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CO, GEOLOGICAL STORAGE
SCREENING & MATURATION OF MARKETABLE VOLUMES

Terms of Reference

The Energy industry faces a unique opportunity to learn from the experience of successful industrial scale CO, storage projects

around the world.

Aiming to aid develop viable projects within an optimal timeline, there are key selection criteria that can be used to rank

prospective geological storage sites within the nominated areas, either if they are depleted fields or saline aquifers.

These criteria help establish what available data is needed to carry out an adequate risk assessment and estimation of CO,

storage resources, but also potential data acquisition/appraisal plans.

The ultimate intention is to support operators, and authorities alike, mature reliable CO, storage resources, following the SPE

SRMS system, but also ensure permanent containment through a multidisciplinary Containment Risk analysis, resulting in

strictly risk-based Monitoring and Verification plans that meet International and Australian technical standards and

requirements.

Diego A. Vazquez Anzola
Technical Director| Carbon/GHG Storage Consultant
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Executive Summary — CC(U)S Business models

> Proven technology - capture exist since 1930’s and

geological storage since the 90’s

> Business Value chains developing by the day

> Unified International Carbon price is expected

» Average cost of CCS is higher than today’s carbon

pricing levels

> However, Wood Mackenzie reports expectation of carbon price
of USS120/tone in 2030 and USS100/tone in 2050, which is

needed to cover the average CCS project in the power sector

Source: European Commission, DG TREN

Carbon Capture and Storage (CCS)

The distance between the power station

and the CCS storage facility can extend

to distances of over 500 kilometres
CO;is injected and
stored underground

Depleted oil or
gas reservoir

Natural saline aquifer

Inset right:

CO; becomes stabilised within the porous
rock as it forms natural compounds with
the surrounding brine and minerals

Impermeable

_ cap-rock

keeps CO;
underground

The CO; is pumped
to a depth of about
1.5 km or more
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Carbon Capture & Storage: The Business Models

Model 1 - Underground Disposal

*Tariffs per tone of CO, safely stored and
contained

e Sources usually hard-to-abate industries
(e.g., Cement, Steal manufactory)

Examples: (North
Europe), (Australia)

Model 2: Decarbonize fraditional
Fossil Fuels — Ensure Business
Longevity

*Cleaner LNG
*Net Zero Coal Fired plants

Examples: (Norway), Gorgon
(Australia), (Australia-Timor
Leste), (Offshore Sarawak),

(Australia)

Steam
; . ‘: C0, for storage
Treated natueal gas

Steam reformer ‘ }_‘ Gas-water shift

M

Model 3: Blue Hydrogen/Ammonia

Examples:
(UK),

(Canada),

Natural Gas

needs to be transported
and sequestered
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Advanced CCUS chain

Decarbonisation of industrial processes

Model 4: Hybrid

* Examples:
(UK),

(Netherlands),
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https://northernlightsccs.com/what-we-do/
https://transbordersenergy.com/deepc-store
https://www.ice.org.uk/knowledge-and-resources/case-studies/sleipner-carbon-capture-storage-project
https://www.afr.com/companies/energy/santos-targets-cross-border-ccs-project-in-timor-sea-20210504-p57ovl
https://www.oedigital.com/news/476970-jogmec-jx-petronas-testing-ccs-at-malaysian-gas-fields
https://www.glencore.com.au/operations-and-projects/coal/projects/carbon-transport-and-storage-project
https://open.alberta.ca/dataset?tags=Quest+CCS+project
https://www.equinor.com/en/what-we-do/h2hsaltend.html
https://www.adnoc.ae/news-and-media/press-releases/2021/adnoc-to-build-world-scale-blue-ammonia-project
https://www.aramis-ccs.com/
https://www.netzeroteesside.co.uk/
https://www.reuters.com/business/energy/singapore-lng-teams-up-with-linde-gas-study-co2-liquefaction-facility-2021-11-29/

BUSINESS JUSTIFICATIONS

EXPECTED CARBON PRICES OVER THE NEXT DECADE ARE HIGHER FOR ALL MAJOR EMISSIONS TRADING SYSTEMS, WITH EU ETS PRICES PREDICTED TO AVERAGE €47.25 OVER 2021-25 (COMPARED TO €31.71 ESTIMATED FOR THE WHOLE OF PHASE 4 LAST
YEAR) AND €58.26 OVER 2026-30. IETA 2021

THE PATH AHEAD IN ASIA-PACIFIC

“DRIVEN BY THE GLOBAL SHIFT TO AMBITIOUS CLIMATE ACTION, AUSTRALIA'S CARBON MARKET HAS SURGED 21 PER CENT IN THE CALENDAR YEAR TO DATE, ACCORDING TO MARKET ANALYST REPUTEX, WITH THE SPOT PRICE RISING TO AU$20 A
TONNE. IT EXPECTS DEMAND TO RISE OVER THE DECADE AND PUSH THE SPOT PRICE OVER AU$50 A TONNE BY 2030."

THE SYDNEY MORNING HERALD — JuLy 2021

“CARBON NEUTRAL-RELATED INVESTMENTS OF UP TO JPY50B (US$500M) AS CERTIFIED UNDER AN ENVIRONMENT ADAPTATION PLAN MADE BY 31 MARCH 2024 WILL EITHER BE ELIGIBLE FOR A 5% TO 10% TAX CREDIT OR FOR 50% SPECIAL

DEPRECIATION. JAPAN'S 2021 TAX REFORM
A X

~ A i

ASIA PACIFIC ENERGY SOLUTIONS
ENERGY EVOLUTION

CHINA FIRES UP CARBON TRADING AS ASIA TURNS ONTO GREENER PATH - NIKKEI ASIA — JuLY 2021
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https://www.ice.org.uk/knowledge-and-resources/case-studies/sleipner-carbon-capture-storage-project
https://www.afr.com/companies/energy/santos-targets-cross-border-ccs-project-in-timor-sea-20210504-p57ovl
https://www.oedigital.com/news/476970-jogmec-jx-petronas-testing-ccs-at-malaysian-gas-fields
https://www.glencore.com.au/operations-and-projects/coal/projects/carbon-transport-and-storage-project
https://www.ieta.org/Annual-GHG-Market-Sentiment-Survey
https://www.smh.com.au/politics/federal/corporate-australia-sets-its-own-carbon-price-amid-global-dash-to-net-zero-20210707-p587nd.html#:~:text=Driven%20by%20the%20global%20shift,%2450%20a%20tonne%20by%202030.
https://www.ey.com/en_gl/tax-alerts/japan-s-2021-tax-reform-introduces-tax-incentives-for-carbon-neutrality-and-digital-transformation
https://asia.nikkei.com/Spotlight/Market-Spotlight/China-fires-up-carbon-trading-as-Asia-turns-onto-greener-path
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Model 1 & Model 2 — CCS solution Investments

FROM ZERO EMISSIONS PLATFORM (ZEP) - 2020

Transport — Large scale — Ave. ~ 10 EUR/tonne

Capture- Single source-Single sink— Ave. ~ 65 EUR/tonne for NG il e e i

, COx Sterage High Cost M

‘ CCe Storage Medium Cost Onshore pipeline

‘ CCxe Storage Low Cost

CCe Transpon

‘ CO: Capiture

_.Ship (including liquefaction) e

Storage — Ave. ~ 6 EUR/tonne

€/tonne CO, stored
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Ranges are driven by setting field capacity,
well injection rate and liability transfer costs to
Low, Medium and High cost scenarios
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Model 1 Example: CCS in Singapore — Impact on Emissions

FROM SINGAPORE NATIONAL CLIMATE CHANGE SECRETARIAT - 2013

2011 Emissions 2015 2030 2050

% CO, | Amount Reduction | Cost Reduction | Cost Reduction | Cost S/tonne
Stream mtpa (%) | % (mtpa) $/tonne % (mtpa) $/tonne % (mtpa) (Total MS)
(Total MS) (Total MS)

23.7 0 228 15 155 40 93.5
(50.9) (0.0) (0) (3.5) (543) (9.4) (879)
14.0 5 193 20 131 50 79
(30.4) (0.7) (135) (2.8) (367) (7.0) (533)
0.00 40 169 80 115 80 69
(0.00) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
0.01 50 158 80 107 90 65
(0.02) (0.005) (0.79) (0.008) (0.86) (0.009) (0.59)
0.71 80 70 95 48 95 29
(1.54) (0.57) (40) (0.68) (33) (3*) (87)

— ~51 % reduction in CO2 19.4 mtpa | (51520M)

emissions — 78.4 SGD/tonne (51%) 1573}'-4)'110""&
CO;

* Assume additional 2.4 mtpa from an incoming (industry) plant for 100% stream
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Model 2 Example: Decarbonized LNG — Impact on Emissions

FROM WOOD-MACKENZIE — AUGUST 2021

The impact of pre and post-combustion CCS vs other carbon emission reduction measures

Reservoir CCS can reduce the overall intensity of LNG projects by 25-50%
when the LNG plant is supplied by fields with >10% CO,.

CCS can have a material impact reducing emissions

LNG projects supplied by high CO, fields can inject reservoir CO,. Other LNG projects need
to capture CO, from flue gas. But CCS alone will not offset all emissions from an LNG project

Integrated LNG project
Integrated LNG project

LNG CO2 emissions ~ 40 t / kboe

80 [

Total intensity
excl. methane

B Total intensity

60 incl. methane

40

Emissions intensity
(tCO,e/kboe)

20

25-50%
= — 0

_________________________________________________________________ s %% e —————————— £ 31912 5 5 833 8 8¢ Q
Post-combustion CCS can reduce LNG plant emissions by around 90%. But US LNG purchasing gas* 5 2 :_—' :ﬁ 5 % g i‘; Z = %.'E’ o &
(2 overall emissions are only reduced by 25%. These projects must work with 5 £ - 25" 2 s
.. - O T
upstream operators to reduce emissions. US LNG post-combustion § © 2
Q

CCS swaps* can offset both upstream and plant emissions. The impacts of
swaps can be greater than pre and post-combustion CCS.

Integrated LNG project

Integrated LNG project
using CCS swaps

By comparison, using batteries to reduce spinning reserve at an LNG plant
can reduce emissions by around 10%.

o

Integrated LNG project

Integrated LNG project
after spinning reserve

Renewables can be used to reduce emissions from the upstream and LNG

plants. The impact will vary at different LNG facilities. Integrated LNG project |1 5-50%
utilisting renewables
0.0 0.2 0.4 0.6 0.8 1.0
Carbon intensity tCO,e/tLNG
B Upstream B LNG Plant

Integrated LNG project

* Assumes US LNG projects are purchasing gas off the US grid, so upstream intensity is based on an average intensity of the plays that
typically supply gas to the US Gulf Coast LNG plants. However, several US LNG projects have introduced upstream procurement
programmes targeting low-carbon feedgas sources, allowing them to sell LNG with a lower carbon upstream intensity.

# Some LNG companies may be able to take advantage of commercial swap where they can inject carbon from a cheaper source
in their portfolio and use credits or another form of commercial arrangement to offset LNG emissions.
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USD price per t/CO2e

avoided or stored.

Price fluctuates but has steadily increased in
value from AUD15/t to ~AUD 22/t since 2019.
Current spoft price in USD ~ 17/1

New Zealand

New Zealand ETS — NZU emissions units — cap
and trade system via auction

A

y 4 W i
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Model 1: CO, Underground disposal — Investment & Returns o

THE CHALLENGE TODAY: UNCERTAINTY IN PREDICTIONS FOR CARBON PRICING & TAXES AROUND THE WORLD -

The cost of CCS vs carbon price - pre-tax IRR based on CCS projects creating revenue from sequestration

o
2
x
8
o
o

. —§—US3$30 —@—USS$50 US$70
Carbon price/tonne =
Us$110 =@ US$150 —9—US$190

Carbon prices need to be at least US$50/t to make most standalone CCS projects
economically feasible. The average global carbon price currently is ~US$23/t

At a carbon price of
US$190/tonne even a CCS
project that costs US$150/tonne
can make a 10% return

/

75 100
CCS project cost (US$tCO,)

Source: Wood Mackenzie. Costs are indicative, on a 2021, pre-tax, non-levelised basis

2 :i? =

« @&

>

Australian CCS project cost estimates

Moomba — 30 AUD/t (22USD/t, Santos) A
Costs advantaged by location (source to sink
proximity, onshore location, leverage existing
data knowledge and infrastructure)

Gorgon — 30 AUD/t (based on 3B AUD project
cost (to date) to store T00MT (full lifetime), A
(22USD/1).

(Gorgon Costs will depend on storage capacity
changes / further CAPEX needed. Lessons learned
fromn Gorgon can help industry drive down costs).

International comparison — Quest, Canada
>USD $50/t — “gold plated”, first of a kind, A
attracting government subsidy (USD 12/t) the
price will be lower. Onshore.
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BUSINESS JUSTIFICATIONS — ALL PUBLICATIONS IN Q1

AUSTRALIA COULD TRADE $920BN OF LOW-CARBON HYDROGEN ENERGY BY 2050
HYDROGEN HEATING UP AUSTRALIA'S EXPORTS AMBITIONS: TAYLOR

JAPAN HYDROGEN AMBITIONS

INDONESIA MOVES ON CCUS FOR CLEANER AIR AND PRODUCTION BOOST

HYDROGEN: THE MIDDLE EAST'S NEXT BLACK GOLD

UAE SELLS ANOTHER BLUE AMMONIA SHIPMENT TO JAPAN IN PUSH TOWARD HYDROGEN | THE JAPAN TIMES ,E‘;

ASIA PACIFIC ENERGY SOLUTIONS

ENERGY EvoLUTION



https://www.apes-energyevolution.com/
https://open.alberta.ca/dataset?tags=Quest+CCS+project
https://www.equinor.com/en/what-we-do/h2hsaltend.html
https://www.adnoc.ae/news-and-media/press-releases/2021/adnoc-to-build-world-scale-blue-ammonia-project
https://www.aramis-ccs.com/
https://www.netzeroteesside.co.uk/
https://www.reuters.com/business/energy/singapore-lng-teams-up-with-linde-gas-study-co2-liquefaction-facility-2021-11-29/
https://www.powerengineeringint.com/hydrogen/australia-could-trade-90bn-of-low-carbon-hydrogen-energy-by-2050/
https://www.smh.com.au/politics/federal/hydrogen-heating-up-australia-s-exports-ambitions-taylor-20201114-p56elw.html
https://www.env.go.jp/seisaku/list/ondanka_saisei/lowcarbon-h2-sc/en/index.html
https://www.upstreamonline.com/field-development/indonesia-moves-on-ccus-for-cleaner-air-and-production-boost/2-1-1043816
https://www.thenationalnews.com/business/energy/2021/08/15/hydrogen-is-the-middle-easts-next-black-gold/
https://www.japantimes.co.jp/news/2021/08/19/business/corporate-business/uae-blue-ammonia-japan/
https://www.apes-energyevolution.com/
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Model 3: Blue Hydrogen/Ammonia (enabled by CCS)

I CO, removal CO, for storage
F e
or reuse
Treated natural gas pas
—————

—

I I Methanator

( Ammonia

W

Steam reformer I | Gas water shift

|

Ammonia synthesis

Hydrogen,
Nitrogen

|
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Model 3: H, production - Investmenfs

Recent published estimates of cost of clean hydrogen production.(IEA

2019; Bruce et al. 2018; International

Renewable Energy Agency 2019; Hydrogen Council 2020)

Source: GCCSI 2021

ALL COSTS IN
USD PER KG OF
HYDROGEN

DEDICATED RENEWABLE
ELECTRICITY SUPPLY

$770
(35% capacity factor,
electricity price 6c/kWh)

CSIRO 2018°

$2.30 - $6.60°

(Lowendis &

IEA 2020

electricity cost 10c/kWh)

$2.70 - $6.90

(Low end is wind; 48%
capacity factor & electricity
price 2.3c/kWh. High end
is PV; 26% capacity factor
& electricity price 8.5¢/
kWh)

IRENA 2019

Hydrogen
Council 2020

OTHERWISE
CURTAILED
RENEWABLE
ELECTRICITY
SUPPLY

STEAM METHANE
REFORMATION
WITH CCs

$18.20

(10% capacity
factor, electricity
price 2c/kWh)

$1.60 - $1.90
(Gas price is $8/GJ)

$1.40 - $2.40

(Low end is gas price

$3/GJ. High end is
gas cost $9/GJ)

$1.50 - $2.30
(Low end is gas pric
$3/GJ. High end is
gas price $8/GJ)

$210
(assumes “European
gas prices”)

BLACK COAL
GASIFICATION
WITH CCs

$1.80-%$2.20
(Coal price is $3/
GJ)

$2.05-$2.20
{Low end is coal
price 43c/GJ. High
end is coal cost

$115/GJ)

$1.80
(Coal price is $1.50/
GJ)

$210
(Coal price is $60/
tonne)

Estimated current cost of clean hydrogen production from recently
published reports.(International Energy Agency (IEA) 2020
2020b)(International Renewable Energy Agency 2019)

(Hydrogen Council 2020)(Bruce et al. 2018) (only one estimate of cost of
curtailed renewable with electrolysis).

SMR = steam methane reformation. CCS = carbon capture & storage.
Source: GCCSI 2021

Hydrogen production Costs

~2 USD / Kg
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CURTAILED
RENEWABLE WITH
ELECTROLYSIS

COAL GASIFICATION & CCS DEDICATED
RENEWAELE WITH

ELECTROLYSIS

Imm AVERAGE
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Model 3: Comparison with Traditional LNG - Investments

From: Al-Breiki & Bicer — Qatar Foundation (2020) & Seddon, 2006

Production Investments

1,300 / 215

Plant 2,000 1,300
Capacity
(Mt/annum)

Production CAPEX 5,225 605 378
MMS (762)1) (88)01) (55) (1)

Total Production 2,562 314 211
Costs (CAPEX +
OPEX + Losses) MM$S

(1) The discounted cash flow (DCF) rate of 10% for 3 years constructing duration

378
(55) ()

287

and a plant lifetime of 20 years giving a Return of Investment of 14.6 %

Transport Investments

LNG (68 Mt)

Liquid NH,

(Ammonia) (109 Mt)

Methanol /
Dimethyl Ether (DME)
(129 / 118 Mt)

Liquid H,
(11 Mt)
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Model 3: Comparison with Traditional LNG - Returns

From: Al-Breiki & Bicer — Qatar Foundation (2020) & Seddon, 2006

Delivered Energy / 30MMGJ 50,000 MM GJ 70,000 MM GJ 33,000 MM GJ
ship / Annum (2

Market Price S/GJ 1.5t0 12 28.2 16.3 12
(5.93 ave)

(2) Assuming ~24 trips Qatar-Japan / annum
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Types of CO, Geological fraps

2

Open Closed Open semi-regional

structural trap structural tfrap Zoslsiir;fee?qu%fg —emigro’rion
q

. Injector well
Injector well

Abandoned
Legacy well

*  SALINE AQUIFERS PROVIDE ADDITIONAL
CAPACITY TO DEPLETED FIELDS

*  AQUIFERS HAVE LOWER EFFICIENCY BUT
FEWER INJECTIVITY CHALLENGES

* WELL CONTAINMENT RISK MAY BE LOWER

* DO NOT REQUIRE CONVENTIONAL TRAP
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Must have -
Indispensable

REQUIREMENTS FOR A SUCCESSFUL GHG STORAGE SITE Dipersabl

c seal thi Distance |
eal thickness istance fo Abundance of
Storage Efficiency Reservoir thickness o e 1o

Seal Facies / open acreage
Connected in’regri’ry - depfh

system / Facies

Operated

N Connectivity seal faulting Target depth licenses present
Permeability Secondary Opportunities for Infrastructure

Seal systems reutilization / Possible partnerships
Net-to-Gross
Well density (per Km?2 SIMOPS e.qg. drilling, shipping, seabed activities

Selection criteria

Secondary

Abandonment status Availability of base line environmental data



CAPACITY

Reservoir Facies ~ Fouitdensity  Pressure PVT Cum. production

Porosity / NTG ~ Water salinity IMIEESS Water production

INJECTIVITY

.............................................................. SN E—— ey I

(analogue)

INJECTIVITY

NIG PLT

MONITORABILITY

Porosity  Thickness Legacy well accessibility

' CONTAINMENT

Thickness Geomechanical data  Pressure Well density
LT/LOT/VES

Faulting Legacy wells -

CONTAINMENT

- Geological seal systems

MONITORABILITY injectivity

- Legacy Wels status - Infrastructure reutilization

opportunities

- Ability to identify or infer
location of the injected GHG
at all times

- Scalabkility: Sustained rates pel
well enabling commercial
agreements

- Can we store the fotal volume

i ]
AN - Transport solution

- Is the Containment Risk profile

acceptable? - Monitoring & Validation

P&A status
TRANSPORT & COSTS
Data requiremerﬂ-s are for both Sonne Depth Distance Nr. Wells to fix Reusable infrastructure

aquifers & Depleted fields Screening

COMMERCIAL ASPECTS - STAKEHOLDERS

Physical access Legal access Operated licenses

Infrastructure Open acreage Possible partnerships
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Types of CO, Geological Storage sites Favourable Unknown Unfavourable
-

e BT
— —

Screening criteria (to be) Confirmed Dry Dipping Saline
g Decommiissioned fields 3/4-way closures Aquifers
Reservoir Injectivity
presence and | Connectivity
quality

Monitorability

Structural trap

. Caprock Integrit
Containment P anty

Risk Fault reactivation risk
/ Induced seismicity

Legacy wells

Maturation time / Effort / Costs

Scalability
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Types of CO, Geological Storage sites Favourable Unknown Unfavourable
e

e BT
— —

Screening criteria (to be) Confirmed Dry Dipping Saline
g Decommiissioned fields 3/4-way closures Aquifers
Reservoir Injectivity
presence and | Connectivity
quality

Monitorability

Structural trap

. Caprock Integrit
Containment P gty

Risk Fault reactivation risk
/ Induced seismicity

Legacy wells

Maturation time / Effort / Costs

Scalability




Business atftractiveness VS. Data availability
Data Availability

:

APP‘O‘S (Open)

onfirmed Dry

3/4-way Scalability
closures

dlpplng
(Open)
‘7 dipping —‘ Saline
Saline Aquifers (to be)
AqU|fers ecommissioneo . .
fields Business attractiveness =
C

(Risk profile x Cost)

Business attractiveness
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Storage Resources & Scalability
How much can we store safely?

CO, STORAGE MATURATION TIMELINE > Wi Commerci commimens
A ~

Cost & Risk Mitigation

i Measure, Monitoring & Verification
w (MMV) Plan, appraisal, # Injectors &

Containment Risks infrastructure

Authorities & Stakeholders engagement / trust

Phase 1: Screening of CO2 storage resources

- High level Containment risk assessment
- How much can we permanently and realistically store within a particular area of interest

Phase 2: Feasibility assessment of CO, storage injection in a depleted field or saline aquifer

- Multidisciplinary Containment risk assessment
- Nr. of new wells and wells to be repurposed & adequately abandoned - infrastructure reutilization
- High level assessment of injection profiles

Phase 3: CO, storage development planning

- Injection profiles & nr. of new and re-purposes wells
- Complete Monitoring, Validation and Response plan
- Permit application requirements for CO, injection

- EU Permit requirements & I1SO standards

SPE SRMS for CO2 storage

Contingent Capacity Resources

Prospective Storage Resources Storage Resources “discovered /commercial”
estimates “undiscovered” “discovered /sub

commercial” Proved, Probable or Possible
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CARBON CAPTURE & STORAGE: THE ROLE OF AN INTEGRATED SUBSURFACE TEAM

> PHASE 1: SCREENING OF CO, STORAGE RESOURCES (INCL. HIGH LEVEL CONTAINMENT RISK ASSESSMENT)
> HOW MUCH CAN WE PERMANENTLY AND REALISTICALLY STORE WITHIN A PARTICULAR AREA OF INTEREST

> PHASE 2: FEASIBILITY ASSESSMENT OF CO,, STORAGE INJECTION IN A DEPLETED FIELD OR SALINE AQUIFER
> MULTIDISCIPLINARY CONTAINMENT RISK ASSESSMENT
> INFRASTRUCTURE REUTILIZATION
> NR. OF NEW WELLS AND WELLS TO BE REPURPOSED & ADEQUATELY ABANDONED
» HIGH LEVEL ASSESSMENT OF INJECTION PROFILES

» PHASE 3: CO, STORAGE DEVELOPMENT PLANNING IN A DEPLETED FIELD OR SALINE AQUIFER
> INJECTION PROFILES & NR. OF NEW AND RE-PURPOSES WELLS
» COMPLETE MONITORING, VALIDATION AND RESPONSE PLAN MEETING AUTHORITIES REQUIREMENTS
> EU PERMIT APPLICATION REQUIREMENTS FOR CO, INJECTION
» SO STANDARDS
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https://www.spe.org/industry/docs/SRMS.pdf
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:140:0114:0135:EN:PDF
https://www.iso.org/standard/64148.html
https://www.apes-energyevolution.com/
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SOME COMMERCIAL GEOTHERMAL APPLICATIONS

* COOLING & HEATING
*  DISTRICT SOLUTIONS (COMMUNITIES)

*  HOUSING
*  |INDUSTRY
* POWER

*  PuBLIC GRID

*  CONSTANT SUPPLY: 24/7 BASELOAD SECURITY FOR
SOLAR/WIND PROJECTS

*  ENERGY-INTENSIVE ACTIVITIES (E.G., BITCOIN MINING)
¢ CRITICAL MINERALS

e LITHIUM

«  ZINGC, SILICA
*  DECARBONIZATION*

*  OIL AND GAS OPERATIONS

*  UREA/FERTILIZER

*  BIOFUELS

*  GREEN HYDROGEN

*Geothermal electric plants produce ~13 g of Carbon dioxide per kWh,
whereas the CO2 emissions are ~450 g/kWh for natural gas, 200 g/kWh for
oil and 1050 g/kWh for coal. (Mia, n.d.)



GEOTHERMAL BASICS

A GEOTHERMAL RESOURCE REQUIRES CERTAIN GEOLOGICAL

CONDITIONS IN ORDER TO GENERATE HEAT OR ELECTRICITY
New fechnology HOT FLU'D COLD FLU'D

solutions include low

temperatures (100°C)
| FLUID—SUFFICIENT HOT FLUID MUST BE ABLE TO BE providing there is a

CIRCULATED TO SURFACE minimum of 60I/s flow
*  NATURAL AQUIFER + RECHARGE

*  INJECT-CIRCULATE-PRODUCE (WELL-TO-WELL OPEN OR
CLOSED LOOP OR CO-AXIAL CLOSED LOOP)

2 HEAT—THE TEMPERATURE OF THE EARTH'S SUBSURFACE
NATURALLY INCREASES WITH DEPTH AND VARIES BASED ON
GEOGRAPHIC LOCATION

*  FOR HEATING PROJECTS, THE IDEAL SUBSURFACE
TEMPERATURE 1S >80°C

*  FOR ELECTRICITY PROJECTS, THE IDEAL TEMPERATURE AT DEPTH IS
>150°C (BUT CAN BE LESS IN SOME INSTANCES)

3 ) THERMAL TRANSFER—FLUID MUST ACCESS HEAT SOURCE

< CONDUCTIVITY: FLUID IS HEATED BY DIRECT/INDIRECT CONTACT
WITH HEATED MEDIUM

= CONVECTION: WARMER FLUID IS PRODUCED; COOLER FLUID
REPLACES



TEMPERATURE VS UTILITY

Direct-use applications for geothermal resources

_|

Digestion in paper pulp (Kraft); Evaporation of highly concentrated
solutions; Refrigeration by ammonia absorption

Heavy water via hydrogen sulphide process; Drying of diatomaceous earth

T range of steam power

Drying of fish meal and timber
Alumina via Bayer process

Drying farm products; Food canning Yildirim & Akkurt (2011)

= Fash GPP
<-Binary GPP |

saturated steam

Steam

Evaporation in sugar refining; Extraction of salts by evaporation &
crystallisation; Fresh water by distillation

0o
L
@
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O
==
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C
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T range of binary fluid power

Concentration of saline solution; Refrigeration (medium temperature)

Drying and curing of light aggregate cement slabs i
100 120 140 160 160 200 220 240 260
Geothermal Reservoir Temperature (°C)

Drying of organic materials eg: seaweed, grass, vegetables etc; p
Washing and drying of wool e

Drying of stock fish; Intense de-icing operations

Space heating (buildings + greenhouses)

hot water

Refrigeration (lower temperature limit)

 WIDE RANGE OF APPLICATIONS AT TEMPERATURES > 30°C

Animal husbandry; Greenhouses by combined space

Mushroom growing; Balneology/ therapeutic hot springs

Soil warming; Swimming pools; Biodegradation; Fermentations * EFF|C|ENCY OF TRANSFER OF GEOTHERMAL POWER TO
Warm water for year-round mining in cold climates; De-icing; Fish farming ELECTR'CAL POWER REACHES A MAX'MUM AT ~] 5OOC




WHAT IS BINARY ELECTRICITY GENERATION?
(ALSO CALLED ORC: ORGANIC RANKINE CYCLE)

Binary Cycle Power Plant » USEFUL WHEN TEMPERATURES DO NOT GENERATE
Turbine Generator SUFFICIENT QUANTITIES OF STEAM TO TURN A TURBINE
< UNASSISTED

* REQUIRES A SECOND “WORKING" FLUID AT SURFACE
WITH A LOWER BOILING POINT THAN WATER

* HEAT EXCHANGER TRANSFERS HEAT FROM
GEOTHERMAL FLUID TO WORKING FLUID

Heat exch
w?h fvgik?nr‘gg?lrl:id * COOL GEOTHERMAL FLUID IS RETURNED TO

SUBSURFACE TO REHEAT

« BETWEEN 2007 AND 2019, THE LEVELIZED COST OF
ELECTRICITY (LCOE) OF GEOTHERMAL VARIED FROM
USD $0.04/KWH FOR SECOND-STAGE
R ey DEVELOPMENT OF AN EXISTING FIELD TO AS HIGH AS

Production Injection USD $0.17/KWH FOR GREENFIELD DEVELOPMENTS IN




LOW TEMPERATURE TECHNOLOGIES
OPEN LOOP VS CLOSED LOOP ENHANCED GEOTHERMAL SYSTEMS

OPEN LOOP SYSTEM DUAL WELL CLOSED LOOP SYSTEM SINGLE WELL CLOSED LOOP SYSTEM
(NATURALLY OR ARIFICIALLY CONNECTED) (SINGLE OR MULTI-LATERALS) (COAXIAL)

Conventional Hydrothermal System ECO2G System

SC02
Turbine Generator

v W &R * 3 x
e %, !
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Meckel, after Muir (2020)

Increasing surface footprint



2 WELLS (INJECTOR AND PRODUCER)

LOOP INVOLVES FLOW THROUGH AQUIFER
FRACKING REQUIRED TO ESTABLISH CONNECTIVITY
MICROSEISMICITY

PRODUCED FLUID MAY GENERATE SCALE AT SURFACE

LARGE SURFACE FOOTPRINT WITH REGULAR MAINTENANCE
REQUIRED

NJECTIC DR PRODUCTION FRO JUIFER
1 OR 2 WELLS (CO-AXIAL OR U-TUBE)
LOOP IS CONTAINED IN WELL(S)
NO FRACKING
NO MICROSEISMICITY
PRODUCED FLUID IS CONTAINED WITHIN WELL — NO SCALE

SMALL SURFACE FOOTPRINT WITH MINIMUM MAINTENANCE




SUITABILITY FOR GEOTHERMAL POWER PLANTS

From Coro & Trumpy (2020)
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RENEWABLES MARKET PENETRATION

Estimated Renewable Energy Share of Global Electricity Production, End-2018

(o)
73.8% 4
Non-renewable
electricity

Cumulative grid connected capacity

=
100
50 lI

0
2006 2007 2008 2009 2010 20m 2012 2013 2014 2015 2016

Renewable
electricity

15 . 8% Wind power

Hydropower

Solar PV

Region Bio-power
@ Europe @ Asia @ North America Oceania @ Africa South America @ Central America and the Caribbean
@ Middle East @ Eurasia Geothermal CSP
!
and ocean power

GROWING FAST ... ... BUT STILL SMALL
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LCOE by technology, discountrateof 7% @
300

IN 2021 MALAYSIA RECEIVED LARGE SCALE SOLAR RECEIVED TENDERS IN THE RANGES
MYR 0.1768 - 0.2481/KWH (WITHOUT STORAGE)

IEA. All rights reserved.

RENEWABLE UTILITY
SCALE PRICING IS
LOWER THAN
CONVENTIONAL
ENERGY
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ENERGY STORAGE
COSTS ARE
DECREASING RAPIDLY
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UTILITY SCALE ENERGY STORAGE IS MORE ACCESSIBLE THAN EVER
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SOLAR + STORAGE

SOLAR RESOURCE MAP

* UTILITY SCALE SOLAR POWER HAS THE POSSIBILITY OF PROVIDING EMISSIONS FREE PHOTOVOLTAIC POWER POTENTIAL

BRUNEI ESMAP (IIED
114°30E

@ WORLD BANKGROUP

ENERGY OVER A 25+ YEARS HORIZON
* LOW MAINTENANCE REQUIREMENTS
* ENERGY STORAGE COMPLEMENTS SOLAR BY:

m PROVIDING GRID STABILITY BY EVENING OUT EXCESS OR LACK OF ENERGY,
MILLISECOND REACTION TIMES

m [IME-SHIFTING ENERGY AVAILABILITY TO WHEN NEEDED

m FREQUENCY REGULATION

Long term average of PVOUT, period 2007-2018
Daily totals: 33 35 37 39 41

m BACKUP GENERATION — ALLOWING TIME FOR DIESEL/GAS GENERATORS TO e PSS A —

COLD START AS NEEDED Being close to the equator Brunei has high solar
iradiance securing high output from solar

» OFFSET FUEL IS AVAILABLE FOR EXPORT power.
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SUMMARY

WITH THE HIGH SOLAR IRRADIANCE IN BRUNEI DARUSSALAM THERE IS UNUSED
POTENTIAL IN A FREE AND SUSTAINABLE NATURAL RESOURCE

SOLAR + STORAGE PROVIDES A FANTASTIC EMISSIONS-FREE OPPORTUNITY TO
PARTICIPATE IN THE ELECTRIFICATION TRANSITION

SOLAR + STORAGE INCREASES THE GRID STABILITY, STORING EXCESS
CAPACITY FOR LATER USE

USING LESS CONVENTIONAL FUEL FOR LOCAL ELECTRICITY GENERATION
ALLOWS FOR MORE EXPORT OPPORTUNITIES, IN ADDITION TO CCS

Solar + storage example: St.Kitts 34MWp
solar plant with 48MWh battery storage will
provide the islands primary power with
fraditional diesel generators providing
back-up.
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