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1. Renewable Fuels Module Introduction

Purpose of Th|s Report

This report documents the Ob_]CCthCS analyncal approach and design of the Natlonal Energy -
Modeling System (NEMS) Renewable Fuels Module (RFM) as it relates to the production of the
1997 Annual Energy Outlook (AEQ97) forecasts. The report catalogues and describes modeling

-assumptions, computational methodologies, data inputs, and parameter estimation techniques. A - A

number of offlme analyses used in lieu of RFM modehng components are also descnbed

This documentatlon 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 prov1de analyucal and forecasting information
systems :

'Renewa‘ble Fuels Module Summa‘ry ‘*

The RFM con81sts ot five analytxcal submodules that represent major renewable energy
_resources—blomass, mumc1pal solid waste (MSW) solar (thermal and photovoltalc) ‘'wind, and
geothermal energy. .

' The purpose-of the RFM is to define the technologlcal cost and resource: size charactenstlcs of
renewable energy technologies. They are provided to the Electricity Market Module (EMM) for
grid-connected electricity capacity planning decisions. The characteristics include available energy
capacity,. capital costs. fixed operating costs, variable operatmg COstSs, capacny factor, heat rate, -
constructlon lead time, and fuel product price, .

Implemented for AEO97, 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 which are unique to specific renewable energy technologies.
specific files and subroutmes are used, such as for resource values for time slices for intermittent
~ renewables. ’

Other renewables modeled elsewhere in NEMS include conventwnal hydroelectnc (m the EMM)
biomass in the industrial sector, ethanol in the Petroleum Market Module (PMM), wood in the
~ residentia] sector, geothermal heat pumps in the residential and commercial sectors, and solar hot
water heating in the residential sector. In addition, there are several areas, primarily nonelectricand
' off-grld electric apphcatlons, that are not represented in NEMS. They include direct applications -

Energy lnformaﬂon Admlrilstraﬂon/NEMS Renewable Fuels Module Documentation Report,—-»lntroddcﬂon 1




of geothermal heat. several types of solar thermal use, and off-grid p’hotovoltaics For the most part.
the expected contributions from these sources are confined to niche market: however, as these.
- . markets develop in 1mportance they will be analyzed for their representatloﬁ in NEMS.

The number and purpose of the assocxated_ 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. As another example, the MSW Submodule's capital and operating cost
“characterization is used by the EMM solely to help determine electricity prices. Unlike the other
RFM technology characterizations, the MSW-to-energy facility ‘characterization is not used to
- compete MSW energy against other energy sources. This modeling treatment stems from the
- assumption that MSW energy, as a byproduct of the waste removal process, is fully utilized as itis
produced

- Cost and performance values for RFM variables are often determined by EIA’s Office of Integrated

Analysis and Forecasﬂng (OIAF). In addition, several sources tor the cost and performance
characterizations were examined for use in the RFM. The primary additional source is the Electric
'Power Research Institute’ s 1993 Technical Assessment Guide (EPRI TAG). The sources provide
-values for capital costs (excluding the construction financing and contingency components, since
these are provided in the EMM), fixed and variable operauon & 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 AEO97
forecasts: the Municipal Sohd ‘Waste Submodule (MSW). the Wind Energy Submodule (WES); the

‘Solar Energy Submodule (SOLES), the Biomass Submodule, and the Geothermal Electricity
Submodule (GES). The EMM’s role in defining hydropower data is also described. The chapter
concludes with information on the RFM archival package and EIA pomt or contact.”

Municipal Solid Waste Su'bmodule \(MSW)

The Municipal Solid Waste Submodule provrdes annual pro;ectlons ot energy produced from the

~incineration of municipal solid waste (MSW) and estimates of’ landfill gas capacities. The

Submodule uses the quantity of MSW produced (derived from an econometric equation that uses .
-Gross Domestic Product and U.S. population as the principal forecast drivers), the heating value of

a pound of MSW., and shares of MSW combusted for energy recovery. In addition, the landfill gas

. capacity is estimated based on reported waste and gas production data and judgement about future

trends. The MSW Submodule supplies the utility sector (EMM) with capital and operating cost

information. This cost information is only used by the EMM to calculate electricity prices; MSW-
- produced power is viewed as a byproduct of a community's waste disposal activities and only

secondarily as a competitive alternatlve to other fuels for energy production.
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| Wmd Energy Submodule (WES)

- The Wind Energy Submodule (WES) pl'O]CCtS the avaﬂab1hty of wind resources as well as' the cost

and performance of wind turbine generators. This information is passed to the EMM so that wind
turbines can be built and dispatched in competltlon with other electnaty generating technolog1es
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 in the form of
‘nine time segments which are matched to electricity load curves within EMM. ! ’ '

Solar Submodule (SOLAR) |

- Two solar technologies are represented ‘in NEMS, a 5-megawatt fixed-flat plate central station
- photovoltaic (PV) unit, and a 200-megawatt central receiver (power tower) solar thermal (ST) unit. -

Both technologies are grid-connected, prov1ded by elecmc utilities, small power producers, or
1ndependent power producers. : :

Begmmng w1th AEO097, PV and ST cost performance characteristics which are defined consistent
with fossil and other characteristics reside in ECPDAT. Performance characteristics unique to these -
technolog1es (such as season and region-dependent capac1ty factors) however .are passed to the
EMM via fhe solar submodule SOLAR. . .

Biomass Submodule

The Biomass Submodule furnishes cost and performance characteristics for a biomass burning |
electricity generating technology to the EMM. The technology modeled for the AEO97 is the

" 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 consummg sectors
from existing wood and wood re51dues and energy crops

Geothermal Electrlclty Submodule (GES)

N The purpose of the GES is to model current and future reg1onal supply, capital cost, and operatlon‘

and maintenance costs of electric generating facilities using hydrothermal resources (hot water and

 steam). These resources are limited to the four western EMM regions: 11, 12, 13, and 14. The data

are assembled from 51 sites information which reflect the specific resource conditions of that
location. The GES generates a regional resource supply curve for geothermal capacity consisting

"The nine time segments are derived from three 8-hour Segmeuts of the day 'for;three seasons—winter, summer and
off-peak (spring/fall averaged). The data represent average capacities based\ou empirical analysis.
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: of the 51 geothennal snes It truncates the supply curve based on the av01ded cost for the
~ construction and operation of new regional capacity and passes averaged 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 regions 11 12,and 13 and
© two are Hawaiian resource sites (region 14). The two Hawaiian sites, however are not con51dered
smce EMM’s capamty planmng decisions are 11m1ted to reglons 1 through 13

,Conven‘t'ion'al Hydrdelectri'cr Plant'Date .

-For AEO97, the ass1gnment of conventional hydroelectnc plant data was transferred tothe EMM
without changing the fundamental approach. The hydroelectric power data, now assigned in EMM,

: 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-

860, EIA-759, EIA-867). Hydroelectnc power does not compete with other power technolog1es for -
addltronal unplanned capac:lty o ,

- 'Archlval Medla

'The RFM is archlved as part of the Natlonal Energy Modehng System product:lon runs.

Model' COntact

Tom Petersik, Economlst , ' I

Coal, Uranium, and ReneWable Fuels Analyms Branch

" Energy Supply and Conversion D1v1310n, ‘

Energy Information Admlmstratron o R : .
1000 Independence Ave., SW o "
‘Washington, DC 20585 ' o

~ Phone: (202) 586-6582

Report Orgamzatlon

‘Subsequent chapters of thls report prov1de detalled documentatron of each of the RFMs flVC '
Workmg submodules. Each chapter contains the followmg sections: ‘

‘@ Model Purpose—a surnmanzanon of the submodule s ob_]ectlves detalhng 1nput and output

quantmes, and the relationship of the submodule to other NEMS modules
, ¢ _ . ,
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: Model Rationale—a discussion of the submodule S des1gn rationale, including ms1ghts into
assumptions utilized in the model development process, and alternative modehng
methodologies conmdered during submodule development phase :

: Model Structure—an outline of the model structure, usmg text and graphlcs to 111ustrate the
major model data ﬂows and key computatlons : :

Appendlces—suppornng doCumentatlon 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 biblio graphy of reference materials

-used in the model development process. Appendix D consists of a model abstract
Append1x E discusses data quahty and estimation methods
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2. Municipal Solid Waste (MSW) Submodule

Model Purpoée -

) The main purpose of the Mumc1pa1 Solid Waste (MSW) Submodule is to prov1de EMM with annual -
_ projections of electric power capacity of waste to energy plants (WTE) for municipal solid waste

. (MSW). It also furnishes the cost and performance characteristic of a generic incinerator technology

»

to the EMM. The submodule uses the quantity of MSW produced, the heating value. of MSW, and

- shares of MSW combusted for energy recovery to produce forecasts of the future electric power

capac1ty Added to this capamty progectlon are estimates for landfﬂl gas capacity.

Relatlonshlp of the MSW Submodule to Other Models

The MSW submodule passes capamty estlmates and cost and performance characteristics of the

' MSW incinerator technology to the EMM for capacity planning decisions. Be ginning with AEO97,

MSW cost and performance characteristics which are defined con31stent with fossil and other
characteristics reside in EMM’s input file ECPDAT. Cost parameters such as tipping fees are
evaluated in the MSW and converted into a variable O&M cost flgure before it is passed to the
EMM. _

Unlike all other submodules of the Renewable Fuels Module the MSW Submodule does not
compete with alternatlve electricity generatmg technologies. Rather, forecasted MSW electricity
production is accepted fully by the EMM and therefore used to reduce the amount of electricity

demand that must be satisfied by all other supply sources. This treatment of MSW electricity
~ production in NEMS stems from MSW energy being viewed primarily as a byproduct of a

commumty s waste dlsposal activities rather than a competmve altematlve to other fuels

The‘only interface from other NEMS modules are: (1) annual real Gross Domestlc Product (GDP) f

. (2) and the total U.S. population pro;ectlon both of wh1ch come from the NEMS Macroeconomic

Act1v1ty Module (MAM)

Modeling Rationale
Theoretical Approach

The modeling methodology employs a simple linear MSW supply function and multiplicative
energy allocation shares for deriving disaggregated MSW electricity production forecasts. The
methodology consists of four major steps. First, the total quantity of MSW in the United States is _
projected using a multivariate regression estimation to derive parameters for the MSW supply )
equation (an‘add factor representing the impact of MSW source reduction is also included in the

eequation). Second, the current and future heat value of a typical pound of MSW is assessed for
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- estimating the potential quantity of energy that can be produced from combusting MSW. Third, -
estimates of the total U.S. capacity to burn MSW with heat recovery are obtained using analyst
- judgement of factors affecting community approval and investments in WTE facilities. Fourth,
- regional projections of energy from MSW combustion are obtained by multiplying together MSW
quantities, Btu heating values, percentages of MSW cbmbusted, and sectoral energy allocation
shares based on regional population distributions. Finally, regional landfill gas capacity estimates
- are added to the capacity projection for MSW combustion. - :

Because of the byproduct nature of MSW energy, the relatively small quantity of MSW in the U.S.
‘energy mix, and the complexity of modeling the municipal WTE market, a simple modeling
approach that excludes the consideration of energy demand, price, and technology investment
signals from other NEMS modules was selected. One of the major limitations of this approach is
that there are no economic or financial links for determining key parameters, especially the share
of MSW combusted and the regional distribution of WTE energy capacity. L '

| Fundamental Assumptions
MSwW quantity Projections R

~The definition of MSW for the initial regression in the MSW 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 quantities reported in the anhual Biocycle survey (Biocycle, 1993). The average difference
between the EPA and Biocycle values for historical years was used as an 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, -

‘Projected Btu Value of MSW

‘The Btu value of a typical pound of MSW is changing rapidly in response to changes in the usage
and disposal of specific materials. Curlee (1992) provides inform‘ation on the historical and"

projected composition of MSW in terms of the waste stream's material composition. In this estimate,
- the Btu value of one pound of MSW has increased from about 3,800 Btu in 1960 to about 5,100 Btu

in 199¢..
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There are numerous factors that influence the Btu value of combusted MSW For example, |

marketmg efforts have been responsible for the gradual replacement of glass and some metal with
plastic, especially for containers. Partially counteracting these marketing efforts are restrictions that

~ have been successfully implemented in some States to limit the usage of plastics in selected

packaging. Many communities require that yard waste (which has a low energy content) to be

collected separately from other wastes and composted rather than burned or landfilled. Other
communities simply restrict households from disposing of their yard waste along with other MSW. -

The number of curbside recychng programs is increasing, and most collect and recycle both plastics

“and paper (the highest Btu components of the waste streami), and glass and metals (from which no

- caloric value can be extracted).

Comblmng EPA pro;ectlons of this changmg MSW mix w1th the heat content of waste components

Curlee projects a total heat content for MSW of 5,569 Btu per pound of waste in the year 2000. It -

was assumed by EIA that, post-2000, the heat content would remain constant at the 5,569-Btu level,
based on the expectation that the removal of low-Btu waste stream components (metal, glass, and

~ yard waste) will Be balanced by the removal of high-Btu components (paper and plastic). While
‘these changes in MSW composition are significant, it is not believed that the relatlonshlp of GDP

to tons generated w111 be affected by such changes

Projected Percentage of MSW Combusted Wlth Heat Recovery

PrOJectlons of WTE market penetrauon and therefore the share of generated municipal waste .

combusted, are difficult to make. Projections for the near term—i.e., the next 5 years—can be based
on existing data on WTE projects in the planning and construction phases. Consideration should be
given to expected unit cancellations, which have occurred more frequently in recent years. The
methodology adopted for the MSW Submodule beyond 1995 requrres the use of assumed fractions
- of MSW supphes combusted for energy recovery ,

. Di'saggregation‘RUIe‘s |

National projection's‘for energy from MSW are disaggregated into regional totais according to the
geographical dispersion of current and planned WTE facilities.,Infoﬁnation used for disaggregating
MSW energy comes from the Form EIA-867 data for nonutility generators, modified as appropriate

for NEMS. This database product includes information on locations, types of energy produced,

ownership type, etc. for all ex1st1ng U.S. WTE fac1ht1es as ‘'well as those bemg planned.

Given that no data currently exist to mdlcate how these breakdowns may change beyond 1996, it
is assumed that the percentage of total WTE capacity allocated to a region remains constant after
1996. Additional research into regional characteristics that could influence the shares, such as land

values or recycling markets, may result in an improved approach for dlsaggregatlon of pro;ected '

national totals.
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Generating capacity of the MSW units is calculated by dividing the output by heat rate, combustion
-capacity factor; and yearly hours. This quantity is expanded by adding an amount for capacity
utilizing landfill gas as fuel before passage to the EMM. ' o

Landfill Gas Use

As part of an analysis of potential greenhouse gas emissions, EIA has developed an approach to -

_estimating methane emissions from U.S. landfills (SAIC, 1995). This approach was used as a basis -
‘and expanded to produce projections of generating capacity which uses a portion of these emissions.
The procedure, off-line to NEMS, is contained in a LOTUS 1-2-3 spreadsheet which accumulates
emissions from different vintages of landfilled waste. - ' coo .

The spreadsheet was expanded to include projected volumes of waste and an estimate of the share
- that will be landfilled (consistent with the estimated share combusted) to provide projected
emissions. The included estimates of differing yields of methane as a function of time since disposal,
~ further disaggregated for various waste types, produced the desired projections. Factors for portion
.of emissions converted to energy, Btu value of the gas, heat rate and capacity factor are applied to
these projections to provide capacity projections. The simplifying assumption is made that all the
captured gas is converted to electricity.? This capacity total is added to the capacity for MSW
combustion before being shared out to the NEMS regions and passed to the EMM. -

| Capital and Operating Costs |

The MSW submodule supplies the EMM with capital and operating costs to_help in the
determination of electricity prices. In lieu of actual cost data from WTE facilities, the MSW
Submodule employs technology cost characterization information from the EPRI 1989 Technical
- Assessment Guide (TAG). Information for the mass burn technology is. selected because this .
. technology is the most common of three technology types.® For both capital and operating costs, the

- TAG assumes a WTE plant size of 40 megawatts with a single combustion unit. [T

An iinportant componént' of the WTE,,facil'i‘ty operating cbsi is the tipping fee. The tipping fee is a
. per-ton charge assessed to waste removal firms for depositing the MSW at the disposal site. Because
the tipping fee is a revenue source, the MSW Submodule treats the tipping fee as a negative fuel
. Cost. ‘ : N i ‘ ‘ :

*According to the Governmental Advisory Associates database for 1994, 79 percent of existing units generate
electricity and only 20 percent produce only low-Btu gas. '

*Mass burn WTE units combust MSW without preprocessing, other than the removal of large items from the feed
system. Refuse Derived Fuel (RDF) facilities combust waste that bas been preprocessed (i.e., sorted and shredded to
increase the heating value). A third technology type—modular combustors—are small, prefabricated units. Mass burn
units constitute 39 percent of operating WTE units and 79 percent of planned WTE units. » : :
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At this tlme there are msufﬁc:lent data on how tlppmg fees are determmed although itis hkely that
they are the balancing factor in plant economics. A complication with tipping fees is that some
~ plants are privately owned, others are publicly owned, and subsidies may be involved in either case.
As a result, nppmg fee values are currently assumed to remam constant for all forecast years.

| AlternatiVe Approaches
Only two other sources of energy projections from MSW combustlon have been 1dent1f1ed - the
Solar Energy Research Institute (SERI, 1990) and Klass (1990) ‘The projections from those reports

are discussed in Curlee (1991). MSW energy projections given in Curlee (1991), which are based

.on the methodology adopted for the MSW Submodule, are significantly higher than those contained

in the reports by SERI (SERI, 1990) and Klass (Klass, 1990). Note that MSW is one of several |

- renewable energy sources evaluated in both the Klass and SERI studies, and the underlying
assumptions and modeling methodologies are not explained sufficiently in either study to discuss

‘and compare the differences between their approaches and the MSW Submodule approach. No other v J

models of MSW energy consumption and production were 1dent1ﬁed in the research supportlng the
development of the MSW Submodule. :

A key asPect of the selected modeling approach involves the application of expert judgement for
- specifying the projected regional fractions of MSW combusted for energy. (These fractions are
multiplied by available MSW in order to determine the projected MSW quantities available for
energy recovery.) Ideally, judgements conceming projected combustion fractions should be
combined with an analysis of cost and capacity trends involving the reduction, recyclmg,
composting, landfilling, processing, and combusting of MSW. However, relative cost information
for the vanous alternatives to manage ‘MSW is currently. con31dered inadequate, and is therefore not
“used. : . »

MSW Submodule Structure
'Submodule‘ Flow Diagram o o

Th1$ SCCthIl presents a flow d1agram (F1gure 1) of the MSW Submodule that shows the Submodule s
main computatlonal steps and data relatlonsh1ps : .
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Figure 1. Municipal Solid Waste Submodule Flowchart -

[ smmT |
.\ (call from RFM) ‘

First year
and " .
First iteration

in 7 Readinput data from
- MSWDAT cost (perfonnance characteristic),
Waste source reduction factor,
Share of MSW burnt,
Share of bumt MSW used for generation of electricity,
' Heatcontent,and
- Regional populatio_n .
1
[}
' .
]
. 1]
| calculate variable 0&M cost :
— — of MSW technology considgﬁng' )
- tipping fees '
‘ 1
[
) I
. ) '
-GDP,and" v ]
Population Calculate national . P
‘ from MAM quantity of MSW :
Calculate capacity of . A - : Calculate capacity of
* combustion units IR , landfill gas units
" o . N LN "

Calculate regional
- electiic capacities -

Output to' EMM

12 - . - Energy Information Administration/NEMS Renewable Fuels Module Documentation ReboneMSW 7 '



Key Computatlons and Equatlons

The MSW Submodule 1S largely mdependent of the rest of the RFM with the exception of obtaining
the projected GDP and population values for the Macro Analy31s Model. The projections are
- generated in two parts and then combined. These components are generatmg capaCIty of waste to-
‘ ”_energy (WTE) umts and landfiH gas-fueled units. . .

"The WTE projection performs basw calculauons of the waste stream, energy produced and capaeity
for all years and reglons by operating on- RFM values. contamed on the file MSWDAT.

The landfill gas values are computed in a separate spreadsheet with a similar approach to the ]
~ calculation for waste stream, energy, and capaaty These reglonal values are read in and added to
- \the WTE values. : :

Variable operating costs are combmed with the negatlve of the t1pp1ng fee and this value the capltal |
cost,- and the capamty prOJectlons are: passed to the EMM

The formula for many of these calculatlons are presented in Appendlx 2B: Mathematlcal
. Description.
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Parameters

~ Table 2A-1. NEMS M,kunici\pal Solid }Waste Subr’hodule Inputs and Outputs

Appendlx 2-A: Inventory of Varlables, Data and

This Appcnd1x descnbes the vanables and data inputs associated with the MSW Submodule Table
"2A-1 provides a tabular listing of model variables, input data, and parameters. The table contains
~ columns with information on item definitions, modchng dlmensmns, data sources, measurement
’ units, ‘and documentation page ‘references.

The remainder of Appcndlx 2A consxsts of detaﬂed descnpuons of data mputs and vanables,
rmcludlng discussions on supportmg data assumpnons and transformations.

- INPUT DATA" I _ __.
F | Fraction of MSW combusted for use U and sector S Form EIA-867 Unitless
in Census d1v1s1on r ' R
HC | MswW heat content values in Census d1V1s1on rin. Franklin Assqciatés and Btu/Ib of MSW
yeary ‘ ~ Office of Technology '
) _ - ) Assessment .
UPHTRT* | MSW heat rate for electricity production _ Government Advisory Btuw/kWh
' ’ . ‘Associates
Oak Ridge
pcC  Percent combusted for Census division r ir year y Franklin Associates and - unitless
a . ) EIA staff o
- L . Oak Ridge
UPMCF* | Capacity factor of a WTE plant EPRI TAG unitless
UPOVR* | Capital cost for a WTE plant EPRI TAG $/KW
MSTIPPNR 'I“ipping fee for MSW in Census divisionr . - ’ " Chupka, et al $/ton
. UPFOM* | Fixed O&M cost for a WTE plant - EPRITAG mills’kkWh '«
WVC | Variable O&M cost fora WTE plant EPRITAG  mills/kWh
SR | Annual source reduction factor EIA staff Percentage .
‘TCLANDF .| Total national electric capac1ty from land fill in determined by EIA MW
7| yeary . o
LFSHR | Share of total electric capacxty fueled by landﬁll gas determined I_Jy EIA unitless
in NERC region n ‘ '
a, | Regression coeff.,repres,éntingvaDP depéndency regressed by EIA - 10%0on/10°$
a, | Regression coeff. representing populatian' regressed by EIA 10%on/10%apit
dependency ’ T o a
« | waste stream adjustment factor : datarm{ned by EIA unitless
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Table 2A-1. NEMS Municipal Solid Waste Submodule Inputs and Outputs (Continued)

 CALCULATED
- VARIABLES
. MC_GDP | Real gross domestic prodt\nct»fo; year y ' - determinedin MAM Billion $
MC_POPAFO - U.S. Population incl. Overseas armed forces determined in MAM 10°
" 2 | Quantity of energy from municipal solid waste for ' | MMBu per
generation of electric power in NERC region n N year
QNAT Quantity of municipal solid waste produced in the ' . million tons pér
o lus. - ~ o - | year
WCAMSEL | MSW clectric capacity for utilities in NERC region | - “Megawatts
. I ninyeary S : , ) ' '
WVCMSEL |_Variable O&M cost of MSW electric generating ' mills/kWh
- capacity in NERC region r in year y adjusted for S ’
tipping fees E l : ‘ :

*Assigned in EMM input file ECPDAT.

MODELINPUT:  F

DEEINIIIQN ~ Fraction of total MSW generated that is combusted for ‘generation of
, ~ electricity in NERC region n ‘ o . '

Once the total amount of MSW that is conibusted for energy has been determined, it must be

allocated among uses (electricity or other), regions, and sectors (commercial, industrial, and utility).

‘The allocation factor matrix F accomplishes this task by using historical and 1995 projected plant
level data from the Govcmlnéntal Advisory Associates (GAA) 1991 Resource Recovery Database.

SmlLCES: ~ Oak ;Ridge National Laboratory, "Data ahd Soﬁrces: Biomass Supply Draft Report,".

, o prepared for EIA under Contract No. DE-AC05-840R21400, Oak Ridge, TN, June
27,1993, p. 13-14, e T ‘ ] T
Government Advisory Associates, Resource 'Recovéry' Yearbook and 1991 Rcs'ource
Recovery Database, 177 East 87th Street, New York, NY, 1991. s

MODEL INPUT: HC

DEFINITION: ~ Heat content in year y

* Heat content values, measured m Btu per pound of MSW Heat contents are national data, and are

“assumed to be the same for each NERC region. The historic and projected percent compqsition of
MSW was obtained from Franklin Associates for each of the main components of MSW. The main
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-

‘ components of MSW mclude paper and paper board glass, metals, plastlcs rubber and leather
textiles, wood, food waste, yard waste, other organics, and other i norganics. The Btu content was
obtained for each material from the Office of Technology Assessment. 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 i increasing trend. Beyond

2000, it was assumed that HC remains level for the duration of the forecast horrzon '

SLHIR(‘JES Oak Ridge National Laboratory, "Data and Sources Blomass Supply Draft Report," ,
:  prepared for EIA under Contract No. DE-AC05- 84OR21400 Oak Ridge, TN, June
27,1993, p,7 -10.

Franklin Assomates, "Charactenzatlon of Mumcrpal Sol1d Waste in the Umted States:
1994 Update," prepared for the Environmental Protection Agency, Municipal and ’
Industrlal Sohd Waste D1v1sron Office of Solid Waste, November 1994. -

Offrce of Technology Assessment Facmg Amerzcas Trash What Next for
Municipal Solid Waste?, Congress of the United States U S. Govemment Prmtmg
Office, Washmgton DC, October 1989. o : ’

MQDEL_INHZE: UPHTRT .
DEFINITION: ~  Heatrate for WTE plants'

N

The heat rate is assumed constant for all NERC 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
electrrcrty ' , :

SLHLBQE Electnc Power Research Instrtute Techmcal Assessment Guzde EPRI TR-1022765
: » Vol. 1: Rev 7, Palo Alto, CA, June 1993,

MODEL INPUT: PCC
e QELHS_II_IQN Percent MSW combusted NERC reglon n

Estlmates of percent of MSW combusted for 1960 through 1990 were obtained from Franklin

Associates. Data for the years after 1990 are projections based on analyses conducted by EIA staff.

~ SOURCES: Franklin Associates, "Characterization of Municipal Solid Waste in the United States:
1994 Update," prepared for the Environmental Protection Agency, Municipal and

- Industrial Solid Waste Division, Office of Solid Waste, November 1994.
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| “Office of Téchn()logy Asscssmeni,- Fak:ing‘ America's Trash:  What Neit Jor

Municipal Solid Waste?, Congress of the United States, U.S. Government Printing

~ Office, Washington, DC, October 1989,

- MODELINPUT: UPMCF |
DEEINIIIQN ‘Capacity factor for a’MSW incinerator

Oak Ridge'Naﬁonal Laboratbry, "Data and Sources: Bi'oméss» Su’pply/Dr‘aft Report,™
prepared for EIA under Contract No. DE-AC05-840R21400, Oak Ridge, TN, June
27,1993,p.19. = o o :

Electric Power Research Institute, Teéhriical Assessment Guide. EPRI TR-1022768,

Vol. 1: Rev. 7, Palo Alto, CA, June 1993.

MODEL INPUT: UPOVR -
 DEFINITION: Capital cost of 2 MSW incinerator

Electric Power Research Tnstitute, Technical Assessment Guide. EPRI TR-102276S, -

fVo_l‘. I: Rev. 7, Palo Alto, CA, June 1993.

 MODELINPUT:  MSTIPPNR | -
DEFINITION:  Tipping fee charged for MSW in NERC regionn

The tipping fee is structured as a negative adjustment to the variable O&M cost, WVCMSEL.
Tipping fees were calculated based on data from Chupka, Howarth, and Zoi. The tipping fees,
originally expressed in dollars per ton of MSW, are aggregated to NERC regions using MSW
facility consumption weighting factors, converted to real 1987 dollars, and then transformed into
- mills-per-kilowatthour. =~ L S o ’ '

SOURCES:

Chupka, Marc, D. Howafth, and C. Zoi. Renewable Electric Generation: An ; |

- Assessment of Air Pollution PreVention Potential. ".EPA/400/R-92/OOS, U.S.
. Environmental Protection Agency, 1992. ’ ' \ '

‘.National Solid Waste Manag’eihent Association, “1990 Landﬁll Tipping Fee Survey,”
~ Washington, DC. T R

~
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 MODEL INPUT: ~ UPFOM
: DEEINIIIQN o Fixed operation & maintenance (O&M) cost MSW incinerator :

Data for i—calculatingr operating costs arevt)btained 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 calculatlons, assummg an 85 percent capacity factor.

| SQJ.IRCES: Oak R1dge Nauonal Laboratory,' "Data and Sources Blomass Supply Draft Report,"
prepared for EIA under Contract No. DE-AC05-840R21400, Oak Rldge TN, June
27 1993,p. 19.

Electnc Power Research Instltute T echmcal Assessment Guide. EPRI TR10227 6S
- Vol 1: Rev. 7 Palo Alto, CA, June 1993 '

MODEL INPUT:  WVCMSEL

DEEINIIIQN | Variable O&M cost for a MSW mcmerator in NERC reglon n and year y
‘ ~ adjusted for t1pp1ng fees

Data for calculatmg the operatmg cost are obtained from the EPRI Technical Assessment Guide
(TAG). Data are available for mass burn technology and refuse derived fuel. ,Informatlon for the
mass burn technology is used in the calculations. The variable operating cost is adjusted by
subtracting the tipping fee, and ass1gmng the operatmg cost value to the RFM common block
~ variable, WVCMSEL /

ﬂﬂlRf‘ES Electnc Power Research Insutute, Technical Assessment Guzde EPRI TR1022768
»‘Vol 1: Rev 7, Palo Alto CA, June 1993 ' :

Oak Ridge National Laboratory, "Data and Sources Blomass Supply Draft Report
prepared for EIA under Contract No. DE-ACO5- 84OR21400 Oak Rldge TN, June
27,1993, p. 19.. :

MODEL INPUT:  WVC

o

, M[N_IIIQN ~ Variable O&M cost for MSW incinerator /
Variable»repre‘sents the unadjusted O&M cost for MSW incinerators.

S_QHBQES Electric Power Research Instltute Techmcal Assessment Guide. EPRI TR102276S,
Vol 1: Rev. 7 Palo Alto, CA; June 1993 : .
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: Oak Ridge Natlonal Laboratory, "Data and Sources: Bromass Supply Draft Report,"
. prepared for EIA under Contract No DE-ACOS 84OR21400 Oak erge, TN June
27 1993, p. 19. o
MQDEL_mnm: SR

" , DEEINIIIQN ~Annual' source reduction factor'

" The annual source reduction factor, based on expert judgement from OIAF is 0.8 percent per year,
or 0.008. - ' ‘ ) ' ' :

SDJD}QE EIA, Office of Integrated Analysis and Forecasting
MODEL INPUT: a,
DEE];NII[QN : Regressron coefficient representmg the GDP dependency of the waste stream

- SOURCE:  Franklin Assocrates "Charactenzatlon of Municipal Solid Waste in the United States
' 1994 Update," prepared for the Environmental Protection Agency, Municipal and
Industnal Solid Waste D1v1sron Ofﬁce of Sohd Waste, November 1994, N

- MODEL INPUT: 4,

, DEEIN_]I[QN o Regressmn coefﬁcrent representmg the populatron dependency of the waste
R stream. : r g ,

SOURCE: Franklin Associates, "Charactérization of Municipal Solid Waste in the Umted States:
S - 1994 Update " prepared for the Environmental Protection Agency, Municipal and ‘
Industrial Sohd Waste Division, Ofﬁce of Sohd Waste, November 1994,

- MODEL INPUT:  «

’ DEEINJM Waste stream adjustment factor expands the EPA-deﬁned MSW quantrty

to account for emplncal information on other dlsposed matenals
SLHIBQES » Bioeycle, “The State of Garbage.ln Amenca ” April issue 1993 ‘
- Franklin Assocrates, "Charactenzatron of Municipal Sohd Waste in the United States

1994 Update " prepared for the Environmental Protection Agency, Mumcrpal and
Industnal Sohd Waste D1v1s10n Offrce of Solid Waste, November 1994.
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aAppendix 2-jB.: | Mathematieal DéScripti_on

This Appendlx prov1des the detailed mathemaucal spec1ﬁcat10n of the MSW Submodule as

presented in the RFM FORTRAN code execution sequence

The MSW submodule first computes the annual amount of municipal solid waste as a bi-linear ’
relation of the natlonal populatlon and the economic act1v1ty as represented by the GDP.

' *_QNATy =(a, * MC’_GDPy + a, * MC POPAFO) = | (2B-1)
: where _ |
QNAT = national annual waste stream in year y, in [10° ton]
La; =  regression coef. representing the i nnpact of change in GDP (a ,—O 02523713
B [10° ton/10° $]) ,
a, = regresswn coef. representing the 1mpact of change in populatlon

- (a;=0.159544 [10° ton/10° capita]) ,
MC_GDPy = gross domestic product in year y, in [10° $] (cham welghted)
‘M,C_POPAFO = ’nauonal populauon in year y, in [10° caplta] ‘

The waste stream is then adjusted to capture the efforts to reduce generatlon of MSw and to reﬂect
definitional change The relatlon is expressed as: :

QNATy ~='QNATyw* (1-0-1)SR) s . - (2B-2)

where:
QNAT; = Adjusted national annual waste stream in year y, in [106 ton]
y = ~NEMS year |
SR = source reduction factor* :
=  Wwaste stream adjustment factor - expands the EPA-defined MSW quantlty

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
waste value from a State survey by B_iocycle,magazi,ne.,5

“Allaway, David, “Does Source Redﬁcuon Work'7 Resource Recyclmg, July 1992, pp. 52-61.
*"The State of Garbage in Amenca” (repeated annually), Bzocycle April/May, 1989- 1996
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~Source Re_dugtion 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. Also, as of 1992 at least 38 States
- have passed laws mandating that disposal of their municipal waste streams be reduced by 25 percent
or more by no later than the year 2000 (Glenn, 1992). Such 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. L :
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 judgement
to derive the SR parameter that is currently used in the MSW supply equation. - - ~

Wasté 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, ¢, is computed as a multiplier on the equation to represent the inclusion

. of these items. The value for « is the average of the incremental differences between the EPA value - - .

and one.prescnted in an annual survey by Biocycle magazine. The value applies to all regions the
same. While its empirical nature is a strength, the biocycle value is deficient in that there is a lack
of quality control on the collection, such that the definition of MSW may vary by State.

Fraction of MSW Combusted

The combustion fractions used in the MSW Submodule reflect a modest resumption of the use of

WTE facilities over the long-term. Currently, the industry has slowed to a near-halt after a burst of o

construction activity in the mid-1980's. There are several factors driving the current status. First,
there continues to be a general wariness of the environmental effects of the technology, however,
the issue of the proper handling of ash has largely been resolved. Second, there has been a modest
overbuilding of landfill capacity and while these new landfills must meet the revised RCRA Subtitle
D regulations, their large size offers economies of scale that result in tipping fees comfortably below
that required at a WTE unit. Third, the Supreme Court ruling restricting the use of local flow control
ordinances has made the financial viability much more risky. Such ordinances required all waste

- from a jurisdiction to go to a designated facility, thcr@by guaranteeing a supply of waste an.d\’fces.
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The current values for percent of waste combusted assume a constant share over the model horizon.:
A slight growth in capacity results as the waste stream contmues to grow.

"Usmg the waste stream QNAT in the equatlon (2B-2), the energy utilized for the generatlon of
- electnc:lty can be determmed as ' \

9,, QNAT PCC *F, HC ﬁ VWVRPOP o " - (2B-3)
a where:
O, = energy used for generation of electricity in region n in year y, in [106 BTU]
~PCC, = share of total MSW burmt in region r, dimensionless,
F, = share of burnt MSW used for generatlon of electnc1ty m reglon n,
B  dimensionless, :
HC, = heat content of MSW in year Y, in [BTU/lb]
B : = conversion factor (B=2205 [Ib/ton]),
WNRPOP, =

share of national population in region n, dimensionless.
The electricity capacity is then computed as:

WCAMSEL = : Oy
my WHRMSWL WCFMSEL , 8760

+ TCLANDF, + LFSHR, . | (2B-4)

- where:

WCAMSEL, =  MSW electric capaeit'y in region n in year y, in [MW],
- WHRMSEL, | =  heat rate in region n in year y, in [BTU/kWh],
WCFMSEL, = - capacity factor for MSW i mcmerator in ngIOIl ninyeary,
: . dimensionless,
TCLANDF, = total national electric capac1ty from landfill gas in yeary, in [MW], -
LFSHR, = share of total electnc capacity fueled by landﬁll gas in region n,

k d1mens1on1ess

E 3

The exogenous. vanables of equatlons 2B 1 2B-2, 2B-3, and 2B 4 are read in from the input ﬁle
‘mswdat’. : v
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Equation 2B-5 calculates WTE facility variable operating costs: -

 WVCMSEL,, = WVC - MSTIPPNR,  @Bs
where: |
\_WVCMSE.LM = RFM variable operatmg cost common block variable for WTE facﬂltlcs
o n NERC region n in year b :
wvcC : = Variable operation' & maintenance cost in mills per kllowatthour
MS]YPPNR,, = T1pp1ng fee in nulls/kWh fora WTE plant for NERC region n.
Energy Information AqmlnlshéﬂowNéMS R’enerwabl‘e‘ Fﬁels'Module Documentation Rgport—MSW
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Appendix 2-D: Model Abstract

Model Name-
Mumc1pa1 Sohd Waste Submodule

Model Acronym.
MSW

¥

‘ Descrlptlon. : ,
The submodule uses the quantity of mumc1pal sohd waste produced (denved econometncally) the
heatlng value of MSW, and forecasted shares of MSW combusted for energy recovery to produce .
-forecasts of the production of electnclty projections of electnc1ty from landfill gas are added.-
Forecasts are disaggregated by region. - :

' Purpose of the Model:
‘The MSW Submodule prov1des the NEMS Electnc1ty Market Module with annual _regional

s projections of energy produced from the incineration of municipal solid waste and from landfill gas.

The submodule prov1des regional forecasts of electric capacity to be decremented from electric
~ utility capacity requlrements as well as capltal and operating costs for the calculation of electricity
prices.

Most Recent Model Update.
. October 1996. :

Part of Another Model" - o
The MSW submodule is a component of the Renewable Fuels Module (RFM) of - the Natlonal
Energy Modehng System (NEMS)

. Official Model Representatlve.

Roger Diedrich

Coal, Uranium, and Renewable Fuels Analysxs Branch
" Energy Information Adrmmstranon
Phone: (202) 586 0829

Documentatlon'
-~ Model Documentanan Report Renewable Fuels Module, March 1995.

Archlve Media and Installation Manual(s)
AI‘ChlVCd as part of the NEMS productlon runs.
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Energy System Descrlbed

Byproduct energy productlon and consumptlon from the combustion of mum01pa] solid waste

Coverage: | |

0 Geographic': Thirteen»modified NERC regions |

| ° Tlme Umt/Frequency, Annual 1990 through 2015
Products generatmg capac1ty

Economlc Sectors: electnc ut111ty sector

Modelmg Features:

® ‘Model Structure: Sequentlal calculauon of forecasted national municipal solid waste -
' (MSW) generation, followed by derivation of reg10na1 and sector energy shares based on
: esttmates of the percentage of MSW combusted :

e 'Modehng Techmque ‘Econometric esttmauon of mumc1pal sohd waste generatlon coupled
with an energy share allocation algorithm for deriving electnc generatlon capacity and
energy quantities by sector and reglon :

e Special Features Allows for the modelmg of reg10na1 and natlonal resource recovery efforts

o Non-DOE Input Sources:

B Frankhn Associates, data prepared for the Env1ronmental Protectlon Agency
e National annual quanttty of mummpal sohd waste generated
®  Current annual percentages of mum01pal solid waste combusted and landfilled
Government Adv1sory Assoc1ates Resource Recovery Yearbook and Resource Recovery Database: |
® Plant-spec1ﬁc electncuy generauon Btu energy content of MSW
o Plant locations and energy consummg sectOrs
Electric Power Research Instttute TAG Technzcal Assessme;tt Guide:
° . 'Capltal cost; fixed and ,vanable operatlon & maintenance costs R

- ®  Plant capacity factor -

28 Energy Information Adminlstraﬁo}n/NEMsv_Renewahle Fuels Module Documentation ‘Report-Msw :



DOE Input Sources:

.S,ource reductiOn factor
| Waskte stream adjustment factor

Landﬁll gas-fueled capac1ty

PrOJected shares of MSW combusted and landﬁlled
> o Hcat contcnt of MSW

Current capacities for MSW and landfill gas-fueled units

Computing Environment
® Hardware Used: IBM RS 6000
®  Operating System: unix

. Language/Software used: VS FORTRAN Ver. 2 05

Independent Expert Revrews Conducted
None.

Status of Evaluatlon Efforts by Sponsor.
None.
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Appendix2-E: Data Quality and Estimation, 'ProcesSes
' Th1s Appendlx discusses the quahty of the prmmpal sources of mput data used in the MSW_
Submodule, along with a d1scuss10n of user—defined parameters and guidelines used to select them

A principal dnver of the MSW projection is the estimation of the pmjected waste stream Thrs is
- done in a stepwise fashion beginning with EPA data and supplemented with data from Biocycle.

EPA data are based on m-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 prec1se level is Judgmental it is deemed important to
include. S v

Conversmn of the waste stream to energy takes several steps, begmmng with d1v131on into
management methods, an extrapolation of current shares. The share to be burned in a WTE plant -
is reduced to reflect the portion used to produce direct heat. This is based on existing EIA survey

* data contained in the plant file. The heat content is derived from the literature but is a fairly stable -
value. Distribution to model regions is done accordmg to population which was estimated from

- State-level census data.

Conversmn of the energy values to capac1ty was performed by applymg heat rates, which are known
from current units and contained in the EIA data, and a capacrty factor Wthh 1s estimated natronally
and used for all units. ; ~

The portlon of capacny that was projected from the landfilled share of the waste is estimated in a
separate spreadsheet. 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 2015 This is
con31stent with the goals of an EPA program to reduce methane emissions.
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3. Wind Energy Submodule (WES)

Mddel PUrposew

~ The objectrve of the Wmd Energy Submodule (WES) is to project the cost, performance and
availability of wmd-generated electricity, and provide this information to the Electricity Capacity .
Planmng (ECP) component of the Electric Market Module (EMM) for the bulldmg of new capacrty
- in competition with other sources of electnc1ty generatlon ‘

* Values such as overmght capltal cost, ﬁxed and variable costs are input drrectly into the ECPDAT
file in the EMM. Data unique to wind such as windy land area and time dependent capacity factors
are stored in the mput files of the Renewable Fuels Module (RFM) :

" Pro;ecuons are. based on the performance of a "mix" of horlzontal axis w1nd turbmes (HAWTs) that
have been installed and are currently operatlonal : ~

The version of NEMS used in AE097 accounts for only gnd—connected electricity generation. It

~does not consider . remote or any non-grid-connected apphcatlons A portion of the transmission -
costs are accounted for by the EMM uniformly for all represented technologres Furthermore,
additional transrmssron costs unique to remote wind sites are estnnated and passed to the EMM

"The EMM provrdes to.the WES mformatron on msta]led wind capacn:y after convergence is reached

WES then calculates the rema1mng wind resources available for future installations. This accounting

. of remaining resources is needed since wind energy consists of limited quantities of hrgh-qualrty
resources that are depleted as turbmes are 1nstalled on windy sites.

Relatlonshlp 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 1n1t1ated by a call from the RFM. The RFM then provrdes input to and receives data from
' the EMM. : r

The WES model calculates values for two variable arrays whrch are then passed to the EMM for
further processing. The calculated arrays are (1) yearly available capac1ty 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 to the EMM. The model generates a supply curve with a
strai ghtforward (determmlsuc) calculation from wind turbme performance. pI‘O]CCthﬂS The
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ﬁndertéinﬁcs in the i‘éSults are related to the technological cost émd performance projections and the
assumptions about the availability of wind. R '

Modeling Rationale
Theoretical Approach | |

WES produces energy supply curves from wind resource and wind turbine cost/performance data.
This is accomplished by calculating the maximum conceivable turbine capacity that could be
installed, given the available land area, wind resource, and the current year's turbine capacity factor.
- The available land area is subdivided into three zones defined as corridors with varying distances
to existing transmission lines. SRR | | L

Resource quahty 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 a‘rcmadei for each time slice, wind -
class, and region. . : ‘ ,

Substantial commercial wind installations have existed since the early 1980's. Counts of these pre- .
- existing installations are used to adjust figures- on 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. -

- Fundamental Assumptions
WES Quantity Proje¢tidns | | |

The EMM requires cépaéity; performance, and cost data on the basis of ‘N\ERC“ regions. WES'
provides data by NERC region based on 13 NERC regions/Subregions with Alaska and Hawaii -
- separated out, and not included in wind resources given to EMM. o -

Since hbﬁéontal-axis 'wind turbines are the predOminant type in U.S. inStailations,' accounting for. .
over 95 percent of U.S. generating capacity, only this type is represented in the 'WES. No significant

increase in accuracy or detail would be achieved by including 'v\extical-ax,is designs as well. The most
o current, comprehensive and accurate knowledge exists for the horizontal types and there are
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. limitations on the detail with which projections of cost and performance can be made. For a regional
‘model, the appropriate level of detail assumes a hybrid of various horizontal-axis turbines. .

Land Use Estlmates \

It is assumed that wind turbines are installed in a grid pattern. Spacing between rows is assumed
equal to-10 times the rotor diameter; spacmg between turbines w1thm each row is 5 times the rotor
dlameter : , v

 Off-Grid Penetration

- Ttis as‘sumed that penetration of off- gridwind ener'g'y's:ysternsr will not impact the "learning curve":
cost and performance changes of wind energy systems for central power generation. The two types
of technologies are different in scale and therefore the learning in one is not applicable to the other.

- Projected Btu Value of Wind Energy

Energy balance computattons and report writing and consumptton 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. '

Alternatlve Approaches

- In most natronal-level energy models wmd technolog1es have not been con31dered 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 Expans1on Analysis System (EGEAS) and the
- Environmental Defense Fund's (EDF) "Elfin". Also, DOE's Wind/Hydro/Ocean Division has
developed spreadsheet mode]s that project utility market penetration of wind technologies based on
compansons of wind plant costs of energy (COE’s) and margmal COEs for conventional generators

EGEAS was developed Jomtly 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- o

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 computatlonal efficiency. EGEAS can handle a wide range ,
of dlspatchable and nondlspatchable technologies, including w1nd ’
~The limitation of EGEAS with re gard to renewables i is that the variability or 1nterm1ttency of wind
resources is not explicitly incorporated into the model but rather is treated as a deterministic
: negatlve load, (e g., asan hourly time series of power outputs over a year) and simply subtracted
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. /

from titilitykdémzind.‘ Théreforc; wind is not explicitly cdnipctcd or dispatched against other energy
forms on an equal basis.- o ' R f
'The;ELFH\I ‘mbdel ‘frbm 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. PR SR o
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

- 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. ’ T

' The DOE Wind/Hydro/Ocean Division's Model projects the growth of the U.S. electric utility

'The model is built around ‘concepts of new product diffdsion. 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.
Wind Energy Submodule Structure
Submodule Flow Diagram

A ﬂow'diégram shoWihg the main computaﬁonal steps and fclationships of the Wind Energy
- Submodule is shown in Figure 2. - ‘ . o ’

I3
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FiQUre 2. Wind Energy’Submodule Flowchart

( (call from RFM)

1

- Read input data from
- WESAREA: available land area, by wind class and zones
: WESLICE: subperiod hour fraction,
_subperiod energy fraction, and capacity credits
WESTECH: capacity factors, energy per swept
Totor area, capital costs, variable O&M costs, fixed
O&M costs, policy incentives, exsting wind
installations, construction period, construction
expendlture distribution, and equivalent fossil
fuel heat rate

Values of capital cost, capacity
credit, capacltyfactor energy
per.swept rotor area, varable

O&M cost, and fixed O&M cost

v
Call WNRESDEC to:
convert capacity to land area juge—

‘required and decrement from
available land area

5

Call CALCAP to calculate
subperiod capacity factors - h - N

T

Cal I CALMWA to calculate
available wind generating capacity
for each region

T

Call WNTDEVAL to assign the
additional T&D cost for current zone

_

\ . ; - EMM selects new.
( Output to EMM I — T > capacity additions .

New capacity
additions
from EMM
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‘Key COm'putations :and E'q‘uations |

- 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. ER '
- 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
- alow wind class. The entire U.S. wind energy supply is subdivided into 13 NERC region, 3 wind

classes, and 3 zones (along existing transmission lines).

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
Totor area is then converted to the amount of wind energy generation capacity availablé in each ‘
-region for each year and each wind class. R : : o
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Appendlx 3-A Inventory of Varlables Data
and Parameters

This Appendix describes the variables, parameter estimates, and data inputs assocmted with the -

Wind Energy Submodule. Table 3A-1 prov1des a tabular listing of model variables and parameters.

The table contains columns with information on item definitions, modeling d1mensmns data‘

sources, measurement umts and documentatlon page references

The remainder of Appendlx 3-A consists of detalled descnptlons of data inputs and variables,

including dlscuss1ons on supportmg data assumptions and transformatmns

: Teble 3A-1. 'NEMS Wind Energy Submdd_ule Inputs and Outputs

: Energ’y information AdministtationlNEMS_Renewable Fue! Module Documentation Report—Wind

INPUT DATA | _
UPOVR* | Installed cap1tal cost of wmd generatlon _ EIA, expert judgment, - $AW
UPFOM* F;xed O&M cost. ' EPRI TAG™, 1993 and C$AW
. A * subsequent correspondence. :
UPVOM* ‘| Variable O&Mcost. - ’ - EPRI TAG™, 1993. mills/kWh
CFANN Annual wind capac1ty factor for wmd class w in . ‘SAIC, 1990. / Unitless
- e year y \ - . :
CREDIT |. Wmd capacity credit for NERC 'region nin year y. .| - Determined within EMM. Unitless
ENAREA Energy per swept rotor area for wmd class win SAIC, 1990.‘ KWh/m?
| year y. | ‘ | . . .
EXWIND Pre-exxsﬁng total wind electric capacity msta.lled in EIA, Form 860/867 - MW
o . NERC region n through year y. ‘
' UPHTRT | Fossil fuel equivalent heat rate for wind. - ElA, 1992. Btu/kWh
UPCLYR* | Construction lead time. ) EPRITAG™ + 1 year. Years
‘ UPCPRO | Fraction of constructlon completed in each year of EIA, expert judgment. Unitless
constructlon : e :
* - UPIGSUB Pohcy incentives: for NERC region ninyeary. " Energy Policy Actof 1992, | mills/kWh
~ SLICE | Hour fraction for subperiod / in NERC region n. " WNDS_LICE preprocessing Unitless
y . T : program (PERI).
STAREA | Land area avaﬂable for wind plant development in Elliot, 1991. 5q. km
o NERC region n and wind clas&w ) v
SUBPER Energy fracnon for subpenod 1 in NERC region n. WNDSLICE preprocessing Unitless
- “program (PERI).
AREA | Energy per unit swept rotor area for wind class w ENAREA, and interpblatioﬁ, _ kWh/m®
in year y. for interinediate years. ’
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Table 3A-1. NEMS Wind Energy Submodule lnputs and Ou‘_tputs '(Cohtinued)’

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

- MODEL INPUT:
- DEFINITION:

UPOVR

. ,CF | Annual capaéity factor for wind class w in yeary. | CFANN, and interpplation for Unitless
. 1 o L e intermediate years.
. UADDWNT | Grid-connected wind electric .éapacity additions in ‘ EMM output variable in MW
S NERC region 7 in on-line year y. 1 "UECPOUT COMMON block.
WNTDBFCS Addmonal T&D cost for wmd technology in Kinmer-Meyér, SAIC, SKwW
: NERC region n and buffer zone b - 1995 :
- LDAREA I.and area remalmng for wind plant development * Model determined. sq. km
| inNERC region n, in year y, for wind class w,in . ' :
buffer zone b :
CALCULATED |
VARIABLES
LDUSED | Land area needed to supply wind generélting Model determix;ed. sq. km
= capacity in NERC region # in year'y, by wind class '
' ‘ . ' '
', SWAREA | Swept rotor area available for wind c]ass win - ?ERI,- 1993. sq. m
. NERC region n in year y, m ’
WCAWIEL | Available capacity in NERC region r in year 3. REM output variable in MW
’ B ‘ " 'WRENEW COMMON block. :
WSFWIEL Capacn:y factor for NERC region n in year ¥, wind "RFM output variable m / Unitlesé
o class w, and subperiod /. WRENEW COMMON block. . o
. WNNID | Additional T&D cost for wind technology in  REM output variable in $KW
NERC region n and yea.r y ~ | WRENEW COMMON block.

'Installed capital cost of wind generation ('$/kW).-

laboratory sources.

mmblmm:'
DEFINITION:

CFANN

The numbcr stored in ECPDAT isan -of-a-kmd value for the capltal cost. ThlS value is constant.

EIA, expert Judgmcnt followmg dlscussmns with 1ndustry governmcnt and nauonal

'Annual wind Capaéity factor,for wind class win year y (Unitlgss).
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Current performance estimates are based on a comp051te analysrs 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 U.S. Windpower 33M-VS. The 1mprovement factors are for years 2000 and beyond are kept
constant at the 2000 value. : ,

Perforrnance prOJectlons are based on the accelerated federal wind technology R&D f’u’nding:
scenario used in the 1990 National Energy Strategy technology characterizations and modified by

" EIA.

‘ SmlR_CES: Science Apphcatlons Internatronal Corporatlon "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. : :

_chience 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 Conservanon and Renewable Energy, October
1990

| MQDELINP_ILT: CREDIT

- DEFINITION: Wlnd capacity credlt for NERC reg1on n in year y at 5-year mtervals
(Umtless) '

The- Load Capacity Credit (LCC) or capacity value that can be attrrbuted 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 perrod is assrgned to the
capacity factor in the Electric Capacrty Plannmg Submodule of the EMM.

SOURCE: Value determmed by EMM.

MODEL INPUT: ~ ENAREA
DEEINIIIQN: Energy per swept rotor area for w1nd class win year y (kWh/m ).
. Current performance estimates are based on a composite - analysrs of commercral turbines.

Performance data are based on expert judgment projected for 5-year intervals. Specifically, 1995
data are based on the improvements expected from a turbme snmlar in technologrcal development
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to ﬂxe Us. WindpoWC‘r‘ 33M-VS. The imp‘rovemen’t'vfactors are for years 2000 and beyond are kept
constant at the 2000 value.: S N ) o

: \Pér‘formance projcotions are based on the accelerated federal wind téChnology R&D funding

' EIA.

- Scenario used in the 1990 National Energy Strategy technology Characterizations and modified by -

SﬂlRQES ‘Science Applications ’_In‘temational: Corporation, "Renewable Energy Technology
S . Characterizations." Report in support of the National Energy Strategy for the U.S.
- Department of Energy, Office of Conservation and Renewable Energy, October

1990. ' ’ IR : :

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. R o e

MODEL INPUT:  EXWIND

DEFINITION: . Pre-existing total wind electric capacity installed in NERC region n through
PR o year y (MW). S i : '

EIA data on existing commercial wind installations are used from the current EMM Plant file
‘compiling electric generator data from sources such as EIA 860 and 867 surveys.

SOURCES: EIA 860;' Annual Electric Generator Report, 1995. Energy Information
Administration, Washington, D.C. ’ o R

EIA 867, Annual Nonutility Power Producer Report, 1995. Energy Information
Administration, Washington, DC. - - - '

MODEL INPUT: -~ UPHTRT

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

" An equivalent fossil fuel _dirspl"aceme/nt value of 11,0,2810 Btu/kWh has boc;n aésigned, based on EIA
data for 1995. ' L e . .

SQURCE: Energy Information - Aominis‘tration,' Annual Energy  Review 1994,
 DOE/EIA-0384(93), July 1995. R
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MODEL INPUT: ~ UPCLYR
DEEIN]IIQN . Construcuon lead time (Years)

The constructlon penod for a wind generatmg statlon is currently set at 3 which is the minimum
* lead time allowed in the EMM. : o :

S_(HIRCE . Electric Po‘wer Research Institute, TAGTM — Technical Assessment Guide, 1993.

MODEL INPUT: UPFOM o |
DEEINI.’HQN: N leed O&M costs ($/kW)

F1xed O&M costs are currently set in at $21. 12/kW (1987 dollars) for all years and all regions,
~ based on the 1993 TAG™ and subsequent: correspondence ‘

SOURCE: Electric Power Research Instltute TAGTM—Techmcal Assessment Guzde, 1993 and
subsequent correspondence :
MODEL INPUT: ~ UPVOM

| D_EE[NII[QN Varlable O&M costs for NERC regron n in year y at 5- -year 1ntervals‘
‘ (mllls/kWh)

The variable O&M costs are currently set at zero for all years and all reglons based on the 1993
TAGTM ~ : '

SQH}LCE * Electric Power Resea.rchylnstitute, TAGWTechnical »A'ssessment Guide, 1993.

MODEL INPUT: - UPCPRO
_QEEINIIIQN: "~ Fraction of constrtiction completed in each year of construction (Unitless).

The constructlon perlod for a wmd generatmg station is currently set at 3 years The construction
fraction is set at 10, 45 and 45 percent, respectrvely : :

~SOURCE: EIA, expert Judgment fo]lowmg dlscussmns with mdustry, govemment and natronal
laboratory sources.

i
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MODEL INPUT: - UPIGSUB . °
| DEFINITION: - : Policy incentivcs for wind generation (mills/,kWh).'

Any prbduction«inccntivcs 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 2003 o

“and zero for all other years is assigned for all regions. This is based on the policy incentive provision
of the Energy Policy Act of 1992. - Lo T

SOURCE:  Energy Policy Act of 1992 (Public Law 102-486), Section 1212,

“MODEL INPUT: ~ SLICE
: DEEINIIIQN | Hour fraction for subperiod / in NERC region  (Unitless),

Data for 20 subperiods of the year are provided. The EMM'maps the data for these 20 .subpeﬁods
into nine subperiods used in the EMM and other NEMS modules. :

SOURCE: Princéton Economic Research Incorporated (PERI), WNDSLICE preproceséor
' program, Bertrand L. Johnson. .= S : S

MODEL INPUT:  STAREA

DEFINITION:  Land area available.for wind plant dévcloprﬁent in NERC regionnand wind
' : class w (sq: km). C " :

The land area available for wind'plant development has been extracted from data produced at
Battelle 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 their area assessments of available resources by breaking down their wind 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 were 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 those areas free of obstructions, only a -
fraction of the areas shown in the Atlas are actually available for development. These fractions were v
estimated by PNL when producing areal estimates. o i ‘

PNL developed scenarios covering a range of land exclusion amounts. The WES input data ﬁre
based on the "moderate" exclusion scenario, which excludes all environmentally protected lands

| (such as parks and wildemess areas), all urban lands, all Wetlands, 50 percent of forest lands, 30
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'percent of agricultural lands, and 10 percent of range and barren lands. Only land areas w1th average
wind speeds above 12.5 mph are included in the WES input data. Land areas are separated into three

classes, dependmg on the range of average wind speeds. WES class 1 is for average wind speeds

above 14.3 mph, class 2 is for average wind speeds from 13.4 mph to- 14.3 mph and class 3 is for :
average wmd speeds from 12.5 mph to 13.4 mph allata helght of 10 meters ‘

' S_(ﬂllLCES Elliott, D.L., et al, "An Assessment of the Avallable Wlndy Land Area and Wind-
) , 'Energy Potential in the Contiguous United States," Pacrﬁc Northwest Laboratory;
~_ Report #PNL-7789, August 1991. v o

Elliott, D L.,etal, "Wmd Energy Resource Atlas" (12 volumes) PaC1ﬁc Northwest
- Laboratory, Report PNL-3195; 1980.

MQDEL_INBUI SUBPER

' MEINL’EE)N - Energy fractlon for subpenod lin NERC region n (Umtless)
Values were calculated usmg WNDSLICE a preprocessmg program developed by Princeton
. Economic Research Incorporated. WNDSLICE uses established NEMS subperiod definitions, daily f
and seasonal wind resource data, and a synthetic wind turbine power curve to estimate the fractlon ,

of the annual wmd energy productron that falls w1thm the various subperiods.

SQHRCE: » Prmceton Economic Research IncorpOrated, WNDSLICE preprocessor program.

- MODEL INPUT: UADDWNT

) DEE[NI_’HM Total gnd connected w1nd electnc capacrty addltlons in NERC reglon nin
: : on—lme year y (MW) :

'SOURCE:  EMM output variable in UECPOUT COMMON block.

‘ MODEL INPUT: ~ LDAREA

DEFINITION: Avmlable wmdy land area in NERC reglon n, in year Y, of wind class-w, in
' zone b (km ). : :

" The U. S ‘windy land area supply has been dlsaggregated into three buffer zones representrng‘
varying proximities to emstmg 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 geographlc information system analysis using geographic
locations of transmission lines and the PNL gridded wind resource data. The transmission lines
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' considered included voltage ratings between 115 kV and’23(.), kV which are generally used for plants
with a capacity less than 500 MW. o

- SOURCE:  Science Applicatibns International Corporation, “Geographic Information System
~~Analysis, Report for EIA,; Office of Integrated Analysis and Forecasting. May,
1995, . ey o ' o

MODEL INPUT: - WNTDBFCS

DEFINITION: o Additiona,l T&D cost for wind developmént éyefaged for sites in buffer zone
band NERC region n ($kW). -~

The additional T&D cost for wind developments capture the expenditures unique for remote wind
sites‘axid,,'thereforc, 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. - | S ~ ’

"The wind specific costs are determined for each NERC 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. -

- SOURCES: Science Appliéatidns International Corpo’rati\on, “Geographic Information System
" Analysis,” Report for EIA, Office of Integrated Analysis and Forecasting. May,
1995. - - o - '

Energy Informati,onAdministratibn,'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 Pch‘r Administration. “Transmission Line EstimatingData.” Internal
Memorandum. BPA F 1325.01.¢, December 3, 1993, ' o
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- Appe“ndi’x 3-B’: M'athematical Description‘

Th1$ Appendlx prov1des the detalled mathematlca.l specrﬁcatlon of the Wmd Energy Subrnodule as
presented in the RFM FORTRAN code execution sequence Subscript defmltlons are also as they
' appear in the FORTRAN code. - :

Equatron 3B-1 calculates the land area (in sq. km) needed to supply the w1nd generatrng capacity
called for by the EMM for each NERC re glon and current year:

UADDVWVTyM,,x CF,, x 8760 x @, o o
E: ‘ : , (3B-1) -

“LDUSED, , =

 AREA,xZ
. g 4
where:
LDUSEDn,y =  Landarea used to snpply EMM-called for wind generating capacity
, - in NERC region n in decision year, km?,
“ ‘UAD‘DWNT,,’y = ‘. Grid- connected wind electric capacity additions in NERC regron n
dec1s1on year y+Lead, (MW), where c
LEAD ‘ = " Construction lead t1me, in years (decision. year + lead time = on-hne o 4
' year),
v ' = Annual capacity factor for wind class w in year Y,
- AREA L= AsEnergy per unit swept rotor area for wmd class win dec1smn ‘year y,
o kwh/m o ‘
m = 3.141593,
ocs]; , = Scalar derived from 5D x 10D gnd spacing of wind generator
‘ (a = 50)

Equations 3B-2 subtracts the land area needed to supply the wind generatrng capac1ty called for by
the EMM from the available land area
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LDAREA,, ., = LD\AREA"’y_Lwc’bC - LDUSED,,; - (B2

| where:
nywebe =" _ land area availdble for wind devélopment in NERC region n, in yéar
: ¥, in currently offered wind class wc and buffer zone bc, (km?).

' LDAREA

Equation 3B-3 calculates the ‘tim‘e-,dependent/ capacity faétor for the currently offered wind class,
.- NERC region, year and subperiod: ' . ‘

| WSFWIEL' _ |suseE Rua| CF, o v(3’B 3)
: = |——— ) R - - :
‘ S| SLICE, |t e B | ‘

k~whcre:
'Vl{SFW[EL,,J,,,,= = Capacity factor for wind class w in NERC region n in year y in

- subperiod I. Although defined for three wind classes only w=1 is

- used. EMM reads only WSFWIEL,,_,,, o

8 UBPER,, = Energy fraction for subperiod / in NERC region n
SLICE,, - = Hour fraction for subpcriod lin NERC region n,

CF,,, . B = Annual capacity factor for currently offered wind class we in yeary.

Equation 3B-4 computes the total swept afea by tufbines for a particular wind class, NERC region
- and year: , . o R

4 X LDAREA,, . x 10° , : © (B4
- SWAREA, . = : ‘ , (3B-4)
LY WC . - a v
. v . - _ ‘
where:
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' SWAREA,, ywc = Swept rotor area available for currently offered wmd class wein
, * NERC region nin year y, (m?),.

: n;y,wc,b; = land area available for wind development in NERC region n, in year
o y, in currently offered wind class wc and buffer zone bc, (kmz)

o= Scalar denved from 5D x 10D gnd spacmg of wind generator
(e, = 50) : ~

/

Equation 3B-5 computes the avarlable wrnd electnc generauon capacrty in megawatts by wind class,
NERC region and year: -

- weawtr - AREA, L XSWAREA_ |
ST OB %107 5 8760 . GB-5)

where:

WCAWfEL,,,y = Available capacity in NERC region n in year y, MW.
. &mmnﬂm i ] .

Subroutine WNDECR decrements the wind resources that are subdivided by w1nd classes and buffer |
zZones accordmg to the followmg scheme:

Wind class .. Buffer zone .
: 1 12 2->3then
2 1= 2-3then
3 12— 3.

_ Where wind class 1 is the hlghest quahty resource and wind sites in buffer zone 1 are the closest to’
. the grid i 1ncurr1ng the least cost for new transmrsswn constructlon

* The w1nd resource depletlon scheme reﬂects an economlc ranking based on levehzed 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 18 depleted across all buffer zones before resources of the next lower quality-are
used. : : :
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Equation 3B- 6 assigns the wind specxﬁc T&D cost assomated with wind resources of the buffer zone
. currently bemg offered , , , « .

WVWVTDM = ,WWIDBECSMC (3B-6) -

where: | |
. WWNTD,W L= Wmd spemﬁc T&D cost in NERC reglon nin year ¥, ($/kW),
'.WN]DBFCSW = Wind specific T&D cost in NERC reglon nin currently offered

'buffer zone bc ($/kW)
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~ Appendix 3-D: MOde'AbStrac‘tten

- Model Name:
Wmd Energy Submodule

Model Acronym. .
WES

Descrlpt|on. ~ : :
Resource quality data and the yearly capacity factor are used to calculate wind farm performance '
data on a sub-yearly level as reqmred by the EMM Calculatlons are made for each time shce, wind
class, and reglon : -

Purpose of the Model , ' _
" The purpose of the Wind Energy Submodule (WES) is to pI‘OJCCt 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- bmldmg the new capacity
in competmon with other sources of electncrty generatlon

Most Recent Model Update'
August 1996.

Part of Another Model?:

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

| Offlclal Model Representatlve' '
Tom Petersik
Coal, Uranium, and Renewable Fuels Analy51s Branch

" Energy Informatlon Admlmstratlon
~(202) 586- 6582 ‘

Documentatlon. S -
NEMS Documentauon Report:. Renewable Fuels Submodule May 1996

'Archive Media and Installatlon Manual(s)
‘Archived as part of the NEMS productlon runs.

| Energy System Described:

. A hybrid of various existing and proposed horizontal-axis wind turbmes Honzontal-ax1s wmd

. turbines represent over 95 percent of U.S. generatmg capacny
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Coverage:
®  Geographic: 15 NERC regions: East Central, Texas, Mid-Atlantic, Mid-America, Mid--
Continent, Northeast, New England, Florida, Southeastern, Southwest, Western, Rocky
‘Mountain, California and ‘South Nevada, Alaska, and Hawaii
e Tlme/Umt Frequency Annual, 1990 through 2015 .
e "Products Electncrty
e _. Bcononuc Sectors Electmc utlhty sector, nonuuhty generators (NUGS)
. Model Structure Sequentral calculatlon of avarlable wind capacity by NERC reglon wind
. class and year witha deducuon of that year's mstalled capacrty from the remaining available

_capacity

e Modeling Techniques: Accounting function of available windy land area and conversion
. ofland area to sWept rotor area and then to available generation capacity

® Spec1a1 Features Accountmg for pohcy and/or producnon incentives.

Modelmg Features-

DOE Input Sources- .
Energy Information Admxmstratron Annual Energy Revzew 1 991 DOE/EIA-O384(91) June 1992

'Pac1ﬁc Northwest Laboratory, Reports PNL 7789, DOE/CH 10093 4 and PNL- 3195
Non-DOE Input Sources-

_ Princeton Economic Research Incorporated (PERI) WNDSLICE preprocessmg program.

: ‘Sc1ence Applications International Corporatron (SAIC) — Cost and performance data as prepared
for the N. atronal Energy Strategy prOJect

,Electrlc Power Research Insutute, Techmcal Assessment Guza’e ( TAGTM) 1993
Computing Env_ironment:

®  Hardware Used: IBM RS6000
'®  Operating System: Unix -
12 Language/Software Used: VS FORTRAN Ver 2. 05
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5 Independent Expert Revnews Conducted:
" None. . ’

Status of Evaluatlon Efforts by Sponsor'
Nonc
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Appendixf3'-E:» | Data Qual'ity and EstimatiOn Provc‘e‘s's‘es

~ This Appendix,discusscs (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 (12.5 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 wildemness 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 région and other

© factors. Lastly, since wind power increases significantly with height, a minimumn 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. Thc specific
subperiods correspond to season and time of day. ‘ ' R

The Cost and Perfo'rmanceiof 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-suppliéd wind turbine power curves and installed costs

were performed for a number of the best-current, commercially available wind turbines. Wind

. turbine energy outpiit estimates were made, -assuming a Weibull wind speed distribution at several -
~ wind speeds, as well as correctibné 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 O&M costs. - ‘ ’
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The Wind Turbine Cost and Per\j}ormance Projections to be used initially'f(_)r‘ 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 U.S.
‘Windpower 33M-VS turbine; and (2) analysis conducted by NREL of potential advanced design
- improvements based on technical insights from the currerit 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 improvéments 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. - S ' ‘
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4. Solar Submodule

‘Model Purpose

Beginning with AEO97, 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 re gion-dependent capacity factors),
however, are passed to the EMM via the solar submodule SOLAR. - S

~Both common and uniquely defined characteristics are describedkbel-ow. The three characteristics
- unique to renewables and therefore to SOLAR are: o \

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 solarthermal 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 ihstalled 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. ‘

30 S‘oléij efficiency improvement factors: Assumed capacity factor improvements for PV over
time are submitted through SOLAR. ’ ~
- Relationship of the Solar Submodule to Other Models
SOLAR aSSigI:l'S' performance data to global _v'aﬁables 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 tho>se,4 for n'iostyother rcnéWable ‘sourées. 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 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 well in excess
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of concervable demand As a result the supply curve for solar is assumed to be perfectly elastlc at
any moment. NEMS does not increase the cost of the resources with i mcreasmg quantrtles supphed
'because high quahty resource sites are not exhausted

Since the two solar electric technologres generate electncrty in fundamentally dlfferent ways, the -
" nature of the solar resource for each technology is mgmﬁcantly 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 arrlvmg 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 dlffuse msolatron i$ also referred to as global insolation.

A single type of each of the ST and PV technologles is used for all regions. Accordmgly, capltal 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 1nput to the technology

ST technologles are composed of concentrators Wthh can only use direct normal radiation. This = -
- resource is sensitive to cloud conditions. As a consequence, for solar thermal, data are provided only
for 6 of the 13 EMM Regions wh1ch have suffic1ent1y intense 1nsolat10n of this kind.

' The default solar thermal electrxc technology isa central receiver w1th 3-hour molten salt thermal
 storage. The resource data incorporate chmatologrcal data on the frequency and duration of cloud
cover. The resource ava11ab111ty or energy output data for central receiver solar thermal consist of
both daytime and evening values for the four seasons for a total of eight values. Smce the number
of overcast days can exceed the storage capacity of the system a derating factor is 1ncluded to :
reflect this 1nterm1ttent avallabxhty .

The default PV technology isas megawatt fixed ﬂat-plate smgle axis’ trackmg array t11ted at an
angle equal to the site's 1at1tude (Carlssa Plams)

' 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 plus Alaska and Hawaii. These correspond to the nine NERC
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 apphcable : : :
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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 electrlc1ty model w1th1n the Electnc and Gas Utility Modelmg 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 NERC 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. As an emerging technology, solar is expected
to experience sharp reductions in cost with additional penetrations so varied representations of
"learmng-by doing" are certamly important in solar modeling. :

FOSSIL2 S fundamentally different structure uses system dynam1cs with loglt functions adapted
from consumer choice methodologles 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 partlcularly 1mportant because FOSSIL?2 treats the entire nation as a s1ngle region.

In modehng renewables, FOSSIL2 does dlstmgulsh between off-gnd 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 treatéd 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 durmg peak periods. This is accomplished by
forcing an appropriate percentage of the intermittent resource’s output into the peak portion of the
load duration curve. \ : »

~ As d1scussed earher an important capablhty when modelmg renewables is how new technology T

penetration is treated. FOSSIL?2 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 "learnmg-by-domg and 1ndustry acceptance of new
technologies. v

The third modehng system for solar-based electricity generatron is the MARKAL model, developed
in part at Brookhaven Natlonal Laboratory with the support of 17 nations and two international
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- agencies. MARKAL is a multl-perlod linear-programming model that pcrforms 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 transparenﬂy mcorporate non-pnce -based consumer ch01ces
or new technology penetratlon

Solar Submodule Structure

| Submodule Flow Dlagram |

-~ A flow diagram showing the main computat10na1 steps and relatlonshlps of the Solar Submodule -
is shown in Flgure 3. '

Key Computations and Equations

) SOLAR passes data du'cctly, w1thout any computatmns, through a531gnments to the appropnate
COMMON variables. These are the utility generatmg capacmes and subperiod capacuy factors for
each technology :
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Figure 3. Solar Energy Submodule Flowchart =~ -

Read input data from

SOLARIN: Variable capacity factors, solar
. lower bounds (Floors), and solar efficiency
improvement factors. '

v

_ Output to EMM
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* Appendix 4-A: Inventory of Variablés,Data,"

and Parameters

This Appendix describes the variables, data inputs, and parameter estimates associated with the

cost/performance characteristics of the two solar technologies. Beginning with AEO97, 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. SRR o 2

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. ' ‘ ‘ I S S

" 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 andOutputs -

INPUT DATA
WCAPVEL | Capacity constraints for photovoltaic technology in EIA Estimates MWL
: NERC region n in year y. o ‘ :
. WCASTEL Capécity constraints for solar thermal technologyin |.  EIA Estimates . MW
‘ NERCregionninyeary - o . . ' '
‘ UPOVR (21)* | Capital cost of photovo]téic techﬁology. ’ ‘ EPRI TAG, 1993 k L SKW
UPOVR (19)* Capi,tal‘cost of solar thermal f&:hnobgy. : \ CEC, 1993.’ ] $kwW
UPICCF* | Investment policy incentive as a fraction of capital Energy Policy Act, Percent
cost. - S _ S 1992 o
UPIGSUB* | Production policy incentive. . * Energy Policy Act, | mills/kWh
. - . - 1992.
 UPVOM (21)* | Variable 0O&M cost for photovoltaic technology. . CEC,1993. ' mills/kWh
UPVOM (19)* | Variable O&M cost for solar thermal technology. . . .CEC, 1993. mills/kWh -
UPFOM (21)* | Fixed O&M cost for photovoltaic technology. - . CEC, 1993. mills’kW
UPFOM (19)* * Fixed O&M cost for solar thermal technology. ' - CEC,1993. | mills/kW
.. WSSPVEL | Prototype photovoltaic sysfem capacity factor for ] : NREL, 1995. Percent
" | NERC region n in time period p in year y. . ;
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Table 4A-1. NEMS Solar Model Inputs and_ OutputS- (Continued)

IR .WSSS?EL , .Prototype solar thermal system capacity factor for - CEC,1993. - " Unitless -
) . _NERCreglonnmumepenodpmyeary U ‘
. .‘ UPCLYR*‘ ) Constr,uct:lon pen_od. ‘ o . \ ,. CEC,1993. 13 Years -
UPCPRO* -| Completion fraction. . | e CEC, 1993. |, Percent
B EFFMULPV Efﬁeiency ’multipl‘ier for photovoltaic technology EIA, expert judgment —
- EFI,""M ULST | Efficiency niultiplier’ for solar thermal tecnnolo g)r EIA, expert jvndgment —

*Assigned in EMM input file ECPDAT.

MODEL INPUT: WCAPVEL

DEFINITION: - | Constramt for PV capacuy resource in NERC reg1on n; and year y (MW)

The vanable is currently used to represent estlmated minimum (Floor) capac:lty plans in the EMM '
'EIA uses off-line estimates to assign reglonal capacmes that represent 1nsta11at10ns for experimental
reasons or for commercml testing.

S_QLI&CE: ‘ EIA, expert Judgment followmg dlscusswns w1th mdustry, government and national

’ ' laboratory sources. :
MODEL INPUT: ~ WCASTEL

QEEINIIIQN Constramt for solar thermal capac1ty resource in NERC re glon n; and, year y |

'The variable is currently used to’ represent estimated minimum (Floor) capa01ty 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 1nstallat10ns for expenmental reasons or for
commercial testing. ‘

- SOURCE: EIA expert Judgment followmg dlscussmns w1th mdustry, government and natlonal)
1aboratory sources.
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'MODEL INPUT: UPOVR (21 )

DEFINITION: Capltal cost (nth-of—a-kmd) for PV technology in  NERC reg1on n and
o S yeary ($/kW) ’ -

S_QURCE Electrlc Power Research Instltute “chhmcal Assessment Gurde 1993 (TAG) ”
o 1993 ;
- MODELINPUT: - UPOVR (19)

- DEFINITION: Caplta.l cost (nth-of-a-kmd) for solar thermal technology in NERC regron
E nand year y ($/kW) -

S_QJ.IRCE The Cahforma Energy Comrmssron Memorandum "Technology Characterrzatron
for ER94 ¢ August 6, 1993

MODEL INPUT: UPICCF

- DEHNIIIQN Investlnent pohcy incentive for technology t and year y ($/kW).

This is currently set at 10 percent of the capital cost, based on a 10 percent 1nvestment taxcredit. -

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

MODEL INPUT:  UPIGSUB

, D_EENIIIQN : Production policy incentive for technology tand year y ($/kWh).
~ A value of 15 mills per kilowatt hour for the years 1995 through 2004 and zero for all other years |
is assigned for all regions, based-on Section 1212 of the Energy Policy Act of 1992. The act states
that the incentive is payable for ten years for a facility that first generates electricity during the ten
fiscal year period occurring after enactment. Since solar thermal technology is not scheduled to
occur until 2000, it would seem appropriate to shlft this mcentrve for that technolo gy to the years
2000 through 2009. '

SOURCE: Energy Policy Act of 1992, Public Law: 1 02-486, Section 1212.

MODEL INPUT: ~ UPVOM (21)

DEFINITION: ~Variable O&M costs in NERC region n and year y.
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The variable O&M costs for the PV technology are set to zero for all NERC reglons and all years.

, SQIRCE Denved by EIA, Office of Integrated Analysis and Forecastmg, from Electric Power
o Research Instltute, “Techmcal Assessment Guide 1993 (T AG) 1993,

* MODEL INPUT: UPVOM (19)

DEEINIIIQN g Varrable O&M costs m NERC reglon n and year y

- The vanable O&M costs for the ST technology are set to zero for all NERC regions and all years. |

. SleRQE The California Energy Comrmssron Memorandum "Technology Charactenzatlon
o for ER94,” August 6, 1993, '

- MODELINPUT:  UPFOM (21)
R QFIIN_IIIQN leed 0&M cost for photovolta1c technology in NERC reglon n and year y
- - ($/kW).

. SOURCE: Electrlc Power Research Instltute “Techmcal Assessment Gu1de 1993 (TAG) .
’ 1993. : /

MODEL INPUT:  UPFOM (19)

~‘ DEEINIIIQN F1xed O&M cost for solar thermal technolo gy in NERC reglon n and year y
‘ kW), ‘

SQLIRCE' - The California Energy Commission, Memorandum "Technology Charactenzanon |
: " for ER94 ” August 6, 1993 ' ‘
- MODEL INPUT: ~ WSSPVEL

DEEHSIIIQN " Time segment system capa01ty factor for PV in NERC region 7 in time
. ‘ penod pinyeary (Percent) ' :

- SOURCE: National Renewable Energy Laboratory Memorandum fac51m11e transmission,
- August 23 1995, Christy Heng to Thomas Petersik.
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MODEL INPUT: ~ WSSSTEL
DEFINITION: | ~Time segment capac1ty factor for solar thermal system in NERC region n
e ‘ in time period p in yeary (Unitless). O - :

Solar thermal capacity factors, by region and tim"e segment are derived by EIA from factors |
provided by NREL; all NREL capacity factors are ad]usted by a constant (0.8427) which yields an
average annual capacity factor for California (NERC reglon 13) matchmg the Cahforma Energy,
Comm1ssmn (CEC) average for that reglon ‘

S_QJ.IRCES ‘National Renewable Energy Laboratory, based on total solar rad1at10n data from the
National Solar Radlanon Database

The California Energy Commission, Memorandum, “Technology Charactenzatlon
“for ER94,” August 6, 1993.

- MODEL INPUT: UPCLIR
DEEINIIIQN : Constructlon penod of technology #, years, (Solar Thermal: t—7 PV: =8).

SQURQES For ST: The California Energy Commlssmn Memorandum’ "Technology
Charactertzatlon for ER94,” August 6, 1993. ,
For PV: - Electric Power Research Institute, “Techmcal Assessment Gutde 1993
- (TAG)” 1993

MODEL INPUT: Upcho
| QEEINIIIQN ' Fraction of construction of technology t completed in year y (Percent)
S ' (Solar Thennal t=7; PV: t=8). : ,

Sﬂl&C_ES For ST: The Cahforma Energy Commission, Memorandum ‘ "TeChnology
‘Characterization for ER94,” August 6, 1993. '
For PV - Electric Power Research Institute, “Techmcal Assessment Gu1de 1993
(TAG) 71993,

'MODEL INPUT: EFFMULPV 2
DEEMIIQN o Efﬁcrency multlpher apphed to the tlme segment capacny factors for PV.
‘The efﬁc1ency multlpher for values > lO allows modeling system

improvements that increase ‘the capacuy factor by uullzmg lower energy
solar insolation.’
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SOURCE: EIA, expert Judgment followmg d1scussxons w1th mdustry government, and natlonal
3 _ laboratory sources. ‘

MODEL INPUT:  EFFMULST

DEEIN]IIQN Efﬁmency multxpher apphed to the time se gment capac1ty factors for solar ,
s v thermal technology. , ’

The efﬁmency multlpher for values > 1.0 allows modelmg system R
~ improvements that increase the capacity factor by ut1hzmg lower energy
- solar insolation (set to zero for solar thermal)

jSﬂiRﬂE: EIA, expert Judgment followmg discussions w1th mdustry, government, and nauonal |
' : ' laboratory sources.. ’
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| [_App'endix +B: Ma_th\émati’cal Description

The SOLAR submodule does not mcorporate any modehng equatlons It a331gns values that are read
- from input files, to the appropnatc RFM common blocks. ’
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| Appendix 4_-_D; Model \AbStraét' |

‘Model Name: -
Solar Submodule

Model Acronym:
'SOLAR

- Description: o , e | | R

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: I _ e
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 RecentMo’dél Update: :
- October, 1995. - :

- Part of Another Model?: o ; | '
The Solar Submodule is a component of the Renewable Fuels Module (RFM) of the National -
Energy Modeling System (NEMS). - \ B . ' : .

Official Model Representative:

Thomas Petersik B ‘ ,
Coal, Uranium, and Renewable Fuels Analysis Branch
Energy Information Administration = o ‘
(202) 586-6582

Documentation: o o !
NEMS Documentation Report: Renewable Fuels Submodule, May 1996.

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

L
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- Energy System Described: ‘ _ _ : , ;

~ Solar thermal performance is based on a central receiver system with molten salt storage. The

* storage allows the'elcct;'icity 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. o -

‘Coverage:

°- .Geogr;iphici 15 NERC/regioﬁs: ‘East Central, Texas, Mid-Adtlantic, Mid-America, Mid-
. Continent, Northeast, New England, Florida; Southeastern, Southwest, Western, Rocky

| - mountain & Arizona, California & So. Nevada, Alaska, and Hawaii -

‘o' \'Ti‘me ﬁniﬂF;cqucngy: Annual,‘19‘._9'0:thro\ugh 2015. |
. | ,Pfodﬁcts: Electriéitj , o

"Mod'ellin.g_' Features:
\ No'n;-DOE.Ihp’utf Sources:
VCal/if\ornielx EnérgVkadmmissidn: kC‘ostan‘vd performaﬁc:erqhavractcri’stics,v solgr thermal fechnology.
Eie’ctrié Power Resear(iﬁ I'vn‘stitutve:\ Cost and p'crfdrmance ch«aracterisﬁcs,‘ PV .'teChnoIogy., | |
‘-Er;c,r‘g:y‘P(’)Iicy‘ Actof 1992 - ' |
g ° ‘Isrcl)duc'tyi“on policy_incentivc. "
‘,YIRS»'vT-ax/(l:odc ; | . B SRR P \ R | | ¢
0 :1l/lOper'centikn.ve’stmcnt'tAXcrcdit.’ o B ‘ | c B o S
" National Solar Radiation Database |
® Regional Insolation
- DOE Input Sources:

L Ofﬁce of Energy Efficiency and chcWéblc Energy, “Technolo gy Characterizations,” draft,
May 1994. ' T S ' ‘
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Computmg Envnronment

* Hardware Used: IBM RS6000
®  Operating System: Unix |
® Language/Software Used VS FORTRAN Ver. 2. 05

Independent Expert Rewews Conducted
None. o

. ~ Status of Evaluatlon Efforts by Sponsor- |
' .None
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Appendix --4-E:, 'Dat'a Qﬁali\ty and Estim:atio/n Proc_eSSes

- 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 Perfprmance o

~ Solar thermat pérformance’ (capacity factor) is based on a central receiver system with molten salt
storage. The storage allows the electricity output to be dispatched at any time of day, i.e., it is

"decoupled” from the periodsv of high insolation. Because it uses concentrators, the central receiver
system can utilize only direct insolation. ‘ o '

" Solar thermal cost and perfoﬁnance estimates are obtained primarily from the California Energy |
- Commission, “Technology Characterization for ER94"; photovoltaic cost and performance estimates

are obtained primarily from the Electric Power Research Institute, “Technical Assessment Guide
1993 (TAG),” 1993. Capacity factors for both technologies are determined by EIA based on
estimates in the “Typical Meteorological Year” data base 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. .

Individual cost and performance elements for solar technologies and cstim'atcs for capacity factors .

- have been revised (including in 1995 and 1996) in response to such comments.

B Photovoltaic Performance

Phdiovoltaic pcrfomi'ance is based»bn a fixed array PV system. The techn,ology characterization ‘

~assumes that peak rated output is reached at an insolation level of 1000 Watts per square feter. The

fraction of rated capacity of the PV system is assumed to vary linearly with (direct plus diffuse) .

" insolation, so that at any instant the capacity is equal to the insolation in W/m?* divided by 1000.
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5. Biomass SmeoidUIe‘

Model Purppsé

The purpose of the Biomass Submodule is to fumish cost and perfonﬁanc‘e‘characterzistic?/s of the

biomass gasification integrated combined cycle (BIGCC) technology to the Electric 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 which 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 dctcrnﬁncd from the régional biomass supply
schedules and then converted to a variable O&M cost. -

Relationship of‘,,the Biomass Submbdulé ,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 data 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. B o Ce

Modeling Rationale
- Theoretical Approach =
" The biomass s‘ubmodulc prdﬁdes regional biomass supply curves for noncaptive markets. The

supply curves are based on a detailed analysis of historical biomass consumption for a set of biomass
- sources in the industrial, electric generating, and commercial sectors. S

Prior to the development of NEMS, eleCtricity.from biomass was estimated by EIA as a series of
econometric equations based on historical biomass use from various sources and the relationship
between biomass consumption and key variables. For utilities, projections of biomass facility
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‘capacity and capac1ty utlhzatlon factors were made off-lme and included in the EMM. No
competition between biomass and other sources of electricity generatlon was modeled rather the
use of biomass decreased the requ1rements from other sources of } generatlon '

_The biomass use in NEMS is decomposed and 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). The biomass waste combustion i in captive markets

~serves the dual role of energy supplier and waste disposal method The captlve biomass market is
modeled by the mdustnal module of NEMS. : :

The noncaptlve blomass 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 as the
‘noncaptive portion of 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
, res1dent1al uses of blomass This market 1s modeled in the res1dent1a1 demand module

Because of the scarcity of rehable data and the relatrvely small size of the noncaptive market EIA
- decided to develop a fairly s1mple model structure. consisting of one supply schedule per region.
_ This schedule defines the quantity and cost. relatlonshlps of biomass resources accessible by all
noncaptive, non-residential consumers. It is based on an aggregation of supply/prlce information .
from U.S. Forest Service and forest product experts. Wood résources represented are mill residues, -

- logging residues, “in-woods” whole tree chips, and other wood The wood portion of the cost-supply
schedule 1s static throughout the model penod

- Fundamental "Assu'mptions

“Energy crop cost-supply schedules are also developed and superimposed onto the wood total. This
component was developed with the use of the Forest and Agricultural Sector Optimization Model
(FASOM) operated by the U.S.. Environmental Protectlon Agency Separate schedules were
developed for each year, 2010 through 2015.

" A basic assumption of the Biomass Submodule is that the supply pnee for noncaptive biomass
energy is the same across all sectors. This assumption allows the constructlon of a single supply
schedule for all sectors to yield a supply price for the electric ut111ty sector.

- Another i unportant fundamental assumpuon relates to the treatment of biomass transportatlon 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. Based on a hauling

GWmnett, S.etal, "Forest and Agncultural Sector Optimization Model Model D%cnpuon, Env1ronmenta1 Protectmn
Agency, Chmate Change Division, March 23,1994, . : .
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distance of 50 miles and $0.’10/'ton-milc, costs were calculated as $O.3O/M'MB,ti‘1/for‘ tr_ees and
- $0.34/MMBtu for switch grass. Because no interregional biomass trade exists, it is assumed that no
biomass is transported among NEMS regions. o ' -

- Alternative Appr,o‘aches‘ N

As mentioned above, the Biomass Submodule is based on the simplifying assumption that a single
- regional supply schedule for all biomass resources is appropriate for the electric generating sector.
However, this simplification may not be able to capture all of the important dynamics in biomass
‘markets. Biomass costs increase rapidly as the distance transported increases. Biomass is used-
. relatively near its source, unlike coal, gas, or oil. A concentrated use in a small area is difficult to
represent in the large regions of NEMS, where the average biomass share of energy used could be -
quite small. Large-scale facilities could lead to transportation problems (e.g., too many trucks
required for delivering biomass). While this submodule estimates supply curves for the production
‘of biomass, the transportation distance of a facility from the ‘biomass supply can make up a
significant share of the delivered cost. In this module, a typical transportation distance for each .
EMM region is assumed. A more complete representation would include transportation supply
_- curves. i ‘ : : ,

- Biomass Submodule Structure
~ Submodule Flow Diagram

A flow diégram' showing the main compﬁtational steps and fclatidnships of the Biomass Submodule
is shown in Figure 4. - ’ S . , :

~ Key Computations and Equations

~ The biomass submodule consists of one FORTRAN subroutine. It computes the regional biomass
supply price given the current regional biomass consumption passed from the industrial,
commercial, and electric generating modules. The biomass price is added to the variable operating
cost and passed to the Electricity Planning Submodule (ECP) along with the heat rate.

The biomass quantity-price rclations are impleinentegl in a matrix representing the supply curve as
step functions. A linear interpolation scheme is used to determine the biomass price given a biomass
quantity. - ' ' ’ S : E
Since the biomass\consﬁrription data are defined in NEMS by Census divisions, and the cost and

performance characteristics of the biomass technology are defined for NERC re gions, a geo graphic

-mapping was necessary to generate biomass prices by NERC regions. -
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'Figure 4. Biomass Sublnodule Flowchart .
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In addmon to the a331gnment of costlperformance characteristics, the b1omass submodule passes the
maximum available electricity generating capacity using biomass to the ECP. This capacity limit
*is computed by decrementing the initial total potentlal by already 1nstalled capacity and for each
subsequent year, decrementing the last year's unplanned new capacity form the previous limit. The
initial total generating capacity for each region is determined by dividing the maximal quantity of

biomass reserves in the supply curve by thc heat rate, the capacity factor, and 8760 as the number
of hours per year. v ,

A
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The technology represented by the cost and performance values for new capacity is the Biomass
Integrated Gasification Combined Cycle (BIGCC) system for biomass. The unit cost is modular and
capable of being shop fabricated. The cost values include storage and biomass handling, magnetic
separators, and ash handling equipment. The gasifier is equipped with solid and gas recycling
systems. A modular hot gas filtration unit is included in the cost assumptions. .

~/
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Appendlx 5-A Inventory of Vanables Data, and
o Parameters

o Appendlx 5-A prov1des mformatlon on vanables used in the Blomass Submodulc Table 5A-1 gives )
~ acomplete listing of all variables including definitions and dimensions, sources, measurement units,
. and page references. Variables are classified as Submodule data inputs, calculated variables, and
' Submodule outputs Following Table 5A—1 are dctaﬂed descnpuons of each input data 1tem.:

Table 5A-1. NEMS Biomass Submodu_le Inputs and Variables

~

INPUT DATA | )
CDTONR Conversmn factors for convertmg Census dxvxsxon rto . DAC Unitless
» | NERC'regionn \ : :
wDsurQ | Biomass quantity step: fimcﬁon’in NERC region n, year y, ~DAC trillion Btu
' step / ’ :
WDSUPR | Biomass price step functmn in NERC region n, year , DAC S/MMbtu
| et | | S |
UPOVR* | Capital cost for biomass technology NREL « - $/KW
R vUPM CF* | Capacity factor for biomass technology electricity sector NREL Unitless
WVC,, | Constant variable O&M cost component for biomiass 'NREL $/MMbtu
; teclmology electricity sector in NERC region » in year y \
UPF oM, * " Fixed O&M costs for biomass teclmology elecmc1ty NREL $EW
| sectorin NERC region n in year y 4
WHRBMEL,,,, Heat rate for blomass tcchnology in NERC reglon nin EPRI Btu/kWh
yeary
VARIABLES
OBMCM Quanuty of blomass consumed in the commerc1al sector in NEMS " trillion Btu
7 Census division rm year y o
" @BMEL | Quantity of biomass consumed by utxlmes in Census . NEMS trillion Btu
division r in‘ year'y L
OBMIN | Quantity of biomass consumed in the industrial sector in - NEMS trillion Btu
i Census division r in yeary -
CURWDCON Quantxty of biomass consumed in all sectors in NERC NEMS trillion Btu
region n and year y N ’
CURWDPR Pnce of biomass from the-all-sector supply curve'in NEMS - $/MMBt
~ | NERC region n and year y. '
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~ Table 5A-1. NEMS Biomass Submodule Inputs and Variables (Continued)

'OUTPUTS | -

||

WC’ABME_LM Capacity for utilities in NERC region'n in year y . e . EMM

" WVCBMEL,, | Variable O&M costs for biomass technology electricity-sector - RFM ‘ » mills/KWh -
: * | in NERC region n in year y. Incorporated the converted fuel E
cost for blomass . :

*Assigned in EMM input file ECPDAT.

 MODELINPUT:  CDTONR
DEEINHJQN: ~ Conversion faotors‘ for cOnverting. Census division 7 to NERC region n.
'SOURCE:  Oak Ridge National Laborétory; "Data and S(')urces‘ Biomass Supply." Draft
B prepared for EIA under Contract No DE-ACO05- 840R21400 Oak Ridge, TN,
June 27, 1993. ‘ _ -
: MQDELINHLT WDS UPQ
| DE_EINI_’H_@S: Quantlty of blomass supply in NERC reglon n, year y, and step L
WDSUPQ is part of the blomass supply schedule The vanable represents quantlty of a biomass
composite consisting of the following biomass types: (1) whole tree ChlpS, (2) logging residues, (3)
mill residues, (4) other biomass, and (5) energy crops _
SOURCE:  Decision Analysis Corporatlon of V1rg1n1a “Data Documentation for the Biomass
‘Cost-Supply Schedule, prepared for the. Energy Information Admlmstratlon,
Washmgton DC, July 28, 1995. \
' MODELINPUT: WDSUPP
N mmnoﬁ Price of biom_&s supply in NERC region n, year y, and step 1.
 WDSUPP is part of the biomass supply schedule. The VariaBle'represents the price of a biomass

* composite consisting of the following biomass types: (1) whole tree chips, (2) loggmg res1dues 3)
rmll res1dues, (4) other biomass, and (5) energy crops .
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| SOURCE: Dec1s1on Ana1y81s Corporatlon of Vlrgmla, “Data Documentanon for the Blomass
' Cost-Supply Schedule,” prepared for the Energy Informatlon Adm1n1strat10n
Washmgton DC, July 28 1995 : -

© MODELINPUT: UPOVR
" DEFINITION: Capital costs for electricity sector.
UﬁOVRrep‘resents the n"‘-pf-a-kind eapital,eost for an adveﬁeed Biomass Integrated Gasiﬁcation
~ Combined Cycle (BIGCC) technology which is estimated to be commercially available in the year
'2000. The cost estimates incorporate the removal of interest dunng construction and contmgency
costs, whlch are added later in EMM. : , :
: SQLIMI " Electric Power ReSearch Institute, | Biomass and Waste-Fired Power Plant

' Performance and Cost Model (BIOPOWER), Version 1.0. Values are modified usmg
addmonal mformauon from EPRI and engmeermg estlmates by EIA '

MODEL INPUT: | UPFOM
DEFINITION: Eixed O&M costs for biOIﬂase technoieg‘y.

Thef"lxed O&M eest.ie assumed"to be constant af;roé.s 511. re gieris,and fo‘r-a'llf years.

- SOURCE: - Eleetric .Po.we‘r ReSeareh' inéﬁtute, BioméSs ~and Waste-Fired Power Pianf
Performance and Cost Model (BIOPOWER), Version 1.0. Values are modified using
additional information from EPRI and engineering estimates by EIA.

| MQDEL_INBUI | UPMCF
| IEEINI_TIQN | ~ Capacity factor for the utility sector

‘(}Zlapaci‘tyv faetor "is as;surried to be constant for all years and all regions

_SLH,IBQE 5 Craig, K.R.; Mann, M.K.. 1993. Cost and Performance Analysis of Integrated

Gasification Combined Cycle (IGCC) Power Systems Incorporating a Directly
- Heated Blomass Gasifier. Mllestone Completlon Report NREL December 1993.

- MODEL INPUT: WHRBMEL

; D_EEINIIJQN  Heat rate for biomass technology in NERC reglon n'in year y
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The heat rate represents the biomass gasification combmed cycle technology Ttis assumed that the
heat rate will decrease linearly over time to reflect the probable efficiency improvements of this
’ technology The decrease was based on the efﬁmeney 1mprovements of the snmlar coal technology. -
SDJIRQES Gas Turbme Handbook 1995 Handbook Gas Turbme World
" Electric Power Research Instltute “Techmcal Assessment Gulde,“ Vol. 1,
Rev131on 7, EPRI TR-102276$ Palo Alto CA, June, 1993.
MQDELINBILT QBM CM

DEEINIIIQN: Blomass/wood consumptlon in commercml sector in Census d1v1s1on rand
o year y ' :

' NEMS variable, calculated in the eonlmereiél demand model.

SOURCE: NEMS.

" MODEL INPUT: QBMEL

: DE_FINL’[IQ_N Blomass/wood consumptlon in electnc power sector in Census division r and -

* NEMS variable, c.al‘culated in the EMM model.

- SOURCE: NEMS.

'MODELINPUT:  QBMIN

QEEINIILQN i Blomass/wood consumptlon in 1ndustr1a1 sector in Census division r and '
| - yeary. | :

NEMS variable, calculated in the industrial demand model.

. SOURCE: NEMS.

~ MODEL QOUTPUT: WVC,, |
DEFINITION: ~ Constant variable &M cost'component in NERC region n and yeary.

This constant cost component, representmg operatlon costs is added to fuel COSts to produce a total
vanable cost. : '
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SOURCE: ~ Electric Power. Research I'nstifute; “Technical Assessment Guide,” Vol. 1,
‘ Revision 7, EPRI TR-102276S,‘ Palo Alto, CA, June, 1993. Values are modified
using additional information from EPRI and engineering estimates by EIA.
MODEL QUTPUT: CURWDCON
. DEEINIIIQN : Quantity of biomaés energyCOnSumed in all sectors.
1 - Sum of biomass energy conSumcd in the commercial, industrial, and u\tility 'sectors.-

SOURCE: NEMS

MODEL OUTPUT: CURWDPR |

o DEE[NII]QN‘ Price o'f,biomass energy fro@ the all-éedtor sﬁpply Schedulé .
SOWRCE: News |

MQDE«_le:“WCA‘BMEL _‘ |

DEEINI.TIQN : | Availéble'gcneraﬁng c;apaéity [MW] in NERC re;giog n and year y.’

The max"imal. generatiﬁg cépacity is ,d@_terﬁiﬁed by the maximal vélue in. each regional supply curve

-and converted into MW using the performance characteristics of the biomass technology,
_ represented in the RFM. s S - L .

SOURCE: NEMS.

.MODEL OUTPUT: WVCBMEL .-

" DEFINITION: Variable costs for biomass eléctn'city generation for the utility sector in
NERC region n in year y. T ‘
Variable cost is model determined. It is a- composite of two factors: (1) a constant factot accounting
for operational maintenance expenses, and (2) fuel cost. Since there is no vehicle to pass fuel cost

to the ECP, the cost for biomass is converted into mills perkWh and added as an'additional variable
- O&M cost component.. ‘ , . ~ ~

SOURCE: NEMS.
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| Ap_p'e'ndix,S-B:f_ Mathematical Description | |

The subroutlne evaluates the consumptlon of blomass in the commermal mdustrlal and electric
“power sectors by regions and determines. the regional biomass price. The sectoral biomass

consumptions are prov1ded by Census d1v1s1ons They are mapped.to NERC regions using the
‘ followmg mapping: S : :

‘ ’ : o L ' R=9 Ne13 ' '
commercial sector: . . WDQNRCM,, = ¥ ¥ CDTONR . QBMCM

rel n=1

' IR P o Re9 N=I3 ' :
industrial sector: "~ WDONRIN,, = 3} CDTONR,, + QBMIN,,

r-l n=1

u : / o RgN-13 /
electric power sector: WDQNREL,, = 3.}, CDTONR,, + OBMEL,

r=1 n=l

where:

. CDTONRM = mapping matrix to ,mapCensusdivisions into NERC regions,
,QBMCM,J = blomass/wood consumptlon in commermal sector in Census division r
' - and year y. tnlhon Btu, ‘
OBMIN,, = biomass/wood consumpuon in mdustnal sector in Census d1v1s1on r and
' ~ yeary, tnlhon Btu, <
_QBMEL,.,y = ‘b10mass/wood consumptlon in electnc power sector 1n Census division
‘ r and year y, tr11110n B, : ~
. WDNRCMW =" blomass/wood consumption in commercial sector in NERC re glon n and
' ©year y, trillion Btu, :
- WDNRIN',,y o= blomass/wood consumptlon in mdustrlal sector in NERC reglon n and

year , trillion Btu,
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WDNREL,,, Lo blomass/wood consumption in electnc power sector m NERC region n
‘ _and yeary, trﬂhon Btu. v

fIt is assumed that 3 percent of the mdustrral consumpuon is'in the noncaptlve market The total
consumptron of blomass by NERC reglon is: ‘

CURWDCONM = WDQNRCMM + WDQNRIN;,; + 0.03 WDONREL, (5B-1)

- where:

CURWDCON = Quantlty of blomass energy consumed in all sectors (tnlhon Btu);

The submodule uses a scheme todo a linear mterpolahon between two steps I and I +I on the supply
curve to determme the pnce of biomass given a quantlty The mterpolatlon 1s expressed as:

[CURWDCON WDSUPQ,,y. (WDSUPR, ...~ WDSUPR-.)  (5B-2)
,~ WDSUPQ et w o

n,y,i+1 n,y,i

CURWDEPR, -WDSUPR"
- > [ WDSUPQ

where:

C URWDPR,, = price of biomass energy from the a]l-sector supply schedule, NERC region
T n, year 2 $/MMBtu , -~ .

Smce the biomass submodule does not have a vehicle to pass fuel cost to the ECP module the price
CURWDRPR of biomass is converted into a vanable O&M cost component and added to the constant v

variable cost factor. The converswn 1s expressed as: o ~
WVCBMELW = WVCny + ‘»CURWDI.’RM"’-‘ WHIE!BMEL,,’y *C, o ~ (5B-3)
where:
- WVC,, - = -Constant variable 0&M cost component i NERC region n and year y-

\

WHRBMEL,, = ‘Heat rate for biomass tet:hnol()gy in ‘NlERC region n-and year y.

C = conversion . factor to transform from $/MMBTU * BTU/kWh to
mﬂls/kWh C 103 S
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| . Appen'difo?D: | MOdeI'Abstract

Model Name:

‘Biomass Submodule.

Model ,Acronyrn: | |

None

Descrlptlon- ) ' :
The submodule passes to the EMM cost and performance charactensncs by NERC regions and ,

- years. The fuel component of the cost characteristic is determined from the reglonal biomass supply .

schedules and then converted toa vanable O&M cost.

Most Recent Model Update- ’

October 1996,

Part of Another Model?:

The Biomass Submodule isa component of the Renewable Fuels Module (RFM) of the N atlonal\

Energy Modehng System (NEMS)

‘ 0ff|c|al Model Representatlve.

Roger Diedrich, EI- 822
' 202 ‘586 0829.

Documentatlon- | ~ :
Decision Analys1s Corporation of V1rgm1a “Data Documentatlon for the Biomass Cost-Supply
Schedule, prepared for the Energy Informauon Admlnlstrauon Washlngton DC J uly 28, 1995.

Archlve Medla and Installatlon Manual(s)

Energy System Described:

‘Non-captive blomass supply and assoc1ated pnce

, Coverage: o

USA.

- Modelmg Features:
. Data from nme Census d1v1s1ons are restructured into 13 NEMS supply reglons

L‘Non-DOE Input Sources.

: None
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Computing Environment:
® Hardware Used: IBM RS 6000
@ Operating System: Unix
K3 Language/Software Used VS FORTRAN Ver 2.05

lndependent Expert Revnews Conducted
None o .

Status of Evaluatlon Efforts by Sponsor-
Nonc o
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| Appendix 5-E: Data Quality and Esti,mation_Proe.esses »,

Derivation of the All- Sector Biomass Supply Curve
Loggmg Resndue and Whole Tree Data

Data S_durces-and Methado»logy,
Mill Residues

- Estimates for quantmes of m1]1 residues available for fuel are based on data obtained from the U. S
- Forest Service (U.S. Department of Agriculture). Flgures on bark and wood residue generated from
primary wood-using mills were provided by Joanne Faulkner of the Southern Forest Experiment
Station in Starkville, Mississippi. Only a portion of this resource is available to the noncaptive
- market. Assumptions on availability are based on conversations with Kenneth Skog of the Forest
Products Laboratory and end-use information published in Tables 33 and 34 of the USDA Forest
Service 1989 Timber Analysis pubhcatlon As no updates are available for the above tables
~ according to the coordinator of the publication, this study assumed that "35.71 percent of all coarse
mill residues and 10 percent of fine and bark mill residues are available for use as energy in non-
captive markets. Of residues not used, 50 percent of any type (coarse, fine, or bark, and hard or soft)
are aveulable for use as energy in noncaptive markets" (Turhollow et al., 1993).

The mﬂl residue data was provided by the Forest Serv1ce by type of material and use for all states.
For the cost-supply schedule calculations, mill residues going to fiber products and "other uses"

were excluded. The above end-use percentages were applied to the mill residues available for fuel

and those not used. The data was provided in dry tons and converted to trillion Btu based on the |
assumption of 17x10§ Btu per dry ton. Totals were then aggregated for each Census division.

Estimates for mill residue prices are based on information obtained from Timber Mart-South and
Timber-Mart North for the East North Central, West North Central, South Atlantic, East South
Central, and West South Central Census divisions. To estimate prices for the other Census divisions,
_ telephone calls were made to State utilization and marketing foresters, utilities usmg wood fuel,
mills selhng res1dues State energy offlces and trade associations.

' Based on the prices obtained from Tlmber‘ Ma‘rt for mill r‘es1dues, the low end of the range was used

as an approximation for fine and bark mill residues. It should be noted that prices for these types

of residues vary greatly with local conditions and that in some cases these residues are made

available by mills at a nominal fee or even at no charge. The upper end of the range of prices

prowded by Timber Mart was used to approximate the price for coarse mill residues that could be
purchased for fuel. Prices for re31dues were provided in dollars per green ton, delivered. In order

to calculate the price per mllhon Btu, an average moisture content of 50 percent (wet basis) was
assumed : : :
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~ The average prices for mill residues in caéh of the Cénsus divisions were calculated as weighted |
averages. Due to lack of data, prices for the Pacific Census division were extended to the Mountain -
Census division, and prices for New England extended to the Middle Atlantic. |

Logging Residues

Attempts were made to use the latest U.S. Forest Service logging residue estimates. However, the
- current high cost of logging residues has precluded their widespread use. Research and contacts with »
utilization and marketing foresters in numerous states could not supply enough information on ;
- logging residue prices and utilization to construct cost-supply schedules using the Forest Service -
data. This study therefore relied on data from the report by McQuillan et al. to estimate prices and
quantities of logging residues (McQuillan, 1984). R '

- The data from the study by McQuillan et al. was provided in million cubic feet and was as converted
to trillion Btu assuming average weights of 35 pounds per cubic foot for softwood, 40 pounds per
~cubic foot for hardwood, 15 percent moisture content (U.S. Forest Service, Turhollow), and 17x10°
“ Btu per dry ton. For the sake of consistency with recent practices, Gross Domestic Product (GDP)
rather than Gross National Product price deflators were used for price conversions. Logging residue

- prices were converted from 1980 dollars to 1987 dollars using the GDP price deflator of 1.39. Totals
- of available residues by Census division were calculated using a series of mapping factors to convert - .
© the data from the regions used in the McQuillan report (see DAC, 1995). '

Whole Tree Chips

Accordir_lg to the U.S. Forest Service, data on whole tree chips is just beginning to be collected.
Several states have data on whole tree chip utilization, but national figures are not available at this
time. Discussions were held with numerous U.S. Forest Service and Forest Products Laboratory
personnel, as well as chipping equipment manufacturers, to arrive at an approximation of whole tree
chip supplies. Although some data was available, no ‘satisfactory estimates or estimation
methodologies could be established on a consistent basis for all regions. (The Forest Products
Laboratory deemed its own estimates too tentative for release.) ‘

-A number of "local market" simulation studies were examined for applicability as well. For
example, the Tennessee Valley Authority (TVA) conducted studies in 1989 and 1990 on tree chip
markets using the Industrial Fuel Chip Supply Simulator (IFCHIPSS), a deterministic model that
calculates cost-supply curves for a single harvesting operation in a predefined whole tree chip
procurement area. However, price elasticities for the McQuillan and TVA studies are not
comparable. The IFCHIPSS cost estimates have only been validated for production levelsup to
200,000 tons per year. On the other hand, the McQuillan report looked at region-wide production
economics; consequently, cost estimates are only valid for much greater production quantities (at

~least 93 million tons for the South East Census division). Finally, the studies used different
indicators of economic availability for wood chips, as well as different data sources.

* Based on the lack of comprehensive data,‘and the fact that resource constraints pre‘clﬁded éonducting
“a new and thorough study to develop cost curves for whole tree chips, the 1990 estimates by
McQuil\lan‘ct al. were used. Although the M(;Quillan study has neither been peer reviewed nor
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‘updated since its completlon in early 1984 an assessment of the study by DAC md1cates that its .
results are acceptable given that the wood chip fuel market remains largely undeveloped. In
particular, price/quantity relationships are generally in lme 'with the lumted fmdmgs of DAC S pnce
and resource unhzatlon research : '

’ The McQulllan report estimates the mventory ava11able for whole tree ch1ps and loggmg residues.

~ Since logging residues were treated separately, they were subtracted from the inventory total to
avoid double counting. It is assumed that one-twentieth (1/20) of the 1nventory can be harvested
- annually ona sustainable basxs (T urhollow etal., 1993) ~ -

The data by McQuﬂ]an et al. was reported in mllhon cubic feet, and was converted to trillion Btu -
assuming average weights of 35 pounds. per cubic foot of softwood, 40 pounds per cubic foot of
softwood, 15 percent moisture, and 17x10° Btu per dry ton. Prices were converted from 1980 to
1987 prices using the. GDP deflator of 1.39. Totals of available whole tree chips by Census division
- were calculated using a series of mapping factors to convert the data from the regions used in the :
‘ McQulllan report (McQulllan 1984) ’ : :

Other Wood

Included in the Wood resource cost—supply schedule estimates is a category referred to as other
wood. In comparison with the ORNL/Turhollow: study, these estimates reflect more recent market

conditions in which more wood from pallets, reels, containers, construction and demolition waste

1s available as a resource. The Forest Products Laboratory estimates that the wood pallet, reel, and

container 1ndustr1es annually produce the equivalent of 9 million dry tons of wood (MLSE &

Associates). Based on EPA data, it is estimated that approximately 33 million tons of construction

and demolition waste were generated in 1990 (McElvenny, 1994). It is unknown exactly how much -
- "other wood" is processed for fuel. Therefore, it was decided that an availability estimate of 10

‘percent for pallets, reels and wood contamers, and constructlon and demohtlon waste, would be a

reasonable assumption. »

There was insufficient data on prices and quantltles of other wood resources in each of the Census -
- divisions. Therefore, thlS study allocated the 10-percent  of "other wood" deemed available for fuel -
nationally according to 1990 Census division population figures. Other wood resources were.
converted from tons into trillion Btu, assuming a moisture content of 15 percent for construction and

demolition waste and 17x10° Btu per dry ton. The study used a 1994 price of $26.50/ton for these -

materials and a GDP deflator of 0.793 to convert to 1987 prices. Due to the lack of reglonal price
information, this pI‘lCC was apphed to all Census d1v1s1ons

One category of wood waste not included in this smdy were urban forestry residues. Although some
information was available for several states, not enough data could be located to include this -
resource in a national study. Certainly this resource should be cons1dered in future updates of the
estimates.
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" Eher_gy Crops

The energy crop portion of the biomass cost-supply schedule was developed from a base case run
of the Forest and Agricultural Sector Optimization Model (FASOM).” The FASOM is a dynamic,
nonlinear programming model of the domestic forest and agricultural sectors. It was developed for
the U.S. Environmental Protection Agency (EPA) as an aid in studying carbon sequestration policies
and other land use issues. ; e : ' :

The model solves for the optimum sum of the net present value of producer surplus and consumer
welfare, and allows the agricultural and forest sectors to compete for land acreage. Transfers of land -
between sectors, as well as prices for agricultural goods and forest products (sawlogs, pulpwood, -
- and fuelwood) are solved endogenously. FASOM can simulate market behavior over a 100-year
period with model accounting accomplished at ten-year time intervals, starting at year 1990. Eleven
supply regions® and one "national demand" region are modeled.

- Inlate 1994, FASOM was modified to include biomass energy market activities. The purpose of 'thc '
modification was to conduct an interagency biomass energy assessment study, sponsored by the
EPA and DOE Office of Policy, Planning and Evaluation. For the supply side, two types of
feedstocks are modeled as the primary biomass energy resources : mill residues and energy crops.’
‘The energy crops and their FASOM supply regions are as follows: willow - Northeast (NE), poplar -
Lake States (LS), switchgrass - Southeast (SE) and Southcentral (SC). Although other energy crop
species can be used for dedicated feedstock production systems, willow, switchgrass, and poplar are .-
good representative species that are considered the most promising at this time. For the demand side,
a biomass integrated gasification/combined cycle (IGCC) technology scenario, based on a 100

~megawatt plant, was assumed.

- "The run was made by Bruce McCarl of Texas A&M University, February 22, 1995. DAC considers the FASOM
results for wood waste resources to be unreliable because of internal model accounting problems. The extent to which -
these problems affect the energy crop portion of the simulation is unknown. - e ‘
~ *The supply regions are as follows: Northeast, Southeast, South Central, Corn Belt, Lake States, Southern Plains,
Northern Plains, Rocky Mountains, Pacific Northwest (Western), Pacific Northwest (Eastern), and Pacific Southwcs;.

. *Potential biomass feedstocks include resources besides mill residues and energy crops. Examples include urban wood
wastes, logging residues, and wood chips/wastes from tree harvesting operations. ,
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6. Geotherihal Electricity Submodule

| Model PUrp.oée

The purpose of the‘Geothermal Electricity Submodule is to model the current and future regional
~~supply, capital cost, and operatlon and maintenance costs of electric generating facilities exploiting
- U.S. hydrothermal resources, based on available resource data and on current technology with

: reasonable assumptlons as to learmng-curve and technologwal 1mprovements

More spec1ﬁcally, in the context of NEMS, the purpose of GES is:

® to prov1de the Electricity Market Module's (EMM's) capamty planmng submodule with the ‘
- amount of new capacity that can be built, with ‘related cost and performance data; ' ‘

® to provide EMM's electricity dispatch submodule with cost and performance data for all
installed capacity, including capacity reported on EIA surveys as existing or planned and
capacity added as a result of a model calculatlon — known as "unplanned"” capacity, or more
accurately "modeled” capamty S :

Relatlonshlp of the Geothermal EIectncuty Submodule to o
| Other Models

The maJor relatlonshlps between GES and other NEMS components are:

e GES pr0v1des new. capac1ty ava11ab1hty, performance and cost mformatlon for the Electnmty '
: Capacuy Plannmg (ECP) submodule s use in makmg its planmng dec131ons '

. GES provides cost and performance data on 1nstalled ‘capacity for use by the Electnc Fuel
- -Dispatch (EFD) submodule, _ , :

] GES uses ECP new capac1ty build demsmns obtained from the EMM output common block, |
VEMMOUT ' , _

® Asan optlon, GES uses dnllmg and other field cost improvement parameters used in the 011
and Gas Supply module (OGSM);

®  GES uses the followmg EMM data

'—’ f1nanc1al parameters and tax’ data for calculatlons related to the competmg
' geothermal resource sites

— ECP' "cut off" or "shadow ‘price to truncate the geothermal supply curves.
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o Modeli'nyr/g' Rationale

Thé GES projects regional supply curvevs,rel‘ating new geothermal electric cvapa‘city V,and the capital
cost to provide the new capacity. Annual operations and maintenance (O&M) costs are also

- projected for the new capacity. These are used to determine the costs for the amount of new

- geothermal capacity requested by the market, represented in NEMS by the Electricity Market
~ Module (EMM). Costs for previously installed capacity and those for new capacity are consolidated .
_to project thc costs for all g‘eothennal electricity dispatched by the market. o :

- The supply curves are éggfegated based on regions defined by the North Amel‘ica;i Electric
- Reliability Council (NERC). Supply curves are modeled for NERC regions 11, 12, 13, and 15, the ‘

only regions of the U.S. with economiic geothermal resources. - -

The cost of generating electricity from geothermal resources is largely a function of the resource
temperature, depth, and chemistry. Because these parameters, and consequently the cost of
- electricity, vary considerably at different resource sites, the methodology employs pre-processing
~ site-specific geothermal resource data to model site-specific costs and operational characteristics.

The data pre-processing is performed by the PC-based GES Data Preprocessor (GESDPP), which -

was adapted from an existing PC-based model, !M-GEO,N Developed by Sandia National .
Laboratory in the mid 1980s, "IM-GEO" stands for Impacts of Research and Development on the
Cost and Performance of Geothermal Electric Systems. R ‘ ‘

The resource data set includes data on 51 known gebl:hermal resource sites in the U.S. The site data
include measured parameters as well as parameters which were estimated based on other measured |
. data for the site in question or on more complete knowledge of a geologically and hydrologically
similar site. These data were compiled during a study completed in 1991 for EIA and the
Geothermal Division of DOE", using U.S. Geological Survey data and other sources. The data

~ include potential site capacity; reservoir- parameters such: as ‘temperature, depth, salinity,

- noncondensible gas content; well costs; well mechanical life; time between well workovers; flow
~ rate per well; etc. ' o L o :

The GESDPP, for each site, calculates the costs and performance of a single 50 MW (net) plant
based on the site data and writes the output to a file which serves as input for GES. The costs are
modeled on historical cost data for independent geothermal power projects developed during the mid.
to late 1980s. i . e : : )
Using the output from the GESDPP, the GES models the incremental development of each resource
~site within the framework of a behavioral model based upon observed past experience with
~ geothermal development. The key decision variable is the percentage of total site capacity
- previously installed. = - ' - o ' ’ '

: - 1BEntigh, D., Livésay, B. and Petty, S., Geothermal Cost of Power Model IM-GEO Version 3.05: User's Manual, -
. February 1989. ' . o N S ) o
“ YPetty, Susan, et al, Supply of Geothermal Power from Hydrothermal Sources: A Study of the Cost of Power in 20 and
40 years, Susan Petty Consulting, Solana Beach, CA, June 1991. S , : ‘
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At previously undeveloped sites extreme conservatism dictates limiting initial development to a

single plant of no more than 20 MW. After the initial plant has been installed, a larger plant may -
be installed, but still no more than one 50 MW plant at a time, until at least 15 percent of the

- estimated potential capacity has been successfully installed. Additional new capacity will not be

considered during the lead time. Reflecting the greater confidence in-the viability for further

‘ devclopmcnt after the first 15 percent of potential capacity has been installed, up to four 50 MW
plants may be built at the same time. Also, further capacity additions will be considered after the
lead time of three years. As successive installations account for more and more of the estimated total

. potential capacity, conservatism . returns in order to avoid overdevelopment of the site.: The
developer will not risk bulldmg more than 75 percent of thc remaining undevelopcd estimated site
capac1ty , v

 Fundamental Assumptions
Type ofResource ~ |

Dcvelopment of hydrothermal resources is the only ‘commercially v1able geothermal electric
generation option with current technology, and therefore hydrothermal resources are the only:
geothermal resource considered in the GES. For the purpose of this study, a hydrothermal resource
is defined as a large volume of hot water trapped in hot, permeable rock at depths up to 11,000 feet
and with temperatures ranging from 105°C to 680°C. The model is based upon the historical costs -
of exploring, confirming and developing hydrothermal resources and msta]hng power plants to bring
mcrcmcntal capacmcs on-line at known geothermal sites.

Conversi'on Technologies g

. Two types of geothennal tcchnologxes are modeled in the GES, dual—ﬂash and binary cyclc These
- systems represent the complete cycle, from extraction of the hydrothermal fluids (equivalent to the
fuel in conventional fossil-fueled systems) to electricity generation to reinjection of the spent
- geothermal fluid (often referred to as brine). Both technology types are used to convert liquid-
dominated hydrothermal fluids into electricity. Technologies for dry steam reservoirs, such as the
Géysers geothermal field in northern California, are not modeled since this type of resource is

extremely rare and unrepresentative of the bulk of hydrothermal resources in the U.S. However, the \ /i_

_existing capacity at the Geysers is included in total mstalled hydrothermal capacity in the GES for
capacity dlspatch -

Dual-flash plant tcchnology is employed to convert the heat from high temperature (greater than
200° C) liquid-dominated resources to electricity. With this technology, a ‘portion of the geothermal
liquid extracted from the reservoir is "flashed” to steam at two different pressures. The steam is
separated and used to drive a conventional turbine- generator The remammg liquid portion of the
geothermal ﬂuld is 1n3ectcd back into the ground. .
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,‘ Electricity is generated from lower temperature (less than 200° (&) lic\juidédominated resources
using binary cycle technologies. The geothermal liquid is circulated through a closed-loop system

- where its heat is used to vaporize a secondary working fluid (hence the name binary) with a low

- boiling point, such as isopentane. The vapor of the secondary’ fluid is used to drive a turbine-
- generator, and the cooled geothermal liquid is injected back into the ground.

- Based on the performance of existing geothermal power plants, a plant cﬁpa;:ity factor of 80 percent
is used.” S ' i L ' : '

Drilling_ and Extractipn TgchriOIogies N "

All geothermal electricity systems require drilling and extraction technologies derived from the
petroleum industry. ‘These "borrowed" technologies are modified to accommodate the high
temperature and sometimes harsh chemical environments related to working with geothermal fluids.
The GES models geothermal field development costs based on current geothermal drilling
“technology. , o o : o o '

| Alte/rh"ative Apprqachés

U.S. geothermal resources were evaluated in the mid 1970s by the U.S. Geological Survey' (USGS)
and in 1991 by Petty et. al. (see footnote 1). These assessments included estimates of potential
electric generation capacities in terms of number of megawatts for 30 years at known geothermal
hydrothermal resource sites in the U.S. At the time of the USGS study, geothermal development in
the U.S. was limited to The Geysers steam field in northern California, and exploration and
delineation of the nation's liquid-dominated hydrothermal resources was only beginning. The 1991
study used the USGS study as a basis, but took advantage of considerable hydrothermal resource
data and developmental experience gained in the intérim. ' L

The IM-GEO model developed by Sandia originally included only four generic geologic sites,

typical of those found in the U.S. In 1992, it was modified to prbcess data for all the sites identified

in the 1991 Petty et. al. resource study. Thus, it made sense to incorporate it into the GES. However,

since it was coded in Quick Basic, it was decided to incorporate it as a PC-based data pre-processor,

. rather than rewrite it in Fortran as an endogenous component of GES. The data pre-processor is”
- referred to as the GES Data Pre-Processor or GESDPP, for short. See Appendix 6-E for further
details on the GESDPP. ; - S '

“Petty, et al, (Jbid.) established 110° C as the minimum temperature for resource consideration (P. 6) and 200° C as
. the maximum temperature for the binary cycle technology (P. 11). _ :

PEIA, Annual Energy Review, DOE/EIA 0384(93), Washington, DC, July 1994. = , S
“Muffler, L.P.J.; editor, Assessment of Geothermal Resources of the United States - 1978. United States Geological
Survey Circular 790, 1978. ' o » -
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, Although various projections of future geothermal electric capacity have been made by numerous
~ individuals and organizations over the last 30 years, these have been, for the most part, educated
© guesses. NEMS is the first national-level, energy supply and demand model incorporating a
geothermal supply model which integrates geothermal resource assessments w1th ‘a cost and
' performance model of geothermal electnc generation systems.

Geothermal EIectncnty Submodule Structure

' Submodule Flow Dlagrams

This section contains two flow dragrams showing the logrcal structure of the Geothermal Electncrty
] Submodule its prmcrpal procedures, and the relatronshrps among them. '

- Figure 5 provides a hrgh level overview of the. controlhng procedure Subroutme RFMGES There'
are four sets of procedures at this level: -

(1) Initialization Procedures — When RFMGES is first called (ﬁrst iteration for the first

» simulation year), GEINIT reads data from files and calculates and sets other initial values.
A flow diagram for GEINIT procedures is shown in Figure 6. Currently, a separate
procedure GERDTMP reads from a file "shadow" prices used to truncate new capacity
-supply curves. It is separate because an interface is to be estabhshed in the future whereby
EMM will provide the values. Site costs and unplanned new capacity factors that are set

1n1t1a11y through GEINIT are changed as the submodule is run for successive years, When

"all year" looping is being used for the NEMS run, their initial values must be restored on
»subsequcnt calls to RFMGES for the first s1mulat10n year. '

2) Standard "Once-A-Year" Procedmes These procedures are charactenzed as "standard"
because they comprise the principal algorithms of the model. Reflecting the dynamics of the
interfaces with EMM, they generally are performed only once each year, on calls for the first
iteration. However, they are performed on all calls for any NEMS runs with "all years"
looping. As a second reflection of EMM interface [dynamics, the procedures produce output
not for the current simulation year, but for the year following the current simulation year.
As a special case, output is first produced for the current simulation year when it is the first
simulation year, but later than 1990. Two procedures produce internal data used by the

~ primary model procedures. GEGETFP obtains EMM tax rates and cost of capital parameters
- and calculates nominal discount rates. GEUPSCO updates site costs, moving costs for the

- current simulation year from the "next year" to the "this year" position in the cost arrays and
" calculating the costs for the following year for the "next year" position. There are three
principal model procedures. GECPDPR processes the new capacity build :de’ci‘sions made
by the ECP, allocating the regional build amounts to individual sites in the region through
the new capacity supply curve data for the region. GEEDOPR updates installed capacity and
related data for both sites and regional aggregations, and produces output for use by the EFD
submodule of the EMM. GECPOPR uses a set of procedures to build new capacity supply
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Figure 5. Geothermal Electricity Submoddle Overview Flowchart -
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for ECP for the current year R
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tor ECP for the current year
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See Figure 6 for detail flowchart
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calculate the following year site costs No
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Exceptfor 1900, perform GECPOPR to
process the ECP build amounts from-

its current.simulation year decision ‘ L . Perform GEEDDPR .
Except for last year of simulation run: . © -} Pfocess EFD dispatchdecision for current simulation
Perform GEEDOPR to update installed year to produce *local* consum ption, annualCO2
capacity to reflect new capacity coming emissions-by Censts regions :

. on-line in the year following the current -

. simulation year and produce output’
for EFD for that year

_Perform GECPOPR to build new capaclty
supply curves and produce telated
output for ECP's build decision to be
‘made the year followmg the current
simulation year

_'Perform GECNVRG

- (* dummy placeholder procedure
for future potentialreport
generauon)

Model )
converged"

, RETURN :
{to HEM through GEOTH)

curves and produce related output for use by the ECP submodule of the EMM. These
procedures, GESCBLD and GECPOUT, respectively, are performed separately for the “first ‘
simulation year, but after 1990" specral case.
-3 Dlspatch Probessmg Procedure — GEEDDPR is the only model procedure which is
s performed on all calls to RFMGES Originally designed to produce for NEMS annual
energy "consumption” and CO, emissions by Census division from the dispatch amount by
NERC region, the "output" is now local to RFMGES. It is available for reports for
companson with the NEMS output now bemg produced by the EMM.
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Figure 6. GEINIT First Call Initialization Overview Flowchart.
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€02 emissions rate; fixed O&M cost, instalied capacity, and
capacity tactors for each year of the NEM S simulation period

T

Calculate infiation rate, u‘sing GDP deflators produced by the Macroeconomic Module

i

Perform GEGETFP : .
Get EMM tax rates & costofcapital param eters; calculate- nomma( discount rate
Calculate real discount rates from nominal rates and inflation rate

|

*Perform GERDPRAM . . °

Read site data from ‘a file; GES number; name; NERC & Census regions; code !ortechnology type
low & high estimates of potential capacity; capacity factor; heatrate; CO2 emissions rate; data for
calculating costs for future replacement wells (such as. unit costs for different com paonents, flow
rates:and lives for production & injector wells); localtransmission distance; capital cost of

) axplorauon costs fora 50 MW project - tield and power plant tixed O&M costs, separate capital
costs for the power plant, field costs otherthan drilling, and for drilling dry holes & producer wells
during the contirm ation and construction phases.

N : - , o Ca‘lc’ul_ate/and save the number of sites in each NERC region

T

: Perform GEHDEIA
Read sue installed and planned new capacity reported to EIA from a ﬂle

" Perform GEINCAF
Calculate initial site new capacity availability factors - initial year and whether >50 MW

Set constant output vaiues from parem etgrs, "O" for regions v\githout sites, etc.

Perform GEINTRG ' . L

Aggregate regional installed capacity and produce output for EFD | . ( " RETURN .. ) : '
for 1990.1f 1styear > 1981 update |nstaued capacny and produce {to ARFMGES) J

EFD output through 1st-yr-1

7

(4) "Converged" Procedure — GECNVRG is run only if 2 "post-convergehce" reporting run
is signaled by the NEMS mtegratmg module. Currenﬂy, th1s isa placeholder procedure with
no functlonallty

Flgure 6 provides an overview of Subroutme GEINIT the controlling procedure. for first ca]l
initialization. GEINIT uses many of the same lower level procedures used for "standard" processing.
The procedures that are used to reset site costs and new capacity ava11ab111ty factors to their initial
“values on subsequent first 51mulat10n calls for "all year" loopmg runs are marked w1th an asterisk

in Figure 6.
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Key C‘ompu‘tations and Equations ”

This section describes the most important equations of the GES model. All algorithms for.each GES
" subroutine are mathematically. described in full in Appendix 6-B. The section is divided into
computations for individual sites and those for geographic regions. GES operations will generally
fall into one of these levels or the other. However, the most important GES function of building new
- capacity supply curves entails first site computations, then regional computations. -

- Computations for Geothermal Sites

 Data for geothermal sites are read from a file by Subroutine GERDSITE into local variables with .
1o site dimension. These variables have names beginning with "GSF." Variables with computed site
data or site data retained for use in computations have a site’dimension and are included within the
- WGENUM Common block. Their names all begin with "WGES." In all site data computations

outside of GERDSITE, "PS" is the index or subscript used for the site dimension. Unless specified
“otherwise, all site computations are performed for each site, and this should be understood in the

descriptions which follow. -

- New Capacity Availability Factors. WGESNCAvPs;,,Y' is the new capacity availability factor for

site."PS" for year of availability "PY." Because the year definition relates to year of availability, the

- year dimension size is (MNUMYR+10), or 39. However, because only the first 26 positions of

- MNUMYR are in use and an ECP planning horizon of 6 years, rather than 10, is in use, only the
~first 31 (26 + 6 - 1) positions of the year dimension are used for WGESNCAv and all other GES

variables with a (MNUMYR+10) year of availability dimension.

| Values may be 0 (no new capacity available fof the year), 1 (new capacity is available for tl‘le\ycar, B

- - but can only range between 5 MW and 50 MW), or 2 (new capacity in excess of a 50 MW project

may be available). For each site, the values at any time during the NEMS run will be consecutive
- "0's" from subscript 1 (1990) through the index for the year prior to initial new capacity availability,

followed by either consecutive "1's" or "2's" from the initial year of new capacity availability
- through subscript 31. : e

Valueé are first set during "first call” initialization in Subroutine GEINCAF, using the site's i_ns_falled‘
capacity (WGESICapyy py) and planned capacity additions (WGESPCap py) data reported to EIA
and the site's potential capacity, WGESPtl,;. Local, un@hnensioned variables are used for

- intermediate computations. . ; : : N
WGESNCAvpgpy=0 - forPY<IAY
WGESNCAng ry =AVVAL B B - for PY =IAY and > IAY
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where:

IAY - = thenitial year of new capacity availability at the site
AVVAL = 1 if no more than 50 MW can be bukilt;‘

- 2if more than 50 MW can be built

The computations for AVVAL and IAY utilize the following "decision variable":

DV=(TIC+TP)/WGESPAPS . @n
“ where: | | .‘ | |
| TIC = rcpbried mstalled cé;;aéit’y' |
TP o = sum of all reported planned léapacityv addiﬁoﬁé

DV represents total installed and planned capacity as a fraction of total potential capacity. AvWWAL
is computed directly from DV. The other factor computed from DV is BDCon, a development
constraint factor representing the minimum number of years between successive projects at a site.

- CASE 1- DV between O.‘lSand 0.85

AvVal -
BDCon

1 - More than a 50 MW project may be available
3~ Minimum of 3 years between projects

Y

CASE 2-DVeither<0.150r>0.85 -

AvVal

= 2 Project limited to no more than 50 MW
BDCon = = 5~ Minimum of 5 years between projects
IAY is computed as follows:

CASE 1-DV = 0 (TIC = 0 and TP = 0)

IAY = méx(9,Y+WGEPLEAD) R N ()
where: | | | |
‘ Y B = thé index for the ﬁfst\yeaf of the run’
- ‘WGEPLEAD | = the 1eaﬂ time for ne§v c‘apaci‘ty L
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| ) CASEZ-I;)V‘>(.)/
| _I JAY = ma#(LPf+BDCon,Y+:WGEPLEAD). | o o | - (6-3)
- where LPY is a year iﬁdex compi;te_d_as foliov?s: : N | | o
o CASEIi-k TP>0 - | | |
. - LPY = P2, the year of the last planned capacity addition

CASE 2 - TP =0, WGESICapy,,>0, all other non-zero WGESICap, py =
WGESICap,s, o o o

| LryY=1 |
'CASE3-TP=0OandnotCASE2
e vLPYk:=1L .
'whe‘re: o
1L m fhe last year of a éhangé'in rgp(-)rte'd installed capacity

Site Cost Comp‘utations‘.\ Site cost compu‘tai:idns use the base year (1990).¢osts, read from the site -
data file, that are produced off-line by a PC-based program, PC-GES. These, and updated site costs

~ that are computed, are placed in variables with a dimension corresponding to "this year" (index =

- 1) and "next year" (index = 2). When read by Subroutine GERDSITE, the base year costs are placed - -

into-the "next year" position for initial updating. The site cost arrays include:

WGESFIOC, 5 Field fixed O&M cost .
WGESPIOC, p Power plant fixed O&M cost

WGESCCst#‘C ps Capital cost for compbnent "CC," where:

CC=1 Exploration phase -~ :

- CC=2- - Confirmation phase dry holes - ,
CC=3.  Confirmation phase producer wells

CC=4 - Construction phase dry holes

. €C=5  Construction phase producer wells -~

CC=6 . Construction phase field costs other than drilling
CC=7 - Power plant T : ‘
CC=8 ' Local transmission equipment

CC=9. “Reservoir failure insurance

~ Values are read from the file for all but the capital coSts for local transmission equipment and

reservoir failure insurance, which are computed. The values are in units of millions of 1990 dollars.
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Exploration phase capital costs ‘repryesént‘a one-time cost at the site'prECeding any development, All
~* other costs are for a nominal 50 MW plant. B - -

Initial computations are made in Subroutine GERDSITE after the input data for a site is read. The
- principal computation is for costs related to supplemental wells that will be needed as enthalpy
declines and replacements for failed wells. Site data such as unit well costs, lifetimes for producer
and injector wells, beginning year and extent of enthalpy decline, and minimum flow requirements
are used in this computation, which is detailed in the Appendix 6-B explanation of the GERDSITE
- algorithm. Using EMM economic parameter values, all capital costs and additional O&M costs
associated with supplemental and replacement wells are computed as an equivalent annual O&M
cost over the life of the project, TSPV, which is added as an increment to the value read for
WGESFIOC,,,. - | I e

- The capital cost for local transmission etluipment is ¢omputed as the product of a local transmission

. distance read from the site data file and a cost per mile key parameter. So that all transmission costs

are accounted for in EMM, the site costs are set to 0 by setting the cost per mile parameter to zero.”

All site costs are adjusted in Subroutine GERDSITE to convert their units from millions of 1990

‘dollars to thousands of 1987 dollars (multiplication by 1000/MC_PGDP,, the GDP deflator for
* 1990). All site costs are also adjusted to reflect derating due to enthalpy decline. The factor for this
adjustment is the ratio of the net present "value" (but with an annual value of "1" per unit of output)
of a constant annual output from a 50 MWe plant over an assumed 30-year life to the same net
present value computation for an output stream that declines over the last years of the plant,
according to the specific initial year of decline and rate of decline values read for the site.

. The site costs are updated to reflect technological/learnihg curve improvements over time in
Subroutine GEUPSCO. ‘ L : ' N ‘ : Ce

‘For AEQ97, the power plant capital cost improvements conform with the EMM learning curve

“approach. According this approach, the cost decline is a function of market penetration and nota

- function of time. Modifications were made to adopt the EMM learning curve approach for only the
* plant capital cost. For more information see “Modifications to the Geothermal Electricity Supply -
Submodule” (EIA, 1995) and the comprehensive GES documentation “Model Documentation ,
Geothermal Electric Submodule of the Renewable Fuels Module on the National Energy Modeling
- System” (EIA, 1994). : - . ' ' ’

For each of the site cost variables, the "next year" values with index 2 are first moved to the "this
- year" position with index 1, and the new "next year" values computed as follows (where NY is the
- index for the "next year" and PT is the site's index value for type-of plant -- binary or flash).

WGESFIOC, ps = WGESFIOC 5 * WGEPGFOTy, . R 69
WGESPIOC, ps = WGESPIOC, ps ¥ WGEPGPOTpryy , ‘ (6-5)
WGESCCst, cc.ps = WGESCCst, ccps * WGEPGDCTyy  for CC<6 (6-6)
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WGESCCsty cps = WGESCCst, o ps * WGEPGFCT,,  for CC=6 (67
WGESCCst, ¢ ps = WGESCCsty o ps * WGEPGPCTypyy forCC=7 6-8)
' WGESCCstyccps = WGESCCstycops for CC>7

The factors used for updating power plant .éapital and O&M costs are currenﬂy those input as GES'
- key parameters. However, there is an option controlled by the parameter WGETSW, which, when

e -

itisreset to 1, would direct parameters input for drilling and field cost update factors to be réplaced
~ by Oil & Gas Supply Submodule factors. Using an OGSM algorithm, these would be computed as
a dimensioned OGF variable, corresponding to an improvement index. Since this is 1. + a -

percentage improvement, and the GES parameters represent the ratio of the new cost to the previous
- cost, the GES parameters would be replaced as follows: '

E ’WGEPGDCT&Y = 2‘, - OGF, for updating drilliﬁg capital cost
e WGEPGFCTNY ’=’2. -V‘OGF , for updating other field capital cost. .
 WGEPGFOT,; = 2. - OGF, for updating field O&M cost .

The site costs in these variables are not used directly when costs for a site are needed for a
computation. When site costs are needed for an algorithm, Subroutine GEADCST adjusts the -
- drilling and other field capital costs for economic factors specific to geothermal projects, scales

" power plant costs, if necessary, for projects other than the nominal 50 MW, calculates reservoir
failure insurance costs, converts the costs other than exploration capital costs to a $/kW unit cost for
a particular capacity, and consolidates computed costs into the following variables with no
dimensions: ” ‘ L ‘ . ‘ ‘

WGEAdXCC_ ’ Adjlistcd cxpl;irat'_ron capital costs (uni§ retaingd as /thousand $
WGEAJFCC:  Adjusted confirmation capital costs (W) .
| WGEAdSéC, Adju’stéd construction phaée,'Capi;a] costs ($/kW) |

: WGI«:AdIC”(,w : | \ ,Adjus—ted resgwoif insurance Capital costs |
WGEAJOC — Adjusted total fixed O&M costs.

GEADCST has a single argument (CI in the subroutine), with a value of 1 if “this year" costs are
to be used for the computations, or 2 if "next year" costs are to be used. PS, a variable in a Common
block, provides the site index to be used. PQCAP, also a Common block variable, provides the
amount of capacity for the project. o .

The tax rate used in méking the economic factors adjusfments is that obtained from EMM for the ‘
site's region: ' : : ‘ ' ‘
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CTXR = TAXRT,;N ‘where PN = WGESNRPS

The year index to be used for parameters dnnensmned by year is set from the current NEMS S

simulation year Y and the * processmg year” PY as follows

, DY=Y+,'1 .ifPY>Y+WGEPLEADandY<26
- DY=Y = ifPYnot>Y+WGEPLEAD orY =26

- A combined factorls used to adjust for severance taxes, toyélty payments, and depletion ’alloWances:' ,

SRDFct= _ R | __ R BT
| a.- WGEPROYDY WGEPSEVy + CTXR * WGEPDpADY) o

Computatlon results for m1t1al adJustments are placed in local vanables For capital costs:

| LACCI = WGESXSS,,S * Inthtl *SRDFct (610
LACC. = WGESCCstC, crs™ InthtCC * SRDFet for 1< cc <7 | (6-11)
LACC. = WGESCCstC, ccps * IntFcte ~ forCCnot< 7 612)

- The IntFct factor for all capital costs adjusts for the expensing of mtang1ble capital expenditures,
and is calculated from the tax rate, the percentage that is intangible for the particular capital cost
category, and the percentage of mtanglble cost that is expensed (currently 100 percent for all years)

as follows :

- b_chtc’C: 1.‘ - (WGEPINXI;DY * WGEPPctXCC * CTXR). o R (6-13)
For O&M COsts, | | | o | | |
LAFOC WGESFIOCC, ;s * SRDFct 1 | ,‘ R . 6-14)
LAPOC - WGESPIOCo,ps ‘;f, O B 6-15)

Reservoir failure insurance cost is 5 percent of construction phase capltal cost, which encompasses
the components with mdex values 4 through 8. Two scaling factors are needed for 1ts computatlon o

PSF = PQCAP/S() | n”PQCAP <50 DT ~ »-»(6-1,6)
PSF=1 " " :ifPQC‘APnot.<5(')4' e R 7 617
PCSF = PSF*7. . if PQCAP < 50 and WGESPTprs = 2 o (6-18)
B ‘ (ﬂash technology site) ,7 ‘ ‘
PCSF=1 /‘ if PQCAP not < 50 or‘\WGESPTyp,s '=» 1 B (6-19)
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PCSF isa scalmg factor for both plant cap1ta1 cost (mdex value 7) and plant O&M cost and is
needed because flash plant umt costs are dependent on plant s1ze '

The cost of reservon faJlure msurance, TRIC is computed as 5 percent of the sum of the followmg e

LA,CCCC*BSF‘ . forCC=4,5,6,8 | (620

LACC, *PSF. ifPCSF=1 @)
‘"e,LA,CC‘T*PCSF_ ~ if PCSF <1 | . ‘ (622

Expleratio_n phase costs (retained in units of thousand $) and confirmation phase costs (“unitized"
'to $/kW) are independent of the scaling factors and may be computed directly: '

WGEAXCC =LACC, N (¥ )
WGEAdFCC -(LACC2+LACC3)l50 S ()

- Cost components .that are also mdependent;o_f the scaling factors are initially conSolidated into the
construCtion phase capital costs and total O&M costs:

- WGEAdSCC = LACC4+LACC5+LACC6+LACC8 6
WGEAIOC =LAFOC o | (6;26)

. Because any 1mpact of the flash plant scalmg factor is reﬂected in the caleulatlon of TRIC,
‘computauon of unit reservoir msurance cost depends only on the PSF scalmg factor:

WGEAdICC TRIC / 50 T if PSF =1 (QCAP is 5() or more) | (6-27)'
- WGEAdICC = TRIC / PQCAP- if PSF < 1 : - S (6-28)

‘Computations of unit capltal costs for the constructlon phase and plant O&M costs depend on both
scaling factors: .

—

| WGEAdSCC (WGEAdSCC + LACC,) / 50 ifPSF=1  (6-29)
- WGEAdOC = (WGEAdOC +LAPOC) 150 L S (6-30)
WGEAdsce = (WGEAdSCC + LACC, *":PSF )/ PQCAP | (6-31)
: d‘ if PSF <1 ‘and PCSF = 1 |
- "WGEAdOC = (WGEAdoc‘ + LAPOC * PSF  )/PQCAP . C(6-32)
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WGEAJSCC = (WGEAJSCC + LACC, * PCSF)/ PQCAP (633
1fPSF<1andPCSF<l | - |

: WGEAdOC (WGEAdOC + LAPOC * PCSF) / PQCAP , - (6-34)

; Two site cost computauons relate only to new capac1ty p]annmg Exploratlon phase capltal costs,

o incurred once at each site prior to initiation of capacity installation, must be allocated to individual

pro_lects at the site. This computatlon is primarily made in Subroutine GESCBLD to build new
capacity supply curves. However, it is also used in Subroutine GECPDPR, which processes ECP
build decisions, to “re-compute” costs for any sites for whlch a smaller project that is offcred inthe
.supply curve is to be bu11t ~

For sites w1th potenual capacity greater than 300 MW, the costs are allocated uniformly over the
- first 250 MW of installed capacity. All of the costs are allocated to the first installed capacity at sites -
with less potential capacity, Unless this is the case, exploratlon phase cap1ta1 costs allocated to a

project are computed as follows: :

WGEAdXCC 0 if WGESPthS not > 3()0 and TIC > O j - (6-35)

WGEAdXCC (POQCAP ]250) * WGEAdXCC ‘ B (6-36)
if WGESPtI,,S > 300 and TIC not > 250 and TIC+PQCAP not> 250 ‘
| WGEAdXCC ((250-TIC)/250) * WGEAdXCC o ' , (6-_37)/
: if WGESPtl,s > 300 and TIC not > 250 and TIC+PQCAP > 250
' Whérc:
TIC = ‘, t_Otal previously insfa]led capacity plus any plénned capacity additions'
- PQCAP  = ~ the amount of capacity being costed

After allocated exploration cost is computed fora project; the unit cost (units of $/kW) is computed

WGEAdXCC / PQCAP

'Generatlon of new capaCIty supply curves also entails computation of a levehzed cost, in units of
cents per kWh for offered new capacity of PQCAP MW at site PS. This computation is made in
Subroutme GELEVEL when called by GESCBLD Details of the computauon are in Appendlx 7-B.

A levehzcd cap1tal charge rate, LAFCR is computcd from smkmg fund depre(:latlon, a retirement
dispersion allowance, straight line depreciation income taxes, a double declining balance tax
preference allowance a flow through accounting tax preferenee allowance, and property tax and
insurance. The capltal charge rate is adjusted with an inflation factor, GLVL, in the computations.

~
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’ Usmg ﬁnancral functmns, the future value of all capltal COsts as of plant start-up is aggregated as
 TFVCC. The future value computations use a 3-year confn'matlon phase and 2-year construction
' phase, rather the shortened total lead time of four years used to facrhtate ECP's planmng horizon.

Using the results of these prehmmary calculauons levehzed cost is calculated as:

- LCOST=ADJ * (TFVCC * (IAFCR/GLVL) +‘~,WGEAd0C),. R .(6-38)' -

N

| Where:
) ADJ = factor for conversion from annual $/kW to cents per kWh.

Computations of New Capacity Amounts Offered at Sites. In generating new capacity supply

curves, costs are computed for specific project sizes at specific sites. This section describes the -

computation of the project sizes, PQCAP. The computation uses the site's new capacity availability

factor and uses the same -decision’ vanable DV, used to determine the factor's value -- total

previously installed capacity and- known capacity additions (planned or unplanned) TIC, as a

- fraction of the site's total potennal capacity -- to determme PQCAP Th1s computation is performed
1in Subroutlne GESCBLD B i c ,

-For a given new capamty avarlablhty year, PY, the computatron applies only to sites with a non-zero
new capacity availability factor (WGESNCAvp ’Py) For these sites, a prehmmary prOJect size is
computed asa percentage of total potential capacrty as. follows

!

NCQ = WGESPtl, * 01 o DV = 0 L (639)

. NCQ = WGESPthS*(01+(14/ 15)*DV) 1fDV>0andDVnot> 15 (6-40).
,NCQ-WGESPths» *15 B ifDV'> .15 and DVnot> .8 (6-41)
'NCQ =0.75 * (WGESPtlys - TIC) DV >:8 | L (6-42)

After rounding upw\ard to the nearest 5 MW, the prelirninary i(alue is modified as indicated if one
of the following constraints is violated (NCQ* in the conditions refers to the preliminary value):

NCQ=20 - if WGESNCA&PS;, =1and DV =0 and NCQ*>20

- NCQ=50 if WGESNCAvPS y=1and DV > 0 and NCO* > 50
NCQ=10 “if WGESNCAvPs = - 1and DV > 0 and NCQ* < 10

NCQ =200 - if WGESNCAVpg py = 2 and NCQ* > 200
NCQ=10 ' if WGESNCAVesyy =2 and NCQ* < 10

NCQ=50 if WGESNCAvPs =2 and NCQ* > 50 and NCQ* <70
NCQ = 100 if WGESNCAvPs py =2 and NCQ* > 100 and NCQ* < 120
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NCQ =150  if WGESNCAVsgpy =2 and NCQ* > 150 and NCQ* < 170

£ NCQ is less than 50 MW or is a multiple of 50 MW (50, 100, 150, or 200), there is a single new

capacity project offered at the site, with PQCAP = NCQ. Otherwise, there will be two projects, each |

- with its own calculated costs, which may differ due to the flash plant scaling factor or completion
. of the allocation of exploration phase capital cost. For these, the project sizes will be:

PQCAP = NCQ - MOD(NCQ,50) for the multiple of 50 MW project 643
PQCAP=MOD(NCQ,50) ~ forthe "residual project -~ (6-44)
Computations'far NEMS Regions_'r | |

‘Most GES regional computations are for NERC regions. These typically map data for sitesina
 region into analogous data for the region as a whole. Such computations are made Successively for
each NERC region in which any sites are located, with the initial computations made successively
for each site in the region. The standard method for these computations uses the number of sites in
a region to determine the site index for the last site in the region. The index for the first site in all
regions after the first is simply the next index value after that for the last site in the previous region.

. The standard method, then, may be summarized as follows:

Set last site index (LS)t0o 0. _—
Repeat for each NERC region with geothermal sites:
Set NERC region (PN).for computations v ,
Set any initial values for region (generally accumulators set to 0)
- Setinitial site index FSto LS +1 : '
Increment last site index (LS) by WGEINumsSpy
Repeat initial computations for each site from index FS to LS
~ Perform final computations for region PN -

There are also GES computations for Census di&isions, which are bpe_r'formed within the repetitive
NERC region computational structure. Specifically,:

Prior to start of NERC_ regiori rcpc‘titidns; Set initial values for all Census
L : regions BRI
Duﬁng initial site c‘bmputétion repetitions: Set Census division index (CI) to WGESCR pg
- L . - Update Census division CI data with site PS -
" “data —_ \
: Aﬁcr end of NERC region repetitions: . Perform final compﬁtations for all Census
L B : ' divisions -
New Capacity Supply Curve Computations. For given year of availability, PY, new capacity

supply curves are generated for each NERC region with geothermal sites. A supply curve's index,
SC, is related to the corresponding NERC region's index, PN, by the value qf WGEUNRgng.. A

Energy Information Administration/NEMS Renewable:Fuels Module Documentation Report—Geothermal. 121

<




- mew capacity supply curve for each quahfymg région is gcﬁerated by four sets of computations in
SubroUtin¢ GESCBLD. SR o o v : ,

In the initial computaﬁons, repeated over each site in the region, the compiltations for new capacity -
offered at the site, described above, identify either one or two potential projects for each site, PS,
with a non-zero new capacity availability factor for the year. Each project has a corresponding size,”.

PQCAP, for which a levelized cost, LCOST, is co mputed. If LCOST does not exceed a supply

curve "truncation" value for the NERC region and availability year, WELSCSTpypy, data
- characterizing the project are saved with the next "step" index, NS. '

- NDXy; = NS
WIDys = PS

. WLCys = LCOST
WSQys = PQCAP

For AE096,.the methodology for the supply curve truncation was changed. The new methodology
evaluates a cumulative average levelized cost of geothermal sites for the supply curve truncation
~ criterion. The cumulative ‘average levelized cost of each supply step must be less. than the

“truncation” value to be included in the supply curve. For more information see the “Modifications-

to the Geothermal Electricity Supply Submodule” (EIA, 1995) and the comprehensive GES
documentation “Model Documentation Geothermal Electric Submodule of the Renewable Fuels
~ Module on the National Energy Modeling System” (EIA, 1994). ' :

After the computations have been completed for each site in the region, the value of NS is retained

in WGEUNGoSt,. If 0, no site had a non-zero new capacity availability factor, so no new capacity
- 1s available in the region. Values for all supply curve variables for the region also remain 0 and no

further computations are performed for the region. Otherwise, Subroutine GESORT is performed.

Its computations sort the levelized costs in WLC into ascending order, also adjusting the " tag" array,

NDX, so that its step index values are placed in the same position as the project's levelized cost in

the WLC array. The WID and WSQ arrays are not changed.
A third set of computations adjusts the seqﬁencing in WLC and NDX, if necessary, to ensure that

‘even if its levelized cost is less.

a smaller project (< 50 MW) doés not precede a larger project (multiple of 50 MW) at the same site,

The final computations generate the sui)ply c'ur‘ve data for the region. Variables used in the

computations are defined here in relation to "Projects;,” which is the project with original step index.

] NX , Where;

- NX = NDXj,

Computétions are performed scque'ntially\ for Project,, Project,, etc., through Projectys . Data fqr -
step 1 of the supply curve is for Project; only; step 2 data is for Project, and Project, combined; and .

so on, through the last step with data for all NS projects combined. The site index and size for
Projectgy are: / ' :

St
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PS
- PQCAP

WID iy
WSQNX

‘These are used to compute COSsts “for the pro;ect using the prev10usly described - site data
computations of Subroutine GEADCST. This is also done in the first set of computations, to
calculate the levehzed cost of the project, but it is s1mplcr to repeat the computations than retain the
values of all cost components for all projects. Although values for undimensioned variables are -
~produced by the subroutine and used m the computauons, a subscnpt will be used for the1r
mathcmatlcal descnptlon

/,

a0 OCS, (for WGEAdOC) is the ﬁxed O&M cost for Pro;ectST ‘

CCS,(for WGEAdXCC + WGEAdFCC + WGEAdSCC + WGEAdICC) is the total overni ght
capital cost for Pl‘O_]CCtgr ‘ .

Other vanables for the pl‘OjCCt are s1mi1ar1y sub'scripted hc:e;

‘ VPQCAPST is the size of PI‘O_]CCtsr

- CF 5T = WGESCFctPs 1s the capac1ty factor for Projects
HRST = WGESHthPS is the heat rate for Pro;cctSr

COZRST = WGESCOZR P is the CO2 ermssmns rate for PmJectgr

© The site index for stcp ST* of supply curve SC (for NERC reglon ‘WGEUNRgnSC) is set as:
| WGEVSISC s = PS (where PS = WIDyy, where NX = NDXsr.)

In all of the following computanons summatlons are over all pro;ects from Project, through
PI'O]CCtST., and the computations are made for all values of ST* from 1 through NS

WGEVNCCQ,, st =ZPQCAPST. _‘ . o ) | -.'(6-45)

| | WGEVCFctscsr. =Y (PQCAPST *, CFsT)IEPQCAPST - o | (6-46)

) | WGEVOVCCSCST. = z (PQCAPST * ocs,)/z PQCAPST S (6-47)‘
‘WGEVFOCSC ) (PQCAPST * cFST) / ): PQCAP, o - (648)
-WGEVHthSC s = z (PQCAPg * CFST * HR ) | ): (PQCAPST * CFST) (649

~ WGEVCOZRSC s = }: (PQCAPST *CFo* cozks,) / z (PQCAPST *CFg) - (6-50)
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New Capacxty Plannmg Output Computations New capac1ty planmng output for ECP, produced ‘

with Subroutine GECPOUT, is taken directly from the supply curve data, but is limited to data for
a single point on the "curve." Accordingly, the output variables are dimensioned only by NERC
region and year. A set of "local” variables for the output values are defined so that the year index
corresponds to the initial year of avallablhty if the new capacity is built. These vanables are used
/in all GES computatrons and are consistent with the year index interpretation for the correspondlng‘
ECP new capacity build decision. However, a different year index interpretation is used for the
" .global variables from ‘which EMM obtains the values. For the intérface variables that have been ~
established for all renewable technologies, the year index corresponds to the year prior to that for
which ECP uses the data for its new capacity planning. From the 4-year lead time for new.
geothermal capacity, the GES avaﬂablhty year index, PY, translates i intoa year index of PY-5 for
the global mterface vanables o :

Computatlons are made successrvely for each of the WGENumg, supply curves. For the supply‘ _» |
~ Curve with 1ndcx S T the region and number of steps are set as follows

’ RS = WGEUNRgnsc r

: The upper bound on the amount of new capacrty that can be- buﬂt is the total capacrty of all projects,
, computed for the last step.

WCAGPELPN prs = WGEPMAXC,,N Py = WGEVNCCQSC ws | (6-51)

Other output values may also correspond to those for the last step, but there are circumstances under
- which a different step is used for these values. The reason is that the ECP linear programming model
treats the unit costs provided by the GES as constant for all build amounts. Unit costs in GES are
~ not fixed and, by construction, increase from one step to the next. Costs for the last step are the -
- maximum unit costs, If only these maximum costs are provided to.the ECP, build decisions will ‘
never reflect the lower costs if less than the maximum available new capacity is bu11t Therefore, .
after the first ECP build decision, when there are more that four steps in a supply curve and the ECP
build decision for the previous year was less than the maximum amount available, the value of RS :
the step that is used for the output, is changed to:

"RS =WGE UNRgnsc /2 (rounded down if there is an odd;'number‘. of __s_teps) o

- The additional new capacity ‘plannin‘g'output is set as follows: -

WCFGPELpy py.s = WGEPCFPN,PY = WGEVCFctyees ». (652 .
WCCGPELpypys = WGEPCCPN = WGEVOVCC;C;,;S FERE (6-53) |
“WOCGPEL, prs = WGEPFXOCPN e WGEVFOCSCRs‘ o 654)
| WHRGPEL;N;Py_s = WGEPHthPN pr = WGEVHthSCRs S | ‘(6-55_) ’
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WEMGPEL3 purrs = WGEPCOZRPN by = WGEVCOZRSCRS o (656).

~ Other New Capacnty Output Related Computations. New capac1ty supply curves are builtand
‘output for ECP produced by setting. the year of availability, PN, then running Subroutines
GESCBLD and GECPOUT. As a special case, this is done in Subroutine RFMGES for PY =
FIRSYR +4 (unless FIRSYR is 1 — for 1990 — which would result in a 0 year index (1 + 4-5)
for the global output variables). This. special case produces the data needed to process any ECP buﬂd,
- decision made that year before RFM 1s firstrun. = o :

Apart from th1$ spcc1a1 case, Subroutme GECPOPR controls thc capacity planmng output |

- . processing. Spec1ﬁcally, for each year, supply curves are built and output for ECP produced for each

year of the ECP planning horizon for the decisions to be made the following year. When GES runs . |
~ for simulation year ¥, the planning horizon for the following year covers years ¥+1 through Y+6.

- ~ The initial year of avaﬂablhty for gcothermal new capacity is (Y+1 + 4) or Y+5. Supply curves are

gcncrated and ECP output produccd first for PY =Y+5, and then for PY Y+6.

For. the PY Y+6 computatlons it is assumed that all new capac1ty offered for Y+5 in all NERC
regions is built. Before this is done, it is first necessary to save all of the supply curve data for the
initial year, as well as all site new capacity availability factors and unplanned capacity amounts.
Then, new site availability factors are computed for use in the Y+6 computations, using the
maximum available being built assumption. Lastly, after ECP output is produced for the last year
of the planning horizon, the saved site new capacity availability factors and unplanned capacity
values, and PY = Y+3 supply curve data are restored.

Computatlons for Processing ECP New Capaclty Build Decisions. The computations for
. processing ECP new capacity build decisions are in Subroutine GECPDPR. No computations are
. made for regions where no new capacity is to be built. Where any new capacuy is to be bullt, CP
and CPQ are computed m1t1a]ly, whcre : : :

* CPis the maximum stcp index S T such that WGE VNCCQSC <7 does not cxcecd the amount .
‘ to be built. - , .

- cPo= WGEVNCCQSCCP f 1 ~ (65

'If CPQ is less than the amount to be built, CP is mcrcmcnted by 1. Only part of the addmonal
capac1ty in th1s step will be built. . _

The prmcnpal computatlons are done sequcnnally by step, from 1 through CP. For step ST, the site
~ index and amount of new capa01ty offered from the site are:” -

PS -WGEVSISCST,' o | o o (6-58)

PQCAP WGEVNCCQSCST |  forST=1
PQCAP WGEVNCCQSC o WGEVNCCQSC sra for ST>1.
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With the possible exception of the Jast step, PQCAP is also the amount o be built at the site. If less v
than the capacity offered in step CP is to be built, the amount to be built at the site is the difference
_,between the amount to be built m the reglon and CPQ, so PQCAP is recomputed as this value.

- Site unplanned capacity addmons are computed with an mcremental formula, since two d1fferent :
pro;ects may be buﬂt at a s1te (onea multlple of 50 MW and the other: < 50 MW)

WGES UCapysry = WGESUCapPS oy + PQCAP ’

Slte new capacxty avallablhty factors are updated to reﬂect the information for the next avallable |
new capacity at the site. The algonthm is the same as is used to set the initial values during
mmahzauon : )

The. output used by ECP in making the decision, other than the build limit, is modified if necessary
so that it corresponds to the amount being built. If less then the maximum available new capacity
is being built, the site costs for the additional capacity to be built from step CP. may be different
from the costs for the addmonal amount offered requlnng adjustment before the rev1sed ECP output
can be. computed :

‘To rnake the ad]ustrnent, it is necessary to break the capital cost down into its different components.

- - Initially, the original added total capital cost is saved and costs are computed for the offered

quantity. Where PS = WGEVSI;

WGEVNCCQy..y . ifCP=1

e PQCAP =
UCCADJ = WGEVOVCCseg
PQCAP = WGEVNCCQgccp - WGEVNCCQscp,  if CP> 1
UCCADJ = R
(WGEVNCCQyccr*WGEVOVCC ). (WGEYNCCQ, *WGEV" Cocr) (6-59)

PQCAP

. The original constructlon phase capltal costs (WGEAdSCC) and reservoir failure insurance capltal

~ cost (WGEAdICC) are subtracted from UCCAD]J, leavmg the sum of confirmation phase and any

-~ exploration phase capital costs. These unit costs ($/kW) do not vary with size. POCAP is changed
 to the amount to be built and the unit costs for this quantity are computed with Subroutine
: GEADCST ‘Adding the new values of WGEAdSCC and WGEAdIOC 1o UCCADJ glves total unit

capltal costs for the new quantity

- Ifthe computauons are for the first step (CP = 1) there are no other pI‘Q]CCtS to be built. Heat and

| _ emissions rates are ﬁxed for the project 31te so only the two cost values need to be computed

WGEVOVCCSC o = UCCADJ + WGEAdSCC + WGEAdIOC (6-60)

WGEVFOCSCCP = WGEAdOC |
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When CP > 1, other projects'arc to be built. All output data must be adjusted to reflect the "last
step's” smaller percentage of the total amount to be built in the region than in the ongmal supply

curve computatlons Letting WELRQCA rcprcsent the ECP build demsmn for the region:

(WGEVNCCQSC e *WGEVOVCC . |
+ POQCARH(UCCADJ+ WGEAASCC WGEAdIOC) (6-61)

WELRQCA

WGEVOVCCy.cp =

'(WGEVNCCQSC C,.,,*WGEVF OC sir. ,) ‘l
+ (PQCAP*WGEAdOC) (6-62)

WELRQCA

WGEVFOCy;p =

(WGEVNCCQy.cr I*WGEVC t ond) :
+ (PQCAP*WGESCFcty;) B (& )

WELRQCA

WGEVCFety.cp =

.(WGEVNCCQS crl*WGEVC sccp-l*WGEV RSCCPI) o
+ (PQCAP*WGESCFct,s*WGESHtRtys) | - (6-64)

WGEVHtRt . cp = -

i isaer = (WELRQCA * WGEVCFctycp)

| . (WGEVNCCQyen ,*WGEVCF o cr *WGEVCO Rsccr Y

\ . +(PQCAP*WGESCFct,s* WGESCO2R ;) (6-65)
WGEVCOZRq;.cp = o

(WELRQCA * WGEVCFcty:cp)

. All local and global new capacity output variables except those for the build constraint are set to the -
_corresponding value computed for step CP. The fixed O&M cost for the new capacity to be built
in NERC region PN with initial avallablhty in ycar PYis saved for later use in computing output

for all installed capacny for year PY

WGEN UOCpypy = WGEPFXOC 'PNPY

Dlspatch Related Output’ Computatlons for All Installed Capaaty Regional (NERC and
- Census) output for all installed capacity in 1990 is computed as part of the initialization process with
Subroutine GEINTRG. Output for later years may also be computed during initialization, or may
- be computed as part of the standard processing for every year with subroutine GEEDOPR. The

E determining factor is the first simulation year index, FIRSYR. If FIRSYR is 1 or 2, output for all

years after 1990 is computed with GEEDOPR. Otherwise, output for all years after 1990, but prior
“to FIRSYR, is computed with GEINTRG during initialization; output for all years starting with ‘
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FIRSYR is computed with GEEDOPR. Output for-all installed capacity for FIRSYR (if > 1) is

. computed as part of the special processing for that year in Subroutine RFMGES. The standard

- procedure for all years (with index < 26) produces output for the following year (FIRSYR+1 output
when run for FIRSYR, etc.) : ' . ‘

There are only minor differences between the computations performed in GEINTRG and in
- GEEDOPR. In both cases, one of the computations for years after 1990 updates the installed
capacity at each site. The primary difference is that the GEEDOPR. computations update for both
planned and unplanned capacity additions, while the GEINTRG update is limited to planned
- capacity additions. . . iy : : :

 WGESICapysy, = WGESICapyspy, +WGESPCappspy  (GEINTRG)
 WGESICapyspy = WGESICappspy., + WGESPCap, v+ WGESUCapysp;  (GEEDOPR)

As usual, the computations are made scque'xiytiallyl for cach NERC region, with the initial
~ computations performed sequentially for the ‘sites in the region. Totals are aggregated for both
-~ NERC regions and Census divisions. - ' ‘ A :

Except for fixed O&M cost, by NERC region, the output computations aggregate fixed site
parameters that do not change over time. These computations are generally the same for all years
- and in both subroutines. The only variability is due to the requirement to.reflect data for The
Geysers in the output for its NERC region and Census division. Initial computations when

processing each site in successive NERC regions are identical.
For the -Qhe NERC region computation, suhitnation iS_OVer all sites in the region bcihg proceésed.
NRCRFCT =Y (WGESICap,.s .y * WGESCFcty) | A : (6-66)

- For the Census division computaﬁons, sﬁmmation for region CI is.over all sites in all NERC regions
such that WGESCR ¢ =CI. ~ ' R )

CRCRFCT¢;, =¥ (WGESICapjop; * WGESCFety) ©-67)
CRHiRty, = ¥ (WGESICapyspy * WGESCFctys * WGESHIRL,) (6-68),
. CRECO2, ='Z;(WGESICap,S - *i’WGESCFctPS * WGESCO2R,) (6-69)

NERC region output is produced after all sites in the region havé been processed. Total installed
capacity in the region is: S

NRICAP =y WGESICapPg,pY |

CASE1- NR_ICAP% 0 and PN not = WGEGNR
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No computétions, output value remains 0. -
CASE 2 - NRICAP = 0 and PN =WGEGNR |

: WCFGIEI;,;N Py = WGEGCFct,;Y | ~ (capacity factor f(/):ly"The Gejrsefs forv,year PY)
 CASE3- NIéIC'AP >0 ;nd'PN nbf = WGEGNR - | o |
| WCFGIELPN #v=NRCFCT | NRICAP

CASE 4 - NRICAP > 0 and PN = _WGEGNR R o

(NRCFCT + WGEGICAPPY*WGEGCF ety
(NRICAP + WGEGICAP,;) ’

Ccnsus division output is produccd after all snes in all re glons have bcen processcd Total 1nstalled |
capacity in Census division CI is: : '

CRICAP, =Y WGESICapPS ,P,} | |
CASE 1- CRICAP = 0 and C not = WGEGCR
7 ‘No computatlons, output value remains 0.
'CASE 2. CRICAPC, =0 and cI= WGEGCR

WHRGIELCI = WGEGH{Ri
WEMGIEL ¢;y = WGEGCO2R

CASE 3 - CRICAPC, >0 and CInot = WGEGCR
WHRGIELC, = CRHTRT,/ CRCFCTC, - L (670
WEMGIEL; ¢,y = CRECOZC, / CRCFCTCI - v R (6-71)
CASE 4- CRICAPC, >0 and CI = WGEGCR |

(CRHTRT, + WGEGI CAP +wGEGCFe, *WGEGHRY)

— , _ (6-72)
‘ (CRCF CT aTt WGE GICA PPY*WGEGCFCtPY) :

WHRGIEL ¢y y

o . (CRECO2, + WGESGICAP xwEGCFet »weEGCO2R)
. WEMGIEL3,CLPY = = - . ro— - - 3 (6'73)
L (CRCFCT¢; + WGEGCA Pr*WGEGCF grv)
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Fixed O&M.costvcomputatidns are not the same under all circumstances. For 1990, the computations |
are analogous to that for output related to fixed site data. The computations aggregate the costs for

computations of Subroutine GEADCST produce the costs for the capacity. NRFXOC is computed
as the sum of the product of PQCAP_,andv ‘WGEAdOC. After all sites in the region have been

 installed capacities. For the initial computations, PQCAP is set - to WGESICap,, and thé

. processed:

' CASE 1- NRICAP = 0 and PN riot = WGEGNR

No computations, output value remains 0.

CASE 2 - NRICAP = 0 and PN = WGEGNR

' WOCGIEL pyzy = WGEGOC

' CASE3- NRICAP >0 and PN not = WGEGNR

- WOCGIELpy py = NRFXOC | NRICAP

~ 'CASE 4- NRICAP > 0 and PN = WGEGNR

. _ (NRFXOC + WGEGICAP,,*WGEGOC)
WCFGIEL ypy = — — '
ey (NRICAP + WGEGICAP,)

(6-74)

The general approach for years after 1990 is to compute fixed O&M cost as a weighted average of -
the cost of previously installed capacity and any new capacity additions. In Subroutine GEINTRG, ,
only planned capacity additions need be considered. The initial computations are the same as for -
1990, except that PQCAP is set to WGEGPCapps py, so that the computation for NRFXOC produces
total O&M costs of all planned capacity additions for the region, S

E ‘vIt there is no capacity installed in the’regioﬁ’ (ci;ther previously installed or as new capacity
- additions), the cost, as for 1990, is O (no change from initialization value) except for The Geyser's

region; or, for that region, WGEGOC. For "CASE 3" and "CASE 4":

CASE 3 - WGENICAP > 0 and PN not = WGEGNR -
(NRFXOC + WOCGIEL yy g, *WGENCaD )
WGENICAPpypy . |

WOCGIELyypy = (6-75)
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: CASE 4 - WGENICAP > 0 and PN = WGEGNR

WOCGIELJ,N e

(NRFXOC+W0CGIELPN . l*(WGENICapPN - ,+WGEGICAPPH) +A (6 6
 where:”

A= WGEGOC * (WGEGIC'APH - WGEGICAPP,, ) RN 6T

~ This term is always zero.in the current version of GES but it is mcluded so the computation w111
be made correctly if installed capac1ty at The Geysers changes over time in a future version. '

The same 1mt1a1 computauons for planned capacity additions are made in. Subroutme GEEDOPR,

but there. additional computanons are required for ‘unplanned new capacity additions. Only the total
unplanned capacity addition, NRUCAP, need be computed. The fixed O&M cost for these capacity -
additions are saved when the ECP capacity plannmg decision was made For total fixed O&M COsts
for unplanned capa01ty additions: '

* NRUFOC = NRUCAP*WGENUOCPN,,.,,' S SRR (6-78)‘(

The computauons are so snnllar there is no need to state the final computanons of fixed O&M cost .
output. It is only necessary to replace total costs for planned additions (NRFXOC) w1th the total cost
.of planned and unplanned additions, Wthh 1s (NRPFOC + NRUF OC)
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Appendlx 6-A Inventory of Vanables Data and
Parameters

Due to its size, Appendix 6- A has not been mcluded hcre The reader is referred to the report,
"Model Documentation: Geothermal Electric Submodule of the Renewable Fuels Module of the
National Energy Modeling System," December 1994, prepared by DynCorp-Meridian Inc. for the
Energy Information Administration. The Invcntory of Variables, Data, and Parameters is in
Appendlx A Pp. 27-176. A copy of the report is mamtamed in the files of:

Roger Dlednch
‘U.S. Department of Energy/EIA
. 1000 Independence Avenue, S.W.
- Room 1E-256 (EI-822) .
- Washington, DC 20585 -
- (202) 586-0829 ~

- Also see: “Mod1f1cat10ns to the Geothermal Electnc1ty Supply Submodule " September, 1995.
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Appendix 6-B: Mathem’at‘\ica'l.y Description

- Due to its size, Appendix 6-B has not been included here. For Appendix 6-B, the reader is referred
to the report, "Model Documentation: Geothermal Electric Submodule of the Renewable Fuels

Module of the National Energy Modeling System," December 1994, prepared by DynCorp- Mendlan/ e

~ Inc. for the Energy Information Administration. The Mathematical Descnptlon is given in Appendlx"
B, pp. 177 225. A copy of the report 1s maintained in the files of
‘ Roger DlCdI‘lCh : :
U.S. Department of Energy/EIA
- 1000 Independence Avenue, S.W.
Room 1E-256 (EI-822)
 Washington, DC 20585
. (202) 586-0829

vAlso see: “Modlﬁcatlons to the Geothermal Electnc:1ty Supply Submodule,” September 1995.
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A‘p‘pendix 6-D: Model AbStraet

- Model Name. -
Geothermal Electrzc Submodule

| ModelAcronym: :

: Descrlptlon' : : :
The GES models economic supply curves, aggregated by NERC reglon for electnc generatmn
capacity utilizing known U. S. geothermal hydrothermal resources. The costing algorithms model
the impacts of specific resource site: parameters at known geothermal sites on the capital cost,
- operation and maintenance cost, and energy prices at those sites. For each year, GES processes new.
capacity build decisions made by the Electnc1ty Capacity Planning (ECP) submodule, allocating the

. regional build amounts to individual sites in the region through the new capacity supply curve data

~ for the region; updates installed capacity and related data for both sites and regional aggregations,
and produces output for use by the Electric Fuel Dispatch submodule; and produces new capacity . -
supply curves and related output for use by the ECP submodule ‘ :

, Purpose of the Model ‘
~ The purpose of GES is to supply the Electnc Market Model (EMM) of NEMS with geothcrmal,
supply curves and annual capacity 1nformat10n for dlspatch '

Most Recent Model Update-
‘ July 1996 -

- Part of Another Model?: '
- The GES submodule is a. component of the Renewable Fuels Module (RFM) of the N ational Energy '
Modeling System (NEMS) ‘

Offlclal Model Representatwe-
: Roger Diedrich :
" Coal, Uranium, and Renewable Fuels Analys1s Branch

Energy Information Administration
Phone (202) 58 6-0829

- Documentatlon- ’
. Model Documentatlon Renewable Fuels Module of the N atlonal Energy Modehng System 1995

| Archlve Medla and Installahon Manual(s)
Archived as part of the NEMS production runs.
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'Energy System Described:

- Complete systems for extracting geothermal heat from the earth and convertmg it to electricity, -

k ' including wells, fluid gathering systems, both blnary and flash rankme cycle energy conversion
= systems and ﬂu1d l’ClIl]CCthll systems o

- Coverage- - |
' L] Geographlc NERCreglons 11 12 13, and 15 ‘b
; 0 .Tlme UmtlFrequency: Annual, 1990 through 2015
'0 | PrOductst Electricity | |
o VEconomic Sectors: kEl‘ectvn'c_ utrhty

Modelmg Features-

e Model Structure The model operates. at the level of individual geothermal sites. Regional

inputs from the Electricity Market Module are disaggregated to the individual sites and are

operated upon at that level. Results are then rolled up to the regional level at wh1ch NEMS

1s structured for output

® Model -Techmque: Risk avoidance model of developer behavior is used to determine timing

~ and extent of further development at each site. New capacity supply curves are generated in

terms of minimizing levelized cost for any new capacity amounts. Regional aggregate data

is computed as weighted average of analogous individual site data using either capac1ty or
generatron as werghts as appropnate

o . Specral Feature:

rather than the output for the current year

_performance of geothermal systems based on resource data for 51 known U. S.
geothermal resource sites.

| Non-DOE Input Sources- .,
None
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® Accommodates runs for either type of loopmg Incorporates dynamic 1nterface in
' which the output needed by the EMM for processing the next year is produced, .

o Employs a PC-based data pre—processor o calculate site- specrﬁc costs and B

I




DOE InpUt Sources:

.. Petty, Susan et al, Supply of Geothermal Power Sfrom Hydrothermal Sources A Study of the Cost
* of Power in 20 and 40 Years, Susan Petty Consulting, Solana Beach, CA, June 1991 for the Energy
" Information Admmlstratlon and Geothermal Division of DOE

_ 0 Geothermal Resource S1te Data |

~

Entingh, D., McLarty L., Nichols, K., Livesay, W., and Petty. S., "Geothermal Cost of
o Power Model IM-GEO Version 3.05" developed for Sandia National Laboratory and the
L : Geothermal Division of the DOE

° Geothermal systems operatlonal and cost pa.rameters and algonthms

Computmg Enwronment
L Hardware Used: IBM RS/6000
. Operatmg System Umx

® Language/Software used VS Fortra.n, Versmn 2.05

lndependent Expert Reviews Conducted
None.

Status of Evaluatlon Efforts by Sponsor.
None
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Appendlx 6-E Data Quality and Estlmatlon
o Processes -

 This appendix prowdes an overview of the Gcothermal Elcctnc Supply Data Prc-Proccssor model
or GESDPP. A PC-based model, GESDPP serves as the main source of input data used in the GES.
It is adapted from an earlier PC-based model, M- GI:?,OlS developed by a team of geothermal

~__ industry experts for Sandia National Laboratory in the mid 1980s. "IM-GEO" stands for Impacts

. of Rcscarch and Dcvclopment on the Cost and Performance of Geothermal Electnc Systems

The GESDPP calculates typical capital and opcratlon and maintenance costs (as well as heat rates,
flow rates, and other technical parameters) for a single 50 MW (net) plant at each of 51 known
geothermal resource sites in the western U.S., including Hawaii. Based on historical cost data for
independent geothermal power pl‘O_]eCtS .developed during the 1980s, GESDPP models existing,
commercially available technologies associated with power generation from hydrothermal resources.
To date, hydrothermal resources are the only geothermal resources for wh1ch commermal

development has been feasible. ‘ \ - '

The main input to GESDPP isa geothcrmal resource data set which includes data on 51 known -
geothermal resource sites in the U.S. The site data include measured parameters as well as
parameters which were estimated based on other measured data for the site in question or on more -
complete knowledge of a geologically and hydrologlcally similar site. These data were compiled
during a study completed in 1991 for EIA and the Gcothermal Division of DOE“, usmg Us.
Gcologlcal Survey data and other sources.

The cost and performance data and algorithms within GESDPP are considered accurate since costs
as modeled by IM-GEO have been found to be: reasonably similar to costs for actual geothermal
projects. The resource site data are considered less reliable. For the 17 resource sites with existing

geothermal capacity, and especmlly for those that have been operating for several years, the data are
~ probably quite reliable. However, for most of the other sites, geological, geophysical and
hydrological investigations have been limited, and much of the data have been estimated based on
knowlcdge of geothcrmal resource sites with sumlar gcncral geologlca.l conditions.

Immedlately followmg are general ﬂow dlagrams for. GESDPP presentcd in Figures 6E 1,
6E-2, and 6E-3, and a listing of mathematical descriptions of the key costing and performance
algorithms. A list of the input resource data and output data from GESDPP are presented in Part 3
of Appendix 6-A. A descnptlon of the output file, WGESITE, Wthh serves as the main input file

for GES can also be found in Appcndlx 6~A ' : ’

" “Entingh, D.J. and Mclarty, L. Geothermal Cost of Power Model - IM-GEO Version 3.05: User's Manual, for Sandia
National Laboratory, November 1991.

* petty, Susan, et al, Supply of Geothermal Power from Hydrothermal Sources: A Study of the Cost of Power in 20 and
40 Years, Susan Petty Consultmg, Solana Beach CA, June 1991 :
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'l‘?igurve 6E-1. Main Fiow Chart of GESDPP

Read Data
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. Process Sltq Data

Ypiant

Gross Power and
Reguired Flow Rate

Costper Well

Cost of Exploration
and Confirmation

'Required & of Wells
‘and Total Wo_l\l Costs

| Figure 6E-2. Flow Diagram for Process Site Data Routine
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Gathering System Cost

|

Present Cost of Future Makeup -
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System o

ISum Costs
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Figure 6E-3. Flow Chart for Yplant Routine

‘
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Mathematicall Descriptions of Key Algorithm,s ,_

 Heat Rate (GESDPP)
HEAT RATE (BTU/kWh) = 1000 * (H IN H COND) { NETBE i ’(6E-l)

where:

HIN enthalpy of fluid entering plant (BTU/Ib)

HCOND =  enthalpy of fluid in the condenser (BTU/Ib)

NETBE =  net brine effectiveness (watt-hr/lb)

Plant Costs (GESDPP)

- Flash and binary plants do not require all the same auxiliary systems, -and differing site
. characteristics sometimes dictate different auxiliary systems (such as dry cooling systems in an arid

 region). For this reason, GESDPP calculates the cost of a bare plant (excluding auxiliary systems)

- and then calculates the additional costs for the necessary auxiliary systems. Unless otherwise noted,
capital costs are expressed in 1990 dollars per kilowatt capacity and O&M costs are in either
~ millions of 1990 dollars per year or millions of 1990 dollars per kW capacity per year

Cost of Bare Plant (GESDPP)

Based on data fits during dcvelopmcnt of IM-GEO in 1987 and modifications i in 1989 to reflect -
more recent cost data, the capltal cost ($/kW) of a bare (excluding aux1hary systems) flash plant was

COST.FLASH = 0 75*(1 3336 - 5 4308 *TX +0. 013179 * TX2+ 1 0752 * B (6E-2)
(EFFIC - 30))
whel‘c: : - |
TX =  RESERVOIR. TEMPERATURE- (degrees F) - 300 |
EFFIC = | efﬁciencyr aCcording td the 2nd law of thenh_ody)nalnics as calculated

based on physical properties of the geothermal brine.
“The capital cost ($/kW) equation for a bare (excluding auxiliary systems) binary plant was

' developed in 1987 based on the cost of the 50 MW Heber blnary plant in Cahforma and mod1ﬁed
in 1989 to reﬂect more recent cost data:
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| COSTBINARY = 1 06 * (1595 - 4. 9836 *TX + 0 0087648 * TX2 ’ _. (6E-3)
3.4082 * (EF FIC - 40) ). ' .
, iwhére:“ | | |
| 77( = ' RESERVOIR. TEMPERATURE - 260 7’
: EFFIC - | = sa\l‘x‘le\_as #bove |

Cost of Auxiliary Systems (GESDPP)

Bmary plants requu‘e a heat exchanger (HXC) Wthh is mcluded in the bare plant cost. Howcver

- the capital cost of the HXC is isolated to determine the operation and mamtenance costs assoaated .

‘ ,w1th the HXC. The cap1ta1 cost of the HXCis:

COSTHXC HXF * COST. BINARY  (6E-4)

. where:

" the fraction of the bare plant cost attributable to the HXC

 HXF
= 0.2 -0.1 * (RESERVOIR. TEMPERATURE - 250) / 150

“or, if RESERVOIR.TRMPERATURE>= 400 then HXF = 0.1.
8 of if RESERVOIR. TEMPERATURES<.=’ 250 then HXF = 02
The annual cost ($ mllhon/kW/yr) of the operatlon and mamtcnance of the HXC is:
HXC 0&M = 0.030 * COST HXC ' ’ (6E-5)

The capital costs of the brine lll]CCthll pumps are a functlon of the power requlred to run them

, FLASH.INJ.POWE‘R“ = 100.3774 - 0.7504002 * T.IN +2.116543% * T.IN2 - (6E-6)
‘ ' - 2.63:8822'6 *T.IN + 1.220977'9 *TIN* '

FLASH INJ PUMP COS T ($/kW) = 230 * FLASH INJ POWER , (6E-7j

, BINARY.INJ.POWER 16. 89875 5. 6139192 *T. IN 1 016828‘4 * TIN? .(6E-8)

+5.6664497 * TIN® - 5.496635"° * TIN*
| BINARKINJ.PUMP.tosT—($/kW) = 230 . BINARY.INJ.POWER (61:-9)
-whcfc: , | | \ | |
| TIN - = plarit iniet'tcfnperature (degrees F)
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The amlual operating cost for the bare plant and mJectlon pumps is 2 percent of the cap1tal cost of

B ~ the bare plant and injection pumps

i

o The cost of the bare’ plant mcludes the coohng system However where dry cooling is necessary as

- indicated by the site data, an extra $111/kW is added to the cost of the bare plant. Often brine .
condensate is used for cooling tower water. Water losses in the coohng system are calculated by:

WAT ER. LOSS (acre-ft/kW/yr) 2300/ (R.ESERVOIR TEMPERAT URE * 1234) (6E-10) :
'where \ | |

RESERVOIR. TEMPERATURE : =‘ | reservoir ternperature (de:grees F)

~ The annual cost of the ’wate,r is calculated by : . |

'TOTALWATER.COST ($/kW) = WATERLOSS * WATER.COST ~ (6E-11)

| | »w'here: R | |

. WATER.COST - =  costof water ($/acre ft) (from site data)
" For sites where the brine chemistry mcludes hrgh concentratrons of total drssolved solids,
precrpltatron (scaling) of the solids can be problematic. As a result of being desrgned to operate at
~ temperatures and pressures to avoid precipitation of dissolve solids, binary plants incur additional .
*. capital and O&M costs. Flash plants incur additional capital and O&M costs by including a clarifier,
an auxiliary system to precrpltate and remove the dissolved solids upstream from the turbine. The
costs for the ﬂash system are: :

CLARIFIER COST ($/kW) 140*B o (6E-12)

CLARIFIER. 0&M ($/kW/yr) =3 * B ' (6E-13)
where:
B = -0 iftotal dissolved solids < 0.5 percent
=. 1  iftotal dissolved solids >=0.5 percent
= 2 - if total dissolved sohds >=10 percent
CLARIFIER WASTE. DISPOSAL ($/kW/yr) SLUDGE x o (6E-14)
: (137.50) / PLANT. SIZE/ 1000

- where:

 SLUDGE(tons/yr) = 57.2769 * TFLIN * TDS * (CAP.FAC +1) (6E-15)
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- where:
CTFLIN = brine flow into plant (million Ibs/hr)
Ds @ = _percentage total dissolved solids
CAP FAC = capaclty factor (fractlon)

- General ﬂash plant O&M costs (apart from clarifier O&M Costs) due to scale prec1p1tat10n vary w1th L
. the amount of total dissolved solids (TDS) in the brine. At TDS.<= 2 percent, the O&M cost is zero.

,At TDS = 15 percent the O&M costs-are 0.2 percent of the bare plant cost

FLASH SCALE O&M 0 002 * (TDS/ 15) * (COST FLASH+ | 7 (6E-16)
) INJ.PUMP. COS T) o - ‘
B - The addmonal scale-related costs for a bmary plant are 50 percent of the cost of the heat exchanger ’
ata TDS of 15 percent: : :
BINARY SCALE. COST 0 50 * (TDS/ 15) * COST HXC (6E;17) :
BINARY.SCALE.O&M = 0. 015 * (TDS/15) * COST HXC (6E-18) ’

' Total dissolved solids also effect capltal costs by mcreasmg COrrosion. These effects are also scaled o

. based on TDS =15 percent:

FLASH CORROSION COST 0.03 * (TDS/15) * (COST. FLASH + ‘ (6E-19)
‘ INJ PUMP. COS T) ' : R
BINARY CORROSION cos T 0. 015 * (TDS/ 15) * (COST BINARY + | o (6E_-20)'
‘ INJ PUMP cos T) ' S .

: The existence of nonconden31b1e gases (NCG) in the brine have no effect on binary systems, but at
concentrations greater than 0.5 percent, NCG content effects the cost of flash systems:

FLASH.NCG.COST ($/kW) =13.5* NCG (6E-21)

FLASH.NCG.O&M ($/kW/yr) =0.02 *13.5 *NCG - . (6E-22)
- where: | ‘ |
NCG 7“ = per cent noncondensible gas ccntent of brine

The existence of hydrogen sulphide (HZS) in the brme has no effects on the cost of a binary system

" since the brine is contained in a closed system. However, w1th flash systems, to avoid emitting H,S

- to the atmosphere, an auxiliary abatement system is necessary at sites where such emissions would
- otherwise exceed regulatory limits. The costs for the abatement system are:

- H,S. COST (3 010,000 * (SA / 2, 000 ()00)° 0 4 23() ,000) * - ‘ S ~ (6E-23)

1.643/ (PLANT SIZE / 1000)
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- H,S.0&M = 1.58 * [67,200 +RWF(211 18BTC +173. 44SRE) v (6E-24)

(PLANT SIZE / 1000)
“where: | |
- SA | = RWF * BTC = steam ﬂow from condenSer. (Ib/hr) | ' (6E-25) |
k where:' . | | o
o RWF = brme flow rate intoplant (lb/hr)
| ETC > | = fraction ‘of 'brine ﬂowing-throUgh condenser
PLANT SIZE c ‘= net power output (MW)

The plant capltal and O&M COsts are then summed

SCCPOWPL = capltal costs of plant + heat exchanger + cooling tower + ~ (6E-26)
aux1har1es (scahng, corrosmn clanfler) +H,S abatement system

SCCPOWPLOM O&M costs of plant + heat exchanger + coohng tower + (\6E—,27)'
' aux1hanes (scahng, corrosion kclanﬁer) + st abatement system

Emissions Rates ‘
The CO, and H,S em1ss1on rates for bmary plants are zero.

The CO emission rate for a flash plant is:

SCO2RATE = 1,000,000/ NETBE * X12 * NCG/ 100 * 0855  (6E-28)
vwhere:‘; S / o | : H
' NEZBE . n'et_b'rine effectiveness, watt;hour/lb. brine | f
XI 2 | .= steam total mass fraction -totnrbihe -
- NCG - " 1 = _ noncondensible' gas content, percent (site (lata) .

- The H,S emission rate for a flash plant is:
If the H,S load is greater than the perm1ssrb1e rate then

SHZSRATE HZS LIMIT/453 6* VKWHRATE/NETBE " (6E-28)
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where: -

. HS.LIMIT

= regulatory liinit for H,S emission, gram/ht/ MW (Si“te data)
V.KWH.RATE = o work rate across turbiné, Watt-hour/lb; brine |
E N NETBE = net brine effectiveness, watt-hour/Ib. brine

If thc‘ st load 1s less than ot equal to the permissible rate,theﬁ:

SH2SRATE = i(zs,LoAD 1453.6% ViKWH.RATE INETBE - (6E-30)
whére: s ’ | 7 o h o -
. H2SLOAD = ’:I;IzS e_missioh iéad, gra_m/hr/MW |
| V.KWH.RATE = | WOrk raté. é/croé,sturbirie_, ;vattfhourﬂb; brine
| NETBE ) = net briﬁe effective’ﬂéss; watt-hour/Ib. brine |

 Field Development Costs (GESDPP) =

Geothermal field vdevélopment/consists of three phases - cxploration, cohﬁrmatiqn, and construction.

Various well testing costs are added to the cost per well depending on which phase the well is drilled -
~in. First, a base well cost is determined for both nominal diameter and slim diameter (used only in .

exploration phase) wells. Then, the cost of each of the ~.thre‘é phases is determined.

Well Costs (GESDPP)

‘The cdst per well (sé_hs well testing costs) for nominal diameter wells is calculated by adding the.

three problem costs (loss circulation, cementing, miscellaneous) to the drilling cost (all of which are
site data) and then adding additional costs to reflect that a percentage of wells will need to be either
- redrilled or extended: L B o S D

wCPw = BASE. WEI/,L.‘C"OS T+ COS T.EXTND + COS T.REDRILL = . (6E-31)
‘ well cost per well | e o c .
where: | |
BASE; WELL.COST = dri]ii-ng cost + probléﬁé costs (all site data) | (6E-32) |
C’OST.EXTND = | ‘-0.75 *(0.8 -‘ 0.25 *WDRY) * WCEXTEND o (6E-33) '
152 Energy Information AdﬁlnISUaﬂoMNEMS éenev)able Fuét; Module bocu;lenﬁﬂon Report—Geothermal

L LR



g

“‘where:

'WDRY =

WCEXT END

’, COST REDRILL =
where: :

WRED

WCBASE =

The cost for--slim diametcr wells is:

fraction of wells that are dry (from site data)
cost to cxtend onc well (sne data)

0 165 * WRED * WCBASE : . (6E-34)

redrilling incidence fraction (site data)

drilling cost (site data)

SLIM.W. CPW 0.5 * (drilling cost +0. 6 * lost c1rculat10n problem costs + (6E-35)
mlscellaneous problcm costs (all from site data))

: Exploratton Phase Cost (GESDPP)

C. EXPL TOTAL (UCOSTI + N.IDENT * (UCOST2 + ‘ “ (6E-36)
WC WILD)) / UPROB CONF
where: ,
E UCOSTT = cost of geological and geophysical investigations

- NIDENT =

- UCOST2

WCWILD

, where:
- SLIM.W.CPW
TEST.SL.EXPL

UPROB.CONF

number of wild cat wells required to get one good one
cost of drilling shallow thermal gradient wells

cost of drilling a slim diameter well
SLIM.W.CPW + TEST.SL.EXPL

= (see Well Costs above)

cost to test a slim well

= probability of successful confirmation (site data)
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Confirmatian Phase Cost (GESDPP)

) . The cost of unsuccessful wells durmg the conﬁrmat:on penod is:

SCCDHCONF ((GOOD INJS + DRY. COUNT) * WC. GENL) + C PERMI TS (_6E-‘-37)

v Where
GOOD.INJS L | ’ = number of faﬂed conﬁrmatlon wells that can become
‘ - ' injection wells '
= 15
: DRY COUNT = number of failed confirmation wells unsultable for i aneCtIOD
B ' wells |
‘WC.GENL | = ‘WCPW+ ESTUN . (6E-38)
 where;
WCPW = (ste Drilling Cost above)
TEST. vl : I=- . cost of loggmg and 3 day flow test
CPERMITS = cost of obtalmng dnllmg perm1ts $ 179 ,200

The cost of successful productlon wells durmg the conﬁrmatlon penod is:

CONF PROD = GOOD PRODS * WC CONF g o (6Ee39)
where.: o | ’ | |
- GOOD.PRODS .‘=, nunlber of successful conﬁrmetion pfoductloll Wells =4
| WC.lCONF 3 = .ceet per sueccssful confirmation well | o
: L = WCPW + TEST UCONF o (6E-40)
Wherc: | ' |
| ,‘ WCPW = (see Well Cos‘ts;abo»ve) |
TEST.U. CbNF = cost of logging; 3 kd‘ay flow test and 21 day flow fest , .

3
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"Construct’ion Phase Cost (GESDPP)

- The cost of i injection we]ls and successful and unsucccssful productlon wells during the constructlon

phase is:- | | ’
| | COST INJ WELLS - WC. GENL * (WIJN GOOD.INJS) o (6E-41)
COST PRO WELLS (WNUM + WPSPR GOOD PRODS) ¥ L (6E-42)
, WC PROD *(1 +WRED) ' o S e
| COST DRY WELLS WC GENL * WPDRY o k6E-43)
3 ,where:x ' | | B
WC.GENL = (see Conﬁlmation Cost abovc)b
WIIN CeE ;to‘tal nu_mbéf pf injectibﬁ w,ellsﬁscdc'd» .
GOQD.INJS = | pﬁmbef of injection Wcﬂs from conﬁrmation phase = 15
WN UM o = number of production _w‘ells
WPSPR o N = ‘numb;cr of spafe p‘rod’uc'ti()n, wclls o
GOOD._PRODS e npfnber of good prodlicers' from cdﬁﬁrmation phass =4
- WC.PROD = WCPW (sce above) + cost of loggmg and 10- day ﬂow tests | l"'
) -’ WRED = AR rcdrﬂhng mc1dcncc fraction (from site data) |
WPDRY . number of constructlon phasev dry holes :
Well Pump Cost (GESDPP) A

- . The cost of downhole well pumps is:

DPTL = DPC * PNUM - " (6E-44)

" where:
‘DPC = deep pump cost, $ mllhon
PNUM = number of pumps (mcludmg spares)
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Gathering System Cost (GESDPP) K
~ The cost of the surfacc gathering Systemfor the préduétion wells assumes a rectanguiar field, pipe
- cost of $50 per foot, and a $20,000 control valve for each well. The cost is: ‘ -
CPRODGATH ($ million) = 1.120 * (50 * NFEET +20,000* . (6E-45)
RETE - WPRODSUM) /1,000,000 -~ L | i

~ where: o EERE

T

NFEET - | lengfh of pibe per product’i'(')’n well ft.

WPRODS UM = | total number 6f production wells’ (iﬁéluding Spa@rés)

~ The .c)ost of the surfécg gaiheriﬂg systém-foi the .injeéﬁon&ve;lls a$sumes iocatibn of thé ‘iﬁject’i‘on
~wells in groups of 4, with total length of piping for each group equal to 6 times the distance between
wells (site data), and a $20,000 control valve for each well. The Ccost is: - - '
" CINJGATH ($ million) = 1.120 * COSTPER4 * WIIN /4 +0.020 * WIIN.  (6E-46)
. whére: | e | | | \ .

‘ | COSTPER4 , - =  | surfacg'pipe cost per gr;)up of 4 injéction wellé, $ million =
| WIIN | S | = . totai numﬁéfldf ihjeéﬁ‘on Wclls needed |
Fleld O&M Cost (GESDPP) o ’ e

Ope'ration‘énd Méinfeﬁancc cbsté $ 'millioﬁ/ﬁ) assoéiated wﬂh produqtiOn wells and injection wells

are:

WELL.O&M = 0.506 + WNUM * V.PROD.REWORK + WIJN * - (6E-47)
V.INJ.REWORK o B
 where: : T o R L o

WNUM = . total nur;n'ber of productidn wells

V.PROD.REWORK ’ | unit-annual cost for producﬁon well fework

WIJN : = total number of injection wells

V.INJREWORK , unit annual cost of injection wells
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Opefation and' majntenAnce costs 163 _million/yr) for p‘r’oduction' well ﬁumps are;

| PUMP.O&M=00224*WNUM (6E48)
where: ‘ , - | v | |
f WNUM | = total ﬁqmﬁefdf productibn wellys‘
Operatio‘tx and majntenancé c'os£s ($ millioij/yr) fof k‘ttlle Surface ga‘thei‘fh}; system are:
- | | GATHER.O&MQ 001*BBB*SPTL o (6E-4§)‘ B
‘Wh,erei : R L T
| BBB | = zzBi-'zzBf+.2v ‘ . | S .(6E-50)-‘
v;'herc: | | o | | |
- 7ZB = 0ifTDS<10 °
- = 1if7DS>10
= 2ifTDS > 100
wheré: | |

v TDS ' = . total dissolve soli_dé (parts per thousand) (site data) -
Injection Well Replacerhent Cost (GESDPP) o
The proper location of injection yvclié is difﬁcult; The objeétive‘ is to locate them _zso’ that the injectecllil
cooled brine replenishes reservoir volume and pressure without cooling the brine coming up the
- production wells. It is not uncommon for initial injection wells to have to be relocated due to this

"thermal breakthrough" of the cooled injectate into the production stream. The cost of relocating
~poorly located injection wells is: =~ : - , .

COOLED.CAP.COST = (WIJN * WC.GENL + (6E-51)

CINJGATH)(_PERCENT.INJ.FAILED/ 1‘00) '
where:

PERCENTINJFAILED - = percentof injecto;fs to fail (site data)
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