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UofG is taklng the lead to tackle climate change v

« 2014: 15t EU university to commit to fully divesting from fossil fuel companies.
« 2017: Endorsed the UN'’s SDGs. .
« 2019: 1st university in Scotland to declare a climate emergency.

« 2020: Published Glasgow Green, our strategy to tackle climate change.

2024: Completed divestment from fossil fuels.

2030: Our target date to achieve net-zero carbon emissions.
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Geothermal / Oll&Gas Synergies
Conventional Deep Geothermal Workflow

Geology, Geophysics,
Petrophysics

Reservoir Engineering

© 2021 by G. Falcone

(after Enel, 2005)
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Field Performance,
Resource Management

Completions

Topics include completion design and installation, intelligent wells, sand control, hydraulic
fracturing, acidizing and stimulation, and well integrity. Special interests are supported
through technical sections, and peer-reviewed papers are published in both SPE Drilling &
Completions and SPE Production & Operations journals. Go to Completions

Data Science and Engineering Analytics

Tepics include infermation systems, data use and management with specializations
covered in technical sections and articles published in the Data Science and Digital
Engineering online magazine. Go to DSEA

Drilling

Covers topics from well planning and wellbore design through drilling equipmant, systems
and operations to casing and cementing. Special interests are supported through technical
sections, and peer-reviewed papers are published in the journal SPE Drilling &
Gompletions. Go to Drilling

Projects, Facilities, and Construction

Topics include processing, flow assurance and subsea systems, measurement and control
platforms and floating systems, and facilities operations. Peer-reviewed papers, as well as
articles, are published in the Oil and Gas Facilities magazine. Go to Facilities

Health, Safety, Environment, and Sustainability

Comprises core HSE topics as well as research and sustainability issues. Specializations
are covered through technical sections, workshops, publications, and international HSE
conferences held in both the US and abroad. Go to HSE

Management

Tepics range from strategic planning to energy economics with specializations covered in
Technical Sections. Peer-reviewed papers, as well as management related articles are
published in the SPE Economics & Management journal. Go to Management

Production and Operations

Focuses include artificial lift, well operations and optimization, surveillance and monitoring,
production chemistry, well intervention and decommissioning. Peer-reviewed papers are
published in the journal SPE Production & Operations. Go to Production and Operations

Reservoir

Tepics range from simulation and formation evaluation to unconventienals and enhanced
recovery processes, Specialized topical covered in global events and the peer-reviewed
journal, SPE Reservoir Evaluation & Engineering. Go to Reservoir

Society of Petroleum Engineering Disciplines



PATH TO NET-ZERO



IEA's pathway to Net-Zero

Pathways to limit global warming to 1.5 °C

a) Observed global temperature change and modeled
responses to stylized anthropogenic emission and forcing pathways

Global warming relative to 1850-1900 (°C)
20 4

Observed monthly global
mean surface temperature

Estimated anthropogenic
104 warmingto date and
likely range

0.5 4

2025

2021

No new unabated
coal plants approved
for development

No new oil and gas
fields approved for

2030
No new sales of
fossil fuel boilers Universal energy access

All new buildings are
zero-carbon-ready

2035

Most appliances and
cooling systems sold

sales are electric are best in class

Most new clean
technologies in
heavy industz

heavy truck
are electric

Ho new ICE car sales

All industrial
ectric motor sales
are best in class

erall net-zero
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(IEA, 2021)

2025

2030

150 Mt low-carbon hydrogen
850 GW electrolysers

4 Gt CO, captured

2035

50% of existing

buildings retrofitted
to zero-carbon-ready

levels

50% of fuels used
i are
low-emissions

Around 90% of
existing capacity in
heavy industries
reaches end of
investment cycle

f  Net-zero emissions

electricity globally

Phase-out of all

B unabated coal and oil

power plants

Bl 50% of heating demand |
met by heat pumps

2040

2045

More than 85%
of buildings are
zero-carbon-ready

More than 90% of
heavy industrial
production is
low-emissions

Almost 70% of
electricity generation
globally from solar PV

and wind

2050

435 Mt low-carbon hydrogen
3 000 GW electrolysers

7.6 Gt CO, captured




TRACKING PROGRESS
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Global energy sector CO2 emissions, 2000-2022

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
IEA. CC BY 4.0.

Global energy sector emissions have nof fallen in the last two years,
as envisaged in our 2021 roadmap, but instead have risen to record levels

(IEA, 2023)
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Global renewable power : curtallment issues

45 Motes
Electricity generation from wind and solar PV indicate potential generation including current curtailment rates. All renewables
40 However, it does not project future curtailment of wind and solar PV, which may be significant in a few countries by
2028,
35
O
30
I8 Variable renewables
20
——— _ wc_____—____
15
10 Wind
O Solar PV
5 2024
/ O Solar PV: 6.7% o
@ Wind: 8.6% Other renewables
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| O Other renewables: 2.9%
renewables: 33.

© SolarPV @ Wind @ Variable renewables @ Hydropower
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2 Other renewables

@ All renewables

(IEA, 2023)

IEA. Licence: CC BY 4.0




Global geothermal power: more effort needed!

(IRENA, 2024)
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Global District Heating (DH)

China boasts the world’s largest geothermal DH network, with 200,000 km of pipework

District heat production by selected region and heat delivered by sector, 2000-2020
China's National Energy Administration has proposed increasing the geothermal heating-cooling area by

50% in the five years from 2020 as well as doubling the geothermal power generation capacity.
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DH: geothermal vs. oil & gas

HOW MUCH GWTHERMAL INSTALLED IN DH

SYSTEMS?

District heat production by fuel, 2010-2020 and in the Net Zero Scenario, 2030

(IGA, 2020)
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7,000,000

Global power: oll & gas share -~

5,000,000

Share of electricity production from fossil fuels, 2022

Measured as a percentage of total electricity.

4,000,000

——Qil

——Natural Gas

3,000,000
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2,000,000

Electricity by source (GWh)
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Data source: Ember - Yearly Electricity Data (2023); Ember - European Electricity Review (2022); Energy Institute - Statistical Review
of World Energy (2023)
OurWorldInData.org/energy | CC BY
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CAN INVESTMENT BE SHIFTED?
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Global energy investment by sector, 2019-2023

Energy-sector investment, 2019-2023e

Fuel supply Power End use
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IEA. CC BY 4.0.

Notes: “Low-emission fuels” include modern liquid and gaseous bioenergy, low-emission hydrogen and low-emission hydrogen-based fuels; “Other end use” refers to renewables for
end use and electrification in the buildings, transport and industrial sectors. The terms grids and networks are used interchangeably in this report and do not distinguish between
transmission and distribution; 2023e = estimated values for 2023..
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Renewable energy investment by sector, 2013-2022

© 2021 by G. Falcone
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During 2013-2022, solar PV and onshore wind continued to consolidate their dominance, attracting, respectively, 46%
and 32% of global renewable energy investments. Investments in offshore wind has picked up, attracting 8% of the total,
followed by solar thermal at 5%. Other renewable energy technologies (including hydropower, biomass, biofuels,
geothermal and marine energy) altogether attracted only 7% of total investment in 2013-2022, with hydropower making
a relatively significant portion of the total. More funds need to flow to less mature technologies that have a crucial role
to play in the energy transition. The concentration of investments in solar and wind technologies further increased in
2022 as they attracted 95% of the overall investment.

Source: IRENA and CPI (2023), Global landscape of renewable energy finance, 2023, International Renewable Energy
Agency, Abu Dhabi. https://www.irena.org/Publications/2023/Feb/Global-landscape-of-renewable-energy-finance-2023
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Global investment: geothermal

Geothermal spending

Billion USD
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Capital investment by Majors and selected other
companies in new projects outside oil & gas supply
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=0O—Share of total capital
investment (right axis)

In 2020, the largest single
investor in renewables in
absolute terms was Shell

with $2bn, followed by Total

($1.7bn) and Eni ($1.6bn).

IEA 2020. All rights reserved.

Notes: Capital investment is measured as the ongoing capital spending in new capacity from when projects start construction and are based on the
owner's share of the project. Companies include the Majors and selected others (ADNOC, CNPC, CNOOC, Eguinor, Gazprom, Kuwait Petroleum
Corporation, Lukoil, Petrobras, Repsol, Rosneft, Saudi Aramco, Sinopec, Sonatrach). CCUS investment is in large-scale facilities; it includes developments

by independent oil and gas companies in Canada and China and capital spend undertaken with government funds.
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Jobs: geothermal
All Technologies N 13,727

Solar photovoltaic 4,902

Liquid biofuels 2,490

Hydropower _ 2,485

Wind energy - 1,400

Solid biomass - 779

Solar heating/cooling 712

Biogas I 309

Heat Pumps K Compare to the 463,900
Geothermal energy | 152

Other technologies |14g peak In 2014 Of JObS
csp 0 supported by the UK
Municipal and industrial waste 27 O&G Offshore |ndustry_

Marine energy 1
a 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
MNumber of Jobs (In Thousand)

Source IRENA and ILO (2023), Renewable energy and jobs: Annual review 2023, International Renewable Energy Agency, Abu Dhabi and International Labour
Organization, Geneva. Data are principally for 2022, with some dates for 2021 and a few instances in which only earlier information is available. 'Other
Technologies' include jobs not broken down by individual renewable energy technologies.

© 2021 by G. Falcone
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SECTOR SYNERGIES STILL STAND!
...PRIORITIES?
(commensurate with expectations)

20



Geothermal / Oill&Gas: the synergies still stand!

Geology, Geophysics, Drilling, Completions, Production Ops.
Petrophysics
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Reservoir Engineering e Field Performance,
Resource Management
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Completions

Tepics include completion design and installation. intelligent wells, sand control, hydraulic
fracturing, acidizing and stimulation, and well integrity. Special interests are supported
through technical sections, and peer-reviewed papers are published in both SPE Drilling &
Completions and SPE Production & Operations journals. Go to Completions

Data Science and Engineering Analytics

Tepics include infermation systems, data use and management with specializations
covered in technical sections and articles published in the Data Science and Digital
Engineering online magazine. Go to DSEA

Drilling

Covers topics from well planning and wellbore design through drilling equipmant, systems
and operations to casing and cementing. Special interests are supported through technical
sections, and peer-reviewed papers are published in the journal SPE Drilling &
Completions. Go to Drilling

Projects, Facilities, and Construction
Tepics include processing, flow assurance and subsea systems, measurement and control

platforms and floating systems, and facilities operations. Peer-reviewed papers, as well as
articles, are published in the Oil and Gas Facilities magazine. Go to Facilities

Health, Safety, Environment, and Sustainability

Comprises core HSE topics as well as research and sustainability issues. Specializations
are covered through technical sections, workshops, publications, and international HSE
conferences held in both the US and abroad. Go to HSE

Management

Topics range from strategic planning to energy economics with specializations covered in
Technical Sections. Peer-reviewed papers, as well as management related articles are
published in the SPE Economics & Management journal. Go to Management

Production and Operations

Focuses include artificial lift, well operations and optimization. surveillance and monitoring.
production chemistry, well intervention and decommissioning. Peer-reviewed papers are
published in the journal SPE Production & Operations. Go to Production and Operations

Reservoir

Topics range from simulation and formation evaluation to unconventionals and enhanced
recovery processes. Specialized topical covered in global events and the peer-reviewed
journal, SPE Reservoir Evaluation & Engineering. Go to Reservair

Society of Petroleum Engineering Disciplines
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Resource assessment standards
e.g., prospect chance of success

Oil & gas:

> — P ) ) 2
I g I\ Source X I Dynamics x 1 Trap x 1 Reservoir
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I d =1 Economics X I Techn~1-

Geoloaical -+
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disclosu
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d to enc

Geothermal:
(but not necessar | Rjsked quanm\es

. ent_ . U %
for closed-loop sy itate shift of investmen e
\NOU\d factl Fluid Chemistry 90%
COMBINED : ~44 %
Probability of Discovery

CCS:

Supplementary Specifications for the Application of the
United Nations Framework Classification for Resources
(Update 2019) to Geothermal Energy Resources

Prepared by the United Nations Framework Classification for
Resources Ad Hoc Committee of the International Geothermal
Association

Summary

This document supersedes and replaces the Spectfications for the
Application of the United Nations Framework Classification for
Fossil Energy and Mineral Reserves and Resources 2009 (UNFC-
2009) to Geothermal Energy Resources, which were released on 30
September 2016.

This document outlines the Supplementary Specifications for the
Application of the United Nations Framework Classification
Resources (Update 2019) (UNFC (2019)) to geothermal energy
resources. Its intended use is in conjunction with UNFC (2019).
Given the updates incorporated in UNFC (2019), there is no longer a
requirement to use flus document in conjunction with the
Specifications for the Application of UNFC-2009 to Renewable
Energy Resources, which were also released on 30 September 2016,
as they are no longer in use.

(Ussher, 2019)

“A subsurface body of rock with sufficient porosity and permeability to store and transmit fluids
and characterized by a hydraulically connected pressure system” + “overlying cap rock or seal”
+ “retention of injected fluid through one or more trapping mechanisms’. (UNECE, 2016)

© 2021 by G. Falcone
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Unconventional ‘EGS’ well designs

v4 v 4 ' 3

(a) coin-shaped (b) network of micro-cracks, e s nectd
: large-scale fractures
verfical cracks fissures cnd fractures and fauls /

(Clauser, 2006) \

(Shiozawa and McClure, 2014)

Solling
(3650-3670m)

Detfurth

(Jung et al.,, 2006, left, and
Torsten et al,, 2010, right)

(GedZzius and Teodoriu, 2011)
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Unconventional closed-loop designs (1)
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Unconventional closed-loop well designs (2)

Artificial Geyser Thermally enhanced downhole designs

—| Surface facilities
t/‘ Heated Fluid
moves up inside
nner pipe

vaerheated steam (production)
u LLow pressure

The outer pipe

The Inner pipe

The heat conducting filler (graphite)

Water (injection)
High pressure (e.g. >65Cbar)

Valve

The thermal fluid

Overheated steam
Low pressure

< Heat Transfer
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N

‘Heat Transfe}_‘,\

Boiler—

HOT FORMATION
HOT FORMATION

(Bierenriede, 2011; Heller and Teodoriu, 2013; Heller et al., 2014, Teodoriu et al., 2015)

© 2021 by G. Falcone
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‘AGS’ (e.g., Eavor)

Eavor Facility (¢
& TestLab ——

Note: A = E Flow Direction

© 2021 by G. Falcone

ii:“ chay b

Eavor-Lite™
» Technalogy Prototype

Eavor-Loop™ 1.0
¢ Minimum Viable Product

(Eavor, 2021)
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.and pre-Eavor
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CO,-Plume Geothermal Systems

CO, expansion
device (turbine)
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(Saar & Rando/ph 2012)
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Supercritical resources

Pure water: T>374-C and P>22.064 MPa
Pioneering projects, e.g. the Icelandic Deep Drilling Project.

SC geothermal fluids have high enthalpy per unit mass, i.e. IDDP-2
up to a tenfold increase in power generation.

Research projects located in active volcanic areas in Japan,
New Zealand, Italy, Iceland, USA and Mexico.

UPPER CRUST

e e e USSR

LOWER CRUST

Also, ‘super-hot EGS'...

© 2021 by G. Falcone 29



Repurposing oil & gas wells...

Repurpose hydrocarbon wells ...and delay decommissioning

Temperature (°C)

Bl 22 ] 42
Bl 26 [ 46
[ 30 B9 50
] 34 Il 54
138

0 | 290 ] 4(IJO ] G(IJO 0 | ZPO — 4(|)O | B(IJO 0 | 290 1 490 | s(l)o
1000 - 1000 - 1000+ i
800 : 800 : 800 : :
600 : 600 : 600 : :
400 : 400 : 400 : :
200 : 200 : 200 : :
0 | 0 | 0 _ _

Figure 3. UK onshore hydrocarbon wells with OGA records: (a) all UK onshore hydrocarbon wells;
(b) operating wells selected as potential candidates for geothermal repurposing. British National Grid
co-ordinates (north and east) are in 100 km intervals.

(Wastson et al., 2020)

Onshore vs. offshore

Power vs. heat vs. CHP

© 2021 by G. Falcone

National Grid co-ordinates (north and east) are in 100 km intervals.

700+

400
T

500 600
T T

[ Mesozoic Sedimentary Basin

[ Palaeozoic Sedimentary Basin
" High Ranking Wells
# High Ranking Fields

East Yorkshire &
Lincolnshire
Basin

‘igure 4. Regional temperature variation at 1 km depth across the UK, modified after [51]. British

0 ’: 1 1 1 1
Field BNG Reference F(’r;]"gdy“eﬁ:‘_)l’)‘ '?'g Wells
Wytch Farm (WY) SY 958 852 18,566,023 65 118
Stockbridge (SB) SU 423 339 130,779 51 8
Welton (WE) TF 036 752 50,262 52 18
Wareham (WA) SY 898 872 35,869 44 5
Palmer’s Wood (PW) TQ 364 526 34,852 42 6
Storrington (ST) TQ 069 149 17,530 55 2
Cold Hanworth (CH) TF 037 822 15,458 72 4
Singleton (SI) SU 884 154 11,820 58 6
Whisby (WH) SK 893 688 11,461 43 4
West Firsby (WF) SK 989 845 8797 66 4
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...nheed to think full LCA / Cradle-to-Grave

Decommissioning liabilities
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Conclusions

= Plenty of geothermal / oil&gas synergies (not a new fact!).

= Need for risked geothermal pathways, based on projects identification
(ongoing vs. committed vs. notional).

= Geothermal progress not currently on track — opportunities?
= Opportunities (commensurate with expectations) can shift investment.
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‘Zero', ‘net-zero’ & ‘negative net-zero’

© 2021 by G. Falcone

Greenhouse gas emissions GtCOZe / year
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Evolution of total budget

Evolution of budget per year, Total
million USD
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Public investment in renewables
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Global energy investment, 2017-2021

billion dollars (2019)
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Global |LCOEls from newly commissioned utility-

scale re

(Different from LCOH)
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able power generation technologies
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(EGEC, 2021)
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Global geothermal power costs
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Cost in U.S. dollars per kilowatt installed
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Drilling costs -1

% of Drilling costs
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(EGEC, 2012)
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Drilling costs -2
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Oil&gas/geothermal wells costs -1
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= WellCost Lite Model

. JAS = Joint Association Survey on Drilling Costs .

Well costs updated to US$ (yr. 2003) using index made from 3-year moving
average for each depth interval listed in JAS (1976-2003) for onshore, completed
US oil and gas wells. A 17% inflation rate was assumed for years pre-1976.
Ultra deep well data points for depth greater than 6 km are either individual wells
or averages from a small number of wells listed in JAS (1994-2002).

4. "Geothermal Actual" data include some non-US wells (Mansure, 2004)

N -

d

Completed well costs in year 2003 US §$ as a function of depth (Augustine at al., 2006).
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Oil&gas/geothermal wells costs -2
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Drilling: lost windows of opportunity?
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Rig Counts - Oil, Gas, Oil+Gas, Total

1400

1200

1000

800

600

400

200

(o]

(Falcone and Teodoriu, 2018)

l s ﬁ.
) /'
~R \
¢
A ’
4 W
' A
’ ) /‘N
(] ¥
- \) ,/\ Y
1 A f)
1 ¢ \
Y A AF
v l,,‘l‘ A
v
B
i
'
\
‘-
' 5
v\ﬁ‘ - ':
w \ P T o AN S
: ,.'. -.|' I" B '-‘"_'l.'“ I

'\—\«.\,\«N_‘

160

140

120

100

80

60

40

20

(e}

1/95 1/96 1/97 1/98 1/99 1/00 1/01 1/02 1/03 1/04 1/05 1/06 1/07 1/08 1/09 1/10 1/11 1/12 1/13 1/14 1/15 1/16 1/17 1/18

Year

Oil Gas Total Oil+Gas - o= = = Misc

Misc Land IFC

Oil Price

Gas Price

Rig Counts - Misc, Misc Land, IFC

Oil Price, Gas Price

Baker Hughes rig counts vs. IFC geothermal well counts vs. oil and gas prices (up to and including December 2017).

Oil price in USD per Barrel, gas price in USD per million Btu.
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Global energy investment, 2017-2021
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Change in market capitalization of geothermal firm Ormat versus oil firms

— Ormat — Royal Dutch Shell =— Chevron
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