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1. Methodology Overview

Modeling of the energwnd industrial sectors this studywas performed usinthe Regional Investment and
Operations RIQ and EnergyPATHWAYS (BB of which arenumerical models with high temporal, sectoral,
and spatial resolution developed IBvolved Energy Research to study energy system transformétfiis a
bottom-up stock accounting model used to creaigatenergy demandcrosssixty-four demand subsectsrand
twenty-five final energy types. This final energy demand for fuels along withvangng (8760 hour) electricity
demand profiles are used as inputsRdO, a linear programming model that combines capacity expansion and
sequential hourly operationt® find leastcost supplyside pathwaysThis pair of models produces energy, cost,
and emissions data over the 3@ar study period, 202 2050. Interactions between EP and RI®illustrated

in Figurel.

RIO has unique capabilities for this analysis because it modelsedigtdéractions among electricity generation,
fuel production, andarbon capturewith high temporal granularityallowing accurte evalation of coupling
between these sectors in the context of econowmide emissions constraints. Additionally, Ri&xksfuels and
energystorage state of charge over an entire yaaigking it possible to accesfectricity balancingn high
variablegenerationsystems RlQalsosolves for all infrastructure decisions on a fixear timestep to optimize
the energy system transition, not only the endpoditthe period The following two sections provide

summary of theEP and RIO models with a fuikthodological descriptiobeginning on pags8.



Figurel EnergyPATHWAYS and RIO modelingdlwawt using illustrative data (study results are not pictured).
EnergyPATHWAYS is used to create final energy demand and hourly electricity shapes that get passed into the
RIO model. RIO optimizes the decisions to meefinal energy demand subject to uskafined constraints.
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1.1EnergyPATHWAYS (EP)

EnergyPATHWAY'S (ERjbottom-up stockrollover model of all energusing technologies in the economy
employed torepresent how energy is used today and in the futdrés a comprehensive accounting framewbrk
designed specifically to examine largeale energy system transformations. It accounts for the costs and
emissions associated with producing, transformigljvering, and consuming energytire economy.

The model assumes decisiomaking stasis as a baseline. For example, when projecting energy demand for
residential space heating, EP implicitly assumes that consumers will replaceuttieint water heaterwith a

water heater of a similar type. This baseline ddesvever, include efficiency gains and technology
development that are either required bnggulatorycodes and standards or can be reasonably anticipated based
on techneeconomic projectiondDepatures from the baseline are made explicitly in scenarios through the

! EnergyPATHWAYS is a scenario accounting tool that trackdafsexd decisions on the evolution of elnde

energy. Unlike RIO, it does not optimize decisions based on cost or other criteria. The edwalehds itself to
scenario analysis because: ¢bhsumer decisions often do not reflect a cost minimization; (2) demand solutions
between subsectors have fewer interactive effects than on the supply side; (3) the basic strategies of efficiency
and fuelswitching (electrification) have few degrees ofdd®m when studying netero carbon targets (e.g.
FOlA2ya R2FyE0lI BONY RS 2yS Fy20KSNJ A YAIKG
because all actions are required at a high degree).
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application ofmeasuresMeasures can take the form of changes in sales slfre@doption of a specific

technology in a specific ygaor in changes of stodkhe total technology demlyed in a specific year

Approximately 30 economic subsectors are represented by stock rollover, meaning changes in stock as new
stock is added and old stock is retired. Other sectors thatdafficiently granuladata to create a stock
representation @& modeled with aggregate energy demands tlrahd over timeor are exogenously specified

from sources liketh® Yy SNH& Ly T2 NX I (A 2 y0.S!ARWE Bhargy iDdtbok (e.8. iviaEdhes® L | 0
non-stock subsectors still have fuel switching abektrification measures applied at an assumed cost, but with

less specificity in the underlying technology transition.

Inputs to determining final energy demand include:

1. Demand drivers, the characteristics of the energy economy that determine how pecplesume

energy and in what quantity over time. Examples include population, square footage of commercial building
types, and vehicle miles traveled. Demand drivers are the basis for forecasting future demand for energy
services.

2. Service demand Energy isiot consumed for its own sake but to accomplish a service, such as heating
homes, moving vehicles, and manufacturing goods.

3. Technology efficiency how efficiently technologies convert fuel or electricity into energy services. For
example, how fuel effient a vehicle is in converting gallons of gasoline into miles traveled.

4. Technology stock what quantity of each type of technology is present in the population and how that
stock changes over time. For example, how many gasoline, diesel, and elesti@cecan the road in each year.

EP determines sectoral energy demand for every year over the model time horizon by dividing service demand
by technologyefficiency considering the stock compositioBervice demand and technology stocks are tracked
separdely for each zonézones are shown iRigureb) andthe aggregate final energy demand must be met by
supplyside energy production and delivery, modeli|a RIO

Due to the importance of hourlfjuctuationsin electricity demand when planning and operating the electricity
system, a final step is taken in EP to build hourly load shapes bafpofor future yearsasillustrated inFigure

2. Each electricifconsuming suisector in the model has @ormalizedannual load shape with hourly time
steps.Electrical ihal energydemandis multiplied by the load shape to obtain the hourly Icaofeach

subsector. These are aggregated to obtestimates of bullsystem loadBenchmarking is done against
historical system load shapes and correction factors are calculated and applied ta ¢ortgias in the bottora
up estimates.

Figure2 EP estimates system load shapes botigorby multiplying annual energy consumption by hourly
allocation factors representing service demand patterns. Estimates for hourly allocations fmme from a



variety of sources, listed Trable20. A benchmarking process is used to comjpateom-up estimates with
Yiy26yQ KAalz2NAOI &sededadf forrdctr fatctors, lpplied adiBss tttire y@arsh y
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1.2 Regional Investment and Operations Model (RIO)

On the supply side, leasbst investments irlectricityand fuelproductionto meet carbon and other
constraintsare determinedusing a capagjtexpansion model called the Regional Investment and Operations
model (RIO). RIB a linear program thatptimizes investments and operatiogtarting withcurrent energy
system infrastructurelt incorporatedinal energy demanih future years the future technology and fuel

options availabldincluding their efficiency, operating, and cost characterijtiasd clean energy goals (such as
RPS, CES, and carbon intensperational and capacity expansion decisions areptomized acrossll zones

to minimize the present value cost of the energy system while still reaching emissions targets

Multiple timescales are simultaneously relevant in energy system planning and operations, and the emerging
importance of variable generation (wind and solarjuture power systems means that high temporal fidelity in
electricity operations has increased in importance. RIO decision variables and temporal scales are shown in
Figure3.

The most important distinction between RIO and other capacity expansion models is the inclusion of the fuels
system, making it possible to-optimize across the entire suppsjde of the energy system, while enforcing
economywide emissions constraints within each zone. This is importanafoierstandingeritical factors like:
coupling between the fuels and electricity segtallocating scarce biomass resources across the economy
accounting for competition among leweost geologial storage sitesandexploring how the blending of clean
drop-in fuels can help decarbonize existing electricity generators



Figure3 Relevant time scales in RIO along with the decision variables and key results for each. Therkede|
find a solution to each decision variable that minimizes total energy system cost while respectingdsfineer
constraints, such as annual carbon emissions.
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RIO utilizes the 8760 hourly profiles for electricity demand and generation fremgffPATHWAYS and

optimizes operations for a subset of representative dagarfiple days before mappinghem back to the full

year. Operations are performed over sequential hourly timesté&psstering of days using several dozen

FSIF GdzNBa 2N ORIASAxN/ELRGEA OBAK A & dz@rSiRe thathel skmp@d dayseprazent thell G Sy G
full range of conditions encountered in the historical weatkiear. The clustering process is designed to identify

days that represent a diverse set of potentiadt®m conditions, including different fixed generation profiles and

load shapesThe number of sample days impacts the total runtime of the madel trades off with the ability

to represent a range of historical conditioscross thdJ.S.zones 40 sampledays was found to strike the right

balance, giving both good day sampling statistics and reasonable model runtimes



Figure4 Operational framework for the RIO model. Forty sample days map back to 365 days over which fuels and
long duration storage are tracked. The model represents years 22230 with a Syear timestep.
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Tablel provides a full list of RIO features along with the specific configurations used here. Additional detail on
the RIO model is provided Sectionb.

Tablel List of important RIO features and parameters

Optimal generator All generator types listed iBection3.3.
selection

Optimal energy storage | Optimal selection of energy & capacity, priced separately.
selection

Long duration storage Enabled with tracking of longduration state of charge across 365 days.
Optimal transmission Enabled for all existing paths.
selection

Optimal fuel technologies ' Flexible framework allowing for selection and operations of any fuel conversi
and supply infrastructure. Fuel conversidghat consume electricity allowed to
co-optimize operations with electricity generation.

Fuels storage Optimal build and state@f-charge tracking over 365 days for hydrogen.

Dual fuel generators All existing and new gas generators capable of burninglahg mix of up to
60% hydrogen.

Flexible load Traditional load shedding and a detailed framework with cumulative energy
constraints for enelise flexible loads.

Number of zones 16 zones ceoptimized in RIO

Number of resource bins | 15 NREL TRG bins for wind and 6 bins for solar PV per zone.

Year timestep Model run for the years 2020, 2025, 2030, 2035, 2040, 2045, 2050.

Hours modeled per year | 40 sample days



Weather years
Day sample dependency
on year

Perfect foresight
Electricity reliability
Renewable capacity value

Load shapes
Generator retirements

Generator
repower/extension
Annual carbon emissions
constraints

Cumulative cabon
emission constraints
Carbon taxes

RPS/CES

RPS/CES qualification
Annual resource build
constraints

Cumulative resource build
constraints

Fuel prices

Biomass allocation
Carbon sequestration/use
allocation

Weather year 201

Nodependency. Future years sample different calendar days because
electrification and increasing penetrations of renewables will change the day
that are most critical to represent.

RIO has perfect foresight because all model tpmdods are simultaneously
solved.

Determined endogenouslyith hourly tracking of planning reserve margins an
resource derates to account for weatheglated risk.

Determined endogenously as poemputedvalues can have little utility with
increasing electrification and changes in system load shape.

Built bottomrup in EnergyPATHWAYS

Announced retirements are enforced. Otherwise, retirement of generators
before the end 6their physical lifetimes is optimized with the benefit being
savings in O&M.

Solved endogenously. At the end of their physical lifetimes, generators can k
repowered at (typically) lower cost than nesnstruction.

Straightline path toa 46.5% reduction belov2005 levels in 2030 armkroCO2
emissionsn 2050provided in*Other assumptions included in scenario®921)
Rooftop and distributed PWcreases td.11 GW by 280 and 500 GW by 2058ssuming
45%ofthei SOKY A OF £ LJ2 ( Sy (Radftdp SofaNBhatovditaicoTpchrical H
Potential in the United Statagport, and 2) offshore windincreases to at leass0 GWhy
2030, 45GW in 2035and 55 GW in 204®ased on current an@rojectedstate
commitments

Table9. Total U.S. heatrapping emissionare 50% below 2005 levels by 2005
and net zerqwith the land sinkpy 2050 NonCO2gasesand the land sink are
exogenous to the modeling.

None applied

None applied

Existing state policy (2019)

Existing state resource qualifications

Annual maximum builds by resource group defimeth compound growth rates
to represent supphchain constraints

Potential constraints enforced for all renewables with data derived from the

NREL ReEDS model.

Specified exogenously for fossil and witlpgly curves for biomass and carbon
sequestration.

Determined endogenously between electricity and fuels

Determined endogenously between electricity, fuels, and industry



1.3 Cost Methodology

The cost estimates for the decarbonization pathways are derived using a suite of methodologies that cover the
whole energy systenT.able2 provides a lisof the cost calculation methods for each component of the energy
system, along with examples.

These costs are presented two different ways. First shown are gross system cost. This includes capital and
operating costs for anything that produces or delsrenergy along with incremental costs above the baseline

for demandside technologies. Second is net system cost, which focuses on differences between gross system
costs between two pathwayTheW NB T S NB y WvBnhout anycanfon dbksaints servasthe comparison

point for all net cost calculationdlot included in the cost estimates presented here are any macroeconomic
feedbacks, benefits from avoided climate change, benefits from improved air quality, policy & implementation
costs, and employmeénmpacts.

All costs are assessed on a societal basis. This means, for example, that the cost of biomass is summed for each
price tier of the biomass supply curve, as opposed to being calculated based on the marginal price of the final
tier, as might happe in a market for biomass. Using the societal method is appropriate from a public policy
perspective because, in this example, the market profits from biomass growers are not a true cost, but rather a
cost transfer. The same dynamic exists in electriciyk®ts, where a societal cost approach is also takea. T

societal cost here does not include explicit assessments of the different costs across mensoeistgf

Table2 List of energy system costs included in this analysis and the basic methods used for each.

Supply/Demand| Fixed/Variable| Method Costs Example
Demand Fixed Technology Levelized equipment costs of all | Electric Vehicles
Stock energyconsuming equipment in

the economyrepresented at the
technology level

Demand Fixed Generic cost | Incremental energy efficiency Industrial energy
per unit of measure costs. Represents efficiency
energy saved | demandside costwhere measures

technologylevel datais not
availableto support bottomup

calculatian.
Supply Fixed Technology Levelized equipment costs of all | Solar Power
Stock energy producing, converting, Plants; Wind
delivering, and storing PowerPlants;
infrastructure in the economy Battery Storage;
represented at the technology levg Hydrogen
Electrolysis
Facilities
Supply Fixed/Variable| Revenue Projected revenue requirements | Electricity T&D
Requirement | based on current revenue Costs; Gas T&D

requirements, anticipated growth | Costs
levels consistent with scenarios (i.
growing peak demand) and type o




costs (i.e. the costs can be fixed
investments or variable costs that
can decline with lower deand).

Supply Variable Commodity Costs based on exogenous unit c¢ Biomass, Fossil
Costs assumptions Gasoline, Fossil
Diesel, Natural
Gas, etc.

1.4Model topology
Many regions of the US aleghly interconnected to swounding regions through electricity transmission and
fuels supply. RIO represexttansmission zones and the constraints in shifting energy between tiileen.
modeled regional topology of theSis shown irFigure5 below. Constraints between regions start from present
day electricity transmission capacity aimdlude the plannedtransmission expansion. Transmission of electricity
is also allowed to expahbetween regions. Expanding transmission has an associated cost per additional MW of
transmission that is specific to each modeled transmission corridor.

10



Figure5: Model topology for RIO and EnergyPATHWAYS

2.ScenarioDescriptions

Scenarios consist of combinations of energy demand assumptions as well as emissions targets and other
constraints applied to the entire energy economy on the swgide. In this framework, we havene different
scenariossummarized iTable3. Additional details on the inputs for each scenario are contained within the
following sections.
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