476 964 160.5
1987 475 969 159.9
2000 474 963 156.5
2010 47.2 1000 162.3
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the generic quad from Tahle A5 to obtain the Conversion of Nuclear
associated total physical quantities of fossil fuels.

The weighted average quantities per TBtu are This section provides the conversion of the
shown in Table B3. The physical quantities nuclear power share into physical quantities of
comprising the generic quad are shown in uranium ore concentrate and of spent nuclear fuel
Table B.4. for 1987 and 2010. This discussion begins with a

Table B3. Weighted Quantities of Buildings Sector Consumption of
Fuel per TBtu, 1960 Through 1987, 2000, and 2010

Weiphted Consumption Quantity/TBtu

Coal, thousand Natural Gas, Petroleum,
Year short tons billion 1> thousand bbl
1960 479 966 178
1965 422 970 179
1970 44,2 976 180
1975 463 979 178
1980 46.8 76 175
1985 476 969 185
1987 474 an 183
2000 473 964 181
2010 472 966 185

Table B.4. Physical Quantities of Coal, Natura] Gas, and Petroleum
Comprising the Generic Quad of Buildings Sector Energy,
1960 Through 1987, 2000, and 2010

Coal, million Natural Gas, Petroleum,
Year short tons trillion f® million bbl
1960 11.6 369 493
1965 9.7 400 462
1970 9.3 433 45.4
1975 10.5 384 41.8
1980 13.4 363 306
1985 16.3 317 21.8
1987 16.6 299 220
2000 184 267 179
2010 21.3 210 12.8
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brief description of the typical nuclear fuel cycle
to provide a context for the subsequent analysis.
The discussion proceeds with the data sources,
assumptions, and procedure used for converting
the nuclear power shares into physical quantities.

In the United States, the dominant type of
nuclear reactor is the light-water reactor. Of the
107 operable reactors at the end of 1987, only two
were not light-water reactors. The nuclear fuel
cycle for a typical light-water reactor involves two
distinct phases--a "front end” that comprises the
steps necessary to prepare nuclear fuel for reactor
operation, and a "back end” that involves the steps
necessary to manage the highly radioactive spent
fuel.

The "front end” begins with exploration for, and
mining of, uranium-bearing ore deposits. In
general, foreign ores are of a higher grade than
U.S. ores, meaning that the content of uranium
oxide, or U;Oq, is higher. The next step is to
crush and grind the ore and chemically extract the
U;0g; this process is called "milling." The miil
product, called uranium concentrate or "yellow-
cake,” is then sold in pounds or short tons.
Estimates of the reduced demand for yellowcake
associated with 1 generic quad of buildings sector
energy use are provided later in this section for
1987 and 2010.

The next step is to convert the yellowcake to
uranium hexafluoride, UF,, which is solid at room
temperature, but at higher temperatures becomes
gaseous. The UF; is then enriched to increase the
concentration of 25U and allow the nuclear
reaction to be sustained. Finally, the enriched
UEF, is converted into fuel pellets of uranium
dioxide, UQ,, which are then loaded into
corrosion-resistant tubes, called "rods.” The rods
are then loaded into the reactor, and a controlled
nuclear chain reaction initiated. The heat from
this reaction is carried away by water, which, as
steam, passes to a turbine-generator where
electricity is generated,
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When the declining concentration of 25U
reaches the point when the reaction can no longer
be sustained, the reactor is shut down and
refueled. This is the "back end” of the nuclear
fuel cycle. Approximately 25% to 30% of the fuel
is removed during refueling and replaced with
fresh fuel. The spent fuel that is removed is
placed in an onsite storage pool for cooling, after
which it is either sent to be reprocessed or stored.
Currently, much of the spent fuel is being tempo-
rarily stored at the reactor site until a long-term
geologic repository is available to receive the
spent fuel.

This analysis presents estimates for 1987 and
2010 of the required quantities of yellowcake and
spent fuel that are associated with the generic
quad of buildings sector energy consumption.
Commercial Nuclear Power 1989 (Commercial
Nuclear hereafter) presents three supply scenarios
of nuclear capacity growth out to 2020. World
Nuclear Fuel Cycle Requirements 1989 (Fuel Cycle
hereafter) uses these three scenarios to develop
projected requirements for the yellowcake and the
associated discharges of spent fuel, also out 1o
2020.

The first task is to select the scenario that is
most consistent with the LREP nuclear powerpro-
jections used in this analysis. The nuclear-fueled
electricity generation from Commercial Nuclear is
provided in net terawatt-hours (TWh) of delivered
electricity (Energy Information Administration
1989b, p. 14, Table 8). (One terawatt-hour is
equivalent to one billion kilowatt-hours.)
Terawatt-hours are converted to primary energy
quads by multiplying the heat content of a
kilowati-hour, 3412 Btuw/k'Wh, and the inverse of
the conversion efficiency, which in this report
{(Appendix A) is 30.4% for 1987 and 29.2% for
2010. Using the 1987 efficiency, the multiplier to
convert to primary quads is therefore 11,224
Btu/kWh and 11,685 Btu/kWh for 2010.



Of the three cases presented in Commercial
Nuclear, the Upper Reference Case is selected for
use in this report, as it projects 8.89 QBtu of
nuclear fueled primary energy in 2010, about 10%
greater than the LREP projection of 8.1 QBtu.
The Lower Reference Case, by contrast, is 15%
lower. The Upper Reference case numbers are
produced from a long-term aggregated model that
derives nuclear generation requirements as a share
of delivered energy, whereas the Lower Reference
case is a hybrid approach.

Yellowcake Quantities

The next step develops the ratios of yellowcake
input per TBtu of primary nuclear energy.
According to Tabie 2 of Fuel Cycle, (p. 5) the
yellowcake requirements for the Upper Reference
Case are 382 and 54,6 million pounds of Uy04

equivalent in 1989 and 2010, respectively.
Yellowcake fuel cycle requirements are not
provided for 1987, so it is not possible o develop
an estimate of yellowcake requirements per TBiu
with 1987 data. It is not accurate to use the
yellowcake production number for 1987 from the
Annual Energy Review (Energy Information
Administration 1989a) because yellowcake produc-
tion and requirements are not necessarily equal
because of inventory buildup and reductions. This
analysis develops the yellowcake/TBtu primary
energy ratio using the commercial nuclear
generation data for 1588 and the 1989 uranium
requirements from World Nuclear and assumes this
is a reasonable approximation for 1987,

The information used to develop the ratio of
yellowcake per TBtu is shown in Table B.5. The
quantities of yellowcake per TBtu of the primary

Table B.5. Yellowcake Fuel Requirements, Associated Primary Energy,
and Ratio of Yellowcake per TBtu, 1988 and 2010

Yellowcake, Primary Energy, Yellowcake/TBtu,

Year million 1b TBtu thousand 1b
1988/1989 382 5915 6.46
2010 546 8892 6.14

fuel input are projected to be roughly constant
between 1988 to 2010. From the generic quad
(Table A.5), nuclear energy contributes 113 and
116 TBu of the primary fuel for 1987 and 2010,
respectively. Applying the yellowcake require-
ments per TBiu to the nuclear contribution
provides the quantities of yellowcake input
associated with the generic quad for the wo years
as shown in Table B.6. It should be noted again
that the 1987 result was achieved using the
1988/1989 yellowcake/TBtu ratio of Table B.5, due
to the Jack of data on 1987 yellowcake
requirements.
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Table B.6. Quantity of Yellowcake Associated
with the Generic Quad of Buildings
Sector Energy, 1987(®) and 2010

Yellowcake,
Year thousand 1b
1987 729
2010 712

(a) Due to data constraints, the 1987
yellowcake estimate was derived from
the 1988/1989 yellowcake/TBtu ratio.




Spent Fuel Quantities

Spent fuel is wsually measured in metric tons of
heavy metal (MTHM). The discharges of spent
fuel for the Fuel Cycle Upper Reference Case are
estimated at 1900 MTHM per year from 1989
through 1995 and 2200 MTHM per year from
2006 to 2010 (p. 8, Table 5). The spent fuel,
associated primary epergy, and the spent fuel per
TBtu for 1988 and 2010 are shown in Thble B.7.
TO maintain consistency with the calculation for
yellowcake requirements, the associated nuclear
primary energy for 1988 from Commercial Nuclear
is used to develop the ratio of spent fuel per
TBtu.

The final step is to develop the quantity of
spent fuel associated with the nuclear contribution
of the generic quad of energy. This calculation is
the product of the spent fuel per TBtu and the
TBtu quantity of nuclear epergy per generic quad
for the target years. As with yellowcake, the
1988/198% spent fuel/TBtu ratio is applied to
derive the 1987 estimate of spent fuel, on the
assumption that the 1987 and 1988/1989 ratios are
reasongbly close. As shown in Table B.8, the
quantity of spent fuel associated with a quad of
buildings sector energy use is expected to decrease
by about 20% over the time period.

Table B.7. Spent Nuclear Fuel, Associated Primary Energy, and Ratio of
Spent Fuel per TBtu, 1988 and 2010

Spent Fuel, Primary Energy, Spent Fuel/TBtu,
Year MTHM TBtu MTHM
1988 1900 5915 0.321
2010 2200 8892 0.247
Table B8. Quantity of Spent Fuel Associated

with the Generic Quad of Buildings
Sector Energy, 1987(2) and 2010

Spent Fuel,
Year MTHM
1987 363
2010 28.7

(a) Due 1o data constraints, the
1987 vellowcake estimate was
derived from the 1988/1989
spent fuel/TBtu ratio.
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Emission Conversions

The conversion from the Btu quantities of coal,
natural gas, and petroleum to emissions of carbon
dioxide (CO,), nitrogen oxides (NO,), and sulfur
dioxide (SO,) is described in this appendix.
Comparable emissions estimates are not
developed for combustible renewables for two
reasons: 1) small quantities are consumed in the
buildings sector and 2) disaggregate estimates of
the quantities of combustibles are not available in
the State Energy Data Report (SEDR) (Energy
Information Administration 1989) or Long Range
Energy Projections to 2010 (LREP) (Office of
Policy, Planning and Analysis 1988).

CO, Conversions

The development of CO, emissions is based
upon A Preliminary Analysis of U.S. CO, Emissions
Reduction Poteniial from Energy Conservation and
the Substitution of Natural Gas for Coal in the
Period to 2010 (CO, Emissions) (Edmonds et
al. 1989). Carbon dioxide emissions are developed
per TBtu and for the generic quad of buildings
sector energy for coal, natural gas, and petrolenm.

The emission of CO, is a byproduct of the
oxidation that occurs during fossil fuel combus-
tion. Two technology-based alternatives to reduce
CO, emissions are to remove the carbon from the
fuels before combustion or to remove it from the
exhaust stream. For this analysis, neither of these
alternatives is considered, as there is no current
policy action under development tbat would
require CO, removal. A third alternative to
reducing CO, emissions is to substitute fuels with
low or no emissions for those with higher emis-
sions. Fuel substitution is also not considered, as

this analysis focuses on the generic quad for
current consumption and the projections to 2010
from LREP.

The average emission coefficients of CO, in
grams of carbon (gc) per TBiu are shown in
Table C.1.) Coal has the highest coefficient,
with 25.1 billion grams of carbon released per
TBtu of heat content; natural gas is the lowest,
with about 14.5 billion grams/TBtu.

The average emissions coefficients are applied
to the Btu quantities of the three fossil fuels that
make up the generic quad from Table A5 w0
develop the total CO, emissions that are asso-
ciated with the generic quad of energy as shown in
Table C.2. For example, in the year 2010, the
generic quad of energy is projected to contain
452 TBtu of coal-supplied energy, which suggests
that coal will contribute 11.35 trillion grams of
carbon to the generic quad total of 15.89 trillion
grams of carbon.

Table C.1. Average CO, Emission Coefficients
per TBtu for Coal, Natural Gas, and

Petrolieum
Average Emission,
Fuel billion gc
Coal 25.109
Natural gas 14.454
Petroleum 20.256

(a) In the literature on CO,, emissions, it is the convention to
state emixsions in grams of carbon, which comvert to CO,
in the atmosphere.



Table C.2. CO, Emissions by Fuel Type and Total for the
Buildings Sector Generic Quad of Energy, 1987

and 2010
Emission, trillion gc
Year Coal Natural Gas Petroleum tal
1987 8.79 4.45 243 15.67
2010 11.35 3.14 1.40 15.89

To put the quantities of carbon emtissions in
perspective, the estimated global carbon emissions
were 5.2 petagrams (PgC, 10'° grams of carbon) in
1985, of which the estimated U.S. contribution
was 1.25 PgC (24%) and the buildings sector
contribution was 0.42 PgC (8%). The amount of
carbon in the generic quad for 1985 was approxi-
mately 0.3% of the world total, 1.3% of the U.S.
total, and 3.7% of the buildings sector total.
Projected carbon emissions for 2010 are not avail-
able for the world, but are 1.73 PgC for the
United States and 0.6 PgC for the buildings sector.
The quantity of carbon in the generic quad
accounts for about 0.9% of the estimated U.S,
emissions and 2.7% of the total buildings sector
emissions in 2010.

In both 1985 and 2010, the share of total
emissions associated with the generic quad is
nearly identical to its share of global and U.S.
energy consumption, as shown in Table C.3.

SO, and NO, Conversions

The development of SO, and NO, emissions is
based upon Interim Assessment: The Causes and
Effects of Acidic Deposition. Volume II - Emissions
and Controls (National Acid Precipitation
Assessment Program [NAPAP] undated). This
document provided information on historical and
projected emissions of SO, NO,, and volatile
organic compounds from man-made and natural

Table C.3. Comparability of Buildings Sector Shares of Carbon Emissions and

Energy Consumption

Carbon Emissions, %

Energy Consumption, %

Buildings Buildings
Year Global .S, Sector Global U.S. Sector
1985 03 1.3 3.7 0.3 1.3 3.6
2010 --@® 0.9 2.7 --@) 09 2.5

(a) Projection not available.
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sources, as well as a description of alternative
emission control technologies.

The estimated quantities of SO, and NO, were
developed for the generic quad of energy for only
coal-fired electric generating plants. This some-
what restricted quantification was chosen for the
following reasons:

¢ In 1980, approximately 62% of total SO, emis-
sions was accounted for by coal-fired power
plants. Other fossil fuel-fired power plants
pravided about 5% of the total, direct residen-
tial and commercial fossil fuel consumption
provided 4% of the total emissions, and indus-
trial and transportation sector fossil fuel
consumption provided about 29% of total SO,
emissions. In 1985, coal-fired power plants’
share of total estimated CO, emissions
(21.2 million metric tons) increased to
approximately 67%. The increasing importance
of coal-fired emissions and the decreasing use
of oil and coal at the building site is the basis
for focusing on the former.

¢ The total estimated U.S. NO, emissions in 1985
was 19.3 million metric tons of NO,, of
which almost 339 (6.3 million metric tons) was
provided by fossil-fueled power plants. Coal
was the dominant fuel source, providing nearly
78% of electric utility fossil fuel input. In
addition, the increase in NO, emissions over
the 1975-85 decade was driven entirely by the
dramatic rise in utility coal use. The NAPAP
source also combines buildings fuel use with
aircraft, railroads, vessels, off-highway vehicles,
and industrial processes in an "Other" category,
and does not provide more disaggregate detail.

Total SO, emissions decreased at an annual
rate of 1.9% (from 25.8 to 21.2 million metric
tons) for the United States as a whole from 1975

(a) The comvention in the acidic deposition literature is to
state NO, emissions in tons of NO,. Most anthropogenic
nitrogen xides are emitted as pitric oxide; however, NO
is wsually quickly converted to NO, in the atmosphere.

C3

to 1985 and at an annual rate of 0.8% (from 15.4
to 14.2 million metric tons) for the coal-fired
electric utility sector. At the same time, electric
utility coal consumption increased from 406 10694
short tons (SEDR), an annual increase of 5.5%.
The decrease in emissions is largely the result of
control technologies brought about by the New
Source Performance Standards (NSPS) and by the
increased use of low-sulfur coal. The New Source
Performance Standards were established as part of
the Clean Air Act to set emissions ceilings for
new power planis. As such, the 1971 NSPS have
affected new capacity coming on line between
1972-1980, while the revised 1979 NSPS have
affected capacity in the 1980s. It is important to
note that the NSPS do not pertain to plants that
were on line before the standards were
promulgated.

The base case projection in the NAPAP
Interim Assessment, assuming no further restriction
in the NSPS requirement and no penetration of
improved technology, is that utility sector SO,
emissions from coal-fired plants will remain nearly
constant through 2010 and then will begin to
decline as pre-NSPS plants are retired. In con-
junction, total U.S, SO, emissions are expected to
increase to about 23 million metric tons per year
by 2010, which provides that the utility share of
total will remain constant at about 65%. A
scenario providing a more restrictive NSPS
requirement wouwld result in a decrease of about
1 million metric tons of utility-generated SO,
emissions by 2010 (Interim Assessment, pp. 3-17 to
p- 3-18, and Figure 3-8).

Total U.S. NO, emissions increased about 0.4%
per year from 1975 to 1985, from 18.6 to 19.3
miilion metric tons. For the utility sector, the
annual rate of increase was about 2.8%, from 4.8
to 6.3 million metric tons. Of the four sectors
identified in the Interim Assessment (highway
vehicles, power plants, industrial, and other), the
utility sector was the only one showing an increase
in NO, emissions, and this increase was driven
entirely by the rise in coal used over the period.



Oil use fell, and natural gas use remained constant
from 1975 to 1985. Emissions of utility-
generated NO, are projected to increase to about
9 million metric tons by 2010 because the NSPS
requirements for NO, emissions do not require as
large a percentage reduction as for SO, emissions,
and the number of power plants is projected to
increase. At the same time, total U.S. NO, emis-
sions are expected to increase to neariy 27 million
metric tons per year in 2010, which provides that
the utility sector share will remain constant at
33%. The scenario providing for more restrictive
NSPS requirements shows NO, emissions increas-
ing less rapidly, reaching a level of about

8 million metric tons by 2010 (Jnterim Assessment,
p- 3-18, Figure 3-8).

The revised NSPS 1979 requirement limits SO,
emissions to a ceiling of 0.6 Ib/million Btu (MBtu)
of heat content for low-sulfur coals, increasing to
1.2 1b/MBtu for higher-sulfur content coals. This
analysis develops two SO, emissions scenarios for
2010 that are consistent with NAPAP’s projec-
tions of future SO, emissions (Interim Assessment,
Figure 3-3 and Figure 3-8). The first scenario
assumes continuation of the current NSPS te 2010
with no tightening of the standards. This analysis
handled this assumption by assuming that the
emissions in 2010 are limited to 0.9 1b/MBtu,
which is the simple average of the low- and high-
sulfur rates. The coal data and information from
SEDR and LREP do not provide information on
different sulfur content coals, so-it was not
possible to develop a weighted average emissions
factor. (For comparison, it is worth noting that
the emissions rate, averaging across all coal-fired
capacity, was 1.9 1b/MBtu in 1987.) The second
scenario, based on & sensitivity analysis in NAPAP
for 8O, emissions from tightening the NSPS,
assumes that in 2010 the high-sulfur coal require-
ment remains at 1.2 1b/MBtu but that the low-
sulfur coal requirement tightens to 0.15 Ib/MBtu.
Taking the simple average of these rates yields
0.68 Ib/MBtu. These emission quantities translate
to 900,000 and 680,000 1b/TBtu for the current
NSPS and "higher compliance” scenarios,
respectively.
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A similar approach was taken for NO, emis-
sions from coal-fired power plants, and two
NAPAP scenarios were assessed. The frst
scenario assumes continuation of the current
NSPS regulations for NO, emissions. Current
NSPS require ceilings of 0.6 1b and 0.5 1b/MBtu
for bituminous and subbituminous coals, respec-
tively. (Bv comparison, emissions of NO,,
averaging across all coal-fired capacity, were about
0.89 1b/MBtu in 1987.) A simple average of the
coal types was taken, i.e., 0.55 Ib/MBtu, as
information was not availabie in SEDR and LREP
on coal types to develop a weighted average
emissions factor. The second scenario assumes
that the NSPS requirements for NO, emissions
are tightened, and would be set to achieve a 65%
reduction in potential emissions. Unlike SO,
NAPAP did not also provide an emissions ceiling
for NO, emissions, However, according to one of
the principal authors of Chapter 3 of the Interim
Assessment, a ceiling of about 0.3 Ib/MBtu would
approximately achieve such a 65% reduction, and
wouid aiso be consistent with currently available
NO, control technologies.) These emission rates
translate to 550,000 and 300,000 1b/TBtu for the
current NSPS and "higher compliance™ NSPS
scenarios, respectively.

The emissions of SO, and NO, developed for
the generic quad for 1987 and 2010 are shown in
Table C.4 for the current NSPS and the "higher-
compliance” scenarios. For 1987, the emissions
associated with the generic quad are developed
from the emissions rates when averaged across all
coal capacity, which includes both "clean” NSPS
and "dirty” pre-NSPS plants. These rates are, by
definition, higher than the NSPS ceiling limits. By
contrast, in 2010 many more coal plants are
NSPS-regulated, due to the retirement of older
capacity, so the emissions rate averages across all
plants will be considerably lower.

(a) Phone conversation with Dave G. Sireels, Argonne
National Laboratery, June 6, 1990.



Table C.4. Generic Quad of Energy SO, and NO, Emissions
for NSPS-Based and High-Compliance Scenarios,

1987 and 2010
SO, (million 1b)
Current High-
Year NSPS Compliance
1987 654 N/A
2010 405 304

_NO, (million 1b NO,)

Current High-
NSPS Compliance
310 N/A
248 135

The quantities shown in Table C.4 are the
product of the pounds per TBtu and the TBtu
contribution of utility coal (from Table A.3) to
the generic quad of energy. For example, the
product of the 2010 current NSPS SO, emissions
level of 900,000 1b/TBtu and the 450 TBtu of coai
consumption yields SO, emissions of 405 million
Ib. Under the high-compliance scenario, the
associated emissions would drop to about
304 miilion 1b.

The share of total U.S, SO, and NO, emissions
associated with the generic quad of energy in 1985
was approximately 1.5% and 0.7%, respectively.
For 2010, SO, emissions associated with the
generic quad are projected to be about 0.8% for
the NSPS scenario and about 0.6% for the high-
compliance scenario. The share of total NO,
emissions in 2010 associated with the generic quad
is projected to be about 0.4% for the NSPS
scenario and 0.2% for the high-compliance
scenario.
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Economic Valuations

The economic valuations of the generic quad of
energy are presented in this appendix from two
perspectives. The first includes the initial invest-
ment for the electric generating resource, the
value of the annual fuel input, and the projected
spent fuel storage costs in the case of nuclear fuel,
as well as the projected decommissioning costs for
nuclear generating plants. The second perspective
is the annual value of the 1 quad of energy to
consuiners as fuel costs. This perspective includes
the amortized value of the capital investments to
provide the energy, as well as the annual fuel
COS(S.

The two valuations are useful as alternative
ways of viewing the value of providing the energy-
-total investment requirement compared to the
annual "mortgage" payment. However, it should
be recognized that they are neither compatable
nor additive.

The first section details the conversions for
translating the electricity component of the 1 quad
of energy to coal and nuclear generating capacity
and the value of this capacity. Included in this
section is the estimated cost of decommissioning
the nuclear generating capacity at the end of its
useful life. The next section provides the annual
value of the source fuels that comprise the generic
quad of energy. This value is expressed in terms
of the wholesale or commodity trading price of
the fuel resource. Also included in this section is
the projected value of storing the spent muclear
fuel. The final section provides the annual value
of the delivered energy to CONSUMETS.

D.1

Electricity Generating Capacity
Requirements and Values

This section develops the conversions to
transiate delivered electricity to generating
capacity needs. An examination of current
capacity (stated in terms of summer capability) by
major type of generation from Historical Plant
Costs 1987 shows the approximate shares of the
1987 total existing capacity of 674,144 MW 1o be
distributed by generating equipment type as
follows: fossil-steam, 65.0%; gas-turbine, 6.5%;
hydroelectric, 13.3%; and nuclear, 13.9% (Energy
Information Administration 1989b). The fossil-
steam capacity is approximately 80% coal burning,
with the remainder supplied by oil and natural
gas. These shares correspond reasonably closely
to the 1987 fuel share inputs, when accounting for
capacity factors, to eleciric utilities developed in
Table A2 of Appendix A.

The fraction of electricity generating capacity
that is coal-fired is projected to increase even
further in the future. Table A2 (Appendix A)
shows the coal fuel share, excluding other fossil,
increasing to nearly 64% in 2010, while nuclear’s
share decreases slightly to about 16% in the year
2010. Coal energy input increases by about
16,300 TBtu from 1987 to 2010, and nuclear
increases by about 3,200 TBtu. This implies that,
of the combined coal and nuclear capacity addi-
tions, approximately 84% will be coal and 16%
nuclear. The quantities of natural gas and
petroleum fuel input to electric utilities are



projected to decrease, implying that capacity
additions for these fuel types will be small, if they
occur at all. While hydro and renewabies capacity
are both projected to increase to 2010, this
analysis does not focus on these fuels.

Based upon the high current and projected
shares of electricity generating capacity and
capacity additions that are coal and nuclear, the
conversion factors for translating delivered
electricity to units of capacity were developed only
for coal and nuclear fuel capacity.

Electrical Energy to Capacity Conversion Factors

The methodology for developing conversion
factors to translate delivered electrical energy (in
Btu) to units of electrical generating capacity (in
KW) is developed here. The formula for this con-
version is expressed as

kW Generating Capacity = TBtu Delivered Elec-
tricity/(3412 Btu/kWh)/8760 hr/Capacity Factor

The key assumption in this formula is the value
chosen for the projected capacity factor, which
reflects the utilization of the generating plant.
Values typically used in energy analyses are in the
range of 60% to 70%. Actual capacity factors for
nuclear, reported in Annual Energy Review 1988,
averaged about 58% over the 1982-1988 period
(Energy Information Administration 1989a).
Capacity factors for coal-fired plants in 1986 and
1987 were between 56% and 57% (Historical Plant
Costs 1986 and 1987). This analysis uses capacity
factors of 60% and 55% for nuclear and coal,

respectively.

The sensitivity of the conversion is illustrated
for 100 TBtu of delivered electrical energy for the
capacity factors as follows:

Required

Fuel Type/Capacity Factor kW Capacity
Coal 0.55 6,083,089
Nuclear 0.60 5,576,165
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The difference of 506 thousand kW of capacity
due to the selection of capacity factor value is
important. It is equivalent to about one 500-MW
coal-fueled power plant..

For 1987, 344 TBtu of coal-based input energy
(Table A.3) is about 105 TBtu of delivered
electricity, which converts using the above formula
to about 6,387,000 kW of coal-fueled capacity.
The 113 TBtu of nuclear-based input energy is
about 34 TBtu of delivered electricity, which
converts to about 1,896,000 kW of nuclear
generating capacity. The calculations for 2010
indicate that the respective coal and nuclear
energy inputs of 450 and 116 TBtu (Table A.3)
are about 132 and 34 TBtu of delivered electricity,
which convert to about 8,030,000 and
1,896,000 kW of capacity. These are the coal- and
nuclear-fueled electricity capacity requirements
that contribute to the generic quad of energy in
1987 and 2010.

Capacity Value

Estimates of the capital cost of installed
generating capacity vary substantially. Recent
experience for coal-fueled capacity range from
$593/kW to $1935/kW for the period 1982 to 1987
in 1987 doilars (Energy Information
Administration 1989b). These compare 10 values
ranging from $1210/kW to $1760/kW assumed for
load forecasting purposes in the Pacific Northwest
{Northwest Power Planning Council 1989).

Experience with nuclear capacity additions is
more varied for the recent past, ranging from
$1229/kW to $4443/kW for the period 1982 to
1987 (in 19873) (Energy Information
Administration 1989b).

For this discussion, values of $1000/kW and
$2600/kW are used for coal and nuclear capacity
additions in 1987 dollars. The cost per kilowatt of
instailed coal capacily is the capacity-weighted
average from 18 coal plants completed in 1982
through 1987 (Energy Information Administration
1989b). The cost per kilowatt of insialled nuclear



capacity is the capacity-weighted average from 18
nuclear planis that came on line over the 1982-
1987 period (Energy Information Administration
1989b). Included in these capital cosis are
expenditures for land, land rights, structures,
improvements, and equipment. The calculations
in this section show that combined coal and
nuclear electric generating capacity of

8,283,000 kW and 9,926,000 kW associated with
the generic quad of source energy in the years
1987 and 2010 have a capital investment value of
approximately $11.3 billion and $13.0 billion in
current dollars for the respective years.

Nuclear Capacity Decommissioning Value

Empirical information on the cosis of
decommissioning a large nuclear plant does not
currently exist, because no large facility has yet
been decommissioned anywhere in the world. As
such, estimates of future decommissioning costs
from a range of reports show a very wide disper-
sion, from 5% to 200% of the original capital cost
of construction. Since the average construction
cost of 13 nuclear plants that came on line
between 1982 and 1986 was $3.7 billion (in 1987
dollars), decommissioning costs for these plants
could range from 30.19 to $7.4 billion based on
the previous range of estimates (in 1987 dollars).
In this context, it is illustrative to note that in
1987, California’s Public Utility Commission ruled
that Pacific Gas and Eleciric must set aside
$3.89 billion for dismantling its Diablo Canyon
reactor, which is about 72% of the initial invest-
ment outlay of $5.40 billion. In addition, decom-
missioning of DOE’s small (72-MW) Shippingport
plant is expected to run about 31136 per kW
(1985 dollars). The cost of constructing nuclear
capacity in the 1980s was 32600 (1987 dollars).
Expressing Shippingport’s decommissioning costs
as a percentage of the current investment cost
yields a figure around 45%.

It is apparent from the decommissioning
literature that no one really knows what it will
cost to decommission a large (1000-MW) nuclear
facility. There are many uncertain factors. The
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future regulatory climate could tighten consider-
ably, raising the cost of decommissioning. In
addition, the issue of projecting costs accurately
for long-term projects has frequently vexed
policymakers, and rarely have cost estimates been
too high. On the other hand, learning curve
effects could yield important benefits, although it
is hard to conceive of a 1000-MW, highly radioac-
tive nuclear plant being decommissioned for less
than a quarter of a billion dollars. Given all this
uncertainty, this report uses a decommissioning
cost that is 50% of the initial investment cost of
$2600/kW. This is simply a rough average of the
lowest decommissioning figure availabje and one
equaling 100% of the investment cost. For the
nuclear capacity associated with the generic quad
in 1987, the decommissioning costs would there-
fore be about $2.5 billion (in 1987 dollars); in
2010, the costs would be the same,

Source Fuel Valuations

This section provides the valuations of the
source fuels or primary energy that comprise the
one quad of generic energy and, in the case of the
nuclear fuel share, the fuel valuation includes the
projected cost of storage and disposal of the spent
fuel. The value of the fossil fuel inputs provided
in the first subsection is expressed in terms of the
wholesale market costs, such as the commonly
referenced dollar price per barrel of oil. The
second subsection provides the projected cost of
uranium concentrate (yellowcake) requirements
for the nuclear share of the generic quad. The
third subsection provides the projected cost of at-
reactor storage of the spent fuel associated with
the generic quad.

Source Fossil Fuel Valuation

The value of the source fuel inputs is devel-
oped for coal, natural gas, and petroleum for 1987
and 2010. The value is stated in 1986 dollars and
is based upon the resource cost of these fuels in
LREP (Office of Policy, Planning and Analysis
1988, Table 3-3, p. 3-13). The calculation is the
product of the physical quantity of the fuel to the



generic quad (Table B.4) multiplied by the
resource price, as shown in Table D.1. The
resource prices from the LREP are stated in 1986
estimated dollars rather than in 1987 dollars.
However, since the rate of inflation from 1986 to
1987 was 3%, this is not a significant
understatement. This calculation shaws the total
value of the fossil fuel inputs for 1987 and 2010 to
be about $1.3 billion and $3.2 billion, respectively
(in 1986 dollars).

Current imports of these fuel types vary.
Petroleum is the highest, with nearly 40% of 1987
U.S. consumption accounted for by imports.
Approximately 5% of natural gas is imported, and
the United States is a net exporter of coal. Given
the level of petroleum imports, it is reasonable to

assume that the oil comprising the generic quad of
buildings sector energy was imported and
accounted for about 3308 million of the 1987 U.S.
merchandise trade deficit, and will increase to

3675 million in 2010.

Uraniom Concentrate Valuation

The purpose of this section is to place an
approximate economic value on the uranium
concentrate associated with the nuclear share of
the generic quad of buildings sector energy
consumption. Table B.6 of Appendix B shows
that the yellowcake requirements for the generic
quad of buildings sector consumption are
729 thousand and 712 thousand pounds for 1987

and 2010, respectively.

Table D.1. Resource Value®) of Buildings Sector Generic Quad of Source Fuels,

1987 and 2010
Coal Natural Gas
Quantity,
million Cost, Value, Quantity, Cost, Value,
Year shorttons $/fton 3 million trillion fi $/million ft>  $ million
1987 166 25,46 423 299 1.87 559
2010 21.3 37.70 803 210 8.02 1,684
Petroleum Yellowcake
Quantity, Quantity, TOTAL
million Cost Value, thousand  Cost, Value, VALUE,
Year  barrels $mbarrel  $ million pounds hTils] $ million $ million
1987 22.0 13.98 308 729 27.00 20 1,310
2010 12.8 5270 675 712 27.00 19 3,181

(a) Resource value is expressed in terms of 1986 dollars.
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The valuation of the yellowcake, which is
imported, is more complex than for petroleum
because domestic sources of supply are 40% to
50% more expensive than foreign supplies,
whereas a world oil price exists. The average
price per pound for domestic and imported
uranium oxide is shown in Table D.2 for 1983
through 1987, These prices multiplied by the
yellowcake quantities required by the generic quad
provide the total value of the yellowcake for 1987
and 2010, as shown in Table D.3 for domestic and
foreign sources of supply. The source for the
yellowcake prices, Uranium Industry Annual 19588
(Energy Information Administration 1989¢c), does
not provide projections of future prices, so the

total value was calculated assuming that the 1987
per unit price remains constant through 2010.

In 1987, the U.S. nuclear industry imported
51% of its yellowcake. Of that amount, 98% was
from Canadian suppliers, according to Uranium
Industry Annual. Import commitments for delivery
from 1988 to beyond 2000 are expected to be 67%
Canadian and 33% Australian. Given the large
share comprised by imports and the sources of
supply, it is likely that a large share of the supply
will continue to be met by imports.

The value of the uranium from Table D.3 to
use in evaluating the generic quad is dependent

Table D.2. Average Prices for Uranium Oxide, 1983-1987

Average Price, $/1b U,0q

1983 1984
Domestic 3821 3265
Imported 2616 2186

1985 1986 1987
31.43 30.01 2731
20.08 20.07 19.14

Note: Prices shown are quantity-weighted averages in year-of-
delivery dollars (Energy Information Administration 1989,
p. 44, Table 35, and p. 50, Table 42)

Table D.3. Value of U304 Comprising the
Generic Quad of Buildings Sector

Energy
U304 Value,
millions of 1987 dollars
Year Domestic Imported
1987 20 14
2010 19 14
Note: Both valuations are estimated

with the 1987 price of U0
from Table D.2.
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upon the source of supply that a reduction in
demand would impact. In the case of petroleum,
the price for both sources is the same, i.e., there
isyellowcake, and it is unilikely that domestic
suppliers would be "protected,” given the recent
free 1rade agreement signed with Canada.
Therefore, this analysis assumes that the demand
reduction associated with 1 quad of buildings
sector energy conservation would affect domestic
supply, and the domestic yellowcake fuel price is
used to vaiue the yellowcake (Table D.1).



Spent Fuel Storage Valuation

This section develops an estimate of the cost of
storing the radioactive spent fue] that is dis-
charged during the "back end" of the nuclear fuel
cycle. The assumptions of this analysis and the
underlying cost estimates are from the Final
Version Dry Cask Storage Study (Dry Cask) (Office
of Civilian Radioactive Waste Management 1989).

Currently, spent fuel is stored under water in
storage pools at reactor sites. These pools were
designed to store a limited amount of spent fuel
under the assumption that the fuel would be
removed in a few years for chemical reprocessing.
Ultimately, if there is insufficient storage-pool
capacity, the utility must either remove some of
the fuel from the water or cease operation. Two
short-term solutions to this problem are 10 store
some of the fuel from the pool in a dry mode,
called dry cask storage, or to consolidate the fuel
rods within the storage pool. The long-term solu-
tion, not yet available, is to store the spent fuel in
an intermediate and/or permanent repository.

The central reference case examined (Dry Cask)
assumes that there is no monitored retrievable
storage facility for the intermediate storage of
fuel, and that the geologic repository for long-
term storage will not accept spent fuel before
2003. (At the current time, it does not appear
that a permanent geologic repository will be built
and ready to accept fuel until after 2010.) In
addiuon, the report projects that even with the
repository, the rate at which spent fuel will be
discharged will exceed the rate at which it is
removed from the reactor storage site until past
the year 2010, As a consequence, at-reactor
storage emerges as au important means of manag-
ing and storing the spent fuel for the intermediate
term.

Five technologies considered in Dry Cask are in-
pool rod consolidation, metal casks, concrete
casks, horizontal concrete modules, and moduiar
concrete vaults. In-pool rod consolidation has

been demonstrated on a limited basis in the
United States, although no production-scale
campaigns have been conducted. The storage of
fuel in metal casks is currently the most mature of
the dry-storage technologies in the United States,
and has been demonstrated since 1984. Concrete
cask storage has not been implemented in the
United States, but has been used extensively in
Canada. One facility using horizontal concrete
modules has been licensed in the United States,
and others are in various stages of development.
Modular concrete vaults have not been imple-
mented in the United States, although they are
extensively used in the United Kingdom.

Table D.4 provides the high- and low-cost
estimates per kilogram of heavy metal storage for
each option. The estimates show the expecied
average cost per kilogram for three different levels
of increase in spent fuel storage capacity. The
capacity increases are given in metric tons of
heavy metal (MTHM). (One metric ton is equal
to 1000 kg.) Economies of scale are evidenced for
each of the options.

To value the spent fuel associated with the
generic quad of buildings energy use, two
assumptions are made. First, the metal cask
technology is selected as the method of storage
because 1) onsite pool storage capacity is very
limited and 2) it is apparently commercially viable
and has been demonstrated in a world price of oil,
so it was assumed that a reduciion in demand
would be felt in the import sector. However, this
is not the case for the United Siates. Second, the
cost selected, $80/kg, is the simple average for the
range for the 300-MTHM storage capacity level.
This level is chosen because it is the mid-case.
The estimated quantities of spent fuel for 1987
and 2010 are 36.3 and 28.7 MTHM, respectively,
which provides a storage value of approximately
$3 million in 1987 and 2.3 million in 2010.

These costs are a lower-bound estimate of total
storage expenses because they reflect short-term



Table D4. At-Reactor Unit Storage Costs for Spent Fuel for Five Storage Technologies

Unit Storage Costs, $/kg heavy metal(®)

by Storage Capacity Level

Storage Technology 100 MTHM 300 MTHM 1000 MTHM
In-Pool Rod Consolidation 40-75 30-50 N/AD)
Metal Casks 60-115 55-105 55-100
Concrete Casks 50-110 45-95 45-85
Horizontal Concrete Modules 60-80 45-60 40-55
Modular Concrete Vaults 105-155 70-105 45-70

{a) Costs show a low-high range, and are average costs.

{b) An increase of 1000 MTHM is not applicable to rod consolidation because at a
typical reactor not much more than approximately 350 MTHM of additional
storage space can be gained through consolidation.

Source: Office of Civilian Radioactive Waste Management (1989, p. 1-86).

storage only and do not include long-term storage
cOsts in geologic repositories, which are currently
unknown.

Consumer Savings

Another way to view the economic value of the
generic quad of energy is from the perspective of
the final consumer--the owners and occupants of
residential and commercial buildings who pur-
chase the delivered energy. From economic
theory, the consumer’s perspective will capture all
of the above valuations, because investment in
new capacity and the purchase, conversion, trans-
portation/transmission, and disposal of the fuels
will be capitalized in the billing rate t0 the final
CONSumer.

The one quad of generic source energy, as it is
billed to the final consumer at the building site, is
separated by the residential and commercial
sectors to develop the consumer value, because
the prices for the fuels in the two sectors are
different. The fuel quantities associated with the
generic quad and the prices by sector for 1987 and
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2010 are shown in Table D.5 with the total
consumer value of the energy. The electricity
quantities are expressed in delivered energy to
correspond to the price data used from LREP
(p. 3-13, Table 3.3).

It should be noted that the prices in LREP are
average, and not marginal, prices. To estimate the
expenditures by consumers most accurately, eco-
nomic theory indicates that marginal prices are
preferable to average prices. LREP contains only
the latter, however.

The prices for coal and renewable energy
sources consumed on-site for the residential and
commercial building sectors are not available in
the LREP forecasts. These two fuels comprise
less than 9% of the total projected site
consumption for the generic quad in both years.
Given this, the estimated annual consumer value
of $5.5 billion and $7.6 billion for the generic
quad for 1987 and 2010 is on the low side, yet is
consistent with the other values derived in this
appendix, as renewables were not included in the
other estimations.



Table D.5. Consumer Value of One Generic Quad, 1987 and 2010

Residential Commercial

Total $198s/ $1986/ ‘Total Value,
Year Fuel TBtu TBtu MBtu_ TBtu MBtu millions
1987  Petroleum 91 50.0 446 410 3.08 349
Natural Gas 241 154.2 557 868 4.94 1288
Electricity(® 191 101.2 2034 898  20.56 3905
Total 5542
2010  Petroleum 56 24.1 1239 319 1003 619
Natural Gas 194 114.5 11.28 795 10.80 2150
Electricity(®) 207 114.3 2352 7 2341 4858
Total 7627

(a) Electricity is expressed in TBtu of delivered energy; conversion to source Btu may be
accomplished by dividing the 1987 quantity by 0.304 and the 2010 quantity by 0.292.

The consumer value for the three fuel types is
also developed on a per TBtu basis as shown in
Table D.6 using the information in Tabie D.5.
The values in million dollars per TBtu are showm
for residential and commercial sectors separately
and for the two sectors combined on a weighted
average basis.
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Table D.6. Consumer Vaiue per TBtu of Petroleum, Natural Gas, and
Primary Electricity, 1987 and 2010

1987 Value millions of 1986 Dollars

Residential Commercial Combined
Petroleun 4.46 3.08 3.84
Natural Gas 5.57 4,94 534
Electricity(® 20.34 20.56 20.44

1987 Vailue, millions of 1986 Dollars

Residential Commercial Combined
Petroleum 12.39 10.03 1105
Natural Gas 11.28 10.80 11.08
Electricity(® 23.52 23.41 23.47

(a) Electricity prices are expressed in million dollars per TBtu delivered
energy; conversion to value per TBtu source energy may be accomplished
by multiplying the 1987 value by 0.304 and the 2010 value by 0.292.
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Appendix E

Residential and Commercial Fuel Share Tables

Table E.1. Direct Energy Consumption and Fuel Shares in the Residential Buildings Sector,
1960 Through 1987, 2000, and 2010

Shares, Percent(®)

Natural Dispersed
Year Coal_ Gas Petroleum Electricity Renewables Tbtal
1960 4.6 36.2 25.5 27.0 6.8 100
1965 24 379 234 317 - 47 100
1970 11 36.1 20.1 39.7 29 100
1975 0.6 338 16.8 46.1 27 160
1980 0.4 30.6 11.0 53.0 5.0 100
1985 0.4 281 9.5 55.9 6.2 100
1987 0.4 26.8 9.3 575 6.0 100
2000 0.5 249 6.2 62.6 5.7 160
2010 0.4 20.2 44 69.2 57 160

(a) Shares may not add to 100% because of rounding.

Table E.2. Residential Buildings Sector Indirect Fuel Shares, 1960 Through 1987, 2000,

and 2010
Shares, Percent(®)
Naturzl Hydro-
Year Coal Gas Petroleum Electric Nuclear Renewables  Total
1960 13.9 59 18 53 0.0 0.0 269
1965 16.7 6.9 2.1 58 0.1 0.0 31.6
1970 17.7 99 52 6.4 0.6 0.0 39.8
1975 19.9 7.3 7.2 72 43 0.2 46.1
1980 26,2 82 57 6.7 59 0.2 52.9
1985 30.7 6.7 23 7.0 8.7 0.4 55.8
1987 31.5 6.1 2.6 6.4 103 0.5 574
2000 36.8 44 2.3 6.3 109 1.9 62.6
2010 441 22 1.3 5.6 114 4.6 69.2

(a) Shares may not sum to total because of rounding.
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Table E.3. Residentiai Buildings Sector Fuel Shares by Source Fuel Type, 1960 Through
1987, 2000, and 2010

Shares, Percent(®

Natural Hydro-
Year Coal_ Gas Petrcleum Electric = Nuclear Renewables  Tbtal
1960 18.5 42.0 273 53 0.0 6.8 100
1965 19.1 4.8 254 58 0.1 4.7 100
1970 18.8 46.0 253 6.4 0.6 3.0 100
1975 20.5 41.1 24.0 7.2 4.3 29 100
1980 26.6 388 16.7 6.7 59 53 100
1985 31.2 34.7 11.8 7.0 8.7 6.6 100
1987 319 329 119 6.4 10.3 6.5 100
2000 373 293 8.5 6.2 10.9 7.7 100
2010 44.5 22.5 5.7 5.6 11.4 10.3 100

(a) Shares may not add to 100% because of rounding.

Tabie E.4. Direct Energy Consumption and Fuel Shares in the Commercial Buildings
Sector, 1960 Through 1987, 2000, and 2010

Shares, Percent®

Natural ' Dispersed
Year Coal Gas Petroleutn Electricity Renewables Total
1960 12.0 222 25.8 399 0.0 100
1965 6.0 251 23.5 45.3 0.0 100
1970 2.6 294 18.6 494 0.0 100
1975 1.3 27.1 13.9 51.8 0.0 100
1980 0.8 252 12.2 61.8 0.0 100
1985 09 216 8.9 68.5 0.9 100
1987 0.8 204 89 69.9 0.8 100
2000 0.7 204 8.6 70.3 1.3 100
2010 0.6 182 14 739 23 100

(a) Shares may not add to 100% because of rounding.
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Table E.5. Commercial Buildings Sector Indirect Fuel Shares by Source Fuel Type, 1960
Through 1987, 2000, and 2010

2010

Shares, Percent(®)

Coal

20.6
239
219
24.9
30.6
377
383
41.4
471

(a) Shares may not sum to total because of rounding.

Natural
Gas

8.7
9.9
12.3
9.2
9.6
8.2
74
49
2.4

Petroleum

27
3.0
6.4
9.0
6.6
2.8
32
2.6
13

Hydro-
Electric

7.9
83
0.8
9.0
7.8
86
7.7
7.0
6.0

Nuclear Renewables

0.0
0.2
0.7
5.4
6.9
10.7
12.5
123
12.1

0.0
0.0
0.0
02
0.3
0.5
0.6
22
49

Ibtal

39.9
45.3
493
51.7
61.8
68.5
69.7
70.4
73.8

Table E6. Commercial Buildings Sector Fuel Shares by Source Fuel Type, 1960 Through
1987, 2000, and 2010

Year

1960
1965
1970
1975
1980
1985
1987
2000
2010

Shares, Percent(®)

Coal

326
30.0
24.5
263
31.5
38.6
39.2
42.0
4.6

(a) Shares may not add to 100% because of rounding.

Natural
Gas

309
35.0
41.7
36.2
34.8
29.8
279
25.4
206

Petroleum

285
26.5
25.0
229
18.8
11.8
12.0
11.1

8.7

Hydro-
Electric

E3

79
83
8.0
9.0
7.8
8.6
7.7
7.0
6.0

Nuclear Renewables

0.0
0.2
0.7
5.4
6.9
10.7
12.5
12.2
12.1

0.0
0.0
00
0.2
0.3
14
14
35
7.2

Total

100
100
100
100
100
100
100
100
100
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