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Status and Achievements in EGS
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Role en MIT panel

Objectives

Methodolegy

Basis for analysis and assumptions
Uncertainties

Affect of uncertainties on outcome

* Technology gaps and barriers

* Future work to overcome gaps and barriers



Role on MiITT Panel

Using datai provided: by Dave Blackwell and SMU group
(Chapter 3):
=« Determine recoverable EGS resource
* Conductive resource starting at 3 km
« Conyective resource above 3 km
« Review history of EGS technology development
(Chapter 4) (Garnish, Batchelor, Baria, Tester)
= Prepare database of EGS project data
= Examine history of projects to determine lessons learned

. Evaluate current status of EGS technology (Chapter 5)
(Baria, Garnish, Batchelor, Testor)
= Determine current practice
= Evaluate technology gaps
« Recommend technology improvement areas



Objectives

* Make estimate of recoverable EGS resource in
US

* Examine history of EGS development and
lessons learned from past projects

* Determine current best practice for reservoir
development

* Determine technical and economic feasibility of
using EGS for power generation in US

* Recommend technology improvements to
reduce cost and improve performance



Viethedolegy: for Study.

Recoverable resource

Use data from Blackwell/SMU'on temperature at depth in 1 km
slices

Review literature to determine standard practice for calculating
recoverable heat

Review literature and work with power plant panel members to
determine conversion efficiencies

Review available data on resource that should be excluded from
development (Parks, wilderness recreation area)

Develop batch processing methods for determining project
economics using DOE GETEM costing code

Develop database of site by site reserves estimates from
existing data for identified EGS sites associated with
hydrothermal sites from published sources



ERergy. filom the Earth’s
IHEeat

« Conductive heat energy

= Greater than 3 km

» Requires stimulation or other engineering to develop
[esenvoir

« Convective heat energy

» Hydrothermal systems
= Impermeable or low permeability systems on the
edges of hydrothermal systems

« Fractured, but may require stimulation or engineering
to develop

* Hot water co-produced with oil and
gas



Viethedolegy: for Study.

* History o EGS Tlechnology Development

= Review literature and data on past EGS
projects

= Vleet withiand discuss past projects with
panel members and invited speakers

= Prepare database of EGS projects including
drilling data, well completion data, stimulation
methods and test data

= Evaluate data to determine lessons learned
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Viethedolegy: for Study.

« Subsurface system design current practice
and ISSUes

= Review literature and data on current best
practice for EGS stimulation

= Veet with and discuss current technology with
panel members and invited speakers

« With panel members and outside experts
determine issues and possible solutions for
Improving stimulation technology



Energy Output ofi Past and
Current Projects

Testing completed
Testing inprogress
Not yet tested
Funded by US DOE

VS Cooper Basin Aus.
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COMPARISON OF MAIN HDR RESERVOIRS IN THE WORLD

PROJECTS

PERIOD |[MAX. ROCK

TEMP.
Deg C

RESERVOIR|
DEPTH

meters

WELL

SEPARATION

meters

OUTLET
FLOW
I/s

WATER
LOSSES
%

IMPEDANCE

MPallls

THERMAL
OUTPUT
MWith

BREAKTHROUGH
VOLUME
Cubic meters

Los Alamos (USA)

1973-1979

232

3500

~150-300

~7

2.5

~5

~80-100

Rosemanowes (UK)

1980-1993

~180-270

~200-300

Hijiori (Japan)

Soultz (France)
Anticipated 2000 +

Actual in 2004

1989-1997

1997->

2004

~ 450

~600-700

~ 650 -730

0.12

0.29 (2 wells)

lower values = Advantageous; low running cost

Higher value = Advantageous; bigger resource & longer life

Lower value = Advantageous; lower capital investment.

_ Best value achieved to date.

RB/coparisont.xls




Lessons Learned From Past

Projects
« WWe can:

= Drill'deep, directional wells into hard, crystalline rock

= 5000m for ~5 million EU ~$7.5 million (2003)

= Reach targeted economic temperatures

= Fracture large volumes — up to 2.5 km?

« Stimulate and improve permeability in pre-existing fractures
= Map stimulated fractures using acoustic emissions

= Drill into stimulated fractures

= Make connection between wells at well separations that are
suitable for long term heat mining

« Complete more than one well in the same fractured volume
= Circulate fluid between wells without high pressure drop

= Circulate without high, or any, fluid losses

= Circulate at moderate flow rates with potential for higher



Assumptions and Basis for
Analysis

« Rejection temperature 10°C below mean
temperature in 1 km slice

« Best case recoverability factor approaches
40%
= 20% recovery likely
= 2% conservative

« Energy conversion efficiencies based on
resource temperature



Recoverable Heat

45T X457 m 5-Spot (30.5m frac specing and 10 md peim)
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Usahble Energy — Converting Heat tor Power

« Heat alone Is beneficial.

« Conyversion ol heat to power better justifies well
cost

« Heat In kilojoules = heat in kiloVWatt-sec
* Convert heat to electric power

=« kKW-sec/1000 kW/MW = MWit-sec
= MWit-sec/(30 yrs in seconds)

= Conversion efficiency MWt x nth > MWe



Uncertainties

« Resource uncertainties

=« lemperature — range of temperatures in 1 km slices £50°C

= Areal extent of temperature at depth based on data density

= Energy conversion efficiencies have large influence on calculated
recoverable resource

« Uncertainties in history of technology development

« Actual data availability limited.

= Need to use mostly published data

= Information filtered by author perception

Uncertainties in assessment of current technology
= Data on older projects hard to obtain

= Current new projects in Europe and Australia
« Data not always available.



Current Status of Trechnology.

* How do we go about developing an EGS

resenrvolr?

= Install a micreseismic monitoring system
= Drill a well into high temperature rock >200°C
= Evaluate the natural fracture system and stress state

= Stimulate a large volume of rock by pumping cold water at
just above the critical pressure for the local stress regime

= Map the created fracture system using MEQ monitoring
= Drill wells into created fractures

= Re stimulate to improve connectivity

= Circulate fluid by pumping production wells



Affect of Uncertainties on Outcome

* Range ofi values for recoverable resource

« Costs depend on temperature, depth and potential flow
per production well.
= [lemperature variation linked to cost
= Flow per well most important variable for cost but not related to
recoverable resource
*. Inaccessible areas with resource not directly removed-
fraction that Is inaccessible removed

« History of technology may be missing pieces deemed
unimportant or detrimental to researchers efforts

« Status of technology constantly changing

* Technology for reservoir stimulation has very large
Impact on cost of power



lnaccessible Areas

« Some areas are inaccessible for

development:

s Parks — State and National
= Recreation Areas
= INational Monuments

= Wilderness
Subtract inaccessible fraction
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Jotal Recoverable Power

Total Recoverable Electric Power in Net MWe for 30 Years,

20% Recoverable Fraction of Thermal Energy from the Reservoir

Depth of | Power available Amount at Amount at Amount at Amount at |Amount at 350°C,
Slice, km for slice, MWe 150°C, MWe | 200°C, MWe | 250°C, MWe | 300°C, MWe MWe

122000 | 120000
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Jotal Recoverable Power

Depth of |Power available for] Amount at | Amountat | Amount at Amount at Amount at
Slice, km slice, MWe 150°C, MWe | 200°C, MWe | 250°C, MWe [ 300°C, MWe | 350°C, MWe
12000 | 12000 |
72000 | 8000 | 4000 -I

| s | sa000 | mao00 | om0 | 100 |  eo |
w7 | 204000 | 1sso00 | ssoo0 | oo | om0 | |




Economic Moedeling-GETEM

GETEM-2005-A3 (dje-July-06-05)
EGS-AC binary-200C-4km-2015-July 18 2005

GETEM-2005-EGS- 150C 2015-sp-1C-July 18 05

2005 2015
Cost of Electricity, cent/kWh 17.32

Wells Cost Curve: 1=Low, 2=Med, 3=High

TIO
$6,955 0.75

13,123
TIO
0.75




Supply: Curve for U.S.
Conductive EGS

Supply Curve for EGS Power in the United States

¢ Incremental Improvements
= Base Cost
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Supply. Cunve for EGS
[POWEr

Range of EGS Supply at Cost
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Reality Check EGS

What would need to happen to make
EGS a reality?

= Reduce the cost of power through technology
Improvement and learning by doing

* Increase flow rate per producer by improving stimulation
methods

* Reduce drilling cost by reducing number of casing intervals,
improving rate of penetration and reducing risk

* Improve conversion efficiency
= Demonstrate the technology at a number of sites with
different geology

= Develop a large scale, ie >250 MW, commercial
project with industry



[Reaching the Goal

* To get 1000 MW of EGS

POWEN 0N line we need:

= 1 wellfin 3 months, average 5 MW
per well

« 16 rigs drilling for three years
= 4 sites with 250 MW potential

= lesttechnology on edges of
hydrothermal systems

= Move to large areas of uniform hot
rock at reasonable depth

= Use hot oil/gas fields to get data
and starting points for projects




lechnoelegy gaps and barriers

* Need reliable methods to increase the fractured heat

exchange area without inducing felt seismic events or
making short circuits

Need! to divert stimulation to zones that have been less
affected

S0 far, can't reliably connect into an existing
hydrothermal reservoir

Short circuits may develop during treatment or during
long term| operation

Injecting at high pressures to increase flow results in
iInduced seismicity, reservoir growth and fluid loss

* Need to be able to pump production wells with electric
submersible pumps at high temperatures to increase
flow per well



Flow Profile & Significant Fracture Apertures
Openhole GPK-3 (4500 m - 5020 m)
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Euture Woik te Overcome Gaps

and Barriers

* Develop high temperature instrumentation to
petter evaluate fractures prior to stimulation
(discriminate between open and sealed
fractures)

* Develop methods to isolate zones for stimulation
or divert treatment to unstimulated zones

* Develop methods for repairing short circuits

» Better understand link between stimulation,
geology, tectonics and inducing felt earthquakes

* Develop high temperature electric submersible
pumps
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