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1 Introduction

The Regional Energy Deployment System (ReEDS) model is a multiregional, multitime-period,
Geographic Information System (GIS), and linear programming model of capacity expansion
in the electric sector of the United States. The model, developed by NREL'’s Strategic Energy
Analysis Center (SEAC), is designed to conduct analysis of the critical energy issues in today’s
electric sector with detailed treatment of the full potential of conventional and renewable elec-
tricity generating technologies as well as electricity storage. The principal issues addressed
include access to and cost of transmission, access to and quality of renewable resources, the
variability of wind and solar power, and the influence of variability on the reliability of the
grid. ReEDS addresses these issues through a highly discretized regional structure, explicit
accounting for the variability in wind and solar output over time, and consideration of ancillary
services requirements and costs.

1.1 Qualitative Model Description

ReEDS minimizes systemwide costs of meeting electric loads, reserve requirements, and emis-
sion constraints by building and operating new generators and transmission in 23 two-year
periods from 2006 to 2050. The primary outputs of ReEDS are the amount of capacity and
generation of each type of prime mover—coal, natural gas, nuclear, wind, etc.—in each year of
each 2-year period. Figure 1 shows an example of ReEDS capacity estimates for the United
States for different generation technologies over the 44 year evaluation period.
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Figure 1: Base Case Capacity Buildout in ReEDS

Time in ReEDS is also subdivided within each two-year time period; each year is divided
into four seasons, and each season into four diurnal time-slices. There is also one superpeak
time-slice. These 16 annual time-slices (spring has only three time-slices) allow ReEDS to
capture the intricacies of meeting electric loads that vary throughout the day and year both
with conventional and renewable generators.



While ReEDS includes all major generator types, it has been designed primarily to address
the market issues of greatest significance to carbon-constrained scenarios—Renewable Portfolio
Standards (RPS), carbon taxes, and carbon caps. As a result, renewable and carbon-free energy
technologies are a focus.

Diffuse resources, such as wind and solar power, come with concerns that conventional dis-
patchable power plants do not have, particularly regarding transmission and variability. The
ReEDS model examines these issues primarily by using a much higher level of geographic dis-
aggregation than other models: 356 different regions in the continental United States. These
356 resource supply regions are then grouped into four levels of larger regional groupings—
balancing authorities, Regional Transmission Operators (RTO), North American Electric Relia-
bility Council (NERC) regions, and national interconnect regions. States are also represented
for the inclusion of state policies.

Much of the data inputs to ReEDS are tied to these regions and derived from a detailed GIS
model/database of the wind and solar resource, transmission grid, and existing plant data.
The geographic disaggregation of renewable resources allows ReEDS to calculate transmission
distances, as well as the benefits of dispersed wind farms or CSP plants supplying power to a
demand region. Both the wind and solar supply curves are broken up into 5 resource classes,
based on the quality of the resource—strength and dependability of wind or solar insolation—
that are further described in the appropriate sections of this document.

Regarding resource variability and grid reliability, ReEDS also allows electric storage to be
built and used for load shifting, resource firming, and ancillary services. Four varieties of
storage are supported: pumped hydropower, batteries, compressed air energy storage, and ice
storage for air conditioning.

Along with wind and solar power, ReEDS has supply curves for biomass and geothermal
resource and allows biopower and geothermal plants to be built in each balancing authority.
The geothermal supply curve is in MW of recoverable capacity while the biomass supply curve
is in MMBtu of annual feedstock production.

Other carbon-reducing options are considered as well. Nuclear power is an option, as is
carbon capture and sequestration (CCS) on some coal and natural gas plants. For now, CCS
is treated simply, with only an additional capital cost for the extra equipment and an efficiency
penalty to account for the parasitic loads of the separation process. In the future, it is intended
that ReEDS will have geographically varying costs for CCS as well as piping and sequestering
constraints on the CO,.

The major conventional electricity generating technologies considered in ReEDS include:
hydropower; both simple- and combined-cycle natural gas; several varieties of coal; oil/gas
steam; and nuclear. These technologies are characterized in ReEDS by their:

e equipment lifetime (years)

e capital cost ($/MW)

¢ fixed and variable operating costs ($/MWh)

o fuel costs ($/MMbtu)

e heat rate (MMbtu/MWh)

e escalation in operating costs and heat rates with plant aging (%/year)
e construction period (years)

¢ financing costs (nominal interest rate, loan period, debt fraction, debt-service-coverage
ratio)

e tax credits (investment or production)

¢ minimum turndown ratio (%)



e quick-start capability and cost (%, $/MW)
e operating reserve capability
¢ planned and unplanned outage rates (%).

Renewable and storage technologies are governed by similar parameters, accounting for funda-
mental differences, of course. For instance, heat rate is replaced with round-trip-efficiency for
storage technologies, and the dispatchability parameters—fuel cost, heat rate, turndown ratio,
quickstart, and operating reserve capability—are not used for non-dispatchable wind and solar.

The model includes consideration of distinguishing characteristics of each conventional
generating technology. For example, there are several types of coal-fired power plants within
ReEDS, including gasification, biomass cofiring, and CCS options. Any of these plants can
burn either high-sulfur or, for a cost premium, low-sulfur coal. Generation by coal plants is
restricted to be base- and intermediate load with cost penalties (representing ramping/spinning
costs) if power production during peak load periods exceeds production in shoulder-peak hours.
New coal plants are assumed to be able to provide more spinning reserve capability than older
units. Combined-cycle natural-gas plants are considered to be able to provide some operat-
ing/spinning reserve and quick-start capability, while simple-cycle gas plants can be cheaply
and easily used for reserves and quick-starts. Nuclear power is considered to be base load.
Currently, hydroelectricity is not allowed to increase in capacity, due to resource and environ-
mental limitations. Hydropower is also energy-constrained, due to water resource limitations,
but is assumed to be able to provide both quick-start capability and operating/spinning reserve.

Retirements of conventional generation can be modeled either through exogenous specifi-
cation of planned retirements (currently used for nuclear, hydro, and oil/gas steam plants),
economic retirements, or as a fraction of remaining capacity each period. All retiring wind
turbines are assumed to be refurbished or replaced immediately—because the site is already
developed with transmission access and other wind farm infrastructure. Grid-sited storage
retires automatically when its assumed lifetime has elapsed but is not automatically replaced.

ReEDS tracks emissions from both generators and storage technologies of carbon, sulfur
dioxide, nitrogen oxides, and mercury. Caps can be imposed at the national level on any of
these emissions (and constraints could be applied to impose caps at state or regional levels
as well). There is also the option of applying a carbon tax instead of a cap; the tax level and
ramp-in pattern can be exogenously defined.

ReEDS is a national electric capacity expansion model, not a general equilibrium model. To
define each time period of the optimization, the model requires that the scenario be exogenously
specified in terms of fuel costs and electric loads for each NERC region over the 44-year time
horizon of ReEDS. To allow for the evaluation of scenarios that might depart significantly from
the scenario used to develop the input fuel prices and electricity demands, there are price
elasticities of demand and demand elasticities of fuel prices integrated into the model. For
demand, the exogenously defined demand escalation is adjusted up or down based on the price
of electricity; while for coal and natural gas, the price is adjusted based on how the calculated
fuel usage compares to the usage assumed in the inputs.

1.2 Linear Program Formulation

This section qualitatively describes the basic LP formulation of ReEDS, followed by additional
qualitative detail on transmission and variability. Section 3 (simplified) and Appendix A (de-
tailed) contain the actual equations/constraints used in the linear program.

The objective function in the ReEDS linear program is a minimization of all the costs of the
U.S. electric sector including:

e the present value of the cost for both generation and transmission capacity installed in
each period






Figure 6: Solar Resource in ReEDS

capacity (a scenario of CSP installations outside the United States reaching 120 GW by 2040 is
input), there is an 8% reduction in costs.

2.4.3 Photovoltaics

A national projection of distributed photovoltaic (PV) capacity expansion by NERC region is
exogenously input into ReEDS. Currently, there are two types of projections, one for the base
case and another for high renewable penetration (such as national RPS or carbon cap/tax)
cases. The national distributed PV projection for high renewable penetration cases was obtained
from the "Cap Only" case of the Climate 2030 Blueprint from the Union of Concerned Scientists.

Though the distributed PV installed capacity projection is exogenously input by NERC re-
gion, ReEDS determines the spatial distribution of PV installations within the NERC regions. In
other words, distributed PV competes at the PCA level based on the availability and quality of
the solar resource, local incentives, and the mix of generators serving the PCA. Table 14 shows
the cost of distributed PV currently input in ReEDS.

Annual capacity factors of distributed PV for each PcA were based on the regional availability
of the solar resource. These capacity factors were then corrected for each ReEDS timeslice,
using the seasonal-diurnal power output profiles from a random selection of sites around the
country oriented toward the south at a 25 degree tilt from the horizontal. (The data used in the
calculation was from NREL.)

Currently ReEDS cannot build central photovoltaic plants. However, this capability will be
put into the model in the near future.
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Table 13: CSP Cost and Performance Projections

Resource Install Capacity Capital Cost Fixed O&M Variable O&M

Class Year Factor ($/kW) ($/kW-yr) ($/MWh)
1 2005 0.4088 5850 55.72 0.1
1 2010 0.4088 5572 51.07 0.1
1 2020 0.4088 4179 44.57 0.1
1 2030 0.4088 4179 44.57 0.1
1 2040 0.4088 4179 44.57 0.1
1 2050 0.4088 4179 44.57 0.1
2 2005 0.4132 5850 55.72 0.1
2 2010 0.4132 5572 51.07 0.1
2 2020 0.4132 4179 44 .57 0.1
2 2030 0.4132 4179 44 .57 0.1
2 2040 0.4132 4179 44 .57 0.1
2 2050 0.4132 4179 44.57 0.1
3 2005 0.4274 5850 55.72 0.1
3 2010 0.4274 5572 51.07 0.1
3 2020 0.4274 4179 44.57 0.1
3 2030 0.4274 4179 44.57 0.1
3 2040 0.4274 4179 44.57 0.1
3 2050 0.4274 4179 44.57 0.1
4 2005 0.4415 5850 55.72 0.1
4 2010 0.4415 5572 51.07 0.1
4 2020 0.4415 4179 44.57 0.1
4 2030 0.4415 4179 44 .57 0.1
4 2040 0.4415 4179 44 .57 0.1
4 2050 0.4415 4179 44 .57 0.1
5 2005 0.4570 5850 55.72 0.1
5 2010 0.4570 5572 51.07 0.1
5 2020 0.4570 4179 44 .57 0.1
5 2030 0.4570 4179 44 .57 0.1
5 2040 0.4570 4179 44.57 0.1
5 2050 0.4570 4179 44.57 0.1

Table 14: Distributed PV Cost and Performance Projections

Install Capital Cost Fixed O&M Variable O&M Heat Rate

Year ($/kW) ($/KW-yr) ($/MWh) MMbtu/MWh
2005 5000 70.00 0.0 10
2010 3480 22.00 0.0 10
2020 2100 7.50 0.0 10
2030 1512 5.40 0.0 10
2040 1474 5.27 0.0 10
2050 1436 5.13 0.0 10
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2.5 Conventional Generation
2.5.1 Generator Types

Available generator types that may be built are based on the most likely types as determined by
the DOE Energy Information Administration (EIA 2009a). The generator types, with shorthand
notation, are as follows:

e Conventional hydropower, hydraulic turbine — Hydro

e Natural gas combustion turbine — Gas-CT

¢ Combined cycle gas turbine — Gas-CC

¢ Combined cycle gas turbine with carbon capture and sequestration (CCS) — Gas-CCS
e Conventional pulverized coal steam plant (no SOy scrubber) — CoalOldUns

e Conventional pulverized coal steam plant (with SO, scrubber) — CoalOldScr

e Conventional pulverized coal steam plant (with SOy scrubber and biomass cofiring) —
CofireOld

e Advanced supercritical coal steam plant (with SO, and NO, controls) — CoalNew
e Advanced supercritical coal steam plant (with biomass cofiring) — CofireNew

¢ Integrated gasification combined cycle (IGCC) coal — Coal-IGCC

e IGCC with carbon capture and sequestration (CCS) — Coal-CCS

e Oil/gas steam turbine — OGS

e Nuclear plant — Nuclear

e Municipal solid waste/landfill gas plant — MSW

e Biomass gasification plant — Biomass

e Geothermal plant — Geothermal

Several adjustments are applied to the capital cost, including financing, interest during
construction, learning, and rapid growth. In the Base Case, financing is not treated explicitly?.
It is assumed to be captured by the real discount rate of 8.5%, which is a weighted cost of capital.
As the capital costs of conventional technologies are acquired from Black & Veatch and have,
already been adjusted for learning, no additional learning is assumed for these technologies in
the Base Case.

Interest during construction can increase the effective capital cost for each technology. Table
15 indicates the construction time and schedule for each conventional technology. Lifetimes
for conventional generating facilities are used for retirement calculations, not as a financial
evaluation period (the evaluation period is 20 years for all technologies).

ReEDS considers the outage rate when determining the net capacity available for generation
described among the calculations in Section 3.4.4, and in determining the capacity value of each
technology. Planned outages are assumed to occur in all seasons except the summer. Table 16
provides the outage rate for each conventional technology (NERC 2008).

Emission rates are estimated for SO5, NO,, Mercury (Hg), and CO,. Table 16 provides the
input emission rates (lbs/MMBtu of input fuel) for plants that use combustible fuel. Output
emission rates (Ib/MWh) may be calculated by multiplying input emission rate by heat rate.

Sources and Notes on Emissions:

2A full range of financing options are built into the model as detailed in Appendix F.
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Table 15: Construction Parameters for Conventional Generation

Plant New builds Construction Construction Schedule Lifetime
Type in ReEDS?  Time (years) (Fraction of cost in each year) (years)
Hydro No NA - - - - - - 100
Gas-CT Yes 3 0.8 0.1 0.1 - - - 30
Gas-CC Yes 3 05 04 0.1 - - - 30
Gas-CCS Yes 3 0.5 04 0.1 - - - 30
CoalOldUns No NA - - - - - - 60
CoalOldScr No NA - - - - - - 60
CofireOld No NA - - - - - - 60
CoalNew Yes 4 04 03 0.2 0.1 - - 60
CofireNew Yes 4 04 03 02 0.1 - - 60
Coal-IGCC Yes 4 04 03 02 0.1 - - 60
Coal-CCS Yes 4 04 03 02 0.1 - - 60
OGS No NA - - - - - - 50
Nuclear Yes 6 0.1 02 0.2 02 02 0.1 30
MSW No NA - - - - - - 30
Biomass Yes 4 04 03 02 0.1 - - 45
Geothermal Yes 4 04 03 0.2 0.1 - - 20

Table 16: Performance Parameters for Conventional Generation

Plant Forced Planned Emissions Rates
Type Outage  Outage (Ibs/MMBtu fuel input)
Rate (%) Rate (%) SO, NO, Hg COq
Hydro 4.44 9.40 0 0 0 0
Gas-CT 8.14 4.23 6e-4 0.08 0 121.83
Gas-CC 6.73 6.53 6e-4 0.02 0 121.83
Gas-CCS 6.73 6.53 6e-4 0.02 0 12.18
CoalOldUns 6.56 8.09 1.57 .448 4.6e-6 204.12
CoalOldScr 6.56 8.09 236 .448 4.6e-6 204.12
CofireOld 6.56 8.09 .236 .448 4.6e-6 204.12
CoalNew 6.56 8.09 .157 .02 4.6e-6 204.12
CofireNew 6.56 8.09 .157 .02 4.6e-6 204.12
Coal-IGCC 6.56 8.09 .0184 .02 4.6e-6 204.12
Coal-CCS 6.56 8.09 .0184 .02 4.6e-6 20.41
OGS 10.36 11.57 0.026 0.1 0 121.83
Nuclear 3.88 8.05 0 0 0 0
MSW 5.0 5.0 0 0 0 (0]
Biomass 5.0 5.0 .08 0 0 0
Geothermal 0.65 2.36 0 0 0 0
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SO,: SO, emissions result from the oxidization of sulfur contained in the fuel. Natural gas
emissions rates are from an EPA air pollution study (1996); SO, input emissions rate for
coal is based on the sulfur content of the fuel, and the use of post-combustion controls.
The “base” emissions rate for existing and new conventional coal plants is based on a
national average sulfur content of 0.9 lbs/MMBtu (1.8 1b SO, /MMBtu). ReEDS assumes
the national average for “low sulfur” coal is 0.5 Ibs SO, /MMBtu from values based on na-
tional averages from AEO Assumptions (EIA 2006 - Table 73). Scrubber removal efficiency
is assumed to be 90% for retrofits, 95% for new plants. (EPA 2006)

NO,: NO, emissions result from the oxidization of Nitrogen in the air. It is not a result of the type
of fuel burned, but the combustion characteristics of the generator. NO, emissions can
be reduced through a large variety of combustion controls, or post combustion controls.
NO, emissions are not restricted in the ReEDS Base Case (see Section 2.8.1 on federal
emissions standards). The emissions rates in Table 16 are national averages. (EPA 2005b)

Hg: Mercury is a trace constituent of coal. Mercury emissions are unrestricted in the ReEDS
Base Case (see section on federal emissions standards). Emissions rates in Table 16 are
averages and do not consider control technologies. (EPA 2005b)

CO,: CO, emissions result from the oxidization of carbon in the fuel, and the emissions rate is
based solely on fuel type, and therefore constant (per fuel input) for all plants burning the
same fuel type. Natural gas emissions rates are from an EPA air pollution study (1996);
CO; content for coal is based on the national average from AEO Assumptions (EIA 2006
- Table 73). Biofuels are assumed to be carbon neutral. Landfill gas is assumed to have
zero carbon emissions, since the gas would be flared otherwise. CSP plants burn a small
amount of natural gas, resulting in COy emissions. CO; emissions are not constrained
in the ReEDS Base Case.

2.5.2 Cost and Basic Performance

Values for capital cost, heat rate (efficiency), fixed O&M, and variable O&M for conventional
technologies that can be added to the electric system are provided in Tables 17 and 18. Cost
and performance values for natural gas, nuclear, and coal technologies are based on recent
project costs according to Black & Veatch experience. Pulverized coal plants continue to op-
erate in ReEDS, and SO, scrubbers can be added to unscrubbed coal plants for $200/kW.
Oil/gas steam, and unscrubbed coal plants can not be added to the electric system, but those
currently in operation are maintained until retired. ReEDS sites conventional generation tech-
nology in the balancing area that is closest to the load being served and does not require new
transmission. California law prohibits building new coal plants or purchasing power from out-
of-state coal plants. ReEDS approximates that by outlawing new coal plants in the state and by
restricting coal generation in other western states to only what they themselves can consume.

Roughly accounting for construction times, capital costs for 2005, 2010, and 2015 are based
on proposed engineering, procurement, and construction (EPC) estimates for plants that will be
commissioned in 2010, 2015, and 2020. A wet scrubber is included in the EPC costs for new
pulverized coal plants. Owners’ costs of 20% for coal, nuclear, and combined-cycle gas plants
and 10% for simple-cycle gas plants provide an “all-in” cost. These owners’ costs are based on
national averages and include transmission and interconnection, land, permitting, and other
costs. As with wind systems, 20% is added to the capital cost of coal and nuclear builds in New
England, representing siting difficulties.

2.5.3 Fuel Prices

Base fuel prices for natural gas and coal are derived from projections from the AEO 2009 report
(EIA 2009 - Energy Prices by Sector and Source). These tables provide the prices in each census
region, which are then assigned to a NERC subregion used in ReEDS. Prices in the AEO are

30



Table 17: Cost and Performance Characteristics for Conventional Generation I

Plant Install Capital Cost Fixed O&M Variable O&M Heat Rate
Type Year ($/kW)  ($/MW-yr) ($/MWh) MMbtu/MWh
Hydro 2005 1320 12720 3.20 10.34
Hydro 2010 1320 12720 3.20 10.34
Hydro 2020 1320 12720 3.20 10.34
Hydro 2030 1320 12720 3.20 10.34
Hydro 2040 1320 12720 3.20 10.34
Hydro 2050 1320 12720 3.20 10.34
Gas-CT 2005 595 7329 11.42 11.56
Gas-CT 2010 595 7329 11.42 11.56
Gas-CT 2020 714 6282 2.67 8.9
Gas-CT 2030 714 6282 2.67 8.9
Gas-CT 2040 714 6282 2.67 8.9
Gas-CT 2050 714 6282 2.67 8.9
Gas-CC 2005 742 13706 2.86 6.87
Gas-CC 2010 742 13706 2.86 6.87
Gas-CC 2020 742 13706 2.86 6.87
Gas-CC 2030 742 13706 2.86 6.87
Gas-CC 2040 742 13706 2.86 6.87
Gas-CC 2050 742 13706 2.86 6.87
Gas-CCS 2005 1371 0] 8.09 7.79
Gas-CCS 2010 1334 0] 8.09 7.79
Gas-CCS 2020 1238 0] 8.09 7.79
Gas-CCS 2030 1122 0] 8.09 7.79
Gas-CCS 2040 1122 0 8.09 7.79
Gas-CCS 2050 1122 0] 8.09 7.79
CoalOldUns 2005 1000 27156 4.35 10.00
CoalOldUns 2010 1000 27156 4.81 10.00
CoalOldUns 2020 1000 27156 5.86 10.00
CoalOldUns 2030 1000 27156 7.14 10.00
CoalOldUns 2040 1000 27156 8.71 10.00
CoalOldUns 2050 1000 27156 10.62 10.00
CoalOldScr 2005 1204 23410 3.75 10.00
CoalOldScr 2010 1204 23410 4.14 10.00
CoalOldScr 2020 1204 23410 5.05 10.00
CoalOldScr 2030 1204 23410 6.16 10.00
CoalOldScr 2040 1204 23410 7.51 10.00
CoalOldScr 2050 1204 23410 9.15 10.00
CofireOld 2005 1234 24460 3.75 10.00
CofireOld 2010 1234 24460 4.14 10.00
CofireOld 2020 1234 24460 5.05 10.00
CofireOld 2030 1234 24460 6.16 10.00
CofireOld 2040 1234 24460 7.51 10.00
CofireOld 2050 1234 24460 9.15 10.00
CoalNew 2005 2018 33599 1.62 9.47
CoalNew 2010 2075 33599 1.62 9.20
CoalNew 2020 2132 33599 1.62 9.00
CoalNew 2030 2132 33599 1.62 9.00
CoalNew 2040 2132 33599 1.62 9.00
CoalNew 2050 2132 33599 1.62 9.00
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Table 18: Cost and Performance Characteristics for Conventional Generation II

Plant Install Capital Cost Fixed O&M Variable O&M Heat Rate
Type Year ($/kW) ($/MW-yr) ($/MWh) MMbtu/MWh
CofireNew 2005 2048 34649 1.62 9.47
CofireNew 2010 2105 34649 1.62 9.20
CofireNew 2020 2162 34649 1.62 9.00
CofireNew 2030 2162 34649 1.62 9.00
CofireNew 2040 2162 34649 1.62 9.00
CofireNew 2050 2162 34649 1.62 9.00
Coal-IGCC 2005 2617 36264 3.71 9.00
Coal-IGCC 2010 2703 36264 3.71 9.00
Coal-IGCC 2020 2703 36264 3.71 8.90
Coal-IGCC 2030 2703 36264 3.71 8.58
Coal-IGCC 2040 2703 36264 3.71 8.58
Coal-IGCC 2050 2703 36264 3.71 8.58
Coal-CCS 2005 3475 30000 8.09 9.70
Coal-CCS 2010 3412 30000 8.09 9.70
Coal-CCS 2020 3245 30000 8.09 9.59
Coal-CCS 2030 3043 30000 8.09 9.25
Coal-CCS 2040 3043 30000 8.09 9.25
Coal-CCS 2050 3043 30000 8.09 9.25
OGS 2005 396 25256 3.49 9.23
OGS 2010 390 25256 3.85 9.46
OGS 2020 370 25256 4.70 9.94
OGS 2030 351 25256 5.73 10.45
OGS 2040 351 25256 6.98 10.99
OGS 2050 351 25256 8.51 11.55
Nuclear 2005 3103 85663 0.48 10.40
Nuclear 2010 3016 85663 0.48 10.40
Nuclear 2020 2874 85663 0.48 10.40
Nuclear 2030 2801 85663 0.48 10.40
Nuclear 2040 2801 85663 0.48 10.40
Nuclear 2050 2801 85663 0.48 10.40
Geothermal 2005 3093 237950 0.00 32.32
Geothermal 2010 3093 237950 0.00 32.32
Geothermal 2020 3093 237950 0.00 32.32
Geothermal 2030 3093 237950 0.00 32.32
Geothermal 2040 3093 237950 0.00 32.32
Geothermal 2050 3093 237950 0.00 32.32
Biopower 2005 2617 66626 9.52 14.50
Biopower 2010 2617 66626 9.52 14.50
Biopower 2020 2617 66626 9.52 14.50
Biopower 2030 2617 66626 9.52 14.50
Biopower 2040 2617 66626 9.52 14.50
Biopower 2050 2617 66626 9.52 14.50
Landfill Gas 2005 3475 66626 9.52 15.63
Landfill Gas 2010 3326 66626 9.52 15.63
Landfill Gas 2020 3160 66626 9.52 15.63
Landfill Gas 2030 2957 66626 9.52 15.63
Landfill Gas 2040 2957 66626 9.52 15.63
Landfill Gas 2050 2957 66626 9.52 15.63

Notes: New nuclear plants may not be constructed before 2016. O&M costs do not include fuel. Heat rate is net heat
rate (including internal plant loads). (O’Connell and Pletka 2007)
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Figure 7: Base Fuel Price Trajectories

projected to 2030. Beyond 2030, ReEDS increases fuel prices at the same national annual
average rate as projected by the AEO between 2020 and 2030. In the Base Case, ReEDS uses
the AEO’s standard fuel price projection for coal and the high fuel price projection for natural
gas.

Figure 7 illustrates the projected fossil fuel prices in constant 2004%$. Values to the right of
the vertical line in Figure 7 (at 2030) are extrapolations of EIA fuel price projections. The bands
around the national averages are the range of average fuel prices for the NERC regions.

As mentioned, these are the baseline fuel price trajectories. ReEDS readjusts these forecasts
annually based on demand, via short-term and long-term price elasticities. The elasticity
calculations are explained in detail in Appendix C.

The price forecast for uranium is uniform across the country and is, like gas and coal,
extracted from AEO 2008. Price elasticities are not applied to uranium.

2.6 Storage Technologies

There are four storage technologies currently implemented in ReEDS: pumped hydro storage
(PHS), compressed air energy storage (CAES), batteries, and thermal (ice) storage. The battery
chemistry assumed in the model—chosen on the basis of the current robustness of the tech-
nology and well-established and competitive costs—is sodium-sulfur. The cost/performance
parameters for the storage technologies are in Table 19, below. Costs for each technology are
for systems with eight hours of storage.

CAES is not a pure storage technology; for the storage portion, off-peak electricity is used
to charge the reservoir, in this case by pumping high-pressure air into an underground cavern
(e.g., a salt dome). Upon discharging, however, the compressed air is mixed with natural gas
and combusted before expanding it through a turbine to generate power. In effect, CAES is a
hybrid technology that uses electrical-to-physical storage to power a highly efficient combustion
turbine; the heat rate of a CAES plant is roughly half that of a traditional natural gas plant.
Because there are two inputs (electricity and natural gas), it is difficult to create a single
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Table 19: Cost and Performance Characteristics for Storage Technologies

Plant Install Capital Cost Fixed O&M Variable O&M Round Trip Heat Rate
Type Year ($/kKW) ($/MW-yr) ($/MWh) Efficiency  MMbtu/MWh
PHS 2005 1500 12720 5.0 0.72 -
PHS 2010 1500 12720 5.0 0.72 -
PHS 2020 1500 12720 5.0 0.72 -
PHS 2030 1500 12720 5.0 0.72 -
PHS 2040 1500 12720 5.0 0.72 -
PHS 2050 1500 12720 5.0 0.72 -
Battery 2005 1964 51000 5.0 0.77 -
Battery 2010 1964 51000 5.0 0.77 -
Battery 2020 1810 47002 5.0 0.78 -
Battery 2030 1668 43317 5.0 0.80 -
Battery 2040 1537 39921 5.0 0.81 -
Battery 2050 1417 36791 5.0 0.82 -
CAES 2005 840 10310 3.1 1.38 4.40
CAES 2010 840 10310 3.1 1.38 4.40
CAES 2020 820 10105 3.1 1.39 4.30
CAES 2030 820 10105 3.1 1.40 4.30
CAES 2040 820 10105 3.1 1.40 4.30
CAES 2050 820 10105 3.1 1.40 4.30
ice-storage 2005 14.22 2741 0.0 1.00 -
ice-storage 2010 14.22 2741 0.0 1.00 -
ice-storage 2020 14.22 2741 0.0 1.00 -
ice-storage 2030 14.22 2741 0.0 1.00 -
ice-storage 2040 14.22 2741 0.0 1.00 -
ice-storage 2050 14.22 2741 0.0 1.00 -

Source for Batteries: (EPRI-DOE 2003), CAES: (Holst 2005), Thermal Storage: (from FEMP 1994)

performance metric, so the table above includes both round-trip efficiency and heat rate. For
every 0.72 MWh of electricity and 4.4 MMbtu of gas, the plant will provide 1 MWh of electricity.

There are 21 GW of utility-scale electric storage in use in the United States as of 2008,
the vast bulk of which is PHS. A single 110 MW CAES plant operates in McIntosh, Alabama.
Figure 8 shows regions in the country with appropriate geological features appropriate for
CAES caverns (e.g., aquifers, domal salt, or bedded salt). In ReEDS, CAES is restricted in
regions without appropriate geology, however, for regions with appropriate geology, the available
capacity for CAES plants is currently not limited. Batteries can be installed anywhere.

The capacity of thermal storage is limited by the available air conditioning and heating loads.
In ReEDS, thermal storage capacities are limited for every NERC region based on the total load of
each NERC region (at every ReEDS timeslice), the fraction of the load associated with residential
and commercial sectors separately, and the fraction of the load used for cooling and heating in
each sector for each NERC region (at every ReEDS timeslice). The fraction of the load associated
with residential and commercial sectors are derived from EIA 2009 data. The fraction of the load
used for cooling and heating in each sector (by NERC region and timeslice) is forecasted by use of
the NEMS model by LBL. Since thermal storage will likely not be installed for every building and
home, ReEDS further reduces the allowed capacity for thermal storage by a multiplicative factor
that exponentially grows from 2010 to 2050. This increasing multiplicative factor represents
an estimated maximum adoption rate. Cost estimates for ice storage are derived from FEMP
1994.
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Figure 8: Areas with geology favorable to CAES, overlaid with class 4+ wind resource

2.7 Transmission

Three types of transmission systems can be used to transport wind power around the country,
existing grid, new lines, and inregion transmission. In the case of transmission, “existing”
means in existence at the start of the model, in 2006.

It is assumed that 10% of the existing grid can be used for new wind capacity, either by
improving the grid or by tapping existing unused capacity (DOE 2008). A GIS optimization
determines the distance at which a particular wind farm will have to be built to connect to the
grid (based on the assumption that the closest wind installation will access the grid first at the
least cost). In this way, a supply curve of costs to access the grid is created for each class of
wind in each region. Additionally, a pancake-type fee for crossing between balancing areas may
be charged within the model. The supply curves described earlier are based on this type of
transmission and the GIS optimization described here. In the near term, one can expect that
most of the wind that is built will use the existing grid, but as higher penetration levels are
reached, the existing grid will be insufficient and new wind installation will require construction
of new transmission lines.

Existing transmission capacity is estimated using a database of existing lines (length and
voltage) from Platts Energy Market Data (2006). This database is translated into a megawatt
capacity as a function of kilovolt (kV) rating and length (Weiss and Spiewak 1998).

Regarding new lines, the model has the ability to build straight-line transmission lines
between the centers of any of the 356 resource regions. The line is built exactly to the size
necessary to transmit the desired megawatts and the cost of building that transmission line is
accounted for in the model. It is also noted that new wind- and csp- dedicated transmission
lines are allowed to cross interconnect boundaries, whereas coventional transmission lines are
not.

Experts on an AWEA panel for the “20% Wind Energy by 2030” report (DOE 2008) indicate
that new transmission line capacity might be constructed for any generation technology for
an average cost of $1,600/MW-mile. Based on input from the AWEA expert panel, regional
transmission cost variations include an additional 40% in New England and New York; 30% in
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PJM East (New Jersey and Delaware); 20% in PJM West (Maryland, West Virginia, Pennsylvania,
Ohio, parts of Illinois, Indiana, and Virginia); and 20% in California.

The base case assumes that 50% of the cost of new transmission is borne by the generation
technology for which the new transmission is being built (wind or conventional); the other half is
borne by the ratepayers within a region (because of the reliability benefits to all users associated
with new transmission). This 50-50 allocation, which is common in the industry, was recently
adopted for the 15-state Midwest Independent Transmission System Operator (Midwest ISO)
region. New wind transmission lines that carry power across the main interconnects are not
cost-shared with other technology. In the base case, this sharing of costs is implied by reducing
the cost of new transmission associated with a particular capacity by 50%. The remaining 50%
of transmission costs are integrated into the final cost value outputs from the model, resulting
in accurate total transmission costs.

In-region transmission: Within any of the 356 resource regions around the country, the
model can build directly from a wind resource location to a load within the same region. A sec-
ond GIS-generated supply curve is used within the model to assign a cost for this transmission.

The model treats a fourth type of transmission, used predominantly by conventional capacity
and called general transmission. This is not frequently deployed because conventional capacity
can generally be built in the region where it is needed, thereby obviating the need for new
transmission.

ReEDS uses a transmission loss rate of 0.168 KW /MW-mile. This value is based on the loss
estimates for a typical transmission circuit (Weiss and Spiewak 1998). The assumed typical
line is a 200-mile, 230-kV line rated at 170 megavolt amperes (MVA; line characteristics derived
from EPRI [1983]).

To emulate large regional planning structures based on that of the Midwest ISO, there is
essentially no wheeling fee between balancing areas used in the base case (although the model
has the capability to model such a fee).

2.8 Federal and State Energy Policy
2.8.1 Federal Emission Standards

The following emissions are tracked in ReEDS: SO,, CO,, NO,, and Hg. All emissions are
point-source emissions from the plant only (not “life-cycle” emissions).

ReEDS has the ability to impose a national cap on CO, emissions from electricity generation,
or a COy emission charge (tax). Neither a carbon cap nor charge is implemented in the Base
Case.

Emissions of SO, are capped at the national level. The base case uses a cap that corresponds
roughly to the 2005 Clean Air Interstate Rule (CAIR; EPA 2005a), replacing the previous limits
established by the 1990 Clean Air Act Amendments. The CAIR rule divides the United States
into two regions. ReEDS uses the EPAs estimate of the effective national cap on SOy resulting
from the CAIR rule. Table 20 provides the SO, cap used in ReEDS. Because CAIR was struck
down in the courts in 2008, we moved the ReEDS SO, limits schedule back four years; we will
update the limits as more information becomes available or as developments occur.

Table 20: National SO, Emission Limit Schedule in ReEDS

2003 2014 2019 2024 2034
SO, Cap MTons) 10.6 6.1 5.0 4.3 3.5

Source: http://www.epa.gov/cair/charts_files/cair_emissions_costs.pdf

NO, emissions are currently unconstrained in ReEDS. The NO, cap based on the CAIR may
be added, but the net effect on the overall competitiveness of coal is expected to be relatively
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