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1. GEOPHIRES - Motivation
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1. GEOPHIRES - Overview
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1. GEOPHIRES - Overview

GE@®PHIRES

 “GEOthermal energy for the Production of Heat and Electricity
Economically Simulated”

e Estimate LCOE and/or LCOH of EGS

 Upgrades and Expansions
« End-use options: Electricity, Direct-Use Heat and CHP
* New capital and O&M costs (2012 U.S. $)
* New power plant correlations for binary cycle and flash plants

« Other changes: 3" economic model, 4" reservoir model, GUI in VB.net &
Ramey’s wellbore heat transmission model
» Beckers et al., "Introducing GEOPHIRES v1.0: Software package for estimating levelized cost of electricity and/or heat from Enhanced Geothermal

Systems", Proceedings, 38" Workshop on Geothermal Reservoir Engineering, Stanford University (2013).
» Beckers et al., “Levelized Costs of Electricity and Direct-Use Heat from Enhanced Geothermal Systems (EGS)”, JRSE 6, 013141 (2014)
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1. GEOPHIRES - History
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1. GEOPHIRES - Implementation
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1. GEOPHIRES - Implementation
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1. GEOPHIRES - Implementation
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1. GEOPHIRES — End-Use Options and Reservoir Models

End-Use Options Reservoir Models

1. Electricity :
(LCOE: cents/kwh) 1. Multiple Parallel Fractures

2. Direct-Use Heat 2. 1D Linear Heat Sweep Model
(LCOH: $/MMBTU)

3. Cogeneration 3. m/A Drawdown Parameter
(LCOE, LCOH, LCOE&LCOHR) Model
* Topping cycle 4. Annual Percentage Thermal
* Bottoming cycle Drawdown Parameter Model

 Parallel cycle
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1. GEOPHIRES — Surface Equipment Performance

Aspen PLUS and MATLAB used to simulate ORC and flash power plants
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All correlations can be found in online supplemental material
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1. GEOPHIRES — Cost Correlations
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Lukawski et al., “Cost Analysis of Oil, Gas, and Geothermal Well Drilling”,
Journal of Petroleum Science and Engineering, 118, 1-14, (2014)

Other cost correlations can be found in supplemental material
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2. Economics of Direct-Use Geothermal Systems: Case-Studies

Temperatures at 5.5 Km
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2. Economics of Geothermal Electricity and Direct-Use Heat

3 resource-grades: 3 levels of technological maturity:
e 30°C/km e 30kg/s & 1.5%/yr drawdown
e 50°C/km e 50kg/s & 1.0%/yr drawdown
e 70°C/km e 70kg/s & 0.5%/yr drawdown
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2. Economics of Geothermal Electricity

G0
I Historical LCOE between 2000 and 2012
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b Projected LCOE for 2030

& 40 I GEOPHIRES Estimate for EGS LCOE in 2012
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- Low-grade geothermal electricity is expensive
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2. Economics of Geothermal Direct-Use Heat

I Current Matural Gas LCOOH (2012)

1

E: Projected Natural Gas LCOH for 2030

I GEOPHIRES Estimate for EGS LOOH for 2012 (this study)

"
:\\ GEOPHIRES Projection for EGS LCOH in 2030 (this study)

20 I GEQPHIRES Estimate for EGS District Heating LCOH fior 2012 (study by Reber17 )
18 7 § GEOPHIRES Projection for EGS District Heating LCOH in 2030 {study by Reber! )
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2. Economics Geothermal district heating systems
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Aguirre G. A., “Geothermal Resource Assessment: A Case Study of Reber et al., “The Transformative Potential of Geothermal Heating in the U.S. Energy Market: A Regional
Spatial Variability and Uncertainty Analysis for the State of New Study of New York and Pennsylvania”, Energy Policy, 70, 30-44, (2014)
York and Pennsylvania”, A Master of Science Thesis presented
to the Faculty of the Graduate School of Cornell University, (2014)
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2. Economics of direct-use: Hybrid Geothermal-Biomass Co-
Generation System for the Cornell University Campus

 Low-Grade EGS (25°C/km) for base-load heating and summer electricity &
Gasified willow for peak-load heating
« MATLAB using GEOPHIRES as subroutine & published biomass data

i ORC

» Pilot project (20%):
} | « $47M
o + “‘i G e . 17.3 $/MMBtu
» Full-scale project (98%):

d

OF.C: Organic Rankine Cycle
DH: District Heating
— EGS3: Enhanced Geothermal System L $ 2 1 7 M
CHP: Combined Heat & Power
7 Y P: Producer
—  mes ~—, L ¢ 15.9 $/MMBtu

Injector

Beckers et al. "Hybrid Low-Grade Geothermal-Biomass Systems for Direct-Use and Co-Generation: from Campus Demonstration to Nationwide
Energy Player", Proceedings, 40" Workshop on Geothermal Reservoir Engineering, Stanford University (2015)
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Conclusions

« GEOPHIRES is program to analyze technical and eco-
nomic performance of geothermal systems for electricity
and direct-use heat

« First developed in 2011 and continually being updated
- Beta version (v1.3)

 Using GEOPHIRES:
» Low-Grade geothermal electricity: 20-60 ¢/kWh
» Low-Grade geothermal direct-use: 6-14 $/MMBtu

% . : Koenraad F. Beckers
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Full Simulation Results for 2015 Cornell Case-Study

Pilot Project (20%)

Geothermal EGS Energy Output
e Heat =73 GWhy/yr
e Electricity = 0.5 GWh_/yr

Biomass Energy Output
e Heat = 3.3 GWh,/yr
« Electricity = 1.9 GWh_/yr

Overall Results
e CAPEX=%$47M
e LCOH=17.3 $/MMBtu
e Avoid. CO, emissions =
19,000 metric tons/year

Full Conversion (98%)

Geothermal EGS Energy Output
e Heat =363 GWh,/yr
» Electricity = 5.7 GWh_/yr

Biomass Energy Output
e Heat=16.3 GWh,/yr
« Electricity = 9.5 GWh_/yr

Overall Results
« CAPEX=%$217M
e LCOH =15.9 $/MMBtu
« Avoid. CO, emissions =
94,000 metric tons/year

Current Campus System: 218,000 metric tons CO,/year
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