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The National Renewable Energy Laboratory

South Table Flatirons Campus Alaska Campus Washington, D.C,,
Mountain Campus Arvada, CO Fairbanks, AK
Golden, CO

NREL offers distinct capabilities in foundational science, experimental facilities, component

R&D, and systems integration. Capabilities for geothermal energy systems include:
e Experimental and demonstration facilities

e Datasets for electricity and heat systems

e Computational tools for techno-economic analysis

NREL | 2



by NREL
The Energy Systems Integration Facility (ESIF)
e Advanced research capabilities
Experiments for 100s of devices

([ J
e Power levels up to 2 MW
e \oltage levels up to 13.2 kV

The Flatirons Campus

e Extensive hardware and simulation resources
e Experiments for 1000s of devices

e Power levels up to 20 MW

e \oltage levels up to 34.5 kV

The Virtual Emulation Environment (VEE)

e Sophisticated digital platform

e Emulate experiments for 1,000,000s of
devices

e Any utility power

e Any voltage level

e Local to national scales

e o I‘ _’
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' V|rtual Emulation Environment



Digital Real Time Co-Emulation at ARIES

Several options to evaluate geothermal technology integrated with physical hardware in
replicated grid scenarios:

1. Model cycle and use emulator/dynamometer
2. Operate cycle off-site w/ real-time communication w/ ARIES
3. Demonstrate cycle at ARIES
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Datasets for electricity generation

Datasets provide easy access to standard inputs and scenarios to help estimate

and compare techno-economic potential for electricity and heat applications

e Cambium: Dataset of hourly marginal costs in future grid scenarios
e Utility rate database (URDB)
e Annual technology baseline (ATB): current and projected cost of energy technologies
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https://www.nrel.gov/analysis/cambium.html
https://openei.org/wiki/Utility_Rate_Database
https://atb.nrel.gov/

Datasets for geothermal heat pumps

g @) ComStock A

@ ResStock

A &« O

Building stock Physics-based High-performance
characteristics

computer modeling

computing
\ database /

* Integrated GHP modeling
GHEDesigner for ground heat
exchanger sizing

e ComStock: 6 national GHP
datasets

e ResStock: 3 national GHP
datasets

 Technical Advisory Committee

ComStock Tableau Site

Evaluating Geothermal Performance for the U.S. Building Stock by NREL Commercial Building Stock Analysis

-

Home | Summary of Modeled GHP Sce...
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Geospatial technical potential modeling w/ reV

@) GEOTHERVIAL RESOURCE DATA €) 5/STEM GENERATION MODELING LCOE
TEMPERATURE I —1
low ’ high DEPTHS — No Development Potential
‘ -3.5km
% System
A ‘ggtz §CI)I@ Advisor
25 : % Model
?gm +GETEM
8.5km
«0.5km =
10km Generation
Sub-surface temperature data to a depth of 10km. SAM integration and user-defined systems specs model LCOE and generation.
€) 5ING BARRIERS oo QO »-inicoe o
I S —11 s 635
BARRIERS [0 Development Barriers — No Development Potential

‘National Parks
‘Wildlife Protection
‘Military Lands
Urban Areas
«Terrain Slope
‘Waterbodies
Heavily Forested Areas
-etc...

— No Development Potential

Barriers reduce or eliminate development potential, impacting LCOE locations. LCOE is supplemented with transmission costs. |
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https://www.nrel.gov/gis/renewable-energy-potential

ReEDS: Regional Energy Deployment
System (ReEDS) Model

LINREL

The ReEDS identifies the least cost mix and operation of resources that simultaneously
meets load, all other electricity service requirements (planning reserves, operating

reserves), and physical and environmental constraints.

LAND OF OPPORTUNITY:
Potential for Renewable Energy
on Federal Lands

Trieu Mai, Anthony Lopez, Melinda Marquis, Micha
Whitney Trainor-Guitton, Jonathan Ho, Shash
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https://www.nrel.gov/analysis/reeds

REopt Energy Planning Platform

Formulated as a mixed integer linear program (MILP), REopt provides an integrated, cost-optimal energy solution.

Technology Options

%: Renewable Generation
SolarPV
Wind
Energy Storage
Batteries

Thermal Storage (Hot, Cold)
Long Duration Energy Storage

ﬁ Thermal Electrification
Geothermal Heat Pumps
Air-Source Heat Pumps
ElectricResistance Heat
ElectricBoiler

Electrolyzer
Fuel Cells

Storage (High, Low Pressure)
Compressor

Conventional Supply
ElectricGrid & Fuel Supply
Conventional Generators
Combined Heat and Power

Utility Rate Structures,
Financial Parameters

Economics Clean Energy Resilience
Costs & Incentives, RenewableEnergy,

Climate & Health
Emissions & Costs Goals

@ REopt

Energy Planning Platform
Techno-Economic Optimization

Energy Consumption/Loads

Thermal $ Electric Hydrogen

Space Heating Buildings Process Loads
Hot Water ElectricVehicles Fuel Cell EVs
Process Heat

Technology Reliability,
Outage Survivability

Results:
Integrated, Optimal
Energy Solution

Technologies
Technology Mix
Technology Size

Operations
Optimal Dispatch

Project Economics
Capital Costs
Operating Costs
NetPresent Value

Progress Toward
Goals

Emissions Reduction
Outage Survivability

NREL | 9



REopt for GHP

& Geothermal Heat Pump

Require GHP purchase in the solution @ Yes
— ) REOp! District Energy Costs Module - ’

Heat pump configuration @ Distributed water-to-air heat pumps (WAH' $

GHX configuration @ Non-hybrid

Maximum GHP size (ton) @ Unlimited
Maximum GHX size (number of boreholes) @ Unlimited
Total installed cost for heat pump ($/ton) @ $1,075

e Allows users to limit their GHP and
GHE sizes

e Currently exploring GHP lifecycle

costs for Alaska and Washington DC

* Geothermal power generation
possible by importing a “fixed

REopt: https://reopt.nrel.gov/tool generator” profile. Pursuing projects

to add more detailed geothermal

power capabilities in 2026. w1

Total district-level life cycle operation and infrastructure costs



https://reopt.nrel.gov/tool

System Advisor Model (SAM)

Free open-source software that enables detailed performance and financial
analysis of energy systems

Choose a performance model, and then choose from the available financial models.

» Photovoltaic ¥ Power Purchase Agreement
> Energy Storage Single Owner
> Hybrid Partnership Flip with Debt
» Concentrating Solar Power Partnership Flip without Debt
» Industrial Process Heat Sale Leaseback
> Marine Energy Merchant Plant
Wind LCOE Calculator (FCR Method)
Fuel Cell - PV - Battery No Financial Model
Geothermal
Solar Water Heating
Biomass Combustion
Custom Generation Profile (Generic System)

NREL | 11


https://sam.nrel.gov/

Geothermal in SAM

Revised Scenario
LEVELIZED COST OF ELECTRICITY 91.18 T kwh
NET POWER SALES 15,600 KW
Errors/Warnings 3

pdo

TOm

Wi NS5 - Selec E]
changed, the default values should change to be d

Do vou wish to evaluate aHudrothermal or EGS resource? EGS
‘what is the resource temperature?
Whatis the resource depth? 1823.0 | meter |

At the indic ate temperature, GETEM defaults to the

indizated conversion system - you may change below

Type of Conversion System to be Used

GETEM determines the input used for the Default
scenario based upon the resource type selected,
and the resource temperature and depth that are
specified. The LCOE for the GETEM default scenario

Ihe detault conversion system is based on the resource
temperature provided. If you elect to change the conversion
system, the wype selected will be used for both the Default and
the Revised Scenarios - if blank the default will be used.

R. ded that Binary not be used above 200C and Flash

I LC 1 CM GerauNs [0 DINary, of If 3 Dnary

ion system is sel d - run the optimi; DONE - Resource
macro for default scenario by clicking on button pefinition
to the right. This must be done to obtain a LCOE

... GETE

If you do make changes and
used - run the optimization
establish plant perfformancd

not below 150C

The macro does not come to the same solution for the default and
revised scenarios. As a consequence the nt costs, total flow,
number of wells, pumping power, and well field costs will vary slightly
i used for the revised scenario. One can go
T the same level of performance for both

Biptoration
Drilling
Field Gathering System & Pumping
Reservoir Performance
Operating & Maintenance
Power Plant

Summary of Changes Made for Revised Scenario
Power Sales
Economic Parameters
Permitting
Esploration

# changes to default

Drilling
Field Gathering System
Reservoir Performance

D&M

Power Plant

oo =oOMNNOMND

R » overnight costs
$152.665.857 overnight costs
424,072,275 overnight costs
15.77 production wells required
#15.928, 117 peryear
$306.627.449 overnight costs

SAM 2025.4.16: Ch\Users\dakindip\Decuments\Pl-Projects\GETEMMEGS Binary File.sam

Filev ®Add untitled v

Geothermal

Resource Characterization
Hydrothermal
© Enhanced Geothermial System (EGS)

Total Resource Potential
Ambient Conditions

Resource Temperature
Geothermal Resource |

View the NREL Geothermal Prospector online Resource Depth

Plant and Equipment

Power Block Reservoir Parameters

Grid Limits O Enter change in pressure across the reservoir in units of psi-h per 1000 |b Entered pressure change input
* Calculate reservoir pressure change using simple fracture flow (EGS only)

Installation Costs Calculate reservoir pressure change using permeability * area Productivity index

Ooeramg Costs User-entered reservoir model Injectivity index

Financial Parameters

Permeability inputs EGS Fracture model inputs

2100 M @
wse @

1500m @

1365.000 |b/hr-psi

1,650.000 [b/hr-psi

Revenue Width 00 m Fracture Spacing m
Incentives g m
Depreciation —
Electricity Purchases Distance From Inject

3 m

5 deg from harizontal

Rock Thermal Conductivity 3.000 W/m-K
Subsurface Water Loss 5 9% of water injected (1]
Calculated Design
Pressure Change Across Reservoir 348.863 psi
Average Reservoir Temperature 347.000 °F
Production Well Bottom Hole Pressure 1878.891 psi

Simulate > l

Messages: No message
Stochastic

P50 / P90 Macros

Parametrics
Default Type Greenfield-Reference-EGS-Binary

24053 bar
175.000 'C
129.545 bar

22 Qe o

 GETEM developed by Greg Mines (INL) as an Excel model

e Conversion to SAM enables a graphical user interface, detailed financial models,
comparison to other generation technologies, updates tracking (GitHub), and user

inputs/feedback.

NREL
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SAM User Inputs

e Simple representation of
power cycle design-point

e Default model assumes
design performance for
blocks of time and derates
for temperature decline

Ambient Conditions

Geothermal Resource

| Plant and Equipment |

Power Block

Grid Limnits
nstallation Costs
Operating Costs
Financial Parameters
Revenue

ncentives
Depreciation

Electricity Purchases

rPlant Configuration

© Specify plant cutput:

Conversion Plant Type

© Binary
(") Flash

i

() Use exact number of wells:

Plant efficiency set as percentage of max plant efficiency

Plant Efficiency

40000 kW

3

ane6 %

Subtype Unconstrained Single Flash

Number of Wells in Analysis 5.559 wells
Actual Plant Efficiency 9.294 w-hr/lb 6
Gross Plant Output asi06 mw €D
Net Plant Output a000 mw €D
Plant Design Temperature 200 'C 6
Temperature Loss in Prod. Well 0.000 'C

[[) Calculate temperature loss in production well

rPlant Utilitzation Factor

Specify temp decline rate:

Calculate temp decline rate (EGS anly)

The System Availability Losses are generation outages and losses that decrease the Edit losses... Constant loss: 5.0 %
utilization facter of a plant. This utilization factor is also termed the net capacity factor in Time series losses not enabled
GETEM. It accounts for plant availability and ambient termperature variability but does not Custom pericds not enabled
include the effect of declining resource productivity/degradation. Resource productivity
decline is included separately in the LCOE calculation.

r Temperature Decline rFlash Technology

[ Use wet bulb termperature from weather file

Wet Bulb Temperature 0 'C
05 Suyr Wet-bulb Temp from Weather File 280 ¢ €
[C] Allow reservoir replacements Ambient Pressure 147 psi
Max. temp decline before reservoir replacement 30 'C 6
rPu Parameters
Production Well Flow Rate 110 kgfs perwell Pump Depth 1123120 ft 6
Pump Efficiency 67.5 % Pump Wark 5106 MW 6
Pressure Difference Across Surface Equipment A0 psi 6 Productien Pump Size 733.646 hp
Excess Pressure at Pump Suction 50 psi 6 Injection Pump Size 2769.030 hp
[ Specify Pump Work
Specified Pump Work 0 MW
NREL | 13




SAM Financial Outputs

Copy to clipboard Save as CSV  Send to Excel Send to Excel with Equations

. 0 1 2 3 4 5 6 7
L Key I I Ietrlcs SUCh aS LCO E’ Property tax net assessed value () 0| 126,031,312 126,031,312 126,031,312| 126,031,312| 126,031,312| 126,031,312| 126,031,312
OPERATING EXPENSES
NPV, IRR, etc... e e e e
’ 4 08M production-based expense ($) 0 0 0 0 0 0 0 0
&M capacity-based expense (5) 0| 5823764 5969358 6,118592| 6271556 6428346 6589054 6,753,780
° D t . I d | h fl Electricity purchase ($) 0 0 0 0 0 0 0 0
Property tax expense ($) o 1260313 1260313 1.260313| 1,260313| 1260313 1,260,313 1,260,313
e a I e a n n u a Ca S OWS Insurance expense (§) 0 630,157|  645910| 662058 678,610 695575 712,964 730,788
Total operating expenses ($) of 7714234 7875582 8040963 8210479 8324234 562,331 57448
EBITDA ($) o| 13189235| 12070808 12742,768| 12,504,747 12256733 11,998,622 11,730,310
OPERATING ACTIVITIES
EBITDA ($) o| 13,189,235| 12970808 12,742,768| 12,504,747 12256733 11,998,622 11,730,310
Interest earned on reserves () [} 1624|1582 n1519) 111,434 111.328) 11,2000 111,051
plus PEI if not available for debt service:
Federal PBI income ($) 0 0 0 [} [} [} 0 0
Metric Value Proiect After-tax Cash Flow
Annual AC energy (year 1) 261,293,360 KWh -
Capacity factor (year 1) 99.4%
des07 L
PPA price in Year 1 8.00 ¢/kWh =
PPA price escalation 1.00 %fyear
LPPA Levelized PPA price nominal 8.61 ¢/kKWh
2e-07L
LPPA Levelized PPA price real 6.95 ¢/kWh )
LCOE Levelized cost of energy nominal 7.23 ¢/kKWh
LCOE Levelized cost of energy real 5.23 ¢/kWh = ; II..- __________ -l. ....I
MNPV Net present value §31,716,692
IRR Internal rate of return 4712 %
Year IRR is achieved 20
IRR at end of project 4713 % e
Met capital cost §150,127,072
Equity 501,219,976
A 07
Size of debt $108,907,088 = . | . |
Debt percent 72.54% 0 5 10 5 20 25 NREL | 14




2026 Planned Improvements to SAM

r Time-of-delivery (TOD) Factors

[ J | m p rove Off_d e S i g n m O d e | i n g © TOD factors by schedule TOD factors by time step Edit array...

(O TOD factors by time step Download foreceast price data from Cambium
1 : TOD factors are multipliers that apply to the PPA price. Choose "TOD facters by schedule” to define factors using the TOD periods with weekday and
Ca p a I I y O Ca p u re I n u e n C e O weekend hour-by-month matrices, Choose "TOD factors by time step” to assign a factor to each simulation time step. See Help for details,
L L]
ambient temperature, brine Fiter Norme -
4

o Mame Weekday Schedule
te m p e rat u re b rl n e m a SS fl OW rate Uniferm Dispatch R P A P A P A e e e e e e e e e A A NP A e e e e P PR P PR A PR AP PR e R R N R PP Y PR PR PR PR PR PR PR PR PR PR R PR S I
V4 Generic Summer Peak G s S B s B e B | 5 o e o o s G G o B o Ll | [ 53 o e s o s o W S B
Generic Duck Curve [LLLTLLLL13:3:333,33:3, 22222200000 0001,1:1,3:3:33,3,3:3:3: 2222221000100 11:70,1:33:3,3,3:3,33,20

° Wa nt tO q u a ntify Va I u e Of ti m e_of_ u Se S A A A A A Ao A A A1 B B A AT A Ao e Ao A B A Ao BB BB A AT A Ao e e A B £ 4244

. The TOD data in the library is from documents prepared by California electric utility companies. For projects outside of
California, enter your own TOD data. Be sure that your assumptions are consistent with the requirements described in the
ge n e ra I O n [ Apply values from library

\ appropriate solicitation documents for your project.
* |nitial focus on ORCs for EGS Weckdn

TOD factors

* Update cost correlations e

Period 2 |0.47
Period 3 |0.75

* Improve design-point feedback in e 131

Period 6 |1.6

user interface 11

Period 9 |0

* Improve documentation

NREL | 15
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