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Cooled, Boil ing Water, and Pressurized Water Reactors and for coal- , 
o i l - , and gas-fired systems. Al l important energy consuming steps from 
mining through processing, transporting, and reprocessing the fuels 
were included in the energy balance along with e lectr ica l transmis-
sion and thermal losses and energy expenditures for pol lut ion abate-
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The results of these studies show that the overall fuel cycle 
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1. SUMMARY 

Energy balances around nuclear and foss i l fuel cycles have been per-
formed to characterize them on the basis of to ta l energy expended to produce 
a uni t of useful e lec t r i ca l energy at the point of consumption. The power 
cycles evaluated were coal - , gas-, and o i l - fue led plants and generation 
systems based on nuclear fue ls : Boi l ing Water (BWR), Pressurized Water (PWR), 
High Temperature Gas Cooled (HTGR), and Liquid Metal Fast Breeder Reactors 
(LMFBR). The pnergy inputs..to the power generating cycles included the 
energy expended in mining, processing, transport ing, and reprocessing the 
fuels, along with the energy losses in thermal discharges, po l lu t ion abatement 
and e lec t r i ca l transmission. 

The results are summarized in Table 1. I t can be seen that the overal l 
operating e f f ic ienc ies of current l i g h t water reactor • (BWR and PWR) power 
plants are lower than.current foss i l - fue led plants. However, the fas t 
breeder reactors, not yet in existence, should produce power more e f f i c i e n t l y 
than the^most modern foss i l - fue led power plants. 

The major factors causing low overall e f f ic ienc ies were determined to 
be: (1) the thermodynamic inef f ic ienc ies of the operating temperatures, (2) 
losses incurred i n the transmission of e lec t r i ca l power, and (3) in the 
case of converter reactors, enrichment.of fuel by gaseous d i f fus ion. 
Energy consumed by other inputs were minimal in comparison. 

Table 1. Overall Thermal Eff ic iencies of Power Plants 

Plant Type . 
Central Plant 
Ef f ic iency (%) 

Net Fuel Cycle Eff ic iency (%) 
Plant Type . 

Central Plant 
Ef f ic iency (%) With Once-Thru Coolioq , With Cooling lowers 

Fossil Fuel 
Coal 35.26 30.01? 29.11? 

30.08" 29.17" 
Oil 35.26 29.78 28.89 
Gas 35.26 31.01 30.08 

Coal 40.0 34.04* 33.023 Coal 
34.12b 32.17b 

Oil 40.0 33.78 32.77 
Gas 40.0 35.19 34.13 

Nuclear 
BWR 32.5 28.25 27.40 
PWR 32.5 28.00 27.16 
HTGR 38.7 34.05 33.03 
LMFBR' 40.0 36.43 35.34 

Underground mining of coal 
''surface mining of coal 
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2. INTRODUCTION 

Energy has long been considered one of the key factors in the promotion 
and support of a nation's economic growth. To meet the projected demand 
(9%/yr) the Federal Power Commission estimates that 300 additional e lect r ic 
power plants [3000 MW(e)/station] w i l l , have to be bu i l t 'w i th in the next twenty 
years. The additional land required for e lectr ical transmission alone w i l l 
be seven mi l l ion acres (2). 

The pro.blem is further complicated by the increasing concern for the 
environmental and economic impact of e lectr ica l generation systems. In the 
location and design of new f a c i l i t i e s , the engineer must assess a l l socio-
economic and ecological constraints. 

Generally power systems are compared on the lowest uni t cost to produce 
e lec t r i c i t y , on the thermal e f f ic ienc ies, the type of fuels used, and/or 
the pol lut ion aspects of the fuel cycle. Since the fuel supplies are f i n i t e , 
the various fuel systems should be characterized on a basis of total energy 
expended to produce a useful unit of e lectr ica l energy at the point of con-
sumption. The energy inputs to a power generating cycle include the energy 
expended in mining, processing, transporting, . and reprocessing the fuels 
along with the energy losses associated with thermal discharges, pol lut ion 
abatement, and electr ica l transmission, in addition to the energy used in 
power plant operation. 

Energy expenditures in the production of e lec t r i c i t y have bfcen es t i -
mated to provide information in overall evaluations of the re lat ive merit 
of al ternative power plant types. In ' th is study the nuclear fuel cycles 
for the Boi l ing Water (BWR), Pressurized Water (PWR), High Temperature Gas. 
Cooled (HTGR), and Liquid MetaVFast Breeder Reactors (LMFBR) were treated. 
Fossil fuel cycles for coal- , o i l - , and gas-fired power plants were studied. 
Al l the cycles analyzed are presented in Table 2. 

Table 2. Power Plant Characteristics 
Plant t r r ic iency ( I ) 

Generating Assumed Current super-
Capacity Load Factor National c r i t i c a l 

Plant Type LMW(e)] (%) Average Plants 
Fossil 

Coal 1000 80 35.26 40.0 
Gas f i red 1000 80 35.26 40.0 
Oil f i red 1000 80 35.26 40.0 

Nuclear 
Boil ing Water Reactor ( B W K ) I U U U 85 32.5 
Pressurized Water (PWR) 1000 85 32.5 
Hi ah Temp, Gas Cooled 

Reactor (HTGR) 1160 80 38.7 
Liquid Metal Fast Breeder 

Reactor (LMFBR) 1000 85 40.0 

*Based on once-through cooling; with cooling towers plant e lect r ica l capa 
b i1 i ty reduced approximately 3% (see Appendix 8.12). 
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Al l power cycles were analyzed on the basis of a year's operation at 
ei ther 80 or 85% of f u l l capacity with 1000-MW(e) generating capacity, 
except for the'HTGR"which was based on a 1160 MW(e) capacity...Since the ' 
results are presented in terms of a standard uni t of e lec t r ica l energy at 
the point of consumption, variations in plant size and'load factor do not 
influence the compiarisons. Since'the current national average for f oss i l -
fueled plants is 35.26%, the analysis- is presented for th is .e f f i c iency as a 
reference along with the 40$ central plant eff iciency:which represents tlie 
most modern foss i l - fue led supercr i t ical steam plants being constructed today 
(4). A discussion of a modern steam plant is included in the description 
of the foss i l fuel cycles. Since a l l the nuclear power systems except the 
LMFBR involve the same processes, they are analyzed together. Large thermal 
discharges and transmission losses are associated with a l l central stat ion 
power plants: and are covered in separate sections. Since the use of gooling 
towers reduces the plant thermal e f f ic iency, the data presented in Table 2 
must be modified for the cooling tower effects (see Appendix 8.12). 

3. FOSSIL FUEL CYCLES 

3.1 Introduction 

Although fuel extract ion, transportation, and desulfurization are 
dependent on fuel type, the basic essentials of a conventional steam plant 
are s imi lar fo r a l l fuels consumed. A schematic flowsheet with an i l l u s -
t ra t ive heat balance (35.26% thermal ef f ic iency) for a typical modern 
foss i l - fue led power plant is shown in Fig. 1. I t can be seen that the 
largest heat loss in a steam plant occurs in the condensation of the low 
pressure steam from the turbine. A s ign i f i can t amount of heat is also 
lost in the f lue gas leaving the stack; however, i f the, stack gases were 
overcooled, the corrosive combustion products would condense in the stack 
and atmospheric dispersion of the f lue gases might be incomplete. 

The internal operation of a power plant requires approximately 5% of 
the gross e lec t r i c output. This includes energy used in fuel handling, 
part iculate removal from f lue gases, and miscellaneous power plant consump-
t ions. This energy consumption does not include the operation of cooling 
towers. Coal plants require extensive coal storage, conveying and pulver-
iz ing equipment; whereas oi l -burning and gas-burning stations simply require 
pumps, valves, and spray nozzles (see Appendices 8.2 and 8.3). 

3.2 Fuel Requirements 

The i n i t i a l step in analyzing the energy inputs of a foss i l - fue led 
plant is the calculat ion of heat and fuel requirements. Two central power 
plant conversion ef f ic iencies were considered: (1) 35.26%, the average e f f i -
ciency of plants in use today and (2) 40%, the ef f ic iency of modern super-
c r i t i c a l steam cycles* For a 1000-MW(e). plant operating at 80% capacity, the 
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energy and fuel consumptions for coal, gas, and o i l are l i s ted in Table 3 
(see Appendix 8.1 for detailed calculations). The fuel requirements, based 
on heat rates, are also presented on a per MW(e) basis for the complete 
plant capacity. To f ac i l i t a t e the determination of the energy, requirements 
of the fossi l fuel cycles, the process was divided into suboperations: fuel 
extraction, desulfurization, and transportation. 

3.2.1 Fuel Extraction ,. 

3.2.1.1 Coal Mining. Currently two-thirds of the coal produced is by 
underground mining with the remainder being by surface or s t r i p mining (81). 
Underground mining basically involves: (1) mechanically undercutting or top 
cutt ing the coal seam, (2) blasting down the face, and (3) mechanically 
loading shuttle cars or conveyors for transporting away from the face. A 
major portion of a mine's energy consumption is expended on proper venti-
la t ion. Strip, mining involves removing the material overlying a coal bed 
and loading the uncovered coal by various types of earth-moving equipment. 

The energy expended in coal mining is detailed in Table 4 for both 
thermal and electr ica l consumption. The enerqy is based on the production 
figures for 1963 when 99.8 x 1012 Btu(t) and 6.3 x 106 MWh(e) (60) were con-
sumed to produce coal equivalent to 16,473 x IQl2 Btu(t) ( 6 l j . The energy 
consumed by both s t r i p mining and underground mining were calculated assum-
ing a relat ive consumption ra t io (see Appendix 8.4 for additional detai ls) . 

3.2.1.2 Oil and Natural Gas Production. After the i n i t i a l d r i l l i n g 
of an o i l we l l , the crude petroleum and gas either flow naturally or are 
pumped from the ground. The gas is then separa'" and stored for future 
d ist r ibut ion. For the year 1963 the energy consumed to produce 34,715x 10^2 
Btu(t) (62) of crude petroleum and natural gas was 208.4 x 1 2 Btu(t) and 
6.3 x 10^"MWh(e) (60). Since both o i l and gas are often found together and 
have the same method of extract ion, i t was assumed that equal energy was re-
quired to produce a Btu of natural gas and a Btu of crude petroleum (see 
Appendix 8.5 for more detailed calculations). The tota l energy consumed in 
production of a year's supply of natural gas and crude petroleum is shown 
in Table 5. Since residual fuel o i l is essentially a byproduct of the o i l 
ref ining process, i t was assumed that a l l the energy consumed in ref ining 
should be charged to other products. Therefore no energy charge for ref in ing 
was assessed to fuel o i l production. 

3.2.2 Desulfurization of Fossil Fuels 

3.2.2.1 Coal. Since the removal of sulfur from coal pr ior to combus-
t ion is d i f f i c u l t with present-day technology, removal of the sulfur as SO2 
in the flue gas w i l l be considered in this report. Although not presently 
used, there are several possible SO2 abatement processes. Both the wet and 
dry processes involve a lka l i absorbers. 

Since the wet scrubbing processes with a limestone slurry appear to 
have high SO2 removal e f f ic ienc ies, the energy consumed in th is procedure 
w i l l be selected as the basis for sulfur removal. The energy consumed in 
desorbing the SO2 and reheating the cooled, saturated stack gases to 175-
250°F, is high; 2150 x 10° Btu"for each megawatt of power (57). In addit ion, 
the high energy scrubbing requires sizable pumping and blower capacity to 



Table 3. Yearly Fuel Requirements of Fossil-Fueled Plants 

Coal 
Natural Gas 
Fuel Oil 

35.26% Central Plant Efficiencies 
Unit Energy 

Content of Fuel 

26.2 x 106 Btu/ton 
1035 Btu/scf 

6.29 x 106 Btu/bbl 

Fuel Requirements 
per MW(e)-year 

3238 tons 
8.2 x 107 scf 

13,500 barrels 

Requirements at 80% of Capacity 
Energy (1ftu/yr) Fuel 

6.789 x 1013 

6.789 x 1013 

6.789 x 1013 

Fuel Requirements 
per MW[e)-year 

40% Central Plant Efficiencies 
Requirements at 80% of Capacity 

2.59 x 10 ton/yr 2853 tons 
6.56 x 10"I0 sc f /yr 71.9 x 10& scf 
1.08 x 107 bbl/yr 11,900 barrels 

TSiT Energy (Btu/yr) 

5.984 x 1013 2.26 x 10^ ton/yr 
5.984 x 10 
5.984 x 10 

1 3 5.75 x 1010 sc f /yr 
1 3 9.52 x 1G6 bbl/yr 

Table 4. Energy Consumed in Mining Coal 

Strip Mining -
Underground Mining 

Per Ton of Coai Mined 
Thermal [Btu) Electrical 

r .6 

K'iflni 
0.17 x 10" 
0.23 x 106 

Per 8tu Mined 
Thermal (Btu) Electrical 

0.003 
0.004 

0.0065 
0.0087 

1.14 x 10 
1.52 x 10 

G M O I 
- 1 0 

-10 

Per MW(e)-yr of Power Plant Operation 
Thermal ('Btu) Electrical |MMh(e)J 

4.8 x 10' 
6.5 x 101 

8.5 
11.3 

40% Central Power Plant Efficiency - Full Capacity 

Table 5. Energy Consumed in Crude Oil and Natural Gas Production 

Fuel 

Gas 
Oil 

Per Barrel of Oil or 1000 scf of Gas 
Thermal (Btu) Electrical LMWh(e)J Thermal 

n"5 

Per Stu Produced Per MH(e)-year of Power Plant Operation* 
(Btu) Electrical |MWh(eTJ Thermal (BtuI Electrical [HMh(e)j 

6,200 
37,740 

7.1 x 10 
4.3 x 10" 

0.006 
0.006 

6.9 x 10 
6.9 x 10 

- 1 1 

-11 
4.5 x 10' 
4.5 x 10 

5.1 
5.1 

5 
40% Central Power Plant Efficiency - Full Capacity 
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provide e f f i c i en t operation. The power usage has been estimated at 
200 MW(e)/MW(e)-yr fo r a 40% eff iciency plant. 

3.2.2.2 Natural Gas. Natural gas at the well head is assumed to con-
tain 0.5 vol % hydrogen sulf ide which is scrubbed'from the natural gas with 
an amine solution. The power consumption to run the amine sul fur units is 
assumed to be 0.5 kWh(e)/scf of hydrogen sul f ide. Thermal energy usage 
is assumed to be 90 Btu/scf of hydrogen sulf ide for amine regeneration (58). 
The hydrogen sul f ide is converted to elemental su l fur and the amine solution 
is recycled to the process. These usages per 1000 scf of, natural gas are 
2.5 kWh(e) and 450 Btu( t ) . 

3.2.2.3 Residual Fuel O i l . The desulfurization o f ' fue l o i l involves 
a mild selective hydrogenation. The sul fur is removed as hydrogen sul f ide 
and the remaining hydrocarbon part of the molecule is hydrogenated. The 
reaction takes place in a high pressure reactor at temperatures of 400 to 
500°F in the presence of a catalyst. The sul fur is removed as hydrogen sulf ide 
and then scrubbed in an amine scrubber unit as in the case of natural gas. 

A l l fuel o i l is assumed to be hydrorefined to reduce the or ig inal con-
tent of 2.0 vol % sul f ide to less than 0.3 wt % sul fur . The energy calcu-
lated for the desulfurization of fuel, o i l is 24,600 Btu(t) /bbl and 38.7 
kk'h(e)/bbl (57). 

The energy consumed in the refinery to produce residual fuel o i l is 
considered minimal. Residual petroleum products are basically byproducts 
of the regular ref in ing operation and do not usually command high market 
prices. 

The total energy consumed in desulfurizing foss i l fuels is shown in 
Table 6 (see Appendices 8.6, 8.7, and 8.8). 

Table 6. Energy Consumption to remove Sulfur 
from Fuel Oil and Natural Gas 

Per Barrel of Oil or 
1000 scf of Gas Per Btu Produced 

Per MW(e)-Year of 
Power Plant Operation* 

Fuel 
Thermal 

(Btu) 
Electr ical 

kWh(e) 
Thermal 

(Btu) 
Electr ical 

kWh(e) 
Thermal 

(Btu) 
Electr ical 

MWh(s) 

Fuel o i l 24,600 38.7 0.003 6.2 x 10"6 2.93X108 460 
Gas 450 2.5 0.0004 2.4 x 10"6 32.5 xlO6 181 

* 
40% Central Power Plant Efficiency - Full Capacity 
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3.2.3 Transportation of Fossil Fuels 

Fossil fuels are delivered to the power plants by ei ther r a i l or barge 
for coal, pipelines for natural gas, and tankers for fuel o i l . The energy 
consumed in transporting the fuels Was calculated based on the number of 
net cargo tom-miles achieved and the eff ic iencies for various transport ' 
modes'(Table 7). The cargo eff ic iencies are based on the return of empty 
carr iers, where applicable. This information was derived' from.industry:-
s ta t is t ics for total annual cargo ton-miles and tota l annual fuel consump- -
t ion for the respective modes of transportation. 

Table 7. Cargo Transport Eff iciencies for Various Modes (65) 

Tr«jp$portfltiQn Mode 
Block Speed 

(mph) 
Gross 

(ton miles^al) 
Cargo 

(ton miles'Aal) 

Large pipeline 5 500 500 

Supertanker 16 1330 930 

250-hp truck 50 100 50 

100-car, 5000-ton f re ight t ra in 40 500 250 

The average distance for the movement of the fossi l fuels was obtained 
from industr ial data (5). As shown in Table 8, the movement of coal averages 
300 miles. The major movement of fuel o i l was assumed to be from Venezuela 
to the Northeast coast - a distance of 2000 miles. The energy consumption 
by the transportation system is based on 136,000 Btu/gal. Since approxi-
mately 75% of the coal in 1969 was transported by unit trains (5) , the 
eff iciency for this mode was used for a l l coal shipments in Table 8. 

Table 8. Energy Consumed in Transporting Fossil Fuels 

Fuel 
Transportation 

Mode 

Average 
Distance 
(miles) 

Transport 
Efficiency 
(cargo-ton 
miles/gal) 

Energy Used 
per MW(e)-year 

(BtuXt) 

Coal unit f re ight t ra in 300 250 460 x 106 

Fuel o i l supertanker 2000 930 580 x 106 

Natural gas pipeline 1000 500 515 x 106 

40% Central Power Plant Efficiency - Full Capacity 
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3.2.4 Summary of Energy Usage in Fossil Fuel Cycles 

The energy usage of the foss i l fueled plants is shown in Table 9 for 
the respective operations. 

4. NUCLEAR FUEL CYCLES 

4.1 Introduction 

The fuel cycles for the PWR, BWR, and HTGR basically involve the same 
processes (see Figs. 2, 3, and 4). The mass flows shown on the schematics 
represent once-thVough cooling. . For plants using cooling towers the rates 
would be higher due to the lower thermal ef f ic iencies. The LMFBR di f fers 
in that i t s fuel consists of plutonium and depleted uranium. Thus, the 
only processing steps required are the preparation and fabrication of the 
fuel core and blanket (see Fig. 6). The following are br ie f descriptions 
of the nuclear fuel cycles evaluated. The energy used in mining, mi l l ing , 
transporting, preparing, and recycling the fuel w i l l be estimated. 

4.2 Thermal Converter Reactors 

For the PWR, BWR, and HTGR the uranium ore is mined, milledi-and con-
centrated as U3O8. The result ing "yellow cake" is converted to UF6 for 
enrichment by the gaseous di f fusion process from an i n i t i a l concent 
t rat ion of 0.71% to 3-4% for the water reactors and 93% for the HTGR. The 
enriched uranium is then converted to a ceramic material,UO2. 

For the PWR arid BWR,cylindrical UO9 pellets are formed and,loaded into 
long zirconium alloy tubes. Fuel assemblies constructed from many fuel 
tubes are loaded into the reactor to provide thermal f iss ion from energy 
which in : turn provides st.eam to drive the turbine-generator; The'spent 
fuel assemblies are reprocessed chemically'to recover the ufanium for return 
to the enrichment process and. further electr ical energy generation,, 

The PWR and BWR difffcr in the operating pressure of the l i g h t , 
water moderator, 2200 psig and 1000 psig respectively. In addit ion, the 
PWR contains a second water-steam loop for the turbine-generator operation 
which operates at approximately 720 psig. Both reactors have about the same 
thermal eff ic iency of approximately 32.5%. 

The HTGR uses 93% enriched uranium (UO2) which is formed into small 
ceramic spheres with Th02. The t iny part icles are embedded in a graphite, 
matrix-and!formed into cyl indr ical rods, which are. loaded into large-graphite 
blocks in the HTGR; The helium gas heated from the f iss ion' react ion is 
exchanged against a secondary steam loop operating'at'approximately.1000°F. 
The spent"fuel- is reprocessied chemically to recover the Uranium and valuable 
isotopes before refabrication of fuel elements. 



35.26% Efficiency 

Extraction 

Transportation 

Desulfurization 

Plant Operation" 
Total 

40% Efficiency 

Extraction 

Transportation 

Desulfurization 
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Total 

Table 9. Energy Consumed by Fossil Fired Plants 
£}>er MW(e)-Year of Plant Operation on Full Capacity Basis] 

Coal Fired Plants 
Strip Mining Underground Mining - Gas Fired Oi1 Fired 

TO6 Btu(t) MWh(e) TO6 Btu(q. MWh(e) TO6 Btu(t). MWh(e) 1G6 Btu(t). MWh( 

545 9.6 

522 

2,439 227 

83,965 -
87,471 236.6 

480 

460 

2,150 

74,015 
77,105 

8.5 

200 

208.5 

737 

52 2 

2,439 

83,965 
87,663 

650 

460 

2,150 

74,015 
77,275 

12.8 

227 

239.8 

11.3 

200 

211.3 

510 5.8 

584 

36.7 205. 

83,965 
85,095.7 210.8 

450 5.1 

515 

32.4 181 

74,015 
75,C12.4 186.1 

I T 

5.8 

522 

510 

638 

332 

83,965 -
85,445 527.8 

450 5.1 

562 

293 46D 

74,015 
75,320 465.1 
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ORE 
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Fig. 3. TYPICAL BWR FUEL CYCLE AT E Q U I L I B R I U M (_4_) 
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Fig. 3 . TYPICAL BWR FUEL CYCLE AT EQUILIBRIUM (_4_) 
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4.3 Liquid-Metal Fast Breeder Reactor 

The LMFBR d i f fers in that i t s fuel consists of plutonium and "depleted" 
uranium, 238U. The plutonium is obtained from the chemical fuel recovery 
systems of the converter reactors and other breeder reactors. The depleted 
uranium can be obtained from the " t a i l s " of the gaseous di f fusion operations 
and therefore the only fuel processing'steps involve, the preparation of fuel 
pellets and fabrication of fuel assemblies. Since excess plutonium is 
obtained from breeder reactors, i t can be used to "s tar t up" additional 
reactors (either breeders or converters). 

The LMFBR w i l l use l iqu id sodium as the primary coolant due to i t s 
high thermal conductivity and heat capacity. However, in addition to a 
steam generator a secondary loop of, sodium is used to 
decrease the chance of contamination. The use of sodium enables the produc-
t ion of high temperature steam and yields a thermal eff ic iency of 40%. 
Figure 6 shows the processes involved in the fuel cycle of a LMFBR. 

The accompanying miss balances in Figs. '2 , 3', 4, and 5 are considered 
representative and are used as the basis for estimating the energies 
associated with each fuel cycle. , 

4.4 Nuclear Fuel Preparation 

4.4.1 Uranium Mining 

Uranium is mined by underground and surface mining using equipment and 
methods simi lar to the mining of coal. Vein ores mined in the U.S.A. usually 
contain 0.20-1.0% U3O8. Estimated energy consumption in the extraction of 
uranium is based on two Bureau of Mines reports concerning individual uranium 
mines. The numbers reported were only for e lect r ica l consumption and may be 
somewhat conservative. The energy used in mining uranium is 13.'6 -
20 kWh(e)/ton of crude ore (79., 80). 

For an ore averaging 0.34% U3O8, approximately 345 snort tons of ore 
must be mined per ton of uranium metal obtained, leading to an e lect r ica l 
energy usage of between 4700 to 6900 kWh(e)/short ton of uranium mined 
[>7.5 kWh(e)/kg uranium]. Since thorium and 238U are byproducts of 
uranium mining, no energy.requirements were assigned to these products. 

4.4.2 Uranium Mi l l ing 

Uranium is i n i t i a l l y beneficiated by physical concentration methods 
(grinding and siz ing, magnetic, e lectrostat ic and f lo ta t ion separations) to 
insure a constant feed of U3O8 to the chemical processes. The U3O8 is then 
extracted from the crude ore by leaching (acid or alkaline) and the pregnant 
solution is separated from the waste sol ids. The uranium bearing solutions 



20 

are then concentrated and pur i f ied by ion exchange and solvent 
extraction. Final recovery of the uranium from the solution is achieved 
by chemical precipi tat ion. The resultant product,commonly referred to as 
yellow cake,is 95-98% U3O8, 

The Anaconda Company's Bluewater Plant was used as the basis for deter-
mining amounts of solvents used in the mi l l ing process (40). Ore shipped to 
the mi 1T. ranges in grade from.'0.25-0.6$ U3O8, averaging'TJ734% and the mi l l has 
a 97% recovery factor. Based on the ofe assays'and recoveries, approximately 
356 short, tons of ore must be processed to obtain one ton of uranium. The energy 
required to produce the chemicals consumed in the mi l l ing process is 1.35 
kWh(e)/ton of ore and 7 . 9 1 x 1 0 4 BtG(t)/ton of ore. The general fuel reouire-
ments for uranium mi l ls are 35 kWh(e) of e lec t r i c i t y and 1.12x 10^ Btu of 
'fuel 'per ton of ore (41) or 13.8 UWh(e) plus 4.5 x 105 Btu(t'); per kilogram 
of uranium mil led, me" tota l energy expended in the mining and mi l l ing is 
shown in Table 10 (see Appendices 8.9 and 8.10 for more detailed calculations). 

Table 10. Energy Consumed in Mining and Mi l l ing Uranium 

Energy* Used 
Energy Used in Mi l l ing 

per MW(e)-yr 
Reactor 
Type 

Kg of'Uranium Required 
; per Reactor MW(e)-vr. 

in Mining 
kWh(e)/MW(e)-yr 

Thermal 1 
Btu(t')', x 1 0 ° 

Electrical 
kWh(e) 

PWR 172 1310 77.4 2375 

BWR 157 1195 70.6 2165 

HTGR 86 655 38.7 1185 

LMFBR 0 0 0 0 

4.4.3 Conversion of Yellow Cake to UF6 

The yellow cake product of uranium mil ls must f i r s t be converted to UO3 
before i t can be f luorinated to produce UFg. UF6 is required for feed to 
gaseous di f fusion plants s ince ' i t is the only uranium compound that is in the 
gaseous state at an operable temperature and pressure. 

The mine concentrates (yellow cake) are blended and fed continuously to 
a n i t r i c acid dissolver. The resulting uranyl n i t rate hexahydrate 
[U02(N03)2'6H20] is then pur i f ied and separated from the n i t r i c acid by 
passing i t through solvent extraction columns. The aqueous product is 
thermally decomposed in the presence of steam and cracked ammonia in elec-
t r i c a l l y heated vessels to produce UO3 powder: 

U02(N03)2 U03 + 2N0x(g) 
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The waste stream from solvent extraction is processed for recovery of 75% 
of i t s n i t r i c acid, with the remainder being neutralized for disposal. The 
production of necessary chemicals consumes 2.4. x 10° Btu(t) plus 7.6 kWh(e) 
per metric ton of uranium processed (MTU) (see Appendices 8.10 and 8.14). The 
fuel requirements for th is conversion process are 67 x 10& Btuf tTp lus 
1852'kWh(e) per metric ton'of. uranium processed. 

The UO3 is i n i t i a l l y hydrated and pel let ized by casting and drying. 
The pellets pass through two e lec t r i ca l l y heated moving bed reactors. 
In the f i r s t bed the UO3 pellets are reduced to UO2 by a counter flow of 
hydrogen produced by cracking anhydrous ammonia. In the second reactor the 
UO2 is converted to UF4 in a countercurrent flow of anhydrous HF. 

In a separate part of the process the excess HF is converted to hydro-
gen and f luor ine by electro lys is. The hydrogen is a waste element, but in 
the future i t may be used instead of dissociated ansiionia. The f luor ine is 
reacted with UF4 to produce UFg. Major auxi l iary equipment includes re f r ig -
eration units for condensing UFg, extensive wet scrubbers for various 
gaseous ef f luents, and a vent i lat ion system. 

The production of chemicals consumed in the conversion requires 9.2xl06 

Btu(t) and 526 MWh(e) per metric ton of uranium processed. An additional 
consumption of 45.7 x 10b Btu(t) and 8600 kWh(e) per ton of uranium are 
required to carry out the conversion process. 

The tota l energy required to convert yellow cake to UFg is shown in 
Table 11. The estimates are based on 125 x 10° Btu(t')' and approximately 
11 Mwh(e) per metric ton of uranium processed. 

Table 11. Energy Consumption in Converting Yellow Cake to UF6 

PWR 

* 

Kilograms Uranium Processed 
per MW(e)-yr of Reactor Operation 

167 21 

kWh(e) 

1840 

1670 

910 

BWR 152 19 

HTGR 83 10 

LMFBR 0 0 0 

* 
97% recovery of uranium treated, mi l l ing through conversion to UFg 

4.4.4 Uranium Enrichment (1_) 

The purpose of the gaseous di f fusion cascade is to increase the percent 
of f issionable 235U in the uranium for power plants. To accomplish th i s , 
UFg gas is forced through a system of cel ls with porous barrier wal ls. Since 
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235UFe is s l i gh t l y l igh ter than 2 ? ,<r I t diffuses through these walls 
faster and the gas passing the barf , ̂  ; is s l igh t l y enriched in 235U. 

To obtain enriched uranium for reactor fue l , three large plants have 
been constructed with thousands of di f fusion cel ls in series. The plants 
work together and are treated as one unit for accounting purposes. The 
main energy consuming parts of these plants are the pumps used to 
compress the UFg gas at each ce l l . Hence the prime energy source is 
e lect r ic i ty ,and i t is the only energy consumption considered in this 
section. 

The power consumption in th is process is expressed in terms of 
"Separative Work Units" (SWU) for the various fuel cycles (1_). The units used 
are dependent on the'desired enrichment level and amount of uranium processed. 
The energy cost is approximately 9.5 kg SWU/MW<e)̂ -day or 0.3958 kg SWU/MWh(e)(4). 
Based on 0.3958 kg SWU/MWh(e), the energy consumed in gaseous di f fusion 
enrichment is given in Table 12. 

Table 12. Energy Consumed in Gaseous Diffusion Enrichment 

Type 

Units of Separative Work Needed 
per MW(e)-yr of Reactor Operation 

(kg-SWU) 
Energy Used by Cascade Plants 

[MWh(e)/MW(e)-yr] 

PWR 164.9 417 

BWR 138.6 350 

HTGR 107.4 270 

LMFBR 0 0 

4.4.5 Reconversion and Fuel Preparation 

Reconversion and fuel preparation is basically simi lar for the d i f ferent 
nuclear reactor systems. The enriched material from the Atomic Energy Com-
mission's separation f a c i l i t i e s is returned as UF6 which is vaporized and 
reacted with ammonia and water to produce an aqueous slurry of ammonium 
diurinate (ADU) (55). The ADU slurry then goes to centrifuges and f i l t e r s 
for solids separation. The cake from the f i l t e r s is fed to an e lectr ic 
furnace for conversion, f i r s t to U3O8 with the aid of steam and f i na l l y to 
UO2 in an atmosphere of cracked ammonia. 

The uranium dioxide residue is ground to micron size for pel le t iz ing. 
The powder is mixed with a binder such as polyvinyl alcohol, agglomerated, 
and pressed into "green" pel lets of appropriate sizes for the various reactor 
systems. The pellets are then fed on molybdenum trays through a sintering 
furnace with a hydrogen-atmosphere at 3000°F for 4-5 hr. Sintering shrinks 
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th^ pel lets and gives them a s l igh t hourglass shape. They are subsequently 
machined to a perfect cylinder and shipped to the fuel element fabricat ion 
plant to be inserted in cy l indr ical fuel tubes for the PWR and BWR. For the 
HTGR, the UO2 is formed into microspheres, coated with pyrolyt ic carbon, and 
imbedded in a graphite-type matrix in a cyl indr ical form for fueling the 
reactor. 

For the LMFBR system, the f e r t i l e fuel is to be reduced to micron-size UO2 
powder at the fuel preparation plant. These micron size elements w i l l "then be 
shipped to the blanket fuel preparation plant and core fuel preparation 
plants where d i f ferent size pel lets w i l l be manufactured by pressing into 
green pel le ts , then sintered and ground. Eighty percent of the energy 
consumed in th is process w i l l be used'by the two e lect r ic furnaces for con-
version and sinter ing (39). 

The energy requirements for the various systems are summarized below (39): 

PWR and BWR 

Conversion of UFg to UO2 including 
powder preparation, pe l le t iz ing , 
s inter ing, etc. 

Energy used to produce ammonia 
[20% excess stoichiometric ra t i o , 
20 x 106 Btu( t ) / ton NH3] 

Powder preparation, pe l le t iz ing, 
s inter ing, grinding, etc. 

50 kWh(e)/kg of uranium processed 

3100 Btu(t) /kg of uranium 
processed 

50 kWh(e)/kg of uranium processed 

HTGR 

Conversion of UFg to UO2 microspheres 200 kWh(e)/kg of uranium processed 

Ammonium production 

Preparation of Th02 microspheres 

LMFBR 

Conversion of UFg to UO2 

Ammonia production 

UO2 powder preparation, pe l le t iz ing , 
s inter ing, grinding, etc. 

Core fuel preparation, pe l le t iz ing , 
s inter ing, grinding, etc. 

3100 Btu(t")/kg 

40 kWh(e)/kg of thorium processed 

50 kWh(e)/kg of uranium processed 

3100 Btu(t) / kg of uranium processed 

50 kWh(e)/kg of uranium processed 

200 kWh(e)/kg of uranium plus 
Plutonium processed 

The to ta l energy requirements for the reactors are summarized in Table 13. 
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Table 13. Energy Requirements for Nuclear Fuel Fabrication 

Reactor 
System 

Total UO2, 
Th02, and Pu02*' 
(metric tons/yr) 

Energy Requirements per MW(e)-yr 
of Reactor Operation 

Heat Energy Electr ical Energy 
[B tu( ty x 103] kWh(e) 

PWR 31.61 106 3590 

BWR 37.94 126 4460 

HTGR 9.016 3 1130 

LMFBR 23.21 80 4340 

* 
Operating at 80% plant capacity except for HTGR which was 85%. 

4.4.6 Fuel Element Fabrication 

The U02 fuel is usually clad with stainless steel , zirconium al loys, or 
graphite to protect the fuel from attack by the coolant, to prevent the 
escape of radioactive f iss ion products, and to provide geometric in tegr i ty . 
The PWR, BWR', and LMFBR fuel elements are made of zirconium and 304-stainless 
respectively. These metals are mined and refined by e lec t ro ly t ic methods. 
The fuel is placed in metal l ic rods and loaded into fuel elements which are 
composed of a large number of rods. The HTGR fuel element is made of graphite 
which is in the form of hexagonal blocks. Holes are d r i l l ed in the graphite 
block for the fuel pel lets and gas coolant channels. . 

PWR and BWR. The fuel design specifications for the PWR and BWR reactor 
systems may be seen below (67): 

PWR BWR 

Rods per element 204 49 

Elements per reactor 193 764 

Uranium per element, kg 439 187 

Zirconium per element, kg 110.5 94.3 

Refueling interval , operating year 1 1 

Refueling increments ( f ract ion of to ta l ) 1/3 1/4 
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HTGR. The fuel specifications for a 1160 MW(e) HTGR are (51): 

HTGR 

Graphite fuel blocks per reactor 7591 

Graphite per block, kg 113.7 

Uranium per block, kg 0.379 

Thorium per block, kg 4.258 

Refueling in terva l , operating year 1 

Refueling increment ( f ract ion of to ta l ) 1/4 

LMFBR. The fuel element specifications for a 1000 MW(e) LMFBR are: 

Fast 
Region 

Inner Radial 
Blanket 

Outer Radial 
1st 

Blanket 
2nd 

Rods per element 217 169 169 91 

Elements per reactor 252 108 39 87 

Uranium and/or plutonium 
per element, kg 

79 119.4 95.5 115.7 

Stainless steel per element,kg 98.2 59.6 51.7 46.6 

Refueling interval 
(operating year) 

1/2 1/2 1/2 1/2 

Refueling increment 1/3 1/4 1/8 1/8 
( fract ion of to ta l ) 

The energy requirements to prepare the respective fuels are summarized in 
Table 14. 

Table 14. Energy Requirements for Fuel Preparation 

Fuel Element Energy Used [kWh(e)/1b] 

Zirconium (e lec t ro ly t i ca l l y refined from sand) (87) 10 
Production of fuel rods, support plates, 4 

channeling, etc. (87) 
Graphite cylinder production including 5 

forming and d r i l l i n g (17) 
304 stainless steel production 7.27 

* 

*kWh(t)/lb 
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The total energy consumed in the fabricat ion of the various elements is 
given in Table 15. 

Table 15. Fabrication Energy Costs 

Reactor Material Usage Energy Usage 
System per MW(e)-yr kWh(e)/MW(e)-yr 

PWR 18 lb zirconium 250 

BWR 47 lb zirconium 660 

HTGR 508 lb graphite 2540 

LMFBR 55 lb stainless steel 220 + 400 RWh(t) 

4.4.7 Reprocessing and Waste Disposal (42) 

The spent reactor fuel elements are i n i t i a l l y dissolved in hot n i t r i c 
acid. Chemical separations are then performed to isolate the U02(N03)2 and 
Pu(N03)4 for recycling. Al l waste products are currently stored in the i r 
l iqu id and gaseous forms, but in the future a l l radioactive wastes w i l l be 
so l id i f ied before being containerized as an extra precautionary step. 

The energy consumed in reprocessing and waste disposal per metric ton 
of fuel (uranium, thorium or plutonium) processed i s : 

Operation 106 Btu(t)/MTU MWh(e)/MTU 

Chemical reprocessing 1248.0 60 

Waste so l id i f i ca t ion 124.8 48 

The total 
Table 16. 

energy required for reprocessing and waste disposal is shown in 

Table 16. Reprocessing and Waste Disposal Consumption of Energy 

Reactor 
System MTU/yr 

Energy Used per MW(e)-yr 
Heat Energy Electr ical Energy 

Btu(t) x 106 kWh(e) 

PWR 28.123 66 3570 
BWR 33.94 55 4300 
HTGR 8.36 13 1060 
LMFBR 23.29 38 2960 
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4.4.8 Credit for Stored Plutonium 

As mentioned previously the Liquid Metal Fast Breeder Reactor produces 
more plutonium than i t consumes. Although the plutonium can be used to 
s tar t up additional LMFBRs, the energy associated with this plutonium is an 
accounting problem. One method is to calculate the tota l potential energy 
associated with the plutonium. The energy released per gram atom can be 
assumed to equal 5.3 x 10° kWh(t) (26). The weighted average of one qram atom of 
f i s s i l e plutonium (85% 239pu and 15%~24lPu) is 239.3 gm. Hence the stored 
energy has an associated potential energy of 22,148 kWh(t)/gm f i s s i l e plutonium. 
For the calculations below, percent f i s s i l e plutonium was given for the LMFBR 
and calculated from the "57-26-12-5" isotope rat io for the BWR and PWR. In 
the HTGR cycle the Z3JU produced is recycled so'the1 energy credit for this 
material is. exp l i c i t l y included in the calculations. . 

The tota l potential energy credited to a reactor for stored plutonium 
is shown in Table 17. The bred plutonium produced during reactor operations 
could be recycled to l i gh t water reactors, thereby reducing the enriched 
uranium requirements. This would in turn reduce the energy required in 
mining, m i l l i ng , conversion, and enrichment. 

Table 17. Total Potential Energy of Plutonium 
Produced by Nuclear Fuel Cycles 

Metric Tons 
of Pu/yr % Fissi le 

Potential 
MWh/yr 

Energy 
10* Btu/.yr 

PWR 0.260 69.0 3,967,340 13,558 

BWR 0.269 69.0 4,110,880 14,026 

LMFBR 0.200 72.7 3,218,540 10,982 

I f the f i s s i l e plutonium is credited as an equivalent amount of enriched 
uranium, the energy consumption for mining and enrichment operations w i l l be 
reduced. The result ing energy credits assigned to the l i gh t water reactors 
would be: 

Thermal Energy Electr ical Energy 
Btu x lQ6/MW(e)-yr MWh(e)/MW(e)-yr 

PWR 20 80 

BWR 21 76 
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4.4.9 Conversion of Recovered Uranium to UFfi 

The concentrated uranyl n i t rate produced in the reprocessing plants 
must be converted to UF6 before i t can be enriched in the gaseous dif fusion . 
cascade. Tha energy consumed by th is conversion has been assumed to be 
equal to the energy consumed in converting UO3 to, UFg.; Therefore the energy 
required for reconversion is 54.927 :x 10^ Btu(t')' and 9.126 MWh(e) per 
metric ton of uranium. Only the BWR and PWR recycle .uranium through the 
gaseous di f fusion cascade. The tota l energy required for reconversion is 
shown in Table 18. 

Table 18. Total Energy Consumed in Reconversion 

* 
Metric Tons 
of Uranium 

Energy Required per MW(e)-yr 
Heat Energy E lect r icar Energy 

x 106Btu(t!): KWh(e) 

BWR 32.22 2.1 347 

PWR 27.50 1.8 295 

n : : 
Operating at 85% of plant capacity. 

4.4.10 Transportation 

The major portions of energy expended in the transportation of the 
various nuclear fuel materials and wastes aire due to the massive protective 
shielding required. The to ta l energy consumed by the transportation sector 
for the nuclear reactors is shown in Table 19. Al l shipment^ are by truck 
unless specified otherwise. The energy propulsion eff ic iencies are assumed 
to be 50 cargo ton miles per gallon by truck and 250 cargo ton miles/gal 
by r a i l . The energy content of transportation fuel is assumed to be 
136,000 Btu/gal (64) (see Appendix 8.13 for greater deta i ls ) . 

5. OTHER ENERGY CONSUMPTION 

5.1 Power Plant Waste'Heat 

Due to low thermal ef f ic iencies a large amount of waste heat is gene-
rated by both fossi l and nuclear fueled power plants. Energy losses incurred 
when switching from run-of-ri.ver cooling to mechanical draf t cooling towers 
are due to: (1) energy consumed in pumping water to the top of the tower 
(50-60 f t ) , (2) energy consumed in inducing a i r f low, and (3) decreased tur- ' 
bine eff ic iency. The decrease in turbine eff ic iency is caused by an increase 
in back pressure. 



Table 19. Annual Energy Consumption in Transportation of Fuels for 1000 MW(e) PWR, 
BWR, LMFBR, and HTGR [1160 MW(ê  at 80% capacity] Operating at 85% Capacity 

Btu(t) X 106 

PWR BWR HTGR LMFBR 

1 . Mil l to Conversion Plant 426 389 247 - -

2. Conversion Plant to Gaseous Diffusion Plant 584 532 317 -

3. Gaseous Diffusion Plant to Fuel Preparation Plant 363 436 3 110 

4. Fuel Preparation Plant to Fuel Element Fabrication Plant 222 266 261 150 

5. Fuel Fabrication Plant to Scrap Recycle 19 22 11 10 

6. Fuel Fabrication Plant to Reactor 212 296 775 546 

7. Reactor to Chemical Reprocessing Plant 1991 3094 5958 3817 

8. Waste Shipment 662 748 182 491 

9. Chemical Reprocessing Plant to Fuel Preparation Plant 136 ; 158 4 ' 762 

Total 4615 5941 7758 . 5885 
6 Energy used - Btu(t) x 10 per MW(e)-yr 5.4 7.0 8.4 6.9 
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The tota l penalty incurred when using a mechanical draf t cooling tower 
is 2-3% (16) of the plants generating capacity. Although the waste heat 
per MWh produced is higher for nuclear fueled plants than for fossi l fueled 
plants, a penalty of 3% w i l l be assumed for both. The higher heat rate of 
the nuclear plant requires higher water and a i r flow rates; however, the 
energy consumed by the pumps and fans accounts for only 10% of the total 
penalty (see Appendix 8.12). 

5.2 Transmission Losses 

Energy losses are incurred in the transmission of e lectr ical energy 
due to resistance in the power lines and transformer losses. For the year 
1968 an average loss of 8.8% of generating capacity was calculated. The 
number represents a weighted average of public and privately owned genera-
t ing plants (73, 74). 

6. RESULTS AND CONCLUSIONS 

A compilation of the energy consumption of the various power plants is 
presented in Table 20. I t can be seen that the l i gh t water reactors repre-
sent the least e f f i c ien t overall energy usage. However, with the present 
mix of fossi l and nuclear fueled plants, the overall eff ic iency would be 
higher for a mixed source of e lectr ica l energy used in the di f fusion process. 

Table 20. Overall Thermal. Eff iciencies of .Power Plant Fuel Cycles 

Central Plant Overall Cycle Efficiency (%) 
Plant Type Efficiency (%) with Once-thru Cooling~with Cooling towers 
Fossil Fuel 

Coal 35.26 . 30.01? 29.11? 
30.08° 29.17" 

Oil 35.26 29.78 28.39 
Gas 35.26 31.01 30.08 

Coal 40.0 34.04a 33.02? 
34.12^ 32.17 

Oil 40.0 33.78 32.77 
Gas 40.0 35.19 34.13 

Nuclear 
BWR 32.5 28.25 27.40 
PWR 32.5 28.0 27.16 
HtGR 38.7 34.05 33.03 
LMFBR 40.0 36.43 35.34 

Underground mining 
^Surface mining 
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The HTGR compared favorably, with, modern supercr i t ical foss i l fueled 
plants. The LMFBR represents the most e f f i c ien t system. 

The greatest energyfsinks are: (1) turbine operations and the thermo-
dynamic temperatures of operation, (2) e lect r ic transmission, (3) uranium 
enrichment by gaseous d i f fus ion, and (4) cooling towers. Even though 
the loss due to gaseous di f fusion enrichment is eliminated upon the in t ro -
duction of fast breeder reactors, even more s igni f icant gains can be achieved 
by improvements in the central plant conversion eff iciency and in methods 
of e lectr ica l transmission. Introduction of topping cycles for higher temp-
erature operations and cryogenic e lect r ic transmission would improve overall 
ef f ic iencies s ign i f i can t ly . 

Al l other energy consuming steps in the production of e lec t r i c i t y are 
t r i v i a l in comparison to the above l is ted processes. 

7. ACKNOWLEDGEMENTS 

We wish to thank our consultant, L.L. Bennett, for his continuous 
assistance in this project. We also wish to acknowledge the help of 
A.L. Lotts and J.D. Sease of ORNL, E.D. North of Nuclear Fuel Services, Inc. , 
W.J. Stinson of Eldorado Nuclear, L td . , as well as a l l the personnel of ORNL 
who aided us in so many facets of th is report. 



32 

8. APPENDIX 

8.1 Heat and Fuel Requirements for Fossil Fueled Plants (1000 MWe) 

The fuel requirements for a 35.26%- and a 40% e f f i c i en t plant are shown 
below. , 

Case I (35.26% Efficiency) 

3413 
0.3526 Btu/kWh x 103 kWh/MWh)[(103 MWh)(80% capacity) x 

(365.25 da.ys/yr)(24 hr /dayj = 6.788 x 1013 Btu/yr 

Case I I (40% Efficiency) 

(8532.5 Btu/kWh x 103 kWh/MWh)(7.0128 x 106 MWh/yr) 

= 5.984 x 1013 Btu/yr. 

Fuel Energy Contents (18); 

Bituminous coal 

Natural gas (dry) 

Residual Fuel Oil 

Fuel Requirements: 

26.2 x 10° Btu/ton 

1.035 x 106 Btu/mscf 

6.29 x 106 Btu/bbl 

Coal 

Natural Gas 

Residual Fuel'Oil 

Case I 
35.26% Efficiency 

2.591 x 106 ton/yr 
JO 

Case I I 
40% Efficiency 

2.284 x 106 ton/yr 
10 6.559 x 10 ,u sc f /yr 5.7816 x 10 , u sc f /y r 

1.079' x 107 bbl/yr 9.514 x 106 bbl /yr 

8.2 Control of Part iculate Matter at.Fossil Fueled Plants (84) 

The energy consumed in part iculate control i s included in the category 
"auxi l iary" power or central plant ef f ic iency. However, i t s magnitude can 
be approximated based on the Bull Run Steam Plant (TVA) which has an output 
power capacity of 900 MW(e). The power consumed by precipitators is 0.77 
MW(e) and the power consumed by the blowers to force f lue gases across the 
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precipitators varies between 0.42 to 0.84 MW(e). Therefore the tota l energy 
consumed is 1.19 to 1.61 MW(e) or 0.00132 to 0.00178 MW(e)/MW(e) generated. 

8.3 Coal Handling Costs (24) 

The magnitude of coal handling costs can be estimated although they are 
included in the "auxi l iary" power term. The Bull Run Steam Plant (TVA) with 
a 900 MW(.e) power generating capacity has a coal usage of 320 ton/hr (6). 

Conveyor capacities: 

1. from coal p i le to breaker 1200 ton/hr 

2. from breaker to transfer stat ion A 2400 ton/hr 

3. from transfer station to dead storage 2000 ton/hr 

4. from dead storage to transfer stat ion B 2000 ton/hr 

5. from transfer station B to powerhouse 2000 ton/hr (7) 

Under the most conservative conditions a l l conveyors operate at 1200 ton/hr; 
the conveyors are run 0.27 hr/hr production (320 ton/hr/1200 ton/hr) . The 
tota l power requirements for coal handling equipment is for the conveyors 
(5218 hp) and vibrators (1000 W) ' y ie lding 3892 IdJh/hr of operation. 

(3892 k'.Wh/hr)(0.266 hr/hr production) = 1035 kWh/hr production 

1035 k.Wh/hr production _ 0.00115 MWh consumed 
900 MWh/nr production ~ MWh generated 

(0.00115 MWh/MWh generated)(7.0128 x 106 MWh/yr) = 8065 MWh(e)/yr 

Similarly the energy consumed in pulverizing can be obtained from the size of 
the equipment. 

(17 hp/1000 kW)(0.7457 kW/hp) = 0.0127 MW/MW produced 

= 88,800 MWh(e)/yr 

8.4 Coal Mining (61) 

12 
For 1963 the tota l energy produced by coal was 12,447.5 x 10 Btu. 

Based on h istor ical data one can extrapolate that 31% of the coal mined in 
1963 was s t r i p mined (78). 
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s t r i p mining =• 0.31(12,447.5 x TO12) = 3860 x 1012 Btu 

12 underground mining = 8590 x 10 Btu 

12 
The coal mining industry consumed 115.5 x 10 Btu in the year 1963; however, 
15.7 x 10]2 Btu was e lec t r i ca l energy. Thus the to ta l thermal input was 
99.8 x 10'2 Btu. The e lec t r i ca l input can be converted using the factor of 
approximately 9000 Btu/l<Wh(e). 

15.7 x 1012 B tuL 1 k t M e ? H A ^ M = 1.74 x 106 MWh(e) 
9 x 103 Btu 103 KWh(e) 

Power consumption costs were obtained from Reference (78): 

s t r i p mining = 18.6i£/ton 

underground = 26<t/ton 

To separate the power consumed by s t r i p mining from that consumed by under-
ground mining, the fol lowing calculations were made: 

12 Xs = Btu produced by s t r i p mining = 3860 x 10 Btu 
12 

Xu = Btu produced by underground mining = 8590 x 10 Btu 

Yg = Btu(t) consumed by s t r i p mining 

Yu = Btu(t) consumed by underground mining 
I t is assumed that the cost of the mining is d i rec t ly proportional to the 
energy consumed per uni t of energy mined. 

V 3 8 6 0 _ 18.6 _ 0 7 4 
Yu/8590 " 15" ' 

12 

Since the to ta l thermal energy consumed was 99.8 x 10 B t u ( t ) , 

Y„ = 99.8 - Y, u J and 
YS _ 0.74 

3150" " 3590 " 's (99.8 - Y ) 

Therefore, 
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and 
Ys = 25 x 1012 Btu/yr 

Yu = 75 x 1012 Btu/yr 

Similar ly the e lect r ica l energy usage per unit of energy mined is assumed 
proportional to the costs. 

Ws = Btu(e) consumed by s t r ip mining 

Wu = Btu(e) consumed by underground mining 

W /3860 
yBBSf f = ° ' 7 4 4 

12 Since the total e lect r ica l energy consumed was 15.7 x 10 Btu(e), 

and 
Wu = 1 5 . 7 - Ws 

W, 0.74(15.7 ~ Ws) 
s f e r = 

Therefore, 

Ws = 3.9 x 1012 Btu[ l MWh(e)/9 x 106 Btu] = 4.4 x 105 MWh(e) 

Wy = 11.8 x 1012 Btu[ l MWh(e)/9 x 106 Btu] = 1.3 x 106 MWh(e) 

Thus the thermal energy consumed by s t r i p mining is 

= 0.0065 Btu/Btu produced 

and the e lec t r ica l energy is 

4.4 x 105 mh(e).s x 1Q-10 M W h ( e ) / B t u p r o d u c e d 

3860 x 10xc Btu 

The thermal energy consumed by underground mining i s : 

ggllj- = 0.0087 Btu/Btu produced 
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with the e lectr ica l energy consumption being 
g 

1,3 x 10 MWh a 1 < 5 x 10-10 M w h ( e ) / B t u p^duced 
8590 x 1 0 B t u 

8.5 Crude Oil and Natural Gas Produced 

Generally both natural gas and crude o i l are extracted simultaneously 
from an o i l wel l ; therefore, i t is assumed that the energy requirement to 
extract a Btu of gas equals that required to extract a Btu of crude oi,l (60 
62). The total petroleum and natural gas energy consumption is 208.4 x 10^ 
Btu(t) and 21.5 x 10'2 Btu(e). I f we assume the power needed to produce 
e lec t r i c i t y is 9000 Btu/kWh(e), then the above e lect r ica l term becomes 
2.4 x 106 MWh(e). 

12 natural gas produced 16,271.3 x 10 Btu 

crude o i l produced 18,444.2 x 1012 Btu 

tota l produced 34,715.5 x 10 Btu 

The total thermal e lect r ica l power consumptions for crude o i l and 
natural gas are: 

thermal: 
12 

208 x 10 Btu _ 0 < 0 0 6 B t u c o n s u n i e c | / B t u produced 
347 x 10 IH Btu 

e lec t r ic 
g 

2.4 x 10° MWh(fe) = 6 g x 1Q-11 MWh(e) consumed/Btu produced 
3.47 x 10ID Btu 

8.6 Sulfur Dioxide Controls for Coal Fired Plants 

The desulfurization of f lue gases from a high sul fur coal (̂ 3% sulfur) 
in an a lka l i scrubber assumes the following energy requirements: 

1. 35 hp/MW(e) for limestone preparation, high energy scrubbing, and 
fan power to overcome the pressure drop across the SO2 scrubber. 

2. 3.07 x 10^ Btu/MWh(e) are required for regeneration of limestone 
solution in a 40% e f f i c ien t plant. 
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[35 hp/MW(e)][7.457 x 10"4 MW(e)/hp] = 0.026 MW(e)/MW(e) produced 

[0.026 MW(e)/MW(e) prod][7.0128 x 106 MWh(e) prod/yr] = 1.83 x 105 

MWh(e)/yr 

[heat 3.07 x 105 Btu/MWh(e)][7.0128 x 106 MWh(e)/yr] 

= 21.5 x 1011 Btu/hr (57) 

I f i t is assumed that the energy consumptions quoted are for a 40% plant 
and are d i rect ly related to the amount of coal burned, the energy consumed 
by a 35.26% plant can be calculated. 

2.591 x 106 ton/yr for 35.26% p lan t ( 1 > 8 3 x 1Q5 M W h ( e ) / y r ) 

2.284 x 10° ton/yr for 40% plant 
= 2.08 x 105 MWh(e)/yr 

2.591 x 106 ton/yr for 35.26% pi ant ,0 1 R , n l l . R t l j / h ^ - 9a a „ m 1 1 

2.264 x 10b ton/yr for 40% plSnt ( 2 1 ' 5 x 1 0 B t u / h r ) ' 2 4 ' 4 * 1 0 

Btu/yr 

8.7 Desulfurination of Natural Gas (58) 

The natural gas to be treated in an amine scrubber is assumed to con-
ta in 0.5 vol % HoS at the well head. Therefore, before treatment a total 
of 1.005 f t 3 gas/ f t 3 fuel gas must be treated or 5.025 f t 3 H2S/1000 scf of 
natural gas. The energy consumptions for t reat ing the gas are: 

1. 0.5 kWh(e)/scf HgS to drive pumps and.instruments, or 2.5 kWh(e)/ 
1000 scf of natural gas 

2. 90 Btu/scf H2S for amine regeneration, or 450 Btu(t)/1000 scf of 
natural gas 

8.8 Desulfurization of Residual Oil (57) 

Refinery fuel o i l is assumed to contain 2.0 vol % sulf ides ^v,; i s desul-
furized by hydrogeneration. To obtain one barrel of fuel o i l for combustion, 
1.0204 barrel must be extracted. 

l i qu id H2S/bbl = (0.02)(1.0204 bbl)(42 gal/bbl) x 

(7.328 lb/gal) = 6.28 lb 



38 

for 

API (fuel o i l ) = 30 (44) [at STP, an API of 30 = 7.328 lb/gal (52)] 

Energy of consumption.for hydrorefining process: 

1. 5.0 kWh(e)/bbl 

2. 16,150 Btu/bbl 

(5.0 kWh(e)/bbl)(l.0204 bbl extracted/bbl combusted) 

= 5.102 kWh(e')/bbl combusted 

(16,150 Btu)(1.0204 bbl extracted/bbl combusted) 

= 16,479.9 Btu/bbl combusted 

3. Heavy fuel o i l consumes 830 scf of hydrogen per barrel for hydro-
desulfurization or: 

(830 scf H 2 / b b l ) ( 1 . 0 2 0 4 bbl extracted/bbl combusted) 

= 846.9 scf/bbl combusted 

4. To produce 1000 scf of hydrogen, 422 scf of natural gas needs to 
be reformed consuming 1.045 kWh. 

(849.9 scf H2/bbl)(0.422 scf nat gas/scf H2) = 358.7 
scf nat gas/bbl 

(849.9 scf H2/bbl)(1.045 kWh(e)/1000 scf H2) =0.888 kWh/bbl 

5. 

scrubbed 

and 

Al l the hydrogen sul f ide from hydrorefining is assumed to be 
in an amine uni t , -st STP, 

Pji p = 0.0961 l b / f t 3 (52) 
2 ( g ) ~ 

f+3 3 
H2S (g) scrubbed = (6.28 l b ) ( Q = 65.36 f t 

65.36.scf H2S/bbl(0.5 kWh/scf H2S) = 32.7 kWh/bbl 

65.36 scf H2S/bbl(90 Btu/scf H2S) = 5882.4 Btu/fcbl 



39 

6. Energy consumed in the extraction of the necessary natural gas i s : 

(357.4 scf nat gas/bbl)(1035 Btu/scf nat gas)(0.006 Btu consumed/ 

Btu produced) = 2219.5 Btu(t) /bbl 

(357.4 scf nat gas/bbl)(1035 Btu/scf nat gas)(6.8813 x 10"11 MWh 

consumed/Btu produced) = 2.545 x 10'5 MWh/bbl 

Total energy consumption i s : 

24,581.8 Btu(t) /bbl fuel o i l 

38.7 kWh(e)/bbl fuel o i l 

8.9 Uranium Mining 

As stated previously the extraction of uranium ore requires approxi-
mately 20 kWh and 2.8 lb dynamite/ton crude ore. The energy consumed in 
producing one pound of dynamite is 0,01 "RWh (9). The total energy consumed 
in extracting a ton of crude ore is 0.2003 MWTue). 

metric tons U/yr short tons ore/yr MWh(e)/yr 

PWR 142.17 5.60 x 104 1122.71 

BWR 129.38 5.10 x 104 1021.57 

HTGR 77.204 3.043 x 104 609.50 

8.10 Uranium Mi l l ing 

The Anaconda Company Bluewater Plant was used as a basis for uranium 
mi l l ing energy requirements. The plant has a capacity of 3000-3300 tons 
crude ore/day, and the recovery of U3O8 is 97% for a crude ore content of 
U3O8 at 0.34%. The energy requirement to produce a pound of the chemical 
solvents used in the process is : 
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Per ton Ore 
( lb) Energy to Produce 

H2S04 84 0.016 kWh(e)/lb (19) 

Mn02 10 -

NaCl 28 2.6615 x 103 Btu( t ) / lb (21) 

Lime 2.3 2.125 x 103 Btu( t ) / lb (70) 

MgO 1.5 -

The u t i l i t i e s used in mi l l ing are 35 kWh(e)/ton of ore and 1.12 x 106 

Btu(t) / ton ore. 

The to ta l energy consumed per ton of crude ore processed is.0.036 MWh(e) 
and 1.2 x 10^ Btu( t ) . The amount of crude ore required to be processed to 
obtain a ton of U3O8 i s : 

0.34% UgOg^(9J/%Tecovery) = 3 0 3 t o R S o r e / t o n U3°8 

The UgOg;contains 84.8 tit % of uranium. To obtain a.mfetric ton uranium orfe» 
one must process 

r 303 tons ore i r 1.1025 tonsn _ ny.a/mBLi.„Af. ,, 
[Tton U308)(84.60% IJ"7 metric ton ] " 3 9 4 t o n s o r e / m e t n c t o n U 

The energy required in mi l l ing to produce a metric ton of uranium is 11 MWh(e) 
and 125 x 10b Btu( t ) . 

8.11 Alternate Methods to Evaluate Plutonium Credit 

Another way to assign a value to the plutonium which is produced by PWR 
and BWR fuel cycles is to assume that i t is recycled to the same reactor. I f 
the f i s s i l e and f e r t i l e plutonium isotopes are considered the equivalents of 
235|j a n ( j 238us the amount of uranium used and the separative work required 
in the gaseous di f fusion cascade can be reduced (_]_). New values were then 
calculated for separative work and MTU feed. 
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Old Feed (MTU) New Feed (MTU) Old Work (kg SWU) New Work (Kg SWU) 

BUR 128.73 88.700 517,800 71,69? 

PWR 141.46 101.877 140,200 95,180 -

As a result of these changes in separative work and uranium feed, energy 
changes were calculated for mining", m i l l i ng , conversion to UFg, and gasaous 
di f fusion. The resulting changes are shown in Table 21. 

Table 21. Effect of Recycling Plutonium on a Yearly Basis 

BWR PWR 
Thermal 
Energy 

OC6 KWh) 

Electrical 
Energy 

(106 KWh) 

Thermal Electr ical 
Energy Energy 

{106 KWh) (106 KWh) 

Mining to UFg (old) 22.6 4.29 24,9 4.71 
(new) 15.6 2.95 17,9 3.39 

Gaseous Diffusion (old) 297.6 354.2 
(new) 181.1 240.5 

8.12 Power Losses 

An industry quoted f igure for the penalty incurred when switching from 
surface water cooling to mechanical draft cooling towers is 2-3% of genera-
t ing capacity (16.). When the Hanford No. 2 nuclear power plant changed !;o 
mechanical draf t cooling towers, i t s generating capacity was reduced f m 
1,130,000 to 1,100,000 kW. 

1,130.000^-^100,000 . 2 . 6 5 , d e m a s e 

The towers were equipped with twelve 200-hp fans for a i r c i rculat ion. This 
represented (12)(200 hp)(0.7457 kW/hp) = 1790 kW or 0.16% decrease in 
capacity and 5.9% of the penalty. Although pump and fan costs vary with 
d i f ferent conditions, data collected covering 52 mechanical draf t cooling 
towers (36) indicate that pump and fan costs are approximately equal. Thus 
the totaT"pump and fan costs account for approximately 12% of the tc ta! 
penalty incurred. 
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Most plants have both a high pressure and low pressure turbine. At the 
TVA Bull Run Steam Plant, Tennessee, approximately 50% of the tota l power 
generated is produced by each generator (84). During typical summer opera-
tions with once-through r iver cooling water, the low pressure turbine 
exhaust pressure is 1.5 to 2.25 in Hg. Wet cooling tower systems w i l l y ie ld 
exhaust pressure of 2.5 to 4.5 in Hg. This increase in back pressure on the 
low pressure turbine w i l l reduce turbine performance from 1,255,000 to 
1,205,000 kW or 

- » • « decrease 

Since low pressure turbines generally produce only 50$ of the tota l pemver, 
the penalty incurred is (0.5)(3.90) or 1.99% (28). Thus, the 'loss due to 
the decrease in turbine eff ic iency (1.99%) is much lUrger than that caused 
by pumping and fan costs (0.16%). 

Although nuclear plants discharge more waste feeat per MW generated than 
fossi l fueled plants, the ef fect is minimal on tota l penalty incurred and a 
3% penalty wi l l be applied to both plants. 

8.13 Transportation 

In th is section the shipments of various fuel materials and wastes are 
presented. The assumed reference designs for each type of shipping system 
w i l l be presented. A l l shipments are made by truck unless otherwise specified. 
A l l factors described below involving cargo weight and distances are taken 
from Ref. (46). 

1. Thermal Reactors, PWR, BWR, and HTGR 

a) M i l l to Conversion Plant 

shipping container 55-gal drum 
tare weight, lb 55 
typical truck shipment 2.8 total lb shipped/kg U 
distance, miles 780 

These containers are returned to l^Og M i l l . 

b) Conversion Plant to Gaseous Diffusion Plant 

UFc enrichment <1.2% 
shipping container Model 46F (AEC UF5 container) 
tare weight, lb 5200 
typical truck shipment 3.9 total lb shipped/kg U 
distance, miles 780 

These containers are returned to Conversion Plant. 
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Gaseous Diffusion Plant to Reconversion <md Fuel Preparation Plant 

1) For PWR and BWR (UFg enrichment <5%) 

shipping container Model 30A (AEC container) 
tare weight, lb • 3350 • 
typical truck shipment 5.6 tota l lb shipped/kg U 
distance, miles 810 

These containers are returned. 

2) For HTGR (UFg enrichment is 93%.) 

shipping container 5A (AEC UFg container) 
tare weight, lb 55 
typical truck shipment 3.31 tota l lb shipped/kg U 
distance, miles 810 

These containers are returned. 

Fuel Preparation Plant to Fuel Element Fabrication 

1) For PWR and BWR (3.3% enriched U02) 

shipping container f iber inner container with double 55-gal 
tare weight, lb 550 outer drum 
typical truck shipment 4.9 tota l lb shipped/kg U 
distance, miles 540 

These containers are returned. 

2) For HTGR (93% enriched U02) 

shipping container inner steel container with double 55-gal 
tare weight, lb 1030 outer drum 
typical truck shipment 19.6 tota l lb shipped/kg U 
distance, miles 540 

These containers are returned. 

Fuel Element Fabrication to Reactor 

1) PWR 

shipping container ; steel box 
tare weight, lb 4200 
elements per container 2 
typical truck shipment 6.9 tota l lb shipped/kg U 
distance, miles 430 

These containers are returned with recycle. 
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2) BWR 

shipping containers steel box 
tare weight, lb 4200 
elements per container1 2 
typical truck shipment 14 tota l lb shipped/kg U 
distance, miles 430 

These containers are returned with recycle. 

3) HTGR 

shipping container steel box 
tare weight, lb 4200 
elements per container 18 
typical truck shipment 600.2 total lb shipped/kg I), Th 
distance, miles 430 

These containers are returned. 

f ) HTGR Fuel Element Fabrication Recycle to Reprocessing Plant 

shipping containers steel drum 
tare weight, lb 1030 
typical truck shipment 19.6 total lb shipped/kg U-Th 
distance, miles 500 

These containers are returned. 

g) PWR, BWR Fuel Element Fabrication Recycle to Reconversion and Fuel 
Preparation Plant 

shipping container steel can 
tare weight, lb 1030 
typical truck shipment 19.6 total lb shipped/kg U 
distance, miles 540 

These containers returned are the ones received from Reconversion and 
Fuel Preparation. 

h) Reactor to Chemical Reprocessing Plant 

1) BWR 

i ) 60% of the shipments are made by truck 

shipping containers .. shielded cask 
tare weight, lb 50,000 
elements per container 1 
typical truck shipment 117 to ta l lb shipped/kg U 
distance, miles 280 

These containers are returned. 
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i i ) 40% of the shipments are made by r a i l 

shipping containers shielded cask 
elements per container 7 . 
typical ra i l shipment 142 tota l lb shipped/kg U 
distance, miles 1120 

These containers are returned. 

PWR 

i ) 60% of the shipments are made by truck 

shipping container shielded cask 
tare weight 50,000 
elements per container 1 . : 
typical truck shipment 117 tota l lb shipped/kg U 
distance, miles 280 

These containers are returned. 

i i ) 40% of the shipments are made by ra i l 

shipping containers shielded cask 
elements per container 7 
typical r a i l shipment 59.9 to ta l lb shipped/kg U 
distance, miles 1120 

These containers are returned. 

HTGR 

i ) 60% of the shipments are made by truck 

shipping container shielded cask 
elements per container 9 
tare weight, lb 50,000 
typical truck shipment 1236 tota l lb shipment/kg U-Th 
distance, miles 280 

i i ) 40% of the shipments are made by r a i l 

shipping container shielded cask 
tare weight, lb 180,000 
elements per container 72 
typical r a i l shipment 552 to ta l lb shipped/kg U-Th 
distance, miles 1100 
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i ) Reprocessing Waste to Storage Site 

shipping container shielded cask 
tare weight, lb 260,000 
contents: for 17.5 metric ton of fuel processed', 15;000 lb of 

material is put in this container 
ra i l distance, miles 1000 

These containers are not returned; they are buried. 

2. LMFBR 

a) Depleted UF5 from Gaseous Diffusion Plant to Fuel Preparation Plant 

UF(j enrichment 0.3% 
shipping container 48F (AEC container) 
tare weight, lb 5200 
typical truck shipment 3.9 total lb shipped/kg U 
distance, miles 850 

These containers are returned. 

b) Blanket Fuel Preparation Material to Blanket Fabrication Plant 

shipping container 

tare weight, lb 
typical truck shipment 
distance, miles 

inner f iber drum container with 
double 55-gal outer drum 
550 
7.1 total lb shipped/kg U 
150 

These containers are returned. 

c) Core Fuel Preparation Material 

shipping container 
tare weight, lb 
typical truck shipment 
distance, miles 

to Core Fabrication Plant 

inner steel can with double 55-gal-
1030 outer drum 
3 total lb shipped/kg U-Pu 
150 

These containers are returned, 

d) Core Assemblies to Reactor 

1) Fast Region Elements 

shipping container 
tare weight* lb 
elements per container 
typical truck shipment 
distance, miles 

steel box 
5500 
6 
17 tota l lb shipped/kg U-Pu 
690 
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2) Inner Radial Blanket Element 

shipping container steel box 
tare weight 5500 lb 
elements per container 6 
typical truck shipment 11.3 to ta l lb shipped/kg U 
distance, miles 690 

3) F i rs t Outer Radial Blanket Element Transportation 

shipping container steel box 
tare weight 5500 lb 
elements per container 6 
typical truck shipment 13.3 to ta l lb shipped/kg U 
distance, miles 690 

4) Second Outer Radial Blanket Element Transporation 

shipping container steel box 
tare weight 5500 lb 
elements per container 6 
typical truck shipment 11.3 tota l lb shipped/kg U 
distance, miles 690 

These containers are returned. 

Reactor to Chemical Reprocessing Plant 

1) 60% of the fuel elements are transported by truck 

shipping container shielded cask 
tare weight, lb 54,500 
elements per container 3 
typical shipment 372 lb/kg of fuel 
distance, miles 300 

These shipping containers are returned. 

2) 40% of the fuel elements are transported by r a i l 

shipping container shielded cask 
tare weight 186,000 lb 
elements per container 18 
typical shipment 146 lb/kg of fuel 
distance, miles 1310 

These shipping containers are returned. 
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f) Chemical Reprocessing Plant 

shipping container 

tare weight, lb 
typical truck shipment 
distance, miles 

g) Chemical Reprocessing Wastes 

to Core Fuel Preparation Plant 

inner polyethylene bott le with a 
double 55-gal outer drum 
510 
216 tota l lb shipped/kg Pu 
570 

to Storage Site 

shipping container shielded cask 
tare weight, lb 260,000 
contents for every 17.5 metric tons of fuel 

processed, 15,000 lb of materials 
are put in th is container 

ra i l distance, miles 1000 

These containers are not returned; they are buried. 

The energy consumption for transportation calculated using the data 
of Figs. 2, 3, 4, and 5, and using the estimates stated in Sect. 4.4.10 
are shown on Table 22. 

8.14 Energy Consumption in Chemical Production 

For certain parts of the fuel cycles described in this report, large 
amounts of chemicals are used. For most of these, consumption for manu-
facture was taken from Ref. (9). However, for NHo, HNO3, and HF, detailed 
analyses have been performed to determine heat ana e lect r ica l energies 
needed for production. 

Ammonia Production (70) 

U t i l i t i e s based on one ton NH3: 

19,200 scf natural gas 
60 kWh e lec t r i c i t y 

At 1035 Btu/scf, this is 19.4 x 106 Btu/ton NH3. 

N i t r i c Acid Production (70) 

Basis of one ton 100% HN03 

ammonia 574 lb [17.2 kWh and 5.7 x 106 B tu( t ) ] 
e lec t r i c i t y 9 kWh 
steam (200 psia, 500°F) 1750 lb 
eff ic iency 95% 
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Table 22. Annual Enerqy Consumption In Transporting Fuels for PWR. BWR, 
LMFBR, and HTGR Operating at 85* of Capacity 

Uranium Energy 
Metric Short Consumed 

Tons Tons Ton-Mile Btu(t) xlO6 

1. H i l l to Conversion Plant 
PWR 146.2 201 157,000 426 
BWR 133.45 184 143,000 389 
HTGR 84.8 117 90,900 247 
LMFBR 0 0 0 0 

2. Conversion Plant to Gaseous Diffusion Plant 
PWR 142.0 274 215,000 584 
6WR 129.2 250 195,000 532 
HTGR 77.0 149 117,000 317 
LMFBR 0 0 0 0 

3. Gaseous Oiffusion Plant to Fuel Preparation Plant 
PWR 58.9 164 134,000 363 
BWR 70.7 197 160,000 436 
HTGR 0.846 1.4 1,140 3 
IMF8R 44.2 50 40,000 110 

4. Fuel Preparation Plant to Fi,el Element Fabrication Plant 
PWR 61.6 150 82,000 222 
BWR 74 1B0 98,000 266 
HTGR 18 176 96,000 26' 
IMFBR 

Core 18 276 41,000 112 
Blanket 32 94 14,000 39 

5. Fuel Fabrication Plant to Scrap Recycle 
PWR 4.4 13 7,000 19 
BWR 5.2 15 8,000 22 
HTGR 0.88 8 4,000 11 
LHF8R 

Core 1.2 18 2,800 8 
Blanket 2,2 6 900 2 

6. Fuel Fabrication Plant to Reactor 
PWR 58.2 183 78,000 212 
BUR 70.0 256 109,000 296 
HTGR 17.0 672 287,000 775 
LMFBR 

287,000 

Core 26.8 190 134,000 364 
Blanket 20 96 67,000 182 

7. Reactor to Chemical Reprocessing Plant 
ritn 

Truck 34.9 2042 576,000 1567 
Rail 23.3 698 779,000 424 

BWR 
779,000 

Truck 42 2457 693,000 1864 
Rail 28 1991 2,224,000 1210 

HTGR 
2,224,000 

Truck 10.2 6304 1,778,000 4835 
Rail 6.8 1877 2,064,000 1123 

LMFBR 
2,064,000 

Truck 21 3910 1,173t000 3190 
Rail 14 1020 1,336,000 727 

8. Chemical Reprocessino Plant to Work Storage 
PWR 228 228,000 622 
BWR 275 275,000 748 
HTGR 67 67,000 182 
LMFBR 181 181,000 491 

9, Chemical Reprocessing Plant to Fuel Preparation Plant 
PWR 55 62 50,000 136 
BWR 64.6 73 58,000 158 
HTGR 0.68 2 1,600 4 
LMFBR 4.6 485 280,000 762 

^Capacity of a l l plants is 1000 MW(e) except HTGR which is 1160 MW(e). 
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Steam (200 psia, 500°F): 

enthalpy = 1269 Btu/lb (35) 

I f steam generation is 85% e f f i c i e n t , then 

heat = 1269(1750)/(0.85) = 2.6 x I06 Btu 

The tota l energy required for HN03 production including the 95% eff ic iency 
factor i s : 

heat = 8. 7 x 106 Btu/ton HN03 

e lec t r i c i t y = 27.6 kWh/ton HN03 

Hydrofluoric Acid Production (21) 

Basis: one ton anhydrous hydrofluoric acid 

700 kWh e lec t r i c i t y 

7.0 x 106 Btu natural gas 

6400 lb of H2S04 

The H2S04 requires 0.016 kWh(e)/lb Of'production (70). For " 
6400 Tb H0SO4, .102 kWh(e') are necessary; thereforeHEhe tota l 
e lect r ica l input for one ton of HF is 802 KWh(e). 

8.15 Summary of Energy Consumption 

8.15.1 Energy Consumption in Coal-Fired Fuel Cycle (40% Central Plant 
Eff iciency) with Surface Water Cooling 

1 • Energy Consumption 

Process 

Process Thermal 
Energy Usage 

DcWh(t)] 

Electr ical Usage* 
Equivalent 
Thermal 

kWh(e) [KWh(t)] 
Total 

[KWh(t/] 

Mining (Underground) 23.8 1.4 4.1 27.9 
Transportation 16.8 0 0 16.8 
Desulfurization 78.9 25.0 73.4 152.3 
Power Plant Operation 2740.0 - - 2740.0 

Totals 2859.5 26.4 77.5 2937.0 

*Based on conversion eff ic iency for th is fuel cycle. 
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Net Power Plant Output, kWh(e) 1096 

Electr ical Transmission Losses (8.&% of plant output), kWh(e) 95 

Net E lec t r i c i ty Delivered, kWh(e) 1000 

Net Cycle Eff ic iency, % 34.04 

8.15.2 Energy Consumption in Oi l-Fired Fuel Cycle (40% Central Plant 
Eff iciency) with Surface Water Cooling 

Energy Consumption 

Process Thermal 
Energy Usage 

[kWh(t)] 

uecti 

kWh(e) 

nca i usage 
Thermal 

Equivalent 
LkWh(t)] 

Total 
[kWn(t)] 

16.5 0.64 . 1.8 18.3 

20.6 0 0 20.6 

10.7 57,7 170.8 181.5 

2740.0 - - 2740.0 

2787.8 58.3 172.6 2960.4 

Process 

Extraction 

Transportation 

Desulfurization 

Power Plant Operation 

Totals 

Net Power Plant Output, kWh(e) 

Electr ical Transmission Losses (8.8% of plant output), kWb(e) 

Net E lec t r i c i t y Delivered, kWh(e) 

Net Cycle Efficiency » * 

1096 

96 

1000 

33.78 
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8.15.3 Energy Consumption in Natural Gas-Fired Fuel Cycle (40% Central 
Plant Efficiency) with Surface Water Cooling 

Net Power Plant Output, KWh(e) 

Electr ical Transmission Losses (8.8% of Plant Output), kWh(e) 

Net E lec t r ic i ty Delivered, KWh(e) 

Net Cycle Eff ic iency, % 

Process 

Process Thermal 
Energy Usage 

CkWh(t)] 

Electr ical Usage 
Thermal 

Equivalent 
kWh(e) [liWh(t)] 

Total 
[KWh(t)] 

Extraction 16.5 0.64 1.8 18.3 

Transportation 18.9 0 0 .18.9 

Desulfurization 1.2 22.6 64.2 65.4 

Power Plant Operation 2740.0 2740.0 

Totals 2776.6 23.2 66.0 2842.6 

1096 

96 

1000 

35.19 

8.15.4 Energy Consumption in Pressurized Water Reactor Fuel Cycle (32.5% 
Central Plant Efficiency) with Surface Water Cooling 

Process 

Mining 
Mi l l ing 
U3O0 to UFg 
Diffusion Plant 
UFg to tU02 
Fabrication 
Reprocessing 
UNH to UFg 
Transportation 
Power Plant Operation 

Totals 

Process Thermal 
Energy Usage 

DcWh(t)] 

Electr ical Usage 
Thermal 

Equivalent 
lcWh(e) LkiWh(t)] 

Total 
[kWh(t)j 

0 0.16 0.57 0.57 
2.8 0.30 1.07 3.87 
0.8 0.23 0.82 1.62 
0 52.20 186.5 186.5 
0 0.45 1.61 1.61 
0 0.09 0.32 0.32 

2.4 0.45 1.61 4.01 
0.1 0.04 0.14 0.24 
0.2 0 0 0.2 

3372.3 - - 3372.3 

3378.6 53.92 192.64 3571.24 
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Net Power Plant Electr ical Output, kWh(e) 1096 

Electr ical Transmission Losses (8.8% of Plant Output), kWh(e) 96 

Net E lec t r ic i ty Delivered, kWh(e) 1.000 

Net Cycle Eff ic iency, % 28.0 

8.15.5 Energy Consumption in Boil ing Water Reactor Fuel Cycle (32.5% Central 
Plant Efficiency) with Surface Water Cooling 

Energy Consumption 

Electr ical Transmission Losses (8.8% of Plant Output), kWh(e) 

Net E lec t r ic i ty Delivered, KWh(e) 

Net Cycle Eff ic iency, % 

Electr ical Usage 
Process Thermal Thermal 
Energy Usage Equivalent Total 

Process C*Wh(t)3 kWh(e) L kWh(t)] CkWh(t)] 

Mining 0 0.15 0.53 0.53 
Mi l l ing 2.6 0.27 0.96 3.56 
U3O0 to UFg 0.7 0.21 0.74 1.44 
Diffusion Plant 0 43.81 155.13 155.13 
UF6 to U02 0 0.56 1.96 1.96 
Fabrication 0 0.08 0.28 0.28 
Reprocessing 2.0 0.54 1.91 3.91 
UNH to UFg 0.1 0.04 0.14 0.24 
Transportation 0.3 0 0 0.3 
Power Plant Operation 3372.3 - - 3372.3 

Totals 3378.0 45.66 161.65 3539.65 

Net Power Plant Electr ical Output, k.Wh(e) 1096 

96 

1000 

28.25 
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8.15.6 Energy Consumption in High-Temperature Gas-Cooled Reactor Fuel Cycle 
(38.7% Central Plant Efficiency) with Surface Water Cooling 

Energy Consumption 

Process, 

Mining 
Mi l l ing 
U3O0 to UFg 
Diffusion Plant 
UFg to U02 
Fabrication 
Reprocessing 
UNH to UFg 
Transportation 
Power Plant Operation 

Totals 

Process Thermal 
Energy Usage 

[•Wh(t)3 

0 
1.4 
0.4 

0 
0 
0 

0.5 

0.3 
2832.0 

Electr ical Usage 
Thermal 

Equivalent 
kWh(e) [KWh(t)] 

0.08 
0.15 
0.11 

33.80 
0.14 
0.32 
0.13 

0 

0.23 
0.44 
0.32 

99.27 
0.41 
0.94 
0.38 

2834.6 34.73 101.99 

Net Power Plant Electr ical Output, kWh(e) 

Electrical Transmission Losses (8.8% of Plant Output), kWh(e) 

Net E lec t r ic i ty Delivered, kWh(e) 

Net Cycle Eff ic iency, % 

Total 
[kWh(t)] 

0.23 
1.84 
0.72 

99.27 
0.41 
0.94 
0.88 

0.3 
2832.0 

2936.59 

1096 

96 

1000 

34.05 

8.15.7 Energy Consumption in Liquid Metal Fast Breeder Reactor Fuel Cycle 
Central Plant Efficiency) with Surface Water Cooling 

Energy Consumption 

Process 

Mining 
Mi l l ing 
U 3 O R to U F 6 
Diffusion Plant 
UFg to U02 
Fabrication 
Reprocessing 
UNH to UF6 
Transportation 
Power Plant Operation 

Totals 

Process Thermal 
Energy Usage 

[*Hh{t?J 

0 
0 

1.4 

0.3 
2740 ,̂0, 

2741.7 

Electr ical Usage 
Thermal 

Equivalent 
kWh(e) 

0.54 
0.03 
0.37 

0.94 

iquivaien 
[kWh(t)] 

1.48 
0.08 
1.02 

2.58 

Total 
[kWh(t)] 

1.48 
0.08 
2.42 

0.3 
2740.0 

2744.28 
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Net Power Plant Electr ical Output, kWh(e) 

Electr ical Transmission Losses (8.8% of Plant Output), kWh(e) 

Net E lec t r i c i t y Delivered, kWh(e) 

Net Cycle Eff ic iency, % 

1096 

1000 

96 

36.43 
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