DOE/EIA-M069(2001)

Model Documentation
Renewable Fuels Module

of the National Energy Modeling System

February 2001

Prepared by:

Office of Integrated Analysis and Forecasting
Coal and Electric Power Division
Energy Information Administration
1000 Independence Avenue, S.W.
Washington, DC 20585



Contents

[1. Renewable Fuels Module INtrOdUCHION ............cccuueeeiuieeeeeiieeeetieeeeieeeeeeeeeeeeeee e eeieee e 1
Purpose of This RepPOrt..........ooooo 1
Renewable FUels MOAUIE SUMMAIY..........cuuuuuuueiiiiiiiiiieieiaeeeeeeeeeeeaeeeaeeeeeeeeeeeeeeeeeeeeeeeeennn 1

|_andfill Gas SubmModule (LEG) ......oooovveiieiiiiiieeeeeeeeeeeeee e eeeeeeenn 2
Wind Energy SUbmModule (WES) ......coooiiiiieeeeeeeeee e 3
Solar SUBMOAUIE (SOLAR) .......uueiiiiiieeeee e e e e eeeaeeaeaas 3
Biomass SUDMOAUIE ..........ccoiieieeeeeee e 3
Geothermal Energy Submodule (GES) ........oiiiiiiiiiiiiiecieeeeeeeeeeeeeeeeeeeeeee e 4
Conventional Hydroelectric Plant Data..............ceeuuiiieiciiiiiieeeeeeeeeeeeeeeeee 4
Representation of Short-Term Cost Adjustment Factors for the Installation of New
TECNNOIOAY. ... 6
RATIONAIE .. e e e eeeeas 6
IMETNOTOIOTY ... 6
Representation of Resource-Related Cost Adjustment Factors for the Installation of New
TECNNOIOGIES. ...t e e e e e eens 9
= U0 = L= PP 9
IV ETNOT O OGY ..ottt e ettt e ettt e e ettt s eeeeta s eeeee b ssesesasssesesnssessesnssesssnsssseesnseees 9
o 1Y VIV T= o L 10
\ViloTe [ @] o) Vol (PP PPPPPPPR 10
REPOIt Organization ... ..o 11

P. Landfill Gas (LFG) SUDMOTUIE ...........c.coiuiiiiiiiiieieeeeee e 12
Ao o [ B VT o0 T 12
Relationship of the LEFG Submodule to Other MOdelS............viieueiiiiiiiiiiiiiiieeeiieeeeeenn. 12
IMOAEING RALONAIE ...ttt e e e e e e e eeeeeaeaaaaans 13

[THEOTEtICAl ADPIOACK ...t ee s ee e e e eeesseeeeanenases 13

Fundamental ASSUMPTIONS .........o.iuiuiiiiiiitiieeeieieeee ettt eeeieeiesresnennas 14

MISW QUANTITY PTOJECTIONS .......oooooooooosooioiooseoionenesionenssonenensnensnnneneennees 14

Fstimation of Recycling QUAaNTITY ......eeevieiieeeeeeeeee e 14

Projected Quantity of Methane Generation ............ccooovvveuueeieiiiiiiieieeeieiieeeeeae 14

Constructing the SUPPIY CUIVE .......ooeeeeieiieeeeeee e 15

LEG SUDMOAUIE STTUCIUIE ...t eeaseeaseeeasnneanens 17
Submodule FIOW DIiagram..............eeviiiieeeiieiie e 17

Key Computations and EQUAtIONS .........cuuueeiiiiiiiiieeeeeeeeeeee e eeeeeeeeeeeeeees 19

Appendix 2-A: Inventory of Variables, Data, and Parameters...............occccvvvvueeeiiieiiieaeeaaeeeeens 20
Appendix 2-B: Mathematical DEeSCHDIION............ovvuuueiiiiiieeeee e e eeeeee e e e e ee e aeeeeseeesenns 25
Appendix 2-C: BiblOGIrapNY .............eiiiiie ittt ee et e e e eeereerereaenaareees 27
Appendix 2-D: Model AbStract ... 29
Appendix 2-E: Data Quality and EStimation PrOCESSES ..........cuvvviieiiiiiiiiiiiiiiiiiceeeeiaeeeeee 32
3. Wind Energy Submodule (WES) ..o 33
MOAE] PUIMDOSE ...ttt e et e ettt e e e e e e e e eeeeeeeas 33
Relationship of the Wind Submodule to Other Models ..............cuvviiiiiiiiiiiiiiiiiiiiiiiiiinnns 33
IMOAEING RALONAUIE ... e et e e et e ettt sssetasseeessssasesansesesnsssersnnsseresnnnns 34
[ThEOretiCal ADPIOACKH ..ot e e e eeteeeeteeeeeeerneeereeeneeeans 34

FUNAamental ASSUMDONS ............oo.eeeeeeeeeeeeeeeeeeeeeeeeeeeesseeesseeesnnessnnesnneessneeseneesneesnees 35

QIES Wind Capacity Projections ... 35

rojected Btu Value of Wind ENErgy ...........cccccouiuuiiiiiiiiiiiiiiiciiieieeeaee 38

[COSt AQJUSIMENT FACIOIS......cvvieeieeeeeeeeeeeeeeeeee e eeeeeeeteeeaeeaeeaneeeeneeenesesneeaneesneeas 38




Alternative APProaches ... 38

Wind ENergy SUDMOTUIE STTUCTUIE. ..o 40
Submodule Flow Diagram ... 40

Key Computations and EQUATIONS............euiiiieeeiiiiiieieiee et 40

Appendix 3-A: Inventory of Variables, Data, and ParametersS...............uueeueeeeeeeeeeeeeeeeeerereeeneeennne 43
Appendix 3-B: MathematiCal DESCIIDTION ..........iiiieesiiiieteiiiietieeieietisisseeussessesusseeseesssieeersnseeeeesnnns 51
o L=T Lo T T O =71 o] 1o o =1 0] 0P PPPPPRS 55
APPENAIX 3-D: MOUEI ADSITACE ....cevvuiiiiei i e et e e e et seesetessssesaasesesssssesesssssesessnssseeennnns 57
Appendix 3-E: Data Quality and Estimation Processes..........c.oooooiiiiii 60
Lo E ST oLy To T [V1 o 62
AV To L I T 10 T = P PPPP 62
Relationship of the Solar Submodule to Other Models............coooviveeiiiiieiiiiiiiiiiiiiiee. 62
IMOAEIING RAUONAIE. ......ceii e a e e e e e e aaneeeeeeas 62
[THEOrEtiCAl APPIOBCK ...t e e seneeeeeseeneeneesnns 62

UNAAMENTAl ASSUMPLIONS. ... .eeiiie e ettt e e e e e e e s e e eeeeeeseaaaneeeeeeas 63
ROrt-Term COSt AQJUSTMENT FACOTS -.......ooocooeosoeooooioreseooneosrenssnenenenensseeesnneeneneeees 64
AILErNAtiVE APPIOACNES ... . a e 64

S0lar SUDMOAUIE STTUCTUIE ... .uuueiiiiieiiiiieieieieieveeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeseseeeseseeesessssessesssssnnenes 65
SUbMOAUIE FIOW DIGGIaM ... e eeeeeeeeeeas 65

Key Computations and EQUAIONS.........cuuvuuuiiieieiiiieiiieeeeeeeeeeeeeeeeeeeeeeeeeeviieeaeees 65

Appendix 4-A: Inventory of Variables, Data, and Parameters.............ccccvvevvviieeiiiicciiiiiaaeee 67
Appendix 4-B: Mathematical DeSCIPON ........cccouiiieeiieeeieeeieeeeee et eeeeeeeeeeeeeeevateaeeeeaeeeees 73
Appendix 4-C: BiblOGrapy ..........ooui i 74
APPENIX 4-D: MOAEI ADSTIACT ...ttt et et e e e e e e eeseeeeeteaeeeeaseeees 75
Appendix 4-E: Data Quality and EStimation ProCESSES.......uuuuuuuuuuiiiiiiiiiiiiiiiiiiiiiieieeeieeeeeeeeeneeeeenes 78
b. Biomass Submodule ... 79
IMOAE] PUIMPOSE ...ttt e et e e e e e e e e e e enres 79
Relationship of the Biomass Submodule to Other Models.................c..oooo 79
IMOAEIING RATIONAIC. ... et e e e 79
[TheoretiCal APPIOACK ..........veeeeeeeeeeeeeeeeeeeeeeee e eeeeteeeeeeeeeeaneeeereeeneeeeneeanes 79

FUNAAMENTAI ASSUMIDIIONS. ..eeuuuiiiieiiiiee e ieieet s eeieetseeeeessseesesssssasesssseasessnsseressnsseressnseerennn 80
=] P A AN o] oL (o = (o =T PP PPPPPR 81
Biomass SUDMOAUIE STIUCTUIE ...........uuuuuueeiesiueieiuueueueeeeeueeeeeeeeeeeeeeesseseesseseessesesssssesssssesenes 81
Submodule Flow Diagram ... 81

Key Computations and EQUALIONS.............uuiiiiiiiiiiiiiieceeiieeeeeee e 81

Appendix 5-A: Inventory of Variables, Data and ParametersS................uuuvuvveeiveveeeerieeeeeeneeeneeenene 84
Appendix 5-B: MathematiCal DESCIIDTION ..........iiiieeiiiieteiieietieieeietieiessesasseesesssseeseesssieeesssseeeeesnnns 90
APPENTIX 5-C: BIBIOGIraPNY ... ..eiiiiie ittt e e e e e e e st eeaeeeaeaannee 92
APPENIX 5-D: IMOAEI ADSTIACT ...vuiiiiiiiiieeee et e ettt e s e e e eeeeeeteteeseseeeseeesssnnneseeeseeees 95
Appendix 5-E: Data Quality and Estimation Processes........c.oooiiiiiii 97
. Geothermal Electricity SUDMOTUIE..............cccuiiiiiiiiiiiiee e 99
IMIOTE] PUIPOSE ...ttt e ettt e e e e e ea ettt e aaeeessanneeeeeeeaaesesannsneeees 99
Relationship of the Geothermal Electricity Submodule to Other Models.......................... 99
IMOAEIING RATONAIE. ......cciiieieiee ettt e e e e e e eeaaeeeaenneeeeeeas 100
FUNAAMENTAl ASSUMPDIIONS. ...eeuitiiiiieeiiieeiete e e ettt e e s eeeeeeeeetaeeseeeeeeeeesssnnseeeeeseenssennn 100

TYPE OF RESOUICE ..eviieeeiieeeee ettt e e e e e eeeeaeeesaanneeeeeeeeeeas 100

- StMALES Of RESOUICES ...uvvviiiiiiiiiiiiiiiiiiiiiiiiieeveeeieeeeeeeeeeeeeeeeeeeeseeeseeesseeeeneeeseessenes 101

Fxisting Capacity and REtIIEMENTS ..........evvieeeiiiiiiiieieeee e eeeeeeeeaaenns 102

EXDIOTAtION COSES vttt e ettt e e e e eeeeeeeteteeeeeeseeesernnnsnnns 102

O o)1 2= U O 1S F PP PP P PP PP PP PP PP PP P PP PPPPPPPPR 102




CAPITAl COSES ...ttt e e e e e e 102

Operations and Maint@NaNCe COSES ...........eeeiiieeeeeeeiiieieeeieeeeaaa e e 103

Heat Rates ... 103

Conversion TEChNOIOGIES .......uuuuuuiiiiiiiiiiiii e 103

CAPACITY FACTOIS vttt e e e e e e e aeaeeaas 104

A EINATIVE ADDIOACIES ...t e e ettt e ee et ssesetassesesassessesnsseesssnsseeeesnsenees 104
(Geothermal Electricity SUbmMOodule SITUCTUIE.........cvvvvvviiiiiiiiiieiee e eeeeeeeeeeeeeeeeeeeeeeees 104

Key Computations N0 EQUATIONS ......iieee.iiieeiiiiieiiiieiiiieessisiessssssesssssresssseressseeeesssereenns 106
Appendix 6-A:_Inventory of Variables, Data and Parameters.................cooooi 110
Appendix 6-B: MathematiCal DeSCHIPION. ...........uuiiiiiiiiiieee e 111
Yo oL gl I T O =T o] [To o r= T o] 0}V 112
APPENAIX 6-D: MO ADSITACT .. ..euuuiiieei ittt e et e et eseasesassesessssesessssesesnssserensseresnnnns 113
Appendix 6-E: Data Quality and EStimation PrOCESS .......cccccuvuiiiiiiiiiiieeeaeeeeseeeeeeeeeaaaaane 116




Tables

Thble 2-1. Methane Production Parameters for High, Low, and Very Low Yield Sites............... 16
Table 2-2. Landfill Gas to Energy Supply and Cost of Electricity Production by Region............ 16
Table 2A-1. NEMS Landfill Gas Submodule Inputs and QUIPULS ...........oveveniiieniiiiiiiiiiiieeeennns 20
Table 3A-1. NEMS Wind Energy Submodule Inputs and OULPULS...........ccccveviiviiiieiiiiiiiieeeeaennn. 43
Table 4A-1. NEMS Solar Model INputs and OQUIPULS .........coveeeuunieiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeeeenenen 67
Table 5A-1. NEMS Biomass Submodule Inputs and Variables ..o, 84
Figures
[Figure 1. Representation of Capital Cost SUPPlY FUNCLION ..............coevieeeeieeeeiiieeeciieeeeeieeeennn. 8|
Figure 2. Typical Resource-related Cost Adjustment Function for the Biomass Technology in
REGION 11 (NOITNWESE) ...t eeteeeteeeeteeeenteeeeneeeennns 10
Figure 3. Landfill Gas Submodule FIOWCRHAIT ............cocuuviiiiuiiiiiiiiiiiiiiiiiee e s ee e eaeens 18
Figure 4. Wind Energy Submodule FIOWChart..............cuvvvueiviiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeiiiiienen 41
Figure 5. Solar Energy Submodule FIOWChArT..............oiiiiiiiiiiiiiiiiiiieieeeeeeeeee e 66
Figure 6. Biomass Submodule FIOWChAr................ueviiiiiiiieiiiieeeeeee e 82







1. Renewable Fuels Module Introduction

Purpose of This Report

This report documents the objectives, analytical approach, and design of the National
Energy Modeling System (NEMS) Renewable Fuels Module (RFM) as it relates to the
production of the Annual Energy Outlook 2001(AEO2001) forecasts. The report catalogues
and describes modeling assumptions, computational methodologies, data inputs, and
parameter estimation techniques. A number of offline analyses used in lieu of RFM
modeling components are also described.

This documentation report serves three purposes. First, it is a reference document for
model analysts, model users, and the public interested in the construction and application
of the RFM. Second, it meets the legal requirement of the Energy Information
Administration (EIA) to provide adequate documentation in support of its models (Public
Law 93-275, Federal Energy Administration Act of 1974, Section 57(b)(1)). Finally, such
documentation facilitates continuity in EIA model development by providing information
sufficient to perform model enhancements and data updates as part of EIA's ongoing
mission to provide analytical and forecasting information systems.

Renewable Fuels Module Summary

The RFM consists of five analytical submodules that represent major renewable energy
resources-biomass, landfill gas (LFG), solar (thermal and photovoltaic), wind, and
geothermal energy.

The purpose of the RFM is to define the technology, cost, performance, and resource size
characteristics of renewable energy technologies. They are provided to the Electricity
Market Module (EMM) for grid-connected central station electricity capacity planning
decisions. The characteristics include available generating capacity, location, unit size,
capital cost, fixed operating cost, variable operating cost, capacity factor, heat rate,
construction lead time, and fuel price.

Renewable energy technology cost and performance characteristics which are common
to all electricity generating technologies are input directly to the EMM via the input file
ECPDAT. For characteristics that are unigue to specific renewable energy technologies,
specific files and subroutines are used, such as for resource values for regional, seasonal,
and hourly time segments of intermittent renewables.

Other renewables modeled elsewhere in NEMS include conventional hydroelectric (in the

EMM), biomass in the industrial sector, ethanol in the Petroleum Market Module (PMM),
wood in the residential sector, geothermal heat pumps and distributed (grid-connected)
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solar photovoltaics in the residential and commercial sectors, and solar hot water heating
in the residential sector. In addition, there are several areas, primarily nonelectric and off-
grid electric applications, that are not represented in NEMS. They include direct
applications of geothermal heat, several types of solar thermal use, and off-grid
photovoltaics. For the most part, the expected contributions from these sources are
confined to niche markets; however, as these markets develop in importance they will be
considered for representation in NEMS.

The number and purpose of the associated technology and cost characteristics varies from
one RFM submodule to another depending on the modeling context. For example,
renewable resources such as solar, wind, and geothermal energy are not fuels; rather, they
are inputs to electricity or heat conversion processes. Consequently, the Solar, Wind, and
Geothermal Submodules do not provide fuel product prices.

EIA’s Office of Integrated Analysis and Forecasting determines initial cost and performance
values for renewable energy technologies. In addition, several sources for the cost and
performance characterizations were examined for use in the RFM. The primary additional
source is the Electric Power Research Institute and U.S. Department of Energy’s joint
publication, Renewable Energy Technology Characterizations (EPRI TR-109496,
December 1997). The sources provide values for capital costs (excluding the construction
financing and contingency components, since these are provided in the EMM), fixed and
variable operation & maintenance (O&M) costs, capacity factors, and construction lead
times. All cost values are converted to 1987 dollars.

Provided below are summaries of the five RFM submodules that are used for producing
the AEO2001 forecasts: the Landfill Gas Submodule (LFG), the Wind Energy Submodule
(WES), the Solar Energy Submodule (SOLES), the Biomass Submodule, and the
Geothermal Energy Submodule (GES). The EMM’s role in defining hydropower data is also
described. New for AEO2001 are a redesigned and simplified geothermal energy
submodule (GES) and replacement of the municipal solid waste submodule with the new
landfill gas submodule. Municipal solid waste technologies have been found costly and
unpopular, while landfill gas and technologies using landfill gas are found to be both
competitive and welcome in some circumstances. The chapter concludes with information
on the RFM archival package and EIA point of contact.

Landfill Gas Submodule (LFG)

The Landfill Gas Submodule provides annual projections of energy produced from
estimates of U.S. landfill gas capacity. The Submodule calculates the quantity of LFG
produced (derived from an econometric equation that uses Gross Domestic Product and
U.S. population as the principal forecast drivers). The landfill gas capacity is estimated
based on reported waste and gas production data and judgement about future trends in
recycling. The amount of new landfill gas-to-electricity capacity available in each projection
period competes with other technologies by use of LFG supplies (curves) that are based
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on the amount of high, low, and very low methane producing landfills located in each
electricity market module region.

Wind Energy Submodule (WES)

The Wind Energy Submodule (WES) projects the availability of wind resources. Wind
resource availability, expressed as megawatts of capacity in each region, is passed to the
EMM so that wind turbines can be built and dispatched in competition with other electricity
generating technologies. The wind turbine data are expressed in the form of energy supply
curves. The supply curves provide the maximum amount of turbine generating capacity
that could be installed, given the available land area, average wind speed, and capacity
factor. These variables are passed to EMM inﬂthe form of nine time segments that are
matched to electricity load curves within EMM.

Solar Submodule (SOLAR)

Two solar technologies are represented in NEMS, a 5 megawatt fixed-flat plate grid-
connected central station photovoltaic (PV) unit without energy storage, and a 100-
megawatt central receiver (power tower) solar thermal (ST) unit with a few hours energy
storage. Both technologies are grid-connected and provided by electric utilities, small
power producers, or independent power producers.

PV and ST cost and performance characteristics which are defined consistent with fossil
and other characteristics reside in ECPDAT. Performance characteristics unique to these
technologies (such as season and region-dependent capacity factors), however, are
passed to the EMM via the solar submodule SOLAR.

Biomass Submodule

The Biomass Submodule furnishes biomass resource and technology cost and
performance characteristics for a biomass burning electricity generating technology to the
EMM. The technology modeled for the AEO2001 is Integrated Gasification Combined
Cycle (IGCC). The submodule utilizes a regional biomass supply schedule from which the
biomass fuel price is determined; fuel prices are added to variable operating costs since
there are no fuel costs in the structure of NEMS for renewable fuels. The biomass supply
schedule is based on the accessibility of wood resources by the consuming sectors from
existing wood and wood residues, crop residues, and energy crops.

! The nine time segments are derived from three 8-hour segments of the day for three seasons, winter, summer and off-peak
(spring/fall averaged). The data represent average capacities based on empirical analysis.
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Geothermal Energy Submodule (GES)

The purpose of the revised GES is to model current and future regional supply, capital
cost, and operation and maintenance costs of electric generating facilities using
hydrothermal resources (hot water and steam). These resources are limited to the three
western EMM regions. The data are assembled from 51 known sites, each represented by
information which reflects the specific resource conditions of that location. The GES
generates a three-part geothermal resource supply curve for geothermal capacity for each
region in each forecast year, for competition with fossil-fueled and other generating
technologies. It truncates the supply curve based on the avoided cost for the construction
and operation of new regional capacity and passes average cost and performance values
of the truncated supply curve to the EMM.

Of the 51 geothermal sites represented in the GES, 49 are located in the West and 2 in
Hawaii. The two Hawaiian sites, however, are not considered, since EMM’s capacity
planning decisions do not include Hawaii.

Conventional Hydroelectric Plant Data

The assignment of conventional hydroelectric plant data resides in the EMM and not in the
RFM. The hydroelectric power data represent reported planned new conventional
hydroelectric power capacity connected to the transmission grid. Reported plans are
obtained from annual EIA power plant surveys (Forms EIA-860A for utilities and EIA-860B
for nonutilities).

The model allows new conventional hydroelectric capacity to be built. Converting Idaho
National Engineering and Environmental Laboratory information on U.S. hydroelectric
potential (for developing new sites or upgrading existing ones, but not refurbishing existing
capacity), EIA developed regional supply estimates of available new capacity at increasing
capital costs:

Gigawatts U.S. Conventional

Capital Cost/kW Hydroelectric Supply
$1,200 2.0
1,440 1.6
1,800 3.5
2,400 9.1
3,600 50.1

All the capacity is assumed available at a uniform capacity factor of 45 percent. Within the
EMM Electricity Capacity Planning submodule (ECP), levelized costs for new hydro
capacity are estimated in comparison with other fossil and renewable energy technologies;
in practice, the new hydro capacity is not competitive below 5 cents per kilowatthour,
levelized ($1997). In the AEO2001 reference case, for example, none of the new capacity
is built. However, in response to special cases, such as might occur under certain
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renewable portfolio standards or in response to global warming requirements, where
competitors’ levelized costs exceed this threshold in some regions, some new conventional
hydropower can be built.
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Representation of Short-Term Cost Adjustment Factors for
the Installation of New Technology

Rationale

The RFM data file “rendat,” includes short-term supply cost adjustment factors for the
installation of new renewable energy-using electricity generating technologies. The factors
reflect the expectation that rapid expansions in the supply of installations using new
generating technologies will incur shortages of critical input resources. Shortages reflect
manufacturing bottlenecks. They also represent limits on information, such as on
identification and assessment of specific sites’ biomass, geothermal, solar, or wind
conditions, as well as bottlenecks in regulation, licensing, and public approval, and
constraints incurred from shortages of construction and operation personnel and
equipment.

Therefore, for AEO2001, U.S. generating capacities of new renewable energy generating
technologies are permitted to increase substantially without incurring bottleneck costs, but
above some threshold rate of increase begin incurring increasing costs. In any future year,
U.S. capacity can increase 30 percent over the previous year’s total without any increase
in capital costs. However, for every 1 percent increase in capacity greater than 30 percent,
capital costs are assumed to increase 0.5 percent. By defining the threshold as a
percentage of the existing installed capacity, the threshold criterion is dynamic, that is, the
allowable amount of acceptable no-cost escalation capacity growth increases as the overall
rate of capacity growth increases.

Methodology

The short-term cost adjustment factors represent additional capital costs that account for
bottleneck phenomena in manufacturing, sales distribution, site selection, licensing,
resource preparation, and installation of new energy technologies.

The Fortran program calculating the factors resides in the RFM submodule; user-defined
inputs reside in the RFM data file “rendat;” prices and quantities resulting from the
calculation are submitted to the ECP.

The representation is based on the percentage change of U.S. installed capacity of a
technology. It is expressed by an exponential cost function that relates an increase in
capacity exceeding a capacity threshold to a cost multiplier. This functional relation can be
expressed as:
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In(1+ay) D
_ (I+a1) 0
Paas = Pcurrent* (1' Ao ) % athres%' - 1[]
B
where:
Pelast = capital cost associated with capacity addition of Caggition in [$/KW],
Peurrent = current capital cost in [$/kW],
Athres = threshold above which elasticity is active, defined as percent
increase based on current installed capacity,
a; = increase in capital cost for every a, increase in capacity, faction,
a = increase in capacity, fraction,
Caddition = capacity additions in [MW],
Ceurrent = current capacity in [MW],
ao = binary switch parameter [0,1] is defined as:

Currently, the parameters are specified as:

amres = 0.30
a = 0.005
ap = 0.01

The cost relation of equation (1-1) is divided into three distinct points that represent the
characteristics of the equation and are used to establish a three step supply relation for the
installation of renewable energy technology in the Electricity Capacity Planning (ECP)
Module. A three step supply relation was chosen as a practical optimum that achieved a
balance between the accurate approximation of the characteristics of the function and the
need to limit the number of new decision variables in the ECP.

Passed to the ECP are three supply steps for each renewable energy technology. A supply
step is defined by a cost multiplier and the corresponding capacity for which the cost
multiplier is valid. The ECP incorporates the supply steps in its LP framework.

To represent the entire supply curve by three distinct steps, the following method was
used:

(1) The supply curve must be truncated to present the ECP with the best degree of
resolution for a relevant capacity addition range. The truncation of the supply
curve is specified by the user. The truncation is formulated as a normalized
capacity addition based on the installed total national capacity of a technology.
Currently the supply curve is limited to a value of 3 times the current on-line
capacity.
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(2) The first point on the supply curve is defined by the threshold capacity addition (25
percent of the current capacity) with a cost multiplier of unity.

(3) The second and third points linearly approximate the log linear supply curve of
equation (1-1) (Figure 1).

Figure 1. Representation of Capital Cost Supply Function
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The definition of the three supply steps is user defined. The steps can be specified in the
RFM input file ‘rendat’.
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Representation of Resource-Related Cost Adjustment Factors
for the Installation of New Technologies

Rationale

For AEO2001, capital costs for generating technologies using biomass, geothermal, or wind
resources are assumed to increase as a function of exhaustion of most favorable resources.
In general, capital costs are assumed to increase because of any or all of three broad
conditions: (1) necessity of using less favorable natural resources, (2) increasing costs of
upgrading existing distribution and transmission networks - separate from costs of building
an interconnection, and (3) increasing costs competing for other uses of the biomass or
wood resource, including increasing costs in meeting environmental concerns.

As a result, for AEO2001, each EMM region’s total biomass and wind resources are
parceled among five broad ranges, including an initial resource share incurring no capital
cost penalty, a second share for which capital costs are assumed to increase 15 to 20
percent, a third share imposing increases of 50 percent, a fourth at 75 to 100 percent, and
a final share (all remaining resources) for which capital costs increase 100-200 percent over
initial cost. Resource proportions vary by technology and region. Separately determined
off line, geothermal resources and consequent capital costs are parceled among four
increasing cost categories based on assumed rates of increase in costs for exploration,
drilling, and other field costs; geothermal details are provided in the GES submodule
description later in this report.

Methodology

For biomass and wind, the resource-related cost adjustment factors account for the
additional capital costs that are not reflected in the RFM cost characterizations. EIA
benchmarked the estimates underlying the factors using regional renewable energy market
and resource assessawents of the Northwest Power Planning Council and the California
Energy Commission.

Because of the regional differences of the resource allocations and availability, the
resource-related factors are defined by regions and formulated as cost multipliers.
Consistent with the short-term factors, a step function with three steps was formulated to
be able to superimpose both factors to one combined representation (Figure 2).

The step function is normalized by the total available resource in [MW] for a technology in
the current year and region. The user specifies the step function in the input data file
‘rendat.’

2Northwest Power Planning Council, Northwest Power in Transition: Opportunities and Risks, Draft Fourth Northwest Conservation
and Electric Power Plan (March 1996); California Energy Commission, Technical Potential of Alternative Technologies, Final Report,
Contract 500-89-001 (Regional Economic Research, December 1999).

Energy Information Administration/NEMS Renewable Fuels Module Documentation Report-Introduction 9



Figure 2. Typical Resource-related Cost Adjustment Function for the Biomass
Technology in Region 11 (Northwest)
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The Fortran program calculating the resource-related factors resides in the RFM
submodule; user-defined inputs reside in the RFM data file “rendat;” calculated prices and
guantities resulting from the cost adjustment calculation are submitted to the ECP.

Each year, the RFM determines the combined installed and planned capacity for each
region and technology, calculates the total available resource remaining, and determines
the cost multiplier associated with a particular step in the function.

Archival Media
The RFM is archived as part of the National Energy Modeling System production runs.
Model Contact

Thomas Petersik, Economist

Coal and Electric Power Division,
Energy Information Administration,
1000 Independence Ave., SW
Washington, DC 20585

Phone: (202) 586-6582

e-mail: tpetersi@eia.doe.gov
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Report Organization

Subsequent chapters of this report provide detailed documentation of each of the RFM's
five working submodules. Each chapter contains the following sections:

Model Purpose —a summarization of the submodule's objectives, detailing input and
output quantities, and the relationship of the submodule to other NEMS modules

Model Rationale —a discussion of the submodule's design rationale, including insights
into assumptions utilized in the model development process, and alternative modeling
methodologies considered during submodule development phase

Model Structure—an outline of the model structure, using text and graphics to illustrate
the major model data flows and key computations

Appendices—supporting documentation for input data and parameter files currently
residing on the EIA mainframe computer. Appendix A in each RFM submodule chapter
lists and defines the input data used to generate parameters and endogenous forecasts.
Appendix B contains a mathematical description of the computation algorithms, including
model equations and variable transformations. Appendix C is a bibliography of reference
materials used in the model development process. Appendix D consists of a model
abstract. Appendix E discusses data quality and estimation methods.
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2. Landfill Gas (LFG) Submodule

Model Purpose

The main purpose of the Landfill Gas (LFG) Submodule is to provide EMM with annual
projections of electric power capacity of landfill-gas-to-energy plants. The submodule uses
the quantity of municipal solid waste (MSW) that is produced, the proportion of MSW that
will be recycled, and the emission characteristics of three types of landfills, to produce
forecasts of the future electric power capacity from landfill gas.

Beginning with AEO2001, it is assumed that no new mass burn waste-to-energy facilities
will be built and operated during the forecast period in the US. This assumption is
supported by EIA discussions with industry experts. It is also assumed that mass burn
waste-to-energy facilities that are already operational will continue to operate and retire as
planned throughout the forecast period.

Relationship of the LFG Submodule to Other Models

The LFG submodule passes capacity estimates and cost and performance characteristics
of the landfill-gas-to-electricity technology to the EMM for capacity planning decisions.
Beginning with AEO2001, LFG cost and performance characteristics that are defined
consistent with fossil and other characteristics reside in RFM’s input file MSWDAT.

The amount of new landfill-gas-to-electricity capacity during the projection period competes
with other technologies using supply curves that are based on the amount of high, low, and
very low methane producing landfills located in each electricity market module region.

The only interfaces from other NEMS modules are: (1) annual real Gross Domestic Product

(GDP) and (2) the total U.S. population projection, both of which come from the NEMS
Macroeconomic Activity Module (MAM).
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Modeling Rationale

Theoretical Approach

The modeling approach involves calculation of a three-step supply curve that is based on
the amount of high, low, and very low methane producing landfills located in each electricity
market module region. An average cost of electricity production for each type of landfill is
calculated using gas collection system and electricity generator costs and characteristics
developed by EPA’s Energy Project Landfill Gas Utilization Software (E-PLUS)=

3U.S. Environmental Protection Agency, Atmospheric Pollution Prevention Division, Energy Project Landfill Gas Utilization
Software (E-PLUS) Version 1.0, EPA-430-B-97-006, Washington DC, January 1997.
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Fundamental Assumptions

MSW Quantity Projections

The amount of methane available is calculated by first determining the amount of total
waste generation excluding composting and incineration for the years 1999 through 2020
and applying assumptions regarding the amount of waste that is recycled against this waste
stream.

The definition of MSW for the initial regression in the LFG Submodule is consistent with that
used by the Environmental Protection Agency (EPA) and defined in Subtitle D of the
Resource Conservation and Recovery Act. In this definition, municipal solid waste includes
discarded durable goods, nondurable goods, containers and packaging, food wastes, and
yard trimmings from the residential, commercial, institutional, and industrial sectors. The
EPA definition of MSW does not include everything that might be landfilled in Subtitle D
landfills or burned, such as municipal sludge, nonhazardous industrial wastes, construction
and demolition wastes, urban wood waste and tires. These wastes are often disposed
alongside those wastes formally defined as MSW. To capture these other materials as part
of the projections, the EPA estimates (Franklin 1994) were compared to the higher
guantities reported in the annual Biocycle survey (Biocycle, 1993). The average difference
between the EPA and Biocycle values for historical years was used as a multiplicative
adjustment factor applied to the regression results. In effect it represents the difference
between a calculated value and the more empirical value presented by the survey. These
same values for total MSW are also used in estimating landfill gas use, discussed later in
this section.

Estimation of Recycling Quantity

It is assumed that recycling will account for 35 percent of the total waste stream by 2005
and will linearly increase to 50 percent by 2010. The recycling portion is held constant at
50 percent from 2010 through 2020. This is consistent with EPA’s goals of nationwide
recycling targets. This is considered to be an ambitious but achievable goal since some
communities in the US are already recycling at 50 percent levels.

Projected Quantity of Methane Generation

The quantity of waste that will be landfilled from 1999 through 2020, is used as supply
inputs for a slightly modified EMCON Methane Generation Model™. The EMCON model
characterizes waste into three categories: readily, moderately, and slowly decomposable
material — based on the emission characteristics of each type of waste. It then calculates
methane emissions over the decomposition cycle associated with each type. The model

“D. Augenstein, “The Greenhouse Effect and U.S. Landfill Methane”, Global Environmental Change, December 1992, pp. 311-
328.
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and emission parameters are the same as those used in calculating historical methane
emissions in EIA’s Emissions of Greenhouse Gases in the United States 1998~

The ratio of high, low, and very low methane production sites to total methane production
is calculated by applying the ratios of high, low, and very low methane yielding sites as
calculated from data obtained for 156 opeé]ating landfills contained in the Governmental
Advisory Associate’s METH2000 database™

Constructing the Supply Curve

The production cost of electricity for high, low, and very low methane-yielding sites was
calculated by constructing a model of a representative 100-acre by 50-feet deep landfill site
and by applying methane emission factors for high, low, and very low methane emitting
wastes (Table 2-1).

Table 2-2 shows the cost-of-electricity for the three landfill types and the regional
distribution of landfill capacity. In order to construct Table 2-2 the Governmental Advisory
Associate’s METH2000 database was used. This database has data on 156 operating
landfills from which ratios of high, low, and very low methane yielding sites for each state
can be calculated. The state level ratios of the different types of sites are then mapped to
NERC regions allocating capacities to the different NERC regions on the basis of their
shares of State areas. Annual methane production for a hypothetical site differs with each
yield assumption. Therefore, each landfill type has associated differences in terms of
generator size, number of wells, cost of gas cleanup, piping, and other gas collection and
generating requirements. These variations lead to different production costs of electricity
due to increases in material cost as well as economies of scale. In general, high methane
yield sites produce electricity at a lower cost per kilowatt-hour than lower yielding sites. The
cost of electricity and the available supply of methane at each yield assumption for each
region is shown in Table 2-2.

®Energy Information Administration, Emissions of Greenhouse Gases in the United States 1998, DOE/EIA-0573(98), Washington
DC, October 1999, Appendix A: Estimation Methods, pp. 88-90.
5 Governmental Advisory Associates, Inc., METH2000 Database, Westport CT, January 25, 2000.
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Table 2-1. Methane Production Parameters for High, Low, and Very Low Yield Sites

Fraction readily decomposable 0.040 0.040 0.040
Fraction moderately decomposable 0.450 0.450 0.450
Fraction slowly decomposable 0.052 0.052 0.052
Rate of methane yield — readily decomposable (ft*/pound) 4.50 2.75 1.38
Rate of methane yield — moderately decomposable (ft3/pound) 3.55 1.95 0.98
Rate of methane yield — slowly decomposable (ft*/pound) 0.50 0.29 0.16
Lag for methane generation from readily decomposable waste 0 0 0
(years)

Lag for methane generation from moderately decomposable waste 2 2 2
(years)

Lag for methane generation from slowly decomposable waste 5 5 5
(years)

Production limit for readily decomposable waste (years) 3 4 4
Production limit for moderately decomposable waste (years) 10 20 20
Production limit for slowly decomposable waste (years) 20 40 40

Source: Energy Information Administration, Emissions of Greenhouse Gases in the United States 1999,
DOE/EIA-0573(99), Washington, DC, October 2000, Appendix A: Estimation Methods.
Parameters for very low yield site assumed to be 50 percent of low yield site values.

Table 2-2. Landfill Gas to Enerii Suiili and Cost of Electriciti Production bi Reiion

High yield 72 12 93 83 43 54 62 14 68 5) 17 - 131 653
Low yield 30 26 22 92 22 27 6 26 22 - 58 - 250 581
Very low 539 316 311 495 150 142 51 158 447 185 185 91 749 3,819
yield
Total 641 354 427 670 214 222 119 198 537 191 260 91 1,130 5,053
Percent of national capacity
High yield 143 0.23 1.84 1.64 0.85 1.06 123 028 135 0.11 0.33 0.00 259 12.93
Low yield 0.60 0.51 0.44 1.82 0.43 0.53 012 052 043 0.00 1.16 0.00 4.95 11.50
Very low 10.66 6.26 6.16 9.79 2.96 281 100 312 885 3.66 3.65 1.80 14.83 75.57
yield
Total 12.69 7.01 8.44 13.26 4.23 439 236 392 1063 377 514 1.80 2236 100.00
Electricity price (1998 cents/kilowatt-
hour)
High yield 3.20
Low yield 4.10
Very low 6.45
yield

Source: Energy Information Administration, Office of Integrated Analysis and Forecasting
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LFG Submodule Structure

Submodule Flow Diagram

This section presents a flow diagram (Figure 3) of the LFG Submodule that shows the
Submodule's main computational steps and data relationships.
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Figure 3. Landfill Gas Submodule Flowchart
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Key Computations and Equations

The LFG Submodule calculates a three-step supply curve that is based on the amount of
high, low, and very low yield methane producing landfills located in each electricity market
module region. An average cost of electricity generation for each type of landfill is
calculated using gas collection system and electricity generation costs and characteristics.

The amount of methane available is calculated by first determining the amount of total
waste available excluding composting and incineration for 1999 through 2020 and applying
assumptions regarding the amount of waste that is recycled against this waste stream. It
is assumed that recycling will account for 35 percent of the total waste stream by 2005 and
will linearly increase to 50 percent by 2010. The recycling portion is held constant at 50
percent from 2010 through 2020.

The quantity of waste that will be landfilled from 1999 through 2020 is used as supply input
for the methane generation model. The model calculates methane emissions over the
decomposition cycle associated with each type of waste (readily, moderately, and slowly
decomposable material).

The ratio of high, low, and very low methane production sites to total methane production
is calculated by applying the ratios of high, low, and very low methane yielding sites as
calculated from data obtained for 156 operating landfills contained in the Governmental
Advisory Associate’s METH2000 database.

The cost of electricity generation for high, low, and very low methane yielding sites is
calculated by constructing a model of a representative 100-acre by 50-feet deep landfill site
and by applying methane emission factors for high, low, and very low methane emitting
wastes.

Formulae for some of these calculations are presented in Appendix 2B: Mathematical
Description.

Energy Information Administration/NEMS Renewable Fuels Module Documentation Report - Landfill Gas to Electricity 19



Appendix 2-A: Inventory of Variables, Data, and
Parameters
This Appendix describes the variables and data inputs associated with the LFG Submodule.
Table 2A-1 provides a tabular listing of model variables, input data, and parameters. The

table contains columns with information on item definitions, modeling dimensions, data
sources, measurement units, and documentation page references.

The remainder of Appendix 2A consists of detailed descriptions of data inputs and
variables, including discussions on supporting data assumptions and transformations.

Table 2A-1. NEMS Landfill Gas Submodule Inputs and Outputs

Model Variable Definition and Dimensions Source Units
INPUT DATA
WHC | MSW heat content values in Census division U.S. EPA Btu/lb of MSW
rinyeary
UPHTRT* | LFG heat rate for electricity production Government Advisory Btu/kWh
Associates
Oak Ridge
UPMCF* | Capacity factor of a LFG plant EPRI TAG unitless
UPOVR* | Capital cost for a LFG plant EPRI TAG $/KW
UPFOM* | Fixed O&M cost for a LFG plant EPRI TAG mills/kWh
WVC | Variable O&M cost for a LFG plant EPRI TAG mills/kWh
SR | Annual source reduction factor EIA staff Percentage
a1 | Regression coeff. representing GDP Regressed by EIA 10°%on/10%%
dependency
a2 | Regression coeff. representing population Regressed by EIA 106t0n/106capi
dependency ta
o | waste stream adjustment factor Determined by EIA unitless
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Table 2A-1. NEMS Landfill Gas Submodule Inputs and Outputs (Continued)

Model Variable Definition and Dimensions Source Units
CALCULATED
VARIABLES
MC_GDP92C | Real gross domestic product for year y Determined in MAM Billion $
MC_N [ U.S. Population incl. Overseas armed forces Determined in MAM 10°
Q | Quantity of energy from municipal solid waste MMBtu per
for generation of electric power in EMM region year
n
WASTE_STREAM | Quantity of municipal solid waste produced in million tons
the U.S. per year
WCAMSEL | MSW electric capacity for utilities in EMM Megawatts
region nin yeary
WVCMSEL | Variable O&M cost of MSW electric mills/lkWh
generating capacity in EMM region n in year y
adjusted for tipping fees

*Assigned in EMM input file ECPDAT.

MODEL INPUT: WHC

DEFEINITION: Heat content in year y

Heat content values, measured in Btu per pound of MSW. Heat contents are national data,
and are assumed to be the same for each EMM region. The historic and projected percent
composition of MSW was obtained from Franklin Associates for each of the main
components of MSW. The main components of MSW include: paper and paper board,
glass, metals, plastics, rubber and leather, textiles, wood, food waste, yard waste, other
organics, and other inorganics. The Btu content was obtained for each material from the
U.S. EPA. The percentages and Btu contents were combined to provide an overall heat
content per pound of MSW. Values for the years through 2000 were based on an assumed
continuation of the historical increasing trend. Beyond 2000, it was assumed that HC
remains level for the duration of the forecast horizon.

SOURCES:

Oak Ridge National Laboratory, "Data and Sources: Biomass Supply Draft Report,"
prepared for EIA under Contract No. DE-AC05-840R21400, Oak Ridge, TN, June 27, 1993,
p. 7-10.

Franklin Associates, "Characterization of Municipal Solid Waste in the United States: 1997
Update," prepared for the Environmental Protection Agency, Municipal and Industrial Solid
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Waste Division, Office of Solid Waste, May 1998.

MODEL INPUT:  UPHTRT

DEFINITION: Heat rate for LFG plants

The heat rate (Btu/kwh) is assumed constant for all EMM regions and years. For those
plants that cogenerate electricity and steam, the heat rate is assumed to equal the heat rate
of facilities that generate only electricity.

SOURCE:

Electric Power Research Institute, Technical Assessment Guide. EPRI TR-1022765, Vol.
1: Rev. 7, Palo Alto, CA, June 1993.

MODEL INPUT:  UPMCF

DEFINITION: Capacity factor for an LFG plant

SOURCES:

Oak Ridge National Laboratory, "Data and Sources: Biomass Supply Draft Report,"
prepared for EIA under Contract No. DE-AC05-840R21400, Oak Ridge, TN, June 27, 1993,
p. 19.

Electric Power Research Institute, Technical Assessment Guide. EPRI TR-102276S, Vol.
1: Rev. 7, Palo Alto, CA, June 1993.

MODEL INPUT: UPOVR

DEFINITION: Capital cost of an LFG plant
SOURCE:

Electric Power Research Institute, Technical Assessment Guide. EPRI TR-102276S, Vol.
1: Rev. 7, Palo Alto, CA, June 1993.

MODEL INPUT: UPFOM

DEFINITION: Fixed operation & maintenance (O&M) cost for an LFG plant

Data for calculating operating costs are obtained from the EPRI Technical Assessment
Guide (TAG). Data are available for mass burn technology and refuse derived fuel.
Information for the mass burn technology is used in the calculations, assuming a 78 percent
capacity factor.
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SOURCES:

Oak Ridge National Laboratory, "Data and Sources: Biomass Supply

Draft Report,” prepared for EIA under Contract No. DE-AC05-840R21400, Oak Ridge, TN,
June 27, 1993, p. 19.

Electric Power Research Institute, Technical Assessment Guide. EPRI TR102276S, Vol.
1: Rev. 7, Palo Alto, CA, June 1993.

MODEL INPUT: WVCMSEL

DEFINITION: Variable O&M cost for an LFG plant in EMM region n and year y
adjusted for tipping fees

Data for calculating the operating cost are obtained from the EPRI Technical Assessment
Guide (TAG). Data are available for mass burn technology and refuse derived fuel.
Information for the mass burn technology is used in the calculations. The variable operating
cost is adjusted by subtracting the tipping fee, and assigning the operating cost value to the
RFM common block variable, WVCMSEL.

SOURCES:

Electric Power Research Institute, Technical Assessment Guide. EPRI TR102276S, Vol.
1: Rev. 7, Palo Alto, CA, June 1993.

Oak Ridge National Laboratory, "Data and Sources: Biomass Supply Draft Report,"
prepared for EIA under Contract No. DE-AC05-840R21400, Oak Ridge, TN, June 27, 1993,
p. 19.

MODEL INPUT: WVC

DEFINITION: Variable O&M cost for an LFG plant
Variable represents the unadjusted (excluding tipping fees) O&M cost for LFG plants.
SOURCES:

Electric Power Research Institute, Technical Assessment Guide. EPRI TR102276S, Vol.
1: Rev. 7, Palo Alto, CA, June 1993.

Oak Ridge National Laboratory, "Data and Sources: Biomass Supply Draft Report,"

prepared for EIA under Contract No. DE-AC05-840R21400, Oak Ridge, TN, June 27, 1993,
p. 19.
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MODEL INPUT: SR

DEFINITION: Annual source reduction factor, the amount of annual waste stream
reduction achieved - percentage.

SOURCE:
EIA, Office of Integrated Analysis and Forecasting

MODEL INPUT: &

DEFINITION: Regression coefficient representing the GDP dependency of the waste
stream

SOURCE:
Franklin Associates, "Characterization of Municipal Solid Waste in the United States: 1997
Update," prepared for the Environmental Protection Agency, Municipal and Industrial Solid

Waste Division, Office of Solid Waste, May 1998.

MODEL INPUT: a

DEFINITION: Regression coefficient representing the population dependency of the
waste stream.

SOURCE:
Franklin Associates, "Characterization of Municipal Solid Waste in the United States: 1997
Update," prepared for the Environmental Protection Agency, Municipal and Industrial Solid

Waste Division, Office of Solid Waste, May 1998.

MODEL INPUT: «

DEFINITION: Waste stream adjustment factor - expands the EPA-defined MSW
guantity to account for empirical information on other disposed materials.

SOURCES:
Biocycle, “The State of Garbage in America,” Annual series, (April 1988-April 1997).
Franklin Associates, "Characterization of Municipal Solid Waste in the United States: 1998

Update," prepared for the Environmental Protection Agency, Municipal and Industrial Solid
Waste Division, Office of Solid Waste, May 1998.
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Appendix 2-B: Mathematical Description

This Appendix provides the detailed mathematical specification of the LFG Submodule as
presented in the RFM FORTRAN code execution sequence.

The LFG submodule first computes the annual amount of municipal solid waste as a bi-
linear relation of the national population and the economic activity as represented by the

GDP.

WASTE_STREAMy = a*MC_GDP92C, + a*MC_Ny

Where:

WASTE_STREAM,
a

ar
MC_GDP92C,

MC_N,

national annual waste stream in yeary, in [106 ton]
regression coefficient representing the impact of
change in GDP (a,=0.02523713 [10° ton/10° $])
regression coef. representin% the impact of change in
population (a,=0.159544 [10° ton/10° capita])

gross domestic product in year y, in [10° $] (chain
weighted)

national population in yeary, in [106 capita]

The waste stream is then adjusted to capture the efforts to reduce generation of MSW and
to reflect definitional change. The relation is expressed as:

WASTE_STREAM,
Where:

WASTE_STREAM;y

y
SR

a

WASTE_STREAM, * (1~ (y + 15) SR) * a * 1000

Adjusted national annual waste stream in year vy, in
[10° ton]
NEMS year 2
source reduction factor

waste stream adjustment factor - expands the EPA-
defined MSW quantity to account for empirical
information on other disposed materials. The value is
calculated as a simple average of the ratios of the
EPA value to the total ﬁaste value from a State survey
by Biocycle magazine.

” Allaway, David, “Does Source Reduction Work?”, Resource Recycling, July 1992, pp. 52-61.
8 "The State of Garbage in America” (repeated annually), Biocycle, April/May, 1989-1997.
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Source Reduction Factor

Projections of MSW generation quantities based on the above regression approach must
be modified because of structural market changes that are occurring and are likely to occur
in future years. Governments and businesses have adopted strategies to lessen the
amount of waste generated without reducing economic output. The general term for these
strategies is source reduction. An example of such a strategy is the local government trend
toward unit-based disposal rates, which has brought about a reduction of generated waste
where implemented. Source reduction goals can be met through a combination of source
reduction and recycling. To the extent that source reduction strategies are successful, they
will likely alter the basic relationship between GDP and MSW quantity.

In order to reflect anticipated annual reductions in the quantity of MSW generated on
account of source reduction efforts, the quantity projected by the MSW supply equation will
be reduced by an exogenously-determined source reduction multiplier. This multiplier, SR,
will be based in part on legislation passed or proposed to promote source reduction.
Currently, EIA uses expert judgment to derive the SR parameter that is currently used in
the MSW supply equation.

Waste Stream Adjustment Factor

As mentioned earlier, the basic regression to develop coefficients uses the EPA definition
of MSW. However, this definition omits a notable segment of the waste stream that is
likely to be burned or buried. Among omitted materials are tires, construction and
demolition debris, and certain industrial materials. An adjustment, a, is computed as a
multiplier on the equation to represent the inclusion of these items. The value for a is the
average of the incremental differences between the EPA value and one presented in an
annual survey by Biocycle magazine. The same value applies to all regions. While its
empirical nature is a strength, the Biocycle value is deficient in that there is a lack of quality
control, especially in that the definition of MSW may vary by State.
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Appendix 2-D: Model Abstract

Model Name:
Landfill Gas Submodule

Model Acronym:
LFG

Description:

The submodule uses the quantity of municipal solid waste produced (derived
econometrically), to produce forecasts of the production of electricity from landfill gas.
Forecasts are disaggregated by region.

Purpose of the Model:

The LFG Submodule provides the NEMS Electricity Market Module with annual regional
projections of energy produced from landfill gas. The submodule provides regional forecasts
of electric capacity to be decremented from electric utility capacity requirements, as well as
capital and operating costs for the calculation of electricity prices.

Most Recent Model Update:
March 2000.

Part of Another Model?:
The LFG submodule is a component of the Renewable Fuels Module (RFM) of the National
Energy Modeling System (NEMS).

Official Model Representative:
Zia Haq

Coal and Electric Power Division
Energy Information Administration
Phone: (202) 586-2869

e-mail: zia.hag@eia.doe.gov

Documentation:
Model Documentation Report, Renewable Fuels Module of the National Energy Modeling
System, February 2001.

Archive Media and Installation Manual(s):
Archived as part of the NEMS production runs.

Energy System Described:
Energy production from the combustion of landfill gas.

Coverage:
» Geographic: Thirteen modified EMM regions.
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Time Unit/Frequency; Annual, 1990 through 2020
Products: generating capacity
Economic Sectors: electric utility sector

Modeling Features:

Model Structure: Sequential calculation of forecasted landfill gas to electricity
generation, followed by derivation of regional and sector energy shares based on
estimates of the percentage of MSW combusted.

Modeling Technique: Econometric estimation of municipal solid waste generation,
coupled with an energy share allocation algorithm for deriving electric generation
capacity and energy quantities by sector and region.

Special Features: Allows for the modeling of regional and national resource recovery
efforts.

Non-DOE Input Sources:
Franklin Associates, data prepared for the Environmental Protection Agency:

National annual quantity of municipal solid waste generated
Current annual percentages of municipal solid waste combusted and landfilled

Government Advisory Associates, Resource Recovery Yearbook and Resource Recovery
Database:

Plant-specific electricity generation, Btu energy content of MSW
Plant locations and energy consuming sectors

Electric Power Research Institute, TAG Technical Assessment Guide:

Capital cost; fixed and variable operation & maintenance costs
Plant capacity factor

DOE Input Sources:

Source reduction factor

Waste stream adjustment factor

Landfill gas-fueled capacity

Projected shares of MSW combusted and landfilled
Heat content of MSW

Current capacities for MSW and landfill gas-fueled units
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Computing Environment:
* Hardware Used: IBM RS 6000
e Operating System: UNIX
* Language/Software used: VS FORTRAN, Ver. 2.05

Independent Expert Reviews Conducted:
None.

Status of Evaluation Efforts by Sponsor:
None.
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Appendix 2-E: Data Quality and Estimation Processes

This Appendix discusses the quality of the principal sources of input data used in the LFG
Submodule, along with a discussion of user-defined parameters and guidelines used to
select them.

A principal driver of the LFG projection is the estimation of the projected waste stream. This
is done in a stepwise fashion beginning with EPA data and supplemented with data from
Biocycle. EPA data are based on in-depth analysis, but are defined narrowly. However, the
data have the advantage of a lengthy series. The data were correlated to GDP and
population data. Since considerable material outside that definition does and will be
disposed in combusters and landfills, the EPA value was factored up to a level represented
by Biocycle’s survey data. The weakness of this data is that the individual States reporting
would be using varying definitions of MSW, and the vintage of the data series varies
somewhat. The source reduction value is estimated based on readings of MSW literature
and although the precise level is judgmental, it is deemed important to include.

The portion of capacity that was projected from the landfilled share of the waste is
estimated in the model. There is a somewhat similar stepwise process for deriving energy
and hence, capacity for this share. The key is the formulae for computing gas yield from
existing and future landfilled MSW over their lifetimes. These have been developed from
EPA research reports and are assumed to remain valid throughout the forecast region. The
conversion of the resulting gas energy to generate capacity is similar to the approach for
combusters. A key assumption is the increase in the percent of gas captured from about 13
percent in 1995 to about 50 percent by 2010. This is consistent with the goals of an EPA
program to reduce methane emissions.
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3. Wind Energy Submodule (WES)

Model Purpose

The Wind Energy Submodule (WES) contains information on U.S. regional wind energy
resources and provides estimates of wind supplies by region and cost category to the
Electricity Capacity Planning (ECP) component of the Electricity Market Module (EMM).
WES quantifies regional wind supplies by differences in (1) average wind speed, and (2)
distances from existing transmission lines.

General technology values — such as overnight capital cost, fixed operations and
maintenance costs, renewable energy production incentives under Section 1212 of the
Energy Policy Act of 1992 (EPACT), construction profiles, and optimism and learning
characteristics — are input directly from the ECPDAT file in the EMM. The RFM data file
“rendat” contains the short- and long-term cost adjustment factors.

The combination of wind supplies and technology costs yields regional wind technology cost
supply information to the EMM.

Only grid-connected central station (50 megawatt scale) wind plants are considered.
Projections are based on the performance of a defined, currently operational horizontal wind
turbine, the Zond Z-48 750 kilowatt, horizontal axis wind turbine (HAWT).

After convergence, the EMM provides the WES information on installed wind capacity. WES
then calculates the remaining wind resources available for future installations.

Relationship of the Wind Submodule to Other Models

As a submodule of the RFM, WES provides its output through, and receives data through,
the RFM. WES is initiated by a call from the RFM. The RFM then provides input to and
receives values from the EMM.

The WES calculates values for two variable arrays, which are then passed to the EMM for
further processing. The calculated arrays are (1) yearly available capacity per region, and
(2) yearly capacity factors for each wind class, region, and subperiod (i.e., “slice” of the load
duration curve). The first array is calculated from the available land area versus wind class
(average speed “bins”), the energy per unit swept rotor area, and the annual capacity factor.
The second array is calculated from the subperiod energy percentages and subperiod
definitions. All other input data, such as economic life, construction profile, fixed operation
and maintenance costs, the forced outage rate, and other values, are passed directly from
ECPDAT to the EMM. The WES generates a wind capacity supply curve with a
straightforward (deterministic) calculation from wind turbine performance projections. The
uncertainties in the results are related to the technological cost and performance projections
and the assumptions about the availability of wind.
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Modeling Rationale

Theoretical Approach

Wind resources are not a uniform supply for use in electricity generation. Winds vary
geographically and temporally (by hour of the day and by season of the year) and differ in
distance from transmission lines. The purpose of the Wind Energy Submodule (WES) is to
account for effects of these variables on wind supply by estimating the quantities
(megawatts) of wind capacity available for new generating capacity in each region in each
wind quality category.

The submodule begins with estimates of land area exhibiting specified ranges of average
annual wind speed. It uses the moderate exclusion scenario, which excludes lands
assumed prohibited for other uses; it further differentiates the areas by average distances
from transmission lines, and finally estimates the quantities of generating capacity
remaining available in each forecast year in each wind quality-distance category. For use
in calculating efficiencies and costs, WES also differentiates and projects regional average
capacity factors by EMM load periods.

Having estimated available megawatts regional capacity, the EMM uses general cost and
performance values in ECPDAT and regional capacity factor values for the EMM load
periods to calculate the net present value of the wind technology over its 30-year life and
then compete wind technology with fossil and other alternatives in the capacity planning
process.

U.S. commercial wind installations have existed since the early 1980’s. Counts of these pre-
existing installations are used to adjust estimates of available windy land at the beginning
of the NEMS model run. The WES tracks the quantity of windy land remaining by wind class
and zone that is available for future development after each run year by calculating the
amount of resource required to provide a given amount of wind installed capacity and
subtracting that amount from the total resource available. This assumes that the best
economic resource (i.e. highest average wind speed and closest proximity to the electric
grid) is used first. The amount of resource used is then subtracted from the previous year’s
available amount to yield the current year’s available windy land. The wind resource
depletion scheme uses the land area with the highest quality wind class in all zones
beginning with the one closest to the transmission lines and then expanding to the more
distant zones before using the next lower quality wind resource.
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Fundamental Assumptions
WES Wind Capacity Projections

The EMM requires capacity, performance, and cost data by EMM region. Overall technology
cost and performance assumptions, such as overnight capital cost, construction profile,
fixed operations and maintenance costs, subsidies (e.g. renewable energy production
incentive under EPACT), optimism and learning characteristics, and other assumptions
applicable to all regions reside in the ECPDAT file of the EMM and not in the WES. Values
which vary by region and contribute to differences in generating costs and performance,
along with the steps necessary in calculating overall cost differences for capacity decisions
in EMM are found in the WES. As in the EMM, values are provided for 13 EMM regions
excluding Alaska and Hawaii. WES also contains 9 distinct capacity factors for each EMM
region, covering three seasons (winter, summer, and spring/fall) and three time-of-day
periods (early morning, morning and evening, and peak).

The WES submodule converts estimates of wind supply in each EMM region to estimates
of available capacity by wind quality group in the following manner:

First, the WESTECH file in WES contains estimates of windy land area (square kilometers)
in each EMM region by wind class, all estimated at a rotor hub height of 10 meters:

Average Annual Wind Speed WES Wind Class PNL Wind Class

Above 14.5 mph Class 1 6+
13.4 — 14.5 mph Class 2 5
12.4 — 13.4 mph Class 3 4

The land area available for wind plant development has been extracted from data produced
at the Pacific Northwest Laboratory (PNL) in support of DOE’s National Energy Strategy.
In producing the Wind Energy Resource Atlas, PNL staff attempted to account for variations
in such factors as anemometer height and placement through measures such as making
determinations regarding the validity of data and extrapolating the wind speeds to a
standard height.

PNL developed its area assessments of available resources by segmenting its resource
maps into one-third degree longitude by one-quarter degree latitude grids. These grid cells
formed the basic unit for which wind power and land availability are estimated. Because of
resolution limitations, details of wind resource were lost, particularly in mountainous and
coastal areas. Since wind speed estimates in mountainous regions apply only to areas free
of obstructions, only fractions of the areas shown in the atlas are actually available for
development. These fractions were estimated by PNL when producing a real estimates.

PNL developed scenarios covering a range of land exclusion amounts. The WES input data
are based on the “moderate” exclusion scenario, which excludes all environmentally
protected lands (such as parks and wilderness areas), all urban lands, all wetlands, 50
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percent of forest lands, 30 percent of agricultural lands, and 10 percent of range and barren
lands.

Second, windy land areas are further disaggregated — or eliminated — by distance from
existing transmission 115kV or 230kV transmission lines:

Zone Land Distance from Transmission Line (miles)
1 0- 5 miles
2 5—10 miles
3 10 — 20 miles

In effect, corridors of 10, 20, and 40 miles are established centered with existing
transmission lines.

As a result, eligible wind areas in each EMM region are distributed among 9 wind speed and
distance categories. Because new transmission lines are assumed necessary connecting
new generating capacity to the lines, WES imposes increasing costs for new capacity at
greater distances, with assumed average distances from existing lines of 2.5, 7.5, and 15
miles.

Additions to capital costs occur to account for interconnection itself and also for the
increased interconnection distances unique to wind power.

All new technologies, including wind, are assigned an increment to capital cost to account
for interconnection itself. Because terrain, urbanization, and other factors affect costs,
interconnection costs are assigned in the EMM for each electric power region, as follows:

EMM Region Interconnection Cost per Kilowatt
($1987)
1 ECAR 124.4
2 ERCOT 133.1
3 MAAC 151.0
4 MAIN 123.1
5 MAPP 123.1
6 NY 151.0
7 NE 151.0
8 FL 129.2
9 STV 129.2
10 SPP 128.2
11 NWP 258.8
12 RA 226.4
13 CNV 323.9

Source: Energy Information Administration, Office of Integrated Analysis and Forecasting, input file ECPDAT
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Further, wind technologies are assigned an additional interconnection cost as follows:

EMM Region Wind Interconnection Cost per Kilowatt ($1987)
5 Miles 10 Miles 20 Miles
1 ECAR 8.1 24.3 48.6
2 ERCOT 8.2 24.6 49.2
3 MAAC 11.0 33.0 66.0
4 MAIN 7.6 22.8 45.6
5 MAPP 7.8 23.4 46.8
6 NY 9.0 27.0 54.0
7 NE 8.7 26.1 52.2
8 FL 6.2 18.6 37.2
9 STV 10.0 30.0 60.0
10 SPP 9.7 29.1 58.2
11 NWP 8.6 25.8 51.6
12 RA 6.3 18.9 37.8
13 CNV 10.8 324 64.8

Source: Energy Information Administration, Office of Integrated Analysis and Forecasting,
input file WESTECH.

Third, WES subroutine CALMWA converts windy land areas (square kilometers) to
estimates of wind energy (kilowatthours/square meter) by estimating the number of wind
turbines to be placed per unit area and the energy capture of each turbine. For AEO2001,
EIA assumes an array of contemporary horizontal axis wind turbines, the 750 kilowatt Zond
Z-48, spaced 5 rotor diameters between turbines and 10 rotor diameters between turbine
rows. Using estimated capacity factors, CALMWA and the WES then calculate the electric
generating capability that can be placed within the area. In effect, each turbine occupies
about 20 acres, yielding approximately 25 megawatts wind generating capacity per square
mile.

Finally, wind supply increments, expressed in megawatts, are provided the EMM, first by
wind class (Class 1 first) and then by distance (within wind class). As a result, all Class 1
wind resources are exhausted before any Class 2 or Class 3 resources.

After new wind generating capacity is selected in the EMM, WES decrements wind supplies
to estimate remaining wind resources.
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Projected Btu Value of Wind Energy

Energy balance computations and report writing and consumption rates within NEMS
require a heat rate, i.e., an equivalent fossil-fuel displacement for wind generated electricity.
This is currently set at the heat rate for fossil-fueled steam-electric plants of 10,280 Btu per
kilowatthour.

Cost Adjustment Factors

Capital costs for wind technologies increase as a function of either short-term or resource
constraint cost adjustment factors. The short-term factor (see page 5 and following pages)
accounts for short-term bottlenecks in production, siting, and construction costs and is
reflected in additional capital costs incurred in a specific year for all new units of U.S. wind
capacity beyond a defined threshold. For a given year, every 1 percent annual increase in
new U.S. wind capacity exceeding 30 percent results in a 2 percent increase in capital
costs.

Resource constraints represent the increased costs of using less efficient or more costly
land and wind resources for reasons of (1) resource quality — for example, steep or rough
terrain or wind sheer, (2) costs of upgrading existing transmission and distribution networks,
or (3) cost increases in competition with other uses, including for environmental reasons.
For wind, each EMM region’s wind resources fall among five classes, the first enjoying no
capital cost increase, the second a 20 percent increase, the third a 50 percent increase, the
fourth a 100 percent increase, and the fifth a 200 percent increase in capital cost.
Proportions of resources incurring the increases vary among the EMM regions as a function
of external information about the region’s wind resources. For most regions (though not
necessarily for the most critical regions), 10 percent of regions’ resources fall in each of the
first and second classes, with the remainder assumed to be highest cost.

Alternative Approaches

In most national-level energy models, wind technologies have not been considered on
an equivalent basis with other sources of electricity generation. The few models that
have are the Electric Power Research Institute’s (EPRI) Electric Generation Expansion
Analysis System (EGEAS) and the Environmental Defense Fund’s (EDF) “ELFIN”. Also,
DOE’s Wind/Hydro/Ocean Division has developed spreadsheet models that project
utility market penetration of wind technologies based on comparisons of wind plant costs
of energy (COE’s) and marginal COE’s for conventional generators.

EGEAS was developed jointly by EPRI and Stone and Webster. It consists of a set of
computer programs for utility system planners which determines an optimal expansion plan
or simulates a pre-specified plan. Expansion plans define the type, size, and installation
date for each new generating facility. The objective is to find an expansion plan which
minimizes the sum of operating expenses and capital fixed charges. EGEAS provides three
main optimization techniques which offer a balance between modeling flexibility and
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computational efficiency. EGEAS can handle a wide range of dispatchable and
nondispatchable technologies, including wind.

The limitation of EGEAS with regard to renewables is that the variability or intermittency of
wind resources is not explicitly incorporated into the model but rather is treated as a
deterministic negative load, (e.g., as an hourly time series of power outputs over a year) and
simply subtracted from utility demand. Therefore, wind is not explicitly competed or
dispatched against other energy forms on an equal basis.

The ELFIN model from EDF, which stands for Electric Utility Financial and Production Cost
Model, is a probabilistic model which simulates electric-system dispatch in order to calculate
expected cost of operation. It has been used most extensively in utility rate hearings before
state energy commissions. ELFIN can also be used to choose the optimal expansion plan
for a utility based on annual present-value of system costs and benefits. No attempt is made
to compare life-cycle costs and benefits. ELFIN’s outputs include the generating level of
each plant, per week, and year, fixed and variable costs, fuel usage, and emissions.
Reliability is measured by loss-of-load probability (LOLP) and is displayed in days per year.

ELFIN is a utility-scale model; therefore, unlike WES, ELFIN is not well suited to regional
and national level forecasts. Furthermore, because ELFIN does not calculate life-cycle
costs, it is best suited for short-run forecasts rather than the medium and long-run
requirements met by WES in NEMS.

The DOE Wind/Hydro/Ocean Division’s Model projects the growth of the U.S. electric utility
market for wind turbines on a regional basis. Market share to the year 2030 is allocated on
the basis of financial attractiveness, market acceptance of the technology, plant types and
capacities, coincidence of utility load and wind power curves, wind resource limitations, and
limitations on wind penetration into regional power pools. The model is limited compared
with the RFM both in comparing renewables technologies to fossil and nuclear competitors,
and in incorporating broader market efforts, such as natural gas market price feedbacks.

The model is built around concepts of new product diffusion into the marketplace. It is a
spreadsheet-based tool that estimates market capture in competition with conventional
fossil fuel-fired generating plants on a regional basis. It expands on previous techniques by
incorporating a market acceptance factor based on ratios of levelized costs of energy for
conventional plants and wind turbines (benefit cost ratios). Although sensitivities to fuel
costs and mixes can be evaluated with this model, unlike WES, nonfinancial policy
incentives and political factors cannot be incorporated, so it is of limited usefulness for other
purposes such as policy analyses.

Energy Information Administration/NEMS Renewable Fuels Module Documentation Report - Wind 39



Wind Energy Submodule Structure

Submodule Flow Diagram

A flow diagram showing the main computational steps and relationships of the Wind Energy
Submodule is shown in Figure 4.

Key Computations and Equations

Some of the input data are at 5-year intervals. For the first year, a linear interpolation on
these data is performed to calculate yearly values.

For all years after the first year, subroutine WNRESDEC is called to calculate the land area
remaining for wind energy development, based on the previous wind capacity build decision
by the EMM. The previous build decision is passed as a capacity unit (MW) which needs
to be converted into a land area required for the development of wind site of that size. The
conversion method considers the wind class of the available land area that is being offered
for wind development. A given wind generation capacity requires less land area associated
with a high wind class than with a low wind class. The entire U.S. wind energy supply is
subdivided into 13 EMM regions, three wind classes, and three zones (along existing
transmission lines).

Subroutine CALCAP calculates subperiod (season, time of day) regional capacity factors.

For each year, subroutine CALMWA calculates the remaining available wind generating
capacity for each region. Finally, subroutine WNTDEVAL assigns transmission and
distribution cost adders for the remaining capacity in each distance zone.
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Figure 4. Wind Energy Submodule Flowchart
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Subroutine CALMWA is then called to convert the land area available for wind generation
development to the swept rotor area needed to fully develop the available land area. The
calculation assumes a turbine spacing of 5D x 10D, where D is the diameter of the turbine
rotor. This swept rotor area is then converted to the amount of wind energy generation
capacity available in each region for each year and each wind class.
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Appendix 3-A: Inventory of Variables, Data, and

Parameters

This Appendix describes the variables, parameter estimates, and data inputs associated
with the Wind Energy Submodule. Table 3A-1 provides a tabular listing of model variables
and parameters. The table contains columns with information on item definitions, modeling
dimensions, data sources, measurement units, and documentation page references.

The remainder of Appendix 3-A consists of detailed descriptions of data inputs and
variables, including discussions on supporting data assumptions and transformations.

Table 3A-1. NEMS Wind Energy Submodule Inputs and Outputs

Model Variable Definition and Dimensions Source Units
INPUT DATA
UPOVR* | Installed capital cost of wind generation. EIA, expert judgment. $kW
UPFOM* | Fixed O&M cost. EPRI TAGJ, 1993 and $/kW
subsequent
correspondence.
UPVOM* | Variable O&M cost. EPRI TAGJ, 1993. Mills/lkWh
CFANN | Annual wind capacity factor for wind class w SAIC, 1990. Unitless
inyeary.
CREDIT | Wind capacity credit for EMM region n in year Determined within EMM. Unitless
y.
ENAREA | Energy per swept rotor area for wind class w SAIC, 1990. KWh/m?
inyeary.
EXWIND | Pre-existing total wind electric capacity EIA, Form 860/867. MW
installed in EMM region n through yeary.
UPHTRT | Fossil fuel equivalent heat rate for wind. EIA, 1992. Btu/kWh
UPCLYR* | Construction lead time. EPRI TAGJ, 1993. Years
UPCPRO | Fraction of construction completed in each EIA, expert judgment. Unitless
year of construction.
UPIRGSUB | Policy incentives for EMM region n in yeary. Energy Policy Act of 1992. Mills/kWh
SLICE | Hour fraction for subperiod | in EMM region n. | WNDSLICE preprocessing Unitless
program (PERI).
STAREA | Land area available for wind plant Elliot, 1991. Sq. km
development in EMM region n and wind class
w.
SUBPER | Energy fraction for subperiod | in EMM region WNDSLICE preprocessing Unitless

n.

program (PERI).
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Table 3A-1. NEMS Wind Energy Submodule Inputs and Outputs (Continued)

Model Variable Definition and Dimensions Source Units
AREA | Energy per unit swept rotor area for wind ENAREA, and interpolation KWh/m?
class win yeary. for intermediate years.
CF | Annual capacity factor for wind class w in CFANN, and interpolation Unitless
yeary. for intermediate years.
UADDWNT | Grid-connected wind electric capacity EMM output variable in MW
additions in EMM region n in on-line yeary. UECPOUT COMMON block.
WNTDBFCS | Additional T&D cost for wind technology in Kintner-Meyer, SAIC, $kW
EMM region n and buffer zone b 1995
LDAREA | Land area remaining for wind plant Model determined. Sq. km
development in EMM region n, in year y, for
wind class w, in buffer zone b
CALCULATED
VARIABLES
LDUSED | Land area needed to supply wind generating Model determined. Sq. km
capacity in EMM region n in year y, by wind
Class w.
SWAREA | Swept rotor area available for wind class w in PERI, 1993. Sg. m
EMM region n in year y, m?.
WCAWIEL | Available capacity in EMM region n in yeary. RFM output variable in MW
WRENEW COMMON block.
WSFWIEL | Capacity factor for EMM region n in yeary, RFM output variable in Unitless
wind class w, and subperiod I. WRENEW COMMON block.
WNNTD | Additional T&D cost for wind technology in RFM output variable in $kwW
EMM region n and year y WRENEW COMMON block.

*Assigned in EMM input file ECPDAT.
**Intermediate values, linearly interpolated from the source variable.

MODEL INPUT: UPOVR

DEFINITION: Installed capital cost of wind generation ($/kW).

The number stored in ECPDAT is a n™-of-a-kind value for the capital cost. This value is
constant.

SOURCE:

EIA, expert judgment following discussions with industry, government, and national
laboratory sources.
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MODEL INPUT: CFANN

DEFINITION: Annual wind capacity factor for wind class w in year y (Unitless).

Current performance estimates are based on a composite analysis of commercial turbines.
Performance data are based on expert judgment projected for 5-year intervals. Specifically,
1995 data are based on the improvements expected from a turbine similar in technological
development to the Zond Z-48. Performance projections are based on the accelerated
federal wind technology R&D funding scenario used in the 1990 National Energy Strategy
technology characterizations and modified by EIA. The improvement factors for years 2000
and beyond are kept constant at the 2000 value.

SOURCES:

Science Applications International Corporation, “Renewable Energy Technology
Characterizations.” Report in support of the National Energy Strategy for the U.S.
Department of Energy, Office of Conservation and Renewable Energy, October 1990.

Science Applications International Corporation, “Renewable Energy Technology Evolution
Rationales.” Report in support of the National Energy Strategy for the U.S. Department of
Energy, Office of Conservation and Renewable Energy, October 1990.

MODEL INPUT: CREDIT

DEFINITION: Wind capacity credit for EMM region n in year y at 5-year intervals
(Unitless).

The Load Capacity Credit (LCC) or capacity value that can be attributed to intermittent
generators is a debated issue. The percentage of rated power output for a wind generator
that can be considered as firm capacity is dependent on the estimated change the
generator effects in a specific utility system’s loss-of-load probability (LOLP), generating
mix, spinning reserve requirements, and other factors. Values of capacity credit are read
into the WES from the WESTECH data file. This file currently assigns a value of zero to the
capacity credit for all wind classes and all years. However, a value equal to three-quarters
of the capacity factor in the peak time period is assigned in the Electric Capacity Planning
Submodule of the EMM.

SOURCE:
Value determined by EMM.

MODEL INPUT: ENAREA

DEFINITION: Energy per swept rotor area for wind class w in year y (kWh/mz).
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Current performance estimates are based on a composite analysis of commercial turbines.
Performance data are based on expert judgment projected for 5-year intervals. Specifically,
1995 data are based on the improvements expected from a turbine similar in technological
development to the Zond Z-48. The improvement factors are for years 2000 and beyond are
kept constant at the 2000 value.

Performance projections are based on the accelerated federal wind technology R&D
funding scenario used in the 1990 National Energy Strategy technology characterizations
and modified by EIA.

SOURCES:

Science Applications International Corporation, “Renewable Energy Technology
Characterizations.” Report in support of the National Energy Strategy for the U.S.
Department of Energy, Office of Conservation and Renewable Energy, October 1990.
Science Applications International Corporation, “Renewable Energy Technology Evolution
Rationales.” Report in support of the National Energy Strategy for the U.S. Department of
Energy, Office of Conservation and Renewable Energy, October 1990.

MODEL INPUT: EXWIND

DEFINITION: Pre-existing total wind electric capacity installed in EMM region n
through year y (MW).

EIA data on existing commercial wind installations are used from the current EMM Plant file
compiling electric generator data from sources such as EIA-860A and EIA-860B surveys.

SOURCES:

EIA-860A, Annual Electric Generator Report, Utilities. Energy Information Administration,
Washington, D.C.

EIA-860B, Annual Electric Generator Report, Nonutilities. Energy Information
Administration, Washington, D.C.

MODEL INPUT: UPHTRT

DEFINITION: Fossil fuel equivalent heat rate for wind (Btu/kWh).

An equivalent fossil fuel displacement value of 10,280 Btu/kWh has been assigned,
based on EIA data for 1995.

SOURCE:

Energy Information Administration, Annual Energy Review 1994, DOE/EIA-0384(93), July
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1995.

MODEL INPUT: UPCLYR
DEFINITION: Construction lead-time (Years).

The construction period for a wind generating station is currently set at 3.
SOURCE:
Electric Power Research Institute, TAGJ C Technical Assessment Guide, 1993.

MODEL INPUT: UPFOM

DEFINITION: Fixed O&M costs ($/kW).

Fixed O&M costs are currently set in at $21.12/kW (1987 dollars) for all years and all
regions, based on the 1993 TAGJ and subsequent correspondence.

SOURCE:

Electric Power Research Institute, TAGJC Technical Assessment Guide, 1993 and
subsequent correspondence.

MODEL INPUT: UPVOM

DEFINITION: Variable O&M costs for EMM region n in year y at 5-year intervals
(mills/kwh).

The variable O&M costs are currently set at zero for all years and all regions based on the
1993 TAGJ.

SOURCE:
Electric Power Research Institute, TAGJC Technical Assessment Guide, 1993.

MODEL INPUT: UPCPRO

DEFINITION: Fraction of construction completed in each year of construction
(Unitless).

The construction period for a wind generating station is currently set at 3 years. The
construction fraction is set at 10, 45, and 45 percent, respectively.

SOURCE:

EIA, expert judgment following discussions with industry, government, and national
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laboratory sources.

MODEL INPUT: UPIRGSUB
DEFINITION: Policy incentives for wind generation (mills/lkWh).

Any production incentives or other adjustments to the cost of wind energy are accounted
for in the POLICY variable. Currently, a value of 15 mills per kilowatt hour for the years 1994
through 2001 and zero for all other years is assigned for all regions. This is based on the
renewable energy policy incentive provision of the Energy Policy Act of 1992 as extended
in 1999.

SOURCE:

Energy Policy Act of 1992 (Public Law 102-486), Section 1212, and extended as provided
in section 507 of the Tax Relief Extension Act of 1999.

MODEL INPUT: SLICE

DEFINITION: Hour fraction for subperiod | in EMM region n (Unitless).

Data for 20 subperiods of the year are provided. The EMM maps the data for these 20
subperiods into nine subperiods used in the EMM and other NEMS modules. SLICE uses
established NEMS subperiod definitions, daily and seasonal wind resource data, and a
synthetic wind turbine power curve to estimate the fraction of the annual wind energy
production that falls within the various subperiods

SOURCE:

Princeton Economic Research Incorporated (PERI), WNDSLICE preprocessor program,
Bertrand L. Johnson.

MODEL INPUT: STAREA

DEFINITION: Land area available for wind plant development in EMM region n and
wind class w (sg. km).

SOURCES:

Elliott, D.L., et al, “An Assessment of the Available Windy Land Area and Wind Energy
Potential in the Contiguous United States,” Pacific Northwest Laboratory; Report #PNL-
7789, August 1991.

Elliott, D.L., et al, “Wind Energy Resource Atlas” (12 volumes), Pacific Northwest
Laboratory, Report PNL-3195; 1980.
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MODEL INPUT: UADDWNT

DEFINITION: Total grid-connected wind electric capacity additions in EMM region n
in on-line year y (MW).

SOURCE:

EMM output variable in UECPOUT COMMON block.

MODEL INPUT: LDAREA

DEFINITION: Available windy land area in EMM region n, in year y, of wind class w,
in zone b (km®).

The U.S. windy land area supply has been disaggregated into three buffer zones
representing varying proximities to existing transmission lines. The three buffer zones are
defined as: Buffer zone 1: 0-5 miles, Buffer zone 2: 5-10 miles, Buffer zone 3: 10-20 miles
to an existing power line. The land area disaggregation is based on a geographic
information system analysis using geographic locations of transmission lines and the PNL
gridded wind resource data. The transmission lines considered included voltage ratings
between 115 kV and 230 kV which are generally used for plants with a capacity less than
500 MW.

SOURCE:

Science Applications International Corporation, A Geographic Information System Analysis,
Report for EIA, Office of Integrated Analysis and Forecasting. May, 1995.

MODEL INPUT: WNTDBFCS

DEFINITION: Additional T&D cost for wind development averaged for sites in buffer
zone b and EMM region n ($/kW).

The additional T&D cost for wind developments capture the expenditures unique for remote
wind sites and, therefore, not included in the overall T&D cost estimating function applied
to all technologies in EMM. The wind specific T&D costs represent the cost for construction
of new transmission lines connecting a wind development with the closest point of the
electric grid. The cost estimates include: (1) cost for land or easement, (2) material cost for
conductors, (3) construction cost, and (4) cost for environmental analysis of project. Data
for the above cost components are compiled from EIA publications using Bonneville Power
Administration transmission cost estimating procedures.

The wind specific costs are determined for each EMM region and buffer zone. An important
parameter for the cost estimates is the distance from a potential wind site to the grid. The
average distance of each buffer zone was used as the representative length of the new
transmission line. It is determined as the distance of the midpoint of each buffer zone to the
grid.
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SOURCES:

Science Applications International Corporation, “Geographic Information System Analysis,”
Report for EIA, Office of Integrated Analysis and Forecasting. May, 1995.

Energy Information Administration, Washington, D.C., September 1994. “Electric Trade in
the United States 1992.” Table 42: Transmission Lines Added by Investor-Owned Utilities,
1992. DOE/EIA 0531 (92).

Bonneville Power Administration. “Transmission Line Estimating Data.” Internal
Memorandum. BPA F 1325.01.e, December 3, 1993.
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Appendix 3-B: Mathematical Description

This Appendix provides the detailed mathematical specification of the Wind Energy
Submodule as presented in the RFM FORTRAN code execution sequence. Subscript
definitions are also as they appear in the FORTRAN code.

Subroutine WNRESDEC

Equation 3B-1 calculates the land area (in sq. km) needed to supply the wind generating
capacity called for by the EMM for each EMM region and current year:

_ UADDWNT ny+Lead ™ CF yu™ 8760%

LDUSEDn,y_ T
AREAsuUby,w* )
where:
LDUSED,, = Land area used to supply EMM-called for wind generating capacity

in EMM region n in decision yeary, km?,

UADDWNT,, = Grid-connected wind electric capacity additions in EMM
region n decision year y+Lead, (MW), where

LEAD = Construction lead time, in years (decision year + lead time =
on-line year),

Cfyw = Annual capacity factor for wind class w in yeary,

AREAy = Energy per unit swept rotor area for wind class w in decision
year y, kwh/m?,

L1 = 3.141593,

Osp = Scalar derived from 5D x 10D grid spacing of wind generator

(asp=50).

Equations 3B-2 subtracts the land area needed to supply the wind generating capacity
called for by the EMM from the available land area.

LDAREAn,y,wc,bc = LDAREAn,y-l,wc,bc' LDUSEDny

where:
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LDAREA: y.we be = land area available for wind development in EMM
region n, in yeary, in currently offered wind class wc and
buffer zone bc, (km?).

Subroutine CALCAP

Equation 3B-3 calculates the time-dependent capacity factor for the currently offered
wind class, EMM region, year and subperiod:

U
VVSFVVI ELn,y,wzl,I = é%ﬁ CF ywe
OLICEy O

where:

WSFWIEL,yw-1,= Capacity factor for wind class w in EMM region n in year y in
subperiod I. Although defined for three wind classes only w=1 is used. EMM reads only
WSFWIELn’ylwzlJ,

SUBPERy = Energy fraction for subperiod | in EMM region n,
SLICE, = Hour fraction for subperiod | in EMM region n,
CFywc = Annual capacity factor for currently offered wind class wc in

yeary.

Subroutine CALMWA

Equation 3B-4 computes the total swept area by turbines for a particular wind class,
EMM region and year:

E* * 6
4 LDAREAn,y,wc,bc 10
SWAREA: ywe =
a9
where:
SWAREAnywe = Swept rotor area available for currently offered wind class wc
in EMM region n in year y, (m?),
LDAREA: y.we be = land area available for wind development in EMM

region n, in yeary, in currently offered wind class wc and
buffer zone bc, (km?),
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Osp = Scalar derived from 5D x 10D grid spacing of wind generator
(asp=50).

Equation 3B-5 computes the available wind electric generation capacity in megawatts by
wind class, EMM region and year:

_ AREA,w* SWAREAnyuc

AVVI ELn -
we Y CFyw* 10%* 8760
where:
WCAWIEL,y = Available capacity in EMM region n in year y, MW.
Subroutine WNDECR

Subroutine WNDECR decrements the wind resources that are subdivided by wind
classes and buffer zones according to the following scheme:

Wind Class Buffer Zone
1 1 - 2 - 3then
2 1 -2 - 3then
3 1-2- 3.

Where wind class 1 is the highest quality resource and wind sites in buffer zone 1 are
the closest to the grid incurring the least cost for new transmission construction.

The wind resource depletion scheme reflects an economic ranking based on levelized
cost of the wind technology. In general, the cost benefits due to the higher quality
resource offsets the increased cost for new transmission construction to farther distant
sites. Therefore, the wind resource in the “best” wind class is depleted across all buffer
zones before resources of the next lower quality are used.
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Subroutine WNTDEVAL

Equation 3B-6 assigns the wind specific T&D cost associated with wind resources of the
buffer zone currently being offered

VWAWWNTDny= WNTDBFCSn e

where:
WWNTD,,y = Wind specific T&D cost in EMM region n in year y, ($/kW),
WNTDBFCS;, pc = Wind specific T&D cost in EMM region n in currently

offered buffer zone bc, ($/kW).
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Appendix 3-D: Model Abstract

Model Name:

Wind Energy Submodule

Model Acronym:

WES

Description:

Resource quality data and the yearly capacity factor are used to calculate wind farm
performance data on a sub-yearly level, as required by the EMM. Calculations are made for
each time slice, wind class, and region.

Purpose of the Model:

The purpose of the Wind Energy Submodule (WES) is to project the cost, performance, and
availability of wind-generated electricity, and provide this information to the Electricity
Capacity Planning (ECP) component of the Electric Market Module (EMM) for building the
new capacity in competition with other sources of electricity generation.

Most Recent Model Update:

August 1999.

Part of Another Model?:

The Wind Energy Submodule is a component of the Renewable Fuels Module (RFM) of the
National Energy Modeling System (NEMS).

Official Model Representative:

Thomas Petersik

Coal and Electric Power Division
Energy Information Administration
(202) 586-6582

e-mail: tpeters @eia.doe.gov|

Documentation: NEMS Documentation Report: Renewable Fuels Module of the National
Energy Modeling System, January 2000.

Archive Media and Installation Manual(s):
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Archived as part of the NEMS production runs.
Energy System Described:

A hybrid of various existing and proposed horizontal-axis wind turbines. Horizontal-axis wind
turbines represent nearly 100 percent of U.S. wind-powered generating capacity.

Coverage:

» Geographic: 15 EMM regions: East Central, Texas, Mid-Atlantic, Mid-America, Mid
Continent, Northeast, New England, Florida, Southeastern, Southwest, Western, Rocky
Mountain, California and South Nevada.

* Time/Unit Frequency: Annual, 1990 through 2020

* Products: Electricity

» Economic Sectors: Electric utility sector, nonutility generators (NUGS)

* Model Structure: Sequential calculation of available wind capacity by EMM region, wind
class and year with a deduction of that year’s installed capacity from the remaining
available capacity

* Modeling Techniques: Accounting function of available windy land area and conversion
of land area to swept rotor area and then to available generation capacity

* Special Features: Accounting for policy and/or production incentives.

Modeling Features:
DOE Input Sources:

Energy Information Administration, Annual Energy Review 1991, DOE/EIA-0384(91), June
1992.

Pacific Northwest Laboratory, Reports PNL-7789, DOE/CH 10093-4, and PNL-3195.
Non-DOE Input Sources:
Princeton Economic Research, Incorporated (PERI) C WNDSLICE preprocessing program.

Science Applications International Corporation (SAIC) C Cost and performance data as
prepared for the National Energy Strategy project.

Electric Power Research Institute and U.S. Department of Energy, Office of Energy
Efficiency and Renewable Energy, Renewable Energy Technology Characterizations (EPRI
TR-109496, December 1997)

Computing Environment:

 Hardware Used: IBM RS6000
e Operating System: UNIX
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* Language/Software Used: VS FORTRAN, Ver. 2.05
Independent Expert Reviews Conducted:

None.

Status of Evaluation Efforts by Sponsor:

None.
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Appendix 3-E: Data Quality and Estimation Processes

This Appendix discusses (1) the quality of the principal sources of input data used in the
Wind Energy Submodule, along with a discussion of user-defined parameters and
guidelines used to select them, and (2) estimation methods used to derive parameters.

Wind resources of the United States have been extensively charted and classified by the
Pacific Northwest Laboratory (PNL). Three classes of wind resources, based on average
annual wind speeds, are generally used. These classes correspond to PNL Class 4 winds
and higher, (speeds greater than 5.6 m/s (12.4 mph)) which represent the generally-
accepted, lowest economic limit of wind speeds for grid-connected systems in the United
States.

Data on wind resource quantity are maintained in the Wind Resource Quantity File as
derived from published assessments or compilations of U.S. wind resources. It contains
regional data on the land area (in square kilometers) estimated to be available for wind plant
development, accounting for the exclusion of some land as a result of environmental and
land-use considerations. WES uses the PNL “moderate” exclusion scenario. The percent
of total windy land unavailable under this scenario consists of all environmentally protected
lands (such as parks and wilderness areas), all urban lands, all wetlands, 50 percent of
forest lands, 30 percent of agricultural lands, and 10 percent of range and barren lands.
Within each region, the available land area is provided for each of the three levels of wind
resource, according to the estimated average annual wind speed in that region and other
factors. Lastly, since wind power increases significantly with height, a minimum height is
usually specified for measurement and installation purposes, to achieve an associated wind
power density.

The Wind Resource Quality File describes the variations in wind resource on a daily and
seasonal basis, and estimates wind output during the different load condition subperiods
to analyze the correlation with load profiles. The file is highly dependent on the raw wind
speed file components chosen and incorporates data for many of the 975 stations in the
Wind Energy Resource Information System (WERIS) from the National Climatic Data
Center. The file also contains information on Load Duration Curve (LDC) subperiod
definitions outside of the WES and the subperiod energy percentages. From this, WES
estimates a capacity factor for a given subperiod. The specific subperiods correspond to
season and time of day.

The Cost and Performance of Installed Wind Turbines have been monitored for over a
decade. During that period, a wind turbine database and turbine simulation program have
been developed and refined. Also, analyses of manufacturer-supplied wind turbine power
curves and installed costs were performed for a number of the best current, commercially
available wind turbines. Wind turbine energy output estimates were made, assuming a
Weibull wind speed distribution at several wind speeds, as well as corrections to wind speed
for turbine hub height. Energy losses were based on field estimates from California wind
plants. Average performance was estimated from the range of energy output data. Average
costs were similarly calculated, and included major repairs such as rotor replacements and
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O&M costs. The Wind Turbine Cost and Performance Projections to be used initially for the
WES data files are based on the accelerated Federal wind technology R&D funding
scenario used in the 1990 NES technology characterizations. The funding levels termed
“accelerated” correspond most closely to present levels and emphasis, namely R&D in the
basic sciences and the “Advanced Wind Turbine” development program. There are also
comprehensive cooperative programs with industry and utilities to assist in both near-term
problem solving and long-term development.

Estimates for the mid-term technology characterizations were based on (1) projections for
the Zond Z-48 turbine, and (2) analysis conducted by NREL of potential advanced design
improvements based on technical insights from the current R&D program. The general
approach used in the NREL analysis to determine the effects of design improvements on
existing wind turbine technology can be described by three basic steps. First, a reference
system was selected to represent current technology and its performance and costs were
tabulated. Second, two configurations representing possible improvements to the reference
design were identified, and the effect of each improvement on performance and cost was
estimated. Lastly, estimated changes to wind plant cost of energy (COE) were calculated
from the reference and improved design parameters.

Estimates are regularly compared with independent estimates, including national laboratory,

industry, and other estimates. Updates occur as field and other documented evidence —
including test results — indicate changes in costs or performance.
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4. Solar Submodule

Model Purpose

The solar submodule SOLAR estimates supply characteristics for grid-connected central
station photovoltaic (PV) and solar thermal (ST) electricity generating power plants. SOLAR
does not characterize distributed or off-grid solar technologies. PV and ST cost and
performance characteristics which are defined consistent with fossil and other generating
technology characteristics reside in ECPDAT. ECPDAT is a data file resident in the
Electricity Capacity Planning Submodule of the EMM. Performance characteristics unique
to these technologies (such as season and region-dependent capacity factors), however,
are passed to the EMM via the solar submodule SOLAR.

Both common and uniquely defined characteristics are described below. The three
characteristics unique to renewables and therefore to SOLAR are:

1. PV and ST capacity factors: Because solar radiation varies, capacity factors for solar
technologies are assumed to vary by time of day, by season, and by region. Factors
are provided for all regions for PV. Capacity factors for solar thermal are only
provided for the six regions west of the Mississippi River. These regions are the only
ones with sufficient direct normal insolation for cost effective solar thermal
installations.

2. Selected Supplemental Capacity Additions (“floors” or “solar lower bounds”):
Recognizing that some new solar generating capacity is installed for reasons other
than represented in the EMM, such as for market testing or unique economic
requirements, EIA includes estimates of minimal new grid-connected generating
capacity using solar resources.

1. Solar efficiency improvement factors: Assumed capacity factor improvements for PV over
time are submitted through SOLAR.

Relationship of the Solar Submodule to Other Models

SOLAR assigns performance data to global variables to be used by the EMM. SOLAR does
not interact with other submodules of the RFM or NEMS.

Modeling Rationale

Theoretical Approach
Solar energy supplies are fundamentally different from those for most other renewable

sources. It is appropriate to model other renewables such as wind, geothermal, and
biomass, which consist of limited quantities of high-quality resources, with supply functions
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which are upward sloping with increasing quantities demanded. In contrast, the solar
resource within each EMM region for both kinds of solar technologies (ST and PV) is
relatively constant for supply quantities and well in excess of conceivable demand. As a
result, the supply for solar is assumed to be perfectly elastic at any moment. NEMS does
not increase the cost of the resources with increasing quantities supplied, because high
guality resource sites are not exhausted.

Since the two solar electric technologies generate electricity in fundamentally different ways,
the nature of the solar resource for each technology is significantly different. The most
important difference is the nature of the solar radiation (insolation) that each technology
uses. ST technology can utilize only direct normal insolation while PV can utilize both direct
and diffuse insolation. Direct normal insolation is defined as sunlight arriving at a location
in a path directly from the sun onto a surface without being scattered or reflected. Diffuse
insolation is sunlight that has been scattered by clouds, fog, haze, dust, or other substances
in the atmosphere and arrives at a location indirectly. The sum of direct normal and diffuse
insolation is also referred to as global insolation.

A single type of each of the ST and PV technologies is used for all regions. Accordingly,
capital and O&M costs and the efficiency in converting sunlight into electric energy are held
constant across regions. Differences in regional resources are captured through the
capacity factor variable that represents the solar energy input to the technology.

The default solar thermal electric technology is a 100 MW solar-only central receiver (power
tower) with 6-hour molten salt thermal storage. The resource data incorporate climatological
data on the frequency and duration of cloud cover. The resource availability or energy
output data for central receiver solar thermal consist of both daytime and evening values
for the four seasons for a total of nine values. Since a sequence of overcast days can
exceed the storage capacity of the system, a derating factor is included to reflect this
intermittent availability.

The default PV technology is a 5 megawatt fixed flat-plate crystalline silicon single-axis
tracking array tilted at an angle equal to the site's latitude (Carissa Plains).

Fundamental Assumptions

The regional classification plan is the same for both ST and PV. As an input to EMM,
SOLAR operates on the same 13 regions. These correspond to the nine EMM regions with
New York separated from New England; Florida separated from the rest of the Southeast;
and the West separated into three regions consisting of California and Southern Nevada
(CNV), the Northwest Power Pool Area (NWP), and the combination of the Rocky Mountain
and Arizona-New Mexico Power Areas (RA). Each region has its own resource data for both
ST and PV, where applicable.
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Short-Term Cost Adjustment Factors

Both PV and ST technologies are subject to short-term capital cost adjustment factors,
wherein large annual increases in capacity are assumed to be raise costs because of
supply bottlenecks (see page 5 and following pages). For both PV and ST technologies,
total U.S. grid-connected generating capacity can increase 30 percent each year without
any capital cost increase; additional capacity incurs a 2 percent increase in capital cost for
every 1 percent additional capacity beyond 30 percent.

Alternative Approaches

Solar technologies have not often been incorporated in national-level energy models. Three
exceptions are the Integrated Planning Model (IPM) from ICF Resources, FOSSIL2 from
Applied Energy Services (AES) which was utilized by DOE in the 1991 National Energy
Strategy (NES), and the MARKAL Model from Brookhaven National Laboratory.

The IPM is the electricity model within the Electric and Gas Utility Modeling System
(EGUMS) which was developed under a joint effort of ICF Resources and RCG/Hagler,
Bailly, Inc. It can also be run in a stand-alone mode. EGUMS was also used by EPA for the
analysis of greenhouse gas emission policies. Like the NEMS-EMM capacity planning
submodule, IPM is a linear program that derates the capacity of a technology by multiplying
its rated capacity by its availability factor. IPM uses a regionalization scheme, similar to
EMM, based on 11 EMM regions and subregions. IPM credits the intermittent resources on
an hourly basis before creating a load duration curve and solving for an inter-temporal
optimum. However, IPM does not try to incorporate the effect of experience or learning on
the cost of the technology, a notable limitation.

FOSSIL2's fundamentally different structure uses system dynamics with logit functions
adapted from consumer choice methodologies. As a system dynamics model, FOSSIL2
uses difference equations to simulate the evolution of a system by taking steps (four per
year) through time rather than an optimization approach. The model compares the marginal
costs of new technologies and chooses the least cost option according to a logit function
that prevents knife-edge solutions. This adjustment is particularly important because
FOSSIL2 treats the entire nation as a single region.

In modeling renewables, FOSSIL2 does distinguish between off-grid and centralized
electricity generation and between utility and nonutility generators (NUGS). However, in
treating intermittent resources, FOSSIL2 has difficulty because it implicitly assumes that
intermittent and dispatchable technologies are supplying identical services. Intermittents are
treated the same as conventional baseload technologies which gives intermittents a
capacity credit equal to their rated capacity and overstates their contribution. On the other
hand, FOSSIL2 does not capture the correlation of solar with load which increases its
energy value. A later version of FOSSIL2, named IDEAS, does capture this correlation by
giving it more output during peak periods. This is accomplished by forcing an appropriate
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percentage of the intermittent resource's output into the peak portion of the load duration
curve.

As discussed earlier, an important capability when modeling renewables is how new
technology penetration is treated. FOSSIL2 applies a premium to the discount rate when
calculating marginal cost. While the premium diminishes with cumulative production to
reflect increased penetration, FOSSIL2 does not embody the notion of "learning-by-doing"”
and industry acceptance of new technologies.

The third modeling system for solar-based electricity generation is the MARKAL model,
developed, in part, at Brookhaven National Laboratory with the support of 17 nations and
two international agencies. MARKAL is a multi-period, linear-programming model that
performs energy systems optimization and addresses all aspects of the energy system. Its
primary objective is to assess the attractiveness of existing and new energy technologies
and resources in satisfying future demand. Within the energy network, the model user has
total control over the level of technology detail. However, MARKAL cannot easily or
transparently incorporate non-price-based consumer choices or new technology
penetration.

Solar Submodule Structure

Submodule Flow Diagram

A flow diagram showing the main computational steps and relationships of the Solar
Submodule is shown in Figure 5.

Key Computations and Equations
SOLAR passes data directly, without any computations, through assignments to the

appropriate COMMON variables. These are the utility generating capacities and subperiod
capacity factors for each technology.
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Figure 5. Solar Energy Submodule Flowchart
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Appendix 4-A: Inventory of Variables, Data, and
Parameters

This Appendix describes the variables, data inputs, and parameter estimates associated
with the cost/performance characteristics of the two solar technologies. PV and ST cost and
performance characteristics which are defined consistent with fossil and other generating
technology characteristics reside in ECPDAT. Performance characteristics unique to these
technologies (such as season and region-dependent capacity factors), however, are passed
to the EMM via the solar submodule SOLAR.

Table 4A-1 provides a tabular listing of model variables and parameters. The table contains
columns with information on item definitions, modeling dimensions, data sources,
measurement units, and documentation page references.

The remainder of Appendix 4-A consists of detailed descriptions of data inputs and
variables, including discussions on supporting data assumptions and transformations.

Table 4A-1. NEMS Solar Model Inputs and Outputs

Model Variable Definition and Dimensions Source Units
INPUT DATA
WCAPVEL | Capacity constraints for photovoltaic EIA Estimates. MW
technology in EMM region n in yeary.
WCASTEL | Capacity constraints for solar thermal EIA Estimates. MW
technology in EMM region n in year y
UPOVR (21)* | Capital cost of photovoltaic technology. EIA. $/kw
UPOVR (19)* | Capital cost of solar thermal technology. Sandia National $kwW
Laboratory.
UPICCF* | Investment policy incentive as a fraction of Energy Policy Act, Percent
capital cost. 1992.
UPIRGSUB* | Production policy incentive. Energy Policy Act, mills/kWh
1992.
UPVOM (21)* | Variable O&M cost for photovoltaic technology. EPRI TAG, 1993. mills/lkWh
UPVOM (19)* | Variable O&M cost for solar thermal CEC, 1993. mills/kWh
technology.
UPFOM (21)* | Fixed O&M cost for photovoltaic technology. EPRI TAG, 1993. mills/kwW
UPFOM (19)* | Fixed O&M cost for solar thermal technology. Sandia National mills/kwW
Laboratory.
WSSPVEL | Prototype photovoltaic system capacity factor NREL, 1995. Percent
for EMM region n in time period p in yeary.
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Table 4A-1. NEMS Solar Model Inputs and Outputs (Continued)

Model Variable Definition and Dimensions Source Units
WSSSTEL | Prototype solar thermal system capacity factor CEC, 1993. Unitless
for EMM region n in time period p in yeary.
UPCLYR* | Construction period. CEC, 1993. Years
UPCPRO* | Completion fraction. CEC, 1993. Percent
EFFMULPV | Efficiency multiplier for photovoltaic technology EIA, expert .
judgment
EFFMULST | Efficiency multiplier for solar thermal EIA, expert .
technology judgment

*Assigned in EMM input file ECPDAT.

MODEL INPUT: WCAPVEL

DEFINITION:  Constraint for PV capacity resource in EMM region n; and year y (MW).
The variable is currently used to represent estimated minimum (Floor) capacity plans in the
EMM. EIA uses off-line estimates to assign regional capacities that represent installations
for experimental reasons or for commercial testing.

SOURCE:

EIA, expert judgment following discussions with industry, government, and national
laboratory sources.

MODEL INPUT: WCASTEL

DEFINITION:  Constraint for solar thermal capacity resource in EMM region n; and year
y (MW).

The variable is currently used to represent estimated minimum (Floor) capacity plans in the
EMM. EIA uses off-line estimates to assign regional capacities that represent future
installations of other ST technologies (such as dish Stirling and trough), and installations
for experimental reasons or for commercial testing.

SOURCE:

EIA, expert judgment following discussions with industry, government, and national
laboratory sources.

MODEL INPUT: UPOVR (21)

DEFINITION:  Capital cost (nth-of-a-kind) for PV technology in EMM region n and year
y ($/kW).
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SOURCE:
Electric Power Research Institute, “Technical Assessment Guide 1993 (TAG),” 1993.

MODEL INPUT: UPOVR (19)

DEFINITION:  Capital cost (nth-of-a-kind) for solar thermal technology in EMM region n
and year y ($/kW).

SOURCE:

Derived from Sandia National Laboratory, "Technology Characterization,” Draft, July 2,
1997.

MODEL INPUT: UPICCF

DEFINITION:  Investment policy incentive for technology t and year y ($/kW).

This is currently set at 10 percent of the capital cost, based on a 10 percent investment tax
credit.

SOURCE:
Energy Policy Act of 1992 (P.L.102-486), Title 19, Section 1916.

MODEL INPUT: UPIRGSUB

DEFINITION:  Production policy incentive for technology t and year y ($/kWh).

This subsidy is not applied to taxpaying solar technologies. Applications of section 1212,
offering the subsidy to publicly owned facilities are not represented, both because most
facilities are expected to be from taxpaying entities and because the section 1212 subsidy
is dependent upon uncertain annual Federal appropriations.

SOURCE: Energy Policy Act of 1992, Public Law 102-486, Section 1914.

MODEL INPUT: UPVOM (21)

DEFINITION:  Variable O&M costs in EMM region n and year y

The variable O&M costs for the PV technology are set to zero for all EMM regions and all
years.

SOURCE:
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Derived by EIA, Office of Integrated Analysis and Forecasting, from Electric Power
Research Institute, “Technical Assessment Guide 1993 (TAG)”, 1993.

MODEL INPUT: UPVOM (19)

DEFINITION:  Variable O&M costs in EMM region n and year y

The variable O&M costs for the ST technology are set to zero for all EMM regions and all
years.

SOURCE:

The California Energy Commission, Memorandum, "Technology Characterization for ER94,”
August 6, 1993.

MODEL INPUT: UPFOM (21)

DEFINITION: Fixed O&M cost for photovoltaic technology in EMM region n and year
y ($/kW).

SOURCE:

Derived by EIA, Office of Integrated Analysis and Forecasting, from Electric Power
Research Institute, “Technical Assessment Guide 1993 (TAG),” 1993.

MODEL INPUT: UPFOM (19)

DEFINITION: Fixed O&M cost for solar thermal technology in EMM region n and year
y ($/kW).

SOURCE:

Derived from Sandia National Laboratory, "Technology Characterization,” Draft, July 2,
1997.

MODEL INPUT: WSSPVEL

DEFINITION: Time segment system capacity factor for PV in EMM region n in time
period p in year y (Percent).

SOURCE:
National Renewable Energy Laboratory. Memorandum facsimile transmission, August 23,

1995, Christy Herig to Thomas Petersik.
MODEL INPUT: WSSSTEL
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DEFINITION: Time segment capacity factor for solar thermal system in EMM region
n in time period p in year y (Unitless).

Solar thermal capacity factors, by region and time segment, are derived by EIA from factors
provided by NREL; all NREL capacity factors are adjusted by a constant (0.8427) which
yields an average annual capacity factor for California (EMM region 13) matching the
California Energy Commission (CEC) average for that region.

SOURCES:

National Renewable Energy Laboratory, based on total solar radiation data from the
National Solar Radiation Database.

The California Energy Commission, Memorandum, "Technology Characterization for ER94,”
August 6, 1993.

MODEL INPUT: UPCLYR

DEFINITION: Construction period of technology t, years, (Solar Thermal: t=7; PV:
t=8).

SOURCES:

For ST: The California Energy Commission, Memorandum, "Technology Characterization
for ER94,” August 6, 1993.

For PV: Electric Power Research Institute, “Technical Assessment Guide 1993 (TAG),”
1993.

MODEL INPUT: UPCPRO

DEFINITION: Fraction of construction of technology t completed in year y (Percent).
(Solar Thermal: t=7; PV: t=8).

SOURCES:
For ST: The California Energy Commission, Memorandum, "Technology Characterization
for ER94,” August 6, 1993.

For PV: Electric Power Research Institute, “Technical Assessment Guide 1993 (TAG),”
1993.
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MODEL INPUT: EFFMULPV

DEFINITION: Efficiency multiplier applied to the time segment capacity factors for PV.

The efficiency multiplier for values > 1.0 allows modeling system
improvements that increase the capacity factor.

SOURCE:

EIA, expert judgment following discussions with industry, government, and national
laboratory sources.

MODEL INPUT: EFFMULST

DEFINITION: Efficiency multiplier applied to the time segment capacity factors for
solar thermal technology.

The efficiency multiplier for values > 1.0 allows modeling system improvements that
increase the capacity factor by utilizing lower energy solar insolation (set to zero for solar
thermal).

SOURCE:

EIA, expert judgment following discussions with industry, government, and national
laboratory sources.
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Appendix 4-B: Mathematical Description

The SOLAR submodule does not incorporate any modeling equations. It assigns values that
are read from input files, to the appropriate RFM common blocks.
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Appendix 4-D: Model Abstract

Model Name:

Solar Submodule

Model Acronym:

SOLAR

Description:

SOLAR defines of costs and performance characteristics for photovoltaic and solar thermal
electricity generating systems by EMM region and year. EMM regions are based on the
North American Electric Reliability Council (NERC) regions as modified by the Energy
Information Administration (EIA) for NEMS. For PV technologies, all EMM regions are
represented in SOLAR. For ST technologies, however, only six selected regions are
represented, since insufficient direct normal insolation (sunlight) bars this technology will
from other regions of the country.

Purpose of the Model:

The purpose of the NEMS Solar Submodule (SOLAR) is to define the costs and
performance characteristics of Solar Thermal (ST) and Photovoltaic (PV) electricity
generating technologies and to pass them to the EMM for capacity planning decisions.
Most Recent Model Update:

August 1999.

Part of Another Model?:

The Solar Submodule is a component of the Renewable Fuels Module (RFM) of the
National Energy Modeling System (NEMS).

Official Model Representative:

Tom Petersik

Coal and Electric Power Division
Energy Information Administration
(202) 586-6582

e-mail: tpetersi@eia.doe.gov
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Documentation:

NEMS Documentation Report: Renewable Fuels Module of the National Energy Modeling
System. February 2001.

NEMS Documentation Report: Renewable Fuels Module of the National Energy Modeling
System, January 2000.

Archive Media and Installation Manual(s):
Archived as part of the NEMS production runs.
Energy System Described:

Solar thermal performance is based on a central receiver system with molten salt storage.
The storage allows the electricity output to be dispatched over a somewhat longer period
than hours of highest solar insolation. At low levels of insolation the output of the central
receiver system is zero. Once the insolation exceeds a threshold level sufficient to
overcome thermal losses, the daily total output is assumed to be linear with total daily
insolation. The output is allocated first to day periods, then to evening periods, and then to
nighttime periods. Photovoltaic performance is based on a fixed axis PV system. The
technology characterization assumes that rated output is reached at an insolation level of
1000 Watts per square meter.

Coverage:
* Geographic: 13 EMM regions: East Central, Texas, Mid-Atlantic, Mid-America, Mid-
Continent, Northeast, New England, Florida, Southeastern, Southwest, Western,
Rocky mountain & Arizona, California & So. Nevada.

* Time Unit/Frequency: Annual, 1990 through 2020.
* Products: Electricity.

Modeling Features:
Non-DOE Input Sources:

California Energy Commission: Cost and performance characteristics, solar thermal
technology.

Electric Power Research Institute and U.S. Department of Energy, Office of Energy
Efficiency and Renewable Energy, Renewable Energy Technology Characterizations (EPRI
TR-109496, December 1997).

Electric Power Research Institute: Cost and performance characteristics, PV technology.

IRS Tax Code
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. 10 percent investment tax credit.
National Solar Radiation Database
* Regional Insolation
DOE Input Sources:
Electric Power Research Institute and U.S. Department of Energy, Office of Energy
Efficiency and Renewable Energy, Renewable Energy Technology Characterizations (EPRI
TR-109496, December 1997).
Computing Environment:
* Hardware Used: IBM RS6000
» Operating System: UNIX
» Language/Software Used: VS FORTRAN, Ver. 2.05
Independent Expert Reviews Conducted:
None.

Status of Evaluation Efforts by Sponsor:

None.
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Appendix 4-E: Data Quality and Estimation Processes

This Appendix discusses (1) the quality of the principal sources of input data used in the
Solar Submodule, along with a discussion of user-defined parameters and guidelines used
to select them, and (2) estimation methods used to derive parameters.

Solar Thermal Performance

Solar thermal performance (capacity factor) is based on a central receiver system with six
hours molten salt storage. The storage allows the electricity output to be dispatched at any
time of day, i.e., it is "decoupled” from the periods of high insolation. Because it uses
concentrators, the central receiver system can utilize only direct insolation.

Solar thermal cost and performance estimates are obtained primarily from the California
Energy Commission, “Technology Characterization for ER94." Capacity factors are
determined by EIA based on estimates in the “Typical Meteorological Year” database of the
National Renewable Energy Laboratory, and adjusted to match overall estimates
accompanying the technology cost and performance characterizations. In all cases,
characteristics selected for EIA use are compared with any other available measures or
estimates, as obtained from State or federal government offices, industry, trade, and private
research and analysis firms.

All cost and performance estimates are made available for review within EIA; they are also
circulated for comment among appropriate DOE offices in the Office of Energy Efficiency
and Renewable Energy’s Office of Utility Technologies; finally, the estimates are made
available for outside uses and comment, both in response to specific requests and in EIA-
sponsored forums.

Photovoltaic Performance

Photovoltaic performance is based on a single axis tracking PV system. The technology
characterization assumes that peak rated capacity and output are reached at an insolation
level of 1000 Watts insolation per square meter. The fraction of peak rated capacity of an
actual PV system is assumed to vary linearly with (direct plus diffuse) insolation, so that at
any instant actual capacity is equal to peak rated capacity multiplied by actual insolation in
W/m? divided by 1000. Photovoltaic system cost and performance estimates are obtained
primarily from the Electric Power Research Institute, “Technical Assessment Guide 1993,”
1993, and, for capital costs, derived from data obtained from the Sacramento Municipal
Utility District (SMUD). As with solar thermal estimates, capacity factors are determined by
EIA based on estimates in the “Typical Meteorological Year” database of the National
Renewable Energy Laboratory, and adjusted to match overall estimates accompanying the
technology cost and performance characterizations.

78 Energy Information Administration/NEMS Renewable Fuels Module Documentation Report — Solar



5. Biomass Submodule

Model Purpose

The purpose of the Biomass Submodule is to furnish cost and performance characteristics
of the biomass gasification integrated combined cycle (BIGCC) technology to the Electricity
Market Module (EMM) of the National Energy Modeling System (NEMS). The submodule
utilizes a regional biomass supply schedule from which the biomass price is determined.
The biomass supply schedule is based on the accessibility of biomass resources by the
consuming sectors from existing wood resources and future biomass energy crops.

Beginning with AEO97, cost and performance characteristics that are defined consistent
with fossil and other technology characteristics reside in the EMM input file ECPDAT.

Performance characteristics unique to the biomass gasification integrated combined cycle
technology (such as heat rates and variable O&M costs) are computed in this submodule
and then passed to the EMM.

The fuel component of the cost characteristic is determined from the regional biomass
supply schedules and then converted to a variable O&M cost.

Relationship of the Biomass Submodule to Other Models

The Biomass Submodule interacts with EMM and the sectoral demand modules. It does not
interact with other submodules in the RFM. Regional biomass consumption requirements
from the commercial, industrial, and electricity modules are used in the biomass module to
determine the regional biomass supply price. A total capacity potential is calculated from
regional supply curve data and each year, the accumulated capacity from the EMM is
measured against this limit and is constrained if it exceeds the limit.

Modeling Rationale

Theoretical Approach

Biomass use in NEMS is modeled as two distinct markets, the captive and noncaptive
biomass markets. The captive market pertains to users with dedicated biomass supplies
that obtain energy by burning biomass byproducts resulting from the manufacturing process
(i.e., the pulp and paper and forest products industries). Biomass waste combustion in
captive markets serves the dual role of energy supplier and waste disposal method. The
captive biomass market is modeled by the industrial module of NEMS.

The noncaptive biomass market is represented in the Biomass Submodule of the RFM. The
noncaptive market is defined to include the commercial and electric utility sectors, as well
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as the resources marketed in the industrial sector. It is necessary to include commercial and
industrial consumption in order to properly estimate supply and demand conditions, as
these represent alternative economic uses of the biomass supply. There is an additional
noncaptive market serving residential uses of biomass. This market is modeled in the
residential demand module.

Because of the scarcity of reliable data and the relatively small size of the noncaptive
market, EIA developed a simple model structure consisting of one supply schedule per
region. The fuel supply schedule in each region defines the quantity and cost relationships
of biomass resources accessible by all noncaptive, non-residential consumers. It is based
on an aggregation of supply/price information for forestry residues, urban wood waste and
mill residues, agricultural residues, and energy crops. The latter is made available starting
in 2010. Costs range from zero to over six dollars per million Btu. Additional detail on the
biomass supply curves is provided in Appendix 5-E.

Fundamental Assumptions

A basic assumption of the Biomass Submodule is that the supply price for noncaptive
biomass energy is the same across all sectors. This assumption allows the construction of
a single supply schedule for all sectors to yield a supply price for the electric utility sector.

Another important fundamental assumption relates to the treatment of biomass
transportation costs. The difficult aspect of building supply curves for biomass is modeling
the economic accessibility to the resource, rather than estimating the physical amount of
biomass that can be used. This submodule assumes a fixed "typical" transportation
distance in calculating costs. For agricultural residues, forestry residues, and energy crops,
it has been assumed that the maximum distance that this type of material can be
transported economically is 50 miles. Within a circular area with a radius of 50 miles, it has
been assumed that the transportation cost will be $10/dry ton. This fixed amount has been
added to the supply curves for agricultural residues, forestry residues, and energy crops to
reflect the transportation cost from the farm-gate to the power plant.

For urban wood waste and mill residues, the assumptions and methodology for calculating
transportation costs is slightly different than for the other types of biomass. For urban wood
waste and mill residues it is assumed that all residues are within 100-mile radius of a
potential biopower site. Transportation costs are estimated for 25, 50, 75, and 100-mile
hauling distances. Based on data for the national outlay on local transportation and local
trucking ton-miles logged, a national average freight charge of $0.24/ton-mile ($96) is
assumed. The national average freight charge is then converted to state averages, by state
transportation price indices. Because no interregional biomass trade exists, it is assumed
that no biomass is transported among EMM regions.
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Alternative Approaches

There are limited examples of alternative working models that include market penetration
of biomass technology. Generally, biomass conversion can be modeled similar to other solid
fuel technologies, i.e. coal, with appropriate attention to cost assumptions. The unique
characteristics of this resource reside in the treatment of the fuel supply function.

The Biomass Submodule of NEMS has several simplifying features of its supply functions
which may offer opportunities for improvement. The submodule treats only the marketed
portion of the fuel, when there could be interaction with entities with captive fuel, i.e. the
forest products industry, as well as with the residential fuel market. Another simplification
is the assignment of a constant factor for transportation costs. The fuel transport costs could
be a significant share of the delivered costs and will vary considerably by terrain and
distance to the conversion facility. 