“Birth to Death” Analysis of the Energy
Payback Ratio and COs Gas Emission Rates
from Coal, Fission, Wind, and DT Fusion
Electrical Power Plants

Scott W. White and Gerald L. Kulcinski

March 1998
(Revised February 1999)

UWFDM-1063

Presented at the 6th |AEA Meeting on Fusion Power Plant Design and Technology,
Culham, England, March 23-27, 1998

FUSION TECHNOLOGY INSTITUTE

UNIVERSITY OF WISCONSIN

MADISON WISCONSIN



“Birth to Death” Analysis of the Energy Payback Ratio
and COy Gas Emission Rates From Coal, Fission, Wind,

and DT Fusion Electrical Power Plants

Scott W. White
Gerald L. Kulcinski

Fusion Technology Institute
Department of Engineering Physics
University of Wisconsin-Madison

1500 Engineering Drive
Madison, WI 53706

March 1998
Revised February 1999

UWFDM-1063

Presented ahe 6thIAEA Meeting onFusion Power Rnt Design and’echnology, Culham,
England, March 23-27, 1998.



Abstract

The amount ofelectricalenergy produced ovehe lifetime of coal, LWR fission, DT-
fusion, and wind power plants is cgrared to the total amount ehergy required to procure
the fuel, build, operate, and decommission the power pldris. energy payback ratio varies
from a low of 11 forcoal plants to a high of 27 for DT-fusigolants. The magnitude of the
energy investment and tleurce ofthe various energy inputdetermine the C®emission
factor. This number varies from a low of 9 to a high of 974 tonnes ofp@OGWh for DT-

fusion and coal plants respectively.



1. Introduction

Future electrical energy plants will have to provide te/three times the present amournf
electricity generatedn aworldwide basis ¥ the year2050[1]. When one examinethe
options for the 21st centuripeyord the timewhennaurd gas ancdil are viable technologies
due to dwindling resources, coal and fission power plants must beggviels consideration.
The use of fusio to replace current facilitiekor baseloadedeedricd plants andvind driven
units for intermittent power is also being investigated.

How is one to judge the positive and negative attribatethes four optionsin orderto
guide present research investm@nithe most successfudlectrich energy sources muskcel
in many areaseconomics, safefyreliability, and environmental impact. ik the purpose of
this paper toaddress two issgewhich feed into the economic and environmeritapact
assessments of these energy sources. First, theygraftopck ratiqi.e., the total amounof
useful energy derived from a power plant divided by thé toteoun of enery investal in the
powe plan) should be aslarge as possibleto generate favorableconomics. Secondhe
amountof pollutantsemitted per kWh of electricity generatedhouldbe as low as possible.
This paper willconcentrateon one pollutanthatis currently in the public's view CO> gas.
One may be tempted iavoke thepopular, but mistaken viewthat nuclear and renewable
energy sources do not emit greenhouse gases. That is nearly a true statemeohsitiering
the electricity generation process itself but it does not recegrazconsideral@ energy (much
of it fossil energy) is required to mine, transport, fabricate magexfiaionstruction as well as
to build and decommission th@ants When the total “birthd deatti enery investa in
nuclear and renewable facilities is amortized over the useful lifetime of thethmatwil| be a
finite, though smaller greenhouse gas emission rate compared to coal fired plants.

It is recognized that therare mary othe issues that will influencefuture debates on which
of the electrical energy sources should be emphasized. These include, but are ddblirthiée
rate atwhich the world energydemandexpands the geographic distributioof fuels or

materialsof construction, andcaleof economy(e.g., MWe vs. GWg). The® issues will



certainly play an important role in the final decisions as willissees ofenergy paybackatio

and CQ gas emission discussed in this paper.

2. Calculation of Energy Payback Ratio

The concept istraightforward. Add up all theuseful energy produced by atectrical
power plant over its lifetime and divide it by the total amount of energy needed to ahther
fuel and construction materials, as well the energy needed toonstruct, operate, and

decommission the plant. Simply put, the energy payback ratio (EPR) is:

E
EPR = n.L 1)
(Emat,L + Econ,L + Eop,L + Edec,L )
where En,L = the net electrical energy produced over a given plant lifetime, L.

E ,q¢,1 = total energy invested in materials used over a plant lifetime L.

E ;on, =total energy invested in construction for a plant with lifetime L.

E op,L = total energy invested in operating the plant over the lifetime L.

E dec, ~total energy invested in decommissioning a plant after it has operated

for a lifetime L.

In practice, the determination of the output energy is easthbudetermination of the input
energy is not. Two approaches to calculate the input energy have been thequhst. First,
the Input/Outpumethod[2, 3]relies on the simple concept that to a ladggree,the more
expensive an item or service is, the lardper energy content dhat item orservice. Previous
authors have establishé¢dde equivalence between monsgent on variousctivities (e.g.,

construction,railroad transportationgtc.) or hardwar€pumps, wiring, concrete, etc.) and



their energy densities in terms of bdtlermaland electrical energinputs. This approach
allows one to calculate energy input once the cost of each activity is known.

The second approach ikhe Process @Gain Analysis(PCA)[4, 5], which addressesach
process contributing tthe useful lifetime of thepower plant. The PCA methodums up the
energy expendedor eachprocess. This method is best suited talculating the energy
requirements omaterial procurement by determining the energy requirednioe, transport
and refine the raw materials into elemental form. This approach is very spetiifectypes of

fuels used in each process which greatly aids the calculationpé@iSsion rates.

It is expected that the 1/0O method slightly overestimates the energy intensity because some of
the cost is needed for profit, bank interest, and so forth. On the othertimafCA approach
probably underestimatdbe energy investment becauseddes notinclude indirect energy
requirementsuch as thosassociated with heating administrationildings,embodied in the
steel oftrucks or railroadracks, etc. In this studtghe I/O and PCA techniques have been
combinedusing the PCA methodvhen possible and usirthe I/O method toassess non-
materials relateghrocesses. It ishoughtthat the combination of thawvo will result in a
reasonable, but not perfect, assessment of the energy inputs.

Figure 1 illustrates schematically the general approach takealcidate thelenominator of
Equation 1. Notehat theenergy input caraelso be considered to beade up of two
components: acapital investment in thepower plant (including construction and
decommissioning), and an operating component that includes the fuptcragseseeded to
operate the plant. Certaassumptionfiave to be made about the capacity factor (the fraction
of time the plant is actually making electricity), the maintenance and repair theimgperation
period, and the expected lifetime of the plant. The end result is reported in units of GJ per net
GWegy which, whenmultiplied by the total net electricitgenerated, giveshe total energy
invested in the plandver its lifetime. The net energyroduced is justhe total net electrical
energy generated converted to f8d consistency.The EPR isthen the ratio of output over

input energy.



3. Calculation of the CQ Emission Per kWh of Electricity
Produced

Every time energy (thermal or electrical) is used to make a product, some waste products are
released to the environment. thre best case, this waste product is just heat. In casts,

the waste productsan includegreenhouse gases such as2CO0, NOx, CHy, etc. For

example, previous analyses[6-Bave been conducted to determine the pollutants released

during the mining of coal, the mining of Fe, railroad transportation of freight, etc. The
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Figure 1. Schematic of the method used to calculate the energy inputs to
various electrical power plants.



analyses include both thermal and electrical energy. Furthermore, the pollutants emitted during
the generation of electricity (trsubject of this paper) depend on whettier power plant is

fueled bycoal, uraniumgdeuterium andritium (DT), or wind. Once theEPR is determined,

one carnusethe components of energy input ¢alculate theemission of a specifipollutant

(i.e., CO per kg offuel, metal, or concrete per G¥y of net electricitysent toconsumers).

This emission coefficient is stated mathematically in Equation 2:

[kg.CO,
* kg.M;
kg.Co, 2 Hkgm, 0 <M )
GWey En,L
where En'L = the net electrical energy produced over a given plant lifetime, L.
kg CO, : L
—c = kg of CO emitted per kg of material i produced
kg M,
kg M; = kg of material i needed to construct and/or operate the plant for life L.

4. Selection of Power Plants For This Study

The major parameters of the four power plants used for this atedsummarized ifiable
1. For simplicity,the capacityfactors wereall chosen to be 75% fdhe base loadeglants.
This is close tothe current experienctr coal and fission plantswhile it is purely an
assumption for fusiosince no plants have been by#it. The capacity factofor the wind
power plant is calculatedrom actualproduction data[9]. The inventory of materials required
for constructionwas taken fromthe references listed ihable 1for coal, fission, and DT-
fusion. The materials inventorfor the wind plant was compiled from datasupplied by the

manufacturer and more detail is given in reference[10].



5. Energy Intensity and COQ Emission Factors for Materials

In order tocomplete thegorocesschainanalysis, a survey dhe specific energy intensities
for materials used in the four power plaotglined in Table was compiled inreference[15].

Table 2 is an abbreviated summary of that work given here to illustrate the order of magnitude

Table 1: Summary of Power Plant Designs Used to Determine Energy
Payback Ratio
Parameter Coalll] Fission[12] Fusion[13] Wind[14]
Power Level-MWe 1,000 1,000 1,494 25
Fuel USaveraje coal-1990 3% enriched U Deuterium-Tritium Not Applicable
Capacity Factor-% 78 752 758 24
Life-CY 40 40 40 25
Other Conventional Stean] Pressurized Watgr Tokamak * 3 blade
Reactor * No enegy storaje

a = assumed

Table 2: Energy Intensities of Power Plant Materials, Ref. [15]|

Material GJ/Tonne of Material
Aluminum 208
B4C 211
Calcium (Quicklime) 9
Chromium 83
Concrete 1.4
Copper 131
Helium 536
Insulation Materials 95
Lead 35
Lithium 853
Manganese 52
Mercury 87
Molybdenum 378
Nickel 184
NbTi 211
Silver 16,800
Sodium Metal 124
Steel - Carbon/Low Alloy 34
Steel - Stainless 53
Vanadium 3,710
Yttrium 1,470
Zirconium 1,610




and variation between material’'s energy intensities. Mwatunless otherwise stated, most of
these values refer to the raw ingot form of the metals, not the fabrateidct, therefore they
may slightly underestimate the total energy input.

Examples of the C®emission factors of poweaslant materialsused in this analysis are
given in Table 3. These values werealculated by multiplying the COemission factor of
specific fuels by the quantity of tHaels used tananufacture the aterials. These results are
consistent withthe energy intensity of the materials listedTiable 2. Note that the CQ

emission factors vary between materials by a factor of a 1,000 or more.

Table 3: The CO; Emission Factors for the Procurement of
Power Plant Materials, Ref. [15]
Material kg CO2 per Tonne of Material
Aluminum 13,300
B4C 13,200
Calcium 619
Chromium 5,390
Concrete 520
Copper 7,450
Helium 33,600
Insulation Materials 5,680
Lead 2,500
Lithium 53,00
Manganese 3,500
Molybdenum 20,300
Mercury 4,940
Nickel 9,830
NbTi 13,200
Silver 1,060,000
Sodium Metal 7,730
Steel - Carbon/Low Alloy 2,470
Steel - Stainless 3,280
Vanadium 228,000
Yttrium 84,000
Zirconium 97,200




6. Mass Requirements for the Four Electrical Power Plants

A summary of the non-fuel massquiredfor eachpower plant (normalized to a GW of
electrical energy produced) is given in Table 4. As expetitedsmallesmassrequirement is
for the coalpowerplant and the largest fer the fusion reactor. The fusion system idarge
because of its inherently low@ower density copared tofission reactors and the need to
shield from 14 MeV neutron@.e., thick walls of the primary containmergtructure). The
large normalized mass required for wind units results fitwerfact that thevind unit operates
only approximately one third of the time that a coal ptperates and therefosaiffers from a
reverse economy of scale. The mass requiremestsoagn inTable 4were coupled with the
energy intensity factors dfable 2 to yield theenergy investmenfior construction materials.

This is listed in Table 5.

Table 4: Summary of Power Plant Materials
(Tonnes/GW-installed)
Coal[11] Fission12] Fusion[13] Wind[14]
Aluminum 255 18 323 0
B4C 0 0 1,374 0
Chromium 122 0 0 0
Concrete 74,257 179,681 505,799 305,891
Copper 454 729 6,951 211
Fiberglass 0 0 0 19,863
Helium 0 0 94 0
Insulation Materials 0 922 0 0
Lead 0 46 13,898 0
Lithium 0 0 1,153 0
Manganese 112 434 0 0
Mercury 0 0 2 0
Molybdenum 42 0 0 0
Nickel 10 125 708 0
NbTi 0 0 144 0
Silver 0 0.5 0 0
Sodium Metal 0 0 12,085 0
Steel — Carbon / Low
Alloy 39,681 33,988 50,835 75,516
Steel - Stainless 612 2,080 56,883 9,049
Vanadium 4 0 0 0
Yttrium 0 0 3 0
Zirconium 0 0 68 0
Total] 115,550 217,590 650,319 410,529




Table 5: Energy Investments for Electricity Generating Plants
(TIth/GWey)

Process Coal Fission DT-Fusion Wind*
Construction Materials 55 58 269 676
Plant Construction 92 137 335 199
Fuel Mining 1,258 88 48 NAppl.
Fuel Preparation (cleaning, milling,| incl. in mining 1,203 incl. in minigy NAppl.
enrichment, etc.)

Fuel Transportation 1,059 8 neg. NAppl
Operation 440 239 435 489
Waste Disposal & Transportation 6 172 16 NAvail.
Decommissioning 10 19 55 50
Land Reclamation (fuel only) 4 0.1 neg. neg.
Total 2,925 1,923 1,158 1,414
Energy Payback Ratio 11 16 27 23

*w/o energy storage

7. Lifetime Energy Inputs for the Four Electrical Power Plants
Considered Here

A summary ofthe energy investmenter the four powerplant options considered in this
paper is given imable Swherethe resultsare normalized to a GW of net electricaknergy.
Note that thewind generation numbers do niotlude energystorage. Ifthatwere included,

the EPR would be somewhat lower.

8. Carbon Dioxide Emissions From the Four Electrical Power
Plants Considered Here

The normalized C®gas emission ratdser the four electical power plants considerdtere
are listed in Table 6. Thesultsare given intonnes of CQ per GWeh. Notethat thewind

numbers do nainclude energystorage. Ifthe sbrage were includedhe CGQ gas emission

rates would be slightly higher.



Table 6: Comparison of CQ Emissions from Energy Systems, by

Process (Tonne CQ/GWgh)

Process Coal Fission DT-Fusion Wind*
Materials (non-fuel) 0.6 0.7 2.8 8.6
Plant Construction 0.7 1.2 2.7 1.6
Fuel Mining 8.4 0.4 0.4 NAppl.
Fuel Preparation (cleaning, milling,| incl. in mining 8.9 incl. in minirg NAppl.
enrichment, etc.)
Fuel Transportation 9 0.2 incl. in mirgn  NAppl.
Operation 956 2.2 3.1 4.0
Waste Disposal & Transportation 0.05 1.4 0.04 NAvail.
Decommissioning 0.1 0.01 0.4 0.4
Land Reclamation (fuel only) 0.03 0.001 neg. neg.
Total 974 15 9 15

*w/o energy storage

9. Discussion of the Results

9.1

The most striking observation from Table She wide variation insource of energy inputs
for the four types of electrical power plants considered here. Figure 2 illustrates this difference
by showing the percent of energy inputtite generation of electricityver the life of aplant.
The data in Table 5 was regrouped into four categories:

* Fuel Mining, Preparation, and Transportation

Energy Payback Ratios

* Plant Materials and the Construction of the Plant

» Operation of the Plant

» Decommissioning and Waste Disposal.

It is obvious from Figure 2 that the major energy input for the coal power plant is associated
with the procurement of the fuel (coal) for the facility. Approximately 79% of the energy input

comes from mining and transportation of the coal. tl@notherhand,only 5% ofthe lifetime

10




energy inputs for aoal plant are tied up in the materials ohsuction and thectual

construction of the power plant itself.

100%
%)

£80% -
)
£60% -
o
'540% -
(op
¥ 20% -

0% -

% of Total Energy

Coal Fission DTFusion Wind
m Fuel Related m Plant Materials & Construction
O Operation B Decommissioning & Waste Dispdsa

Figure 2. The energy input to electricity generating varies considerablyamong
the 4 power plants considered in this study.

While the concentration oénergy in the fuekycle is nosurprise forcoal units, it is
somewhat surprisinghat it plays such anmportant role in the LWRfission facilities

(accounting for two thirds of the energy input otex plant lifetime). Because of the need to

enrich the uranium fuel iA3%U from 0.711% to=3%, a great deal of electricahergy is
required. For this paper, it was assumed that gas centrifuge technology was arséth tthe
uranium. If gaseous diffusicechnology wereaised,the fraction of the energy input to the
fuel cycle would be even higher.

In contrast to the coal and fission power plants, there is very little energy invesieduel
cycle for DT-fusion €4%) and nearly 52% of the energy requirements comen the
construction materials and the plant construction itself. The reason fdramaticshift is the
fact that DFfusion has a very low power density time reactor compared fission and the
reactors are much bigger. In addition, the surrounding buildings needbigges. The need
to shield people and equipment from 14 MeV neutrons also resutither thick(1-2 meters)
concrete shieldinghatadds tothe materials inventorysee Table 4)and consequently to the

energy needed to ake thebuilding itself. The high number of neutrongenerated in the DT
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cycle and larger buildings will alsplace aburden onthe decommissioningrocess which
amounts te=6% of the energy needslhe energy needed to operate firgion plant accounts
for =38%.

Finally, the “fuel” for wind facilities is “free” but thestructures and machinery needed to
harvest wind energgrenot. More than 60% of thenergy input into avind power plant
comes fromthe materials of construction and the construction oftdlaersalong with the
infrastructure(roads, power transmission, etc.). Furtlsemplicating this analysis is that
energy storage has nbeen included so that it somewhat unfair to compare base loaded
technologies such as coal, fission and fusion tonmittentsource ofelectricity like wind.
Inclusion of energy storage facilities (pumpgggiro, superconductingnagnet energgtorage,
etc.) wouldincrease the energy requiréal a given output. Nevertheless, whehe actual
materials of construction are accounfed in the Buffalo Ridge (Minnesota)[14{inits, one
finds that the normalizeénergy intensity (TJ/GW) for the physical plant is close tbhat of
the much largefusion facilities and certainly greater thahat neededor fission andcoal
facilities. One other point to note is the large fraction of energf% of the totalused in the
operations othe plant. The energyconsumed duringhe O&M is conyprised of both routine
maintenancde.g., vehicles, turbines)and periodiaeplacement oEomponents. The energy
requirements werealculatedusing the actualO&M costs of Buffalo Ridge[10] and an /O

energy intensity multiplier[5].

Anotherway to considethe energy input informatiothat theenergy payback analysis
provides is to considethe absolute, not relative, energy intensities. Figurgr&hically

shows that the energy intensities in the fiyglle alonedrop from a high o&2,300 TJ/GWey
for coal t0=1,300 TJ/GWy for fission and <50 TJ/GW for DT fusion. Onthe otherhand,
the energy invested in thEower plant increases from law of =150 TJ/GWgy for coal to a
high of=875 TJ/GWy for wind units. Finallythe energy in planbperations ranges from a

low of 240 TJ/GWy for fission to=490 TJ/GWgy for wind plants.
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A summary of the overall energy payback ratios (EPRS) is given in Figure Zodhenits

produce 11 times more energy in electricity than is required to make the electricity over the

2,500
m Fuel Related
2,000 - m Plant Materials & Construction
;u; 1,500 | O Operation |
O m Decommissioning & Waste Disposa
= 1,000 -
|_
500 -
O |

Coal Fission DT-Fusion Wind

Figure 3. The contribution to the energy payback ratio is dominated by fuel in
coal and fission facilities and by power plant materials and
construction in DT-fusion and wind facilities.

30 27

11

Energy Payback Ratio
H
ol

Coal Fission DTFusion Wind

Figure 4. The energy payback ratio (EPR) for electricity production varies by
more than a factor of 2 from coal to DT-fusion power plants.

lifetime of the plant described ifable 1. TheEPR isslightly higher in LWRfission plants
(16) and nore sofor wind (23) and DT fusiotiacilities (27). Oneshouldremember that the
values for wind do nainclude energy storage atitat thevalues for DT-fusiorare projected
on the basis of fusion reactor designs, not operating facilities.

13



The estimated uncertainty was calculated for the energy inputs of each power plant[15]. It is
not surprising that of the four technologies analyzed, the standard deviation was greatest for the
fusion powerplant (=15% of mean) andower for the three operating technologiesoal,
fission and wind<10%). Despite thevariancethe range of estimated uncertaimtges not
affect the generatanking of energy payback ratider the power plants bycreating any

overlaps.

9.2 COQ Emission

With one majorexception,the same generaourceterm trends observed irthe EPR

analysis apply to the CQemission rates. That exception is amply illustrated in Figure 5 where
it is shown that 98% of the GOemitted during the operation tife coal plant comesom the

operation of the plart.e., burning ofthe coal) wereas 79% othe energy invested iooal
fired plants stems fronthe procurement of the fu¢Figure 2). This is not too surprising

consideringthat theenergy incoal is released by theonversion ofcoal to CQ and other

molecules.

Perhaps the most striking feature of thep@Dalysis ighe shearmagnitude of thgyaseous
release as shown in Figure 6. Over 970 tonnes of &© releasetfom coal firedplants per
GWeh (the average electrical energy consumed in an hour by a United cgtates1,000,000
people). This is to be cqrared to 15 tonnes C{5Weh released fronthe generation of
electricity by fission plants and wind facilities, amm® tonnes CQGWgh from DT-fusion
plants.

The estimated uncertaintyas calculatedfor the CQ emissions ofeachpower plant[15].
The standard deviationvas smallestfor the coal plan{<5% of mean) and highedor the
fission plant (=13%). The standard deviatiorthed coal-firedpower plant is stabilized by the

high certainty of the carbon content obal. The higherstandard deviation ahe LWR was

14



due to possible variations dfie electrical mixused toenrich uranium. The range of

uncertainty does not significantly vary the total3nissions of each power plant.

10. Conclusions

The results from this analysis show that there is more than a fadiwo af the net energy
payback ratios for coal, fission, windnd DT-fusion electrical powgrants. It is found that
the energy inputs to various energy facilities are identified with a wide varistyuotes. Fuel
tends todominate the coahnd fission systemsvhile the construction materials anudant
construction dominates in the DT-fusion and wind units.

Perhaps the most important result of this analysis is the tabulationpoéi@iSsion rates for
the non-coal facilities. This leads to the realization that in contrast to popular theliafjclear
and windfacilities are notzero-emission energy sources ghdt when a propeaccounting

method isused,values ranging from 8 to 17 tonnes of £GWgh are calculated. Certainly
the CQ emissions from non-fossiuel sourcesare much smaller than the974 tonnes

COp/GWeh from coal fired power plants (as well as natural gas and oil fired units). Itis

100%
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m Fuel Related m Plant Materials & Construction
O Operation m Decommissioning & Waste Disposal

Figure 5. The contribution to the COp emission rates varies widely between
the 4 power plants considered here.
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Figure 6. The CQOp emission per GWeh is dominated by the combustion of

coal (Figure 6a) but other factors such a procurement of fuel,
construction  materials, and the building, operating and
decommissioning of the fission, DT-fusion, and wind poweplants
contributes = 6-15 tonnes of CQ per GWeh (Figure 6Db).

important to recognize thainy electrical power producingfacility will require some fossil

energy inputs, and thus, result in some greenhouse gas emissions.
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