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Imperial College

100 years of living science

Lecture Outline

Why are fossil fuels key to achieving a sustainable energy future?

 The energy landscape

 The energy transition

e Fossil fuels — the elephant in the room
 Managing the elephant

e Imperial research

* Engineering the Journey —
the key role of (Chemical) Engineers

 What can you do?
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I—Iydroelectrzc 4.6 TW)
gross, 1.6 TW feasible
technically, 0.6 TW
kinstalled capacity

J

Fossil Fuels:
Current 12.5 TW
Potential 25 TW

Geothermal: 9.7 TW gross
(small % technically feasible) Wind 2-4 TW extract able]

-
Solar: 1.2 x 10° TW on @
earth’s surface,

Biomass/fuels: 5-7 TW,
36,000 TW on land Jood cultivatable land

0.3% efficiency for non-




The Driver for Carbon Mitigation

Global Land—Ocean Temperature Index
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CO, Emissions Scenarios
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Major Future Energy Demand Drivers

Figure 1. World energy consumption, 1990-2040

History Projections

« World population:
e ~7bn 2014
* Growth ~ 1.2% pa
* Projections: I I
« 8bn by 2030, 9bn by 2050 = me me e

 Major economic expansion of BRIC, non-
OECD countries

 World energy demand to double by 2050
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Future Energy Mix...

the growth of renewables but the continued
Importance of hydrocarbons

E 18 000 5 5 Other renewables
£ 16 000 -

14 mn
..... N Hydro

B Biomass
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10 000 ~ Muclear
B 000 - | Gas
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Source: International Energy Agency World Energy Outlook 2009

Global demand grows by 40% between 2007 and 2030,

with coal use rising most in absolute terms
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Current Energy Mix

———Direct Solar Energy 0.1%
/ —|— Ocean Energy 0.002%

Gas 1
22.1% \

Bioenergy
10.2%

Nuclear
Energy 2.0%

Wind Energy 0.2%
Hydropower 2.3%

—— Geothermal Energy 0.1%

IEA Energy Technology Perspectives 2010
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Factors limiting rapid growth of

Alternative Energy Routes

« Slow rate of developing technology, improving
energy efficiency

* Bringing costs down — comparability with fossil
fuels (+ CCS)

 Availability — delivering sufficient capacity
— eg landmass limitations
e Coping with intermittency — energy storage
 Nuclear
— Safety — Fukushima, March 2011

— Waste disposal and legacy
— Proliferation...military use, terrorism...
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Solar PV Roadmap Targets
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electricity generation in 2030, 11% in 2050
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Maturity of Renewable Energy Technologies

Maturity of
Technology
compared to
2050 Target

IChemE &

Energy Storage, Devicca .I‘o’

Energy Storage, Transport ‘oﬁ Solar Thermal, CSP
Solar PVo
/ )| Biomass for Fuels
and Power/Heat

,° Energy Storage, Grid Scale

/. Solar Fuels
‘>

2050
Target
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World abatement of energy-related CO,
emissions in the 450 ppm Scenario

for
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CO, emissions (Gt COfyr)
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BLUE Map emissions 14 Gt ——
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Source: IEA, Energy Technology Perspectives (2008a).

CCS industry and transformation 9%

CCS power generation 108
Muclear 6%

Renewables 21%

Pewver generation efficiency
& fuel switching 7%

End-use fuel switching 11%

End-use electricity efficiency 12%

End-use fuel efficiency 24%
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Carbon capture and storage must play a role...
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IChemE (25
Carbon Capture and Storage
— the main options

Injection well

IEA: 40Gt CO,
<2% emissions to 2050 bty
P&K: 370-1100 Gt CO,

Depleted ail
Q7 gl PRty irs
IEA: 920 Gt CO,
45% emissions to 2050
P&K: 740-1850 Gt CO,

Desp saline aguifer
IEA: 400-10,000 Gt CO,

20-500% emissions to 2050
P&K: 370-3700 Gt CO,

Estimated worldwide geological storage capacity > 2000 Gte CO, 14

IEA: Freund, Comparative potentials at storage costs up to $20/t CO, P&K: Parson and Keith, Science 282, 1053-1054, 1998



Sleipner CO, Injection Project

< 1 million tonnes CO, injected per year
% CO, separated from produced gas
% Avoids Norwegian CO, tax (~$55 per te)

% Gravity segregation and flow under shale layers controls CO,
movement
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SaskPower Boundary Dam Integrated CCS Project

o (World’s 15ty Commercial CCS Project

Coal-fired, post-combustion capture

Estevan, Saskatchewan, Canada

« 110 MW power

e 1Mt CO, stored pa

e Equivalent to removing ~ 250,000 cars

e CO2 used for EOR in nearby depleted oil reservoirs

 Remainder stored in 3.4km deep Deadwood saline aquifer —
Aquistore Project




How do we achieve this low carbon fossil

fuels future? .%
Use less energy BNk
— Energy Efficiency \

Use more gas
— A Future ‘Gas Economy’

Capture as much CO, as pOSS|bIe
— From gas as well as coal and oll

Increase nuclear
— Not a rapid solution

Fossil fuels = portfolio of renewables asap
— but >50 years...very country specific — natural resources + policies

To drive all this, we need effective carbon pricing
— Key lever to manage the Energy Transition to 2050 and beyond ;-



World abatement of energy-related CO,
emissions in the 450 ppm Scenario

for

CO, emissions (Gt COfyr)

Problem is here !
We need a lower
carbon present to
10- reach the target

low-carbon future

Baseline emissions 62 Gt ———— =

BLUE Map emissions 14 Gt ——

WEOQ2007 450 ppm case
]
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ETP2008 BLUE Map scenario
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Source: IEA, Energy Technology Perspectives (2008a).

CCS industry and transformation 9%

CCS power generation 108
Muclear 6%

Renewables 21%

Pewver generation efficiency
& fuel switching 7%

End-use fuel switching 11%

End-use electricity efficiency 12%

End-use fuel efficiency 24%

ChemE

ADVANCING
CHEMICAL
ENGINEERING
WORLDWIDE



How are we doing on reducing
carbon emissions?

e 1990 - 2.39t CO, per toe
e 2010 -2.37tCO, per toe

e But...since US shale gas took off,
atmospheric CO, levels increasing by
1.1% pa, cf ~3% pa previously
— A foretaste of the benefits of a ‘golden age of
gas'...is gas a destination, rather than a transition, fuel?
* Nevertheless...CO, levels from FFs are not
stabilising in a non-CCS world

AAAAAAAAA 19



However, there is a chink of light!

Figure 2.1
Global CO, emissions per region from fossil-fuel use and cement production

1oco millien tonnes IC{II2

49 7 International transport
E Other countries
20 Other large countries
China
) Other non-QECD1ggo
European countries
20 —
w Russian Federation
| i“ Other OECD1gg0 countries
o
1 gy,
10 % Japan
| 31 European Union (EUz8)
< United 5tates
LD
o — o

-
=]
=)

=]

1995 2000 2005 2010 2015

Source: EDGAR 4.3 (JRC/PBL, 2zo15) (1970-2012; notably IEA 2014 and NBS zo15); EDGAR 4. 3FTzo14 (2013-2014): BP 2o015; GGFR 2o15;
USGS 2015; W5A 2015

; '\_\.
Global CO, e Global CO, emissions went down from
emissions, t CO, - > 35.9 Gt in 2014 to 35.7 Gt in 2015,
per toe despite economic growth of 3.1%
e \. m
L - s
-\ _,_/\/ o
\\/ 4 \/ 20




Current CCS projects — planned or underway

Click the project name to find out more about that project

+PCOR Zama ®Alberta & PCOR Lignite 4 Teapot Dome 1055 Fm
-I: Pembina

@ MGSC Decatur W Snahvit
\ +Weyburn ® Cincinnati Arch ./; Sleidher
— @ Michigan Basin
A BSCSP Basalt A * K128
+ Salt Creek —  SWP San Juan / l:;:l:ruussem ®MNagaoka % Yubari
W WESTC R-Gas ® AEF Mountaineer .',,// i < Ligohs

"N

@ WESTC R-sulink. @Western Kentucky o @ RECOFOL \ Jl.
+ Monell —— @ West Virginia * ¥ Tofal Lacg
® SWP Farnham Dome % Central Appalachian & Qinshui Basin B

+MGSCEOR "

* MGSC-ECBM
+ MGSC Huffn Puff

@ WESTC Salt River
+ SWP Paradox EOR

® In Salah

#Allison Unit — w Gargon
@ West Pearl Queen <+ SECARB Early Test EOR
+ SWP SACROC ,'“I ® Frio \ @ SECARB Early Test Saline

- - *# Otway Project-1___
® Mississippi % Black Warrior .

. 5 d_fff
TYPE OF CO, STORAGE OPERATION ® Otway Project-2

% Enhanced Coal Bed Methane 4 Enhanced Oil Recovery 4 Depleted oil fiald ® Onshore saline aquifer @ Undecided

B Enhanced Gas Recovery #} Depleted gas field W Offshore saline aquifer & Basalt

ST 5mall SPTTTIEN Medium BRI Large BT | GO TO PROPOSED PROJECTS )

http://www.co2crc.com.au/demo/worldprojects.html



http://www.co2crc.com.au/demo/worldprojects.html
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Global deployment of CCS...?
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A lot of progress has to be made very quickly... av. 100 projects per year after 2020




The changing face of the UK’s

Electricity Mix
CarbonBrief

CLEAR ON CLIMATE

UK Electricity Generation 2016:
Gas 45%, Wind 11.5%, Coal 9.2%
Coal + Gas down 38% since 2010

UK annual electricity generation 1920-2016

® Coal @ Nuclear @ Gas © 0il & other Renewables
300 TWh
400 TWh
300 TWh
200 TWh
100 TWh
0 TWh 23
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UK Carbon Budgets

Climate Change Act 2008

UR greenhouse gas emissions and targets

All figures exclude aviation and shipping emissions

= Fmissions == Targetlevels = Provisional ® 2050 Target
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Sources: Committee on Climate Change
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UK Primary Energy Demand Projection

2015

Figure 4.1: Primary energy demand by fuel

100

50

50

30

20

Primary energy demand by source, Mtoe

200

150

100

50

40 A

[
renewables, nuclear
& other electricity

(
i

solid fuels ’

oil & natural gas 0 ©

2008 2011 2014 2017 2020 2023 2026 2029 2032 2035

The figure shows that primary energy demand for oil and gas stays relatively static over
the projection period. Demand for renewables, nuclear electricity and other electricity
grows steadily whilst demand for solid fossil fuels like anthracite declines rapidly.
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UKCCS Commercialisation Competition:
Shell, SSE Peterhead Project

Also White Rose
Project

Alstom

Drax Power
BOC
National Grid

» Coal-fired power
station

 Storage in saline
aquifer in southern
North Sea

Projects cancelled November 2015 Autumn Statement 26




The costs of not Implementing CCS

Costs of not deploying STUHAGE

CCS in UK, quickly
enough: SULAR

£30-40bn pa by 2050 BIUENERGY
o Neeld to use n;)cl)re NUGLEAR

e o INTERGONNECTION
e Failure to reduce MARINE

industrial emissions WIND S
Power from Fossil Fuels
US Study (EPRI 2009): GUAI. Gt Gt
Electricity in 2050: U"_

ith
oot oes NATURAL GAS
27
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Hydrogen for Heating

,I//%

Northern
Gas Networks




GCM Research — across the
energy landscape

e Carbon Capture and Storage — QCCSRC

. Underground gasmcatlon of (heavy)
hydrocarbons with in situ CCS 3

29
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We all need a
SpoNsor...



Qatar Carbonates and Carbon

Storage Research Centre

Qatar Carbonates and Carbon Storage
Research Centre

« A 10 year (2008-18), $70m programme to provide the
science and engineering underpinning the cost-effective,
safe, permanent storage of CO, in carbonate reservoirs

* Also addresses CO, EOR
e Sponsored by

— Qatar Petroleum

— Shell

— Qatar Science and Technology Park (Qatar Foundation)

Imperial College |, ; 1, L4 & @ QATAR SCIENCE & § 31

London Qatar Petroleum = TECHNOLOGY PARK 232



Qatar Carbonates and Carbon

Storage Research Centre A 10 year, $70m programme
“Putting CO2 In its place”

» 17 Academic Staff

e 3 QCCSRC Lecturers
» 16 Postdoctoral Researchers
e 32 + 4 + 14 PhD Students

* 5 Technical Support Staff

Imperial College JgAdl b & @ QATAR SCIENCE & ¢

London Qatar Petroleumn = TECHNOLOGY PARK 338



Long-term fate of ‘buried’ CO,

How can we be sure that the CO,

stays underground?

Caprock seals

Capillary Trapping

* rapid (decades): CO, as pore-scale
* bubbles surrounded by water

e we can design this process

Dissolution
« CO, dissolves in water — 103 years

Chemical reaction - mineralisation
- forming acid
. carbonate precipitation — 103-10° years




Qatar Carbonates and Carbon

Storage Research Centre

The five projects of QCCSRC

Validation,
integration
and upscaling

Carbonate

Reservoir
Characterisation

Support for CCS
Field Demonstration
Projects

HTHP
luid Properties an
Pore-Scale Rock-
Fluid Physics and
Chemistry

Advanced
Simulator for
Carbonate
Reservoirs

Imperial College T, 0 @
London %g{;ﬁetroleum g

QATAR SCIENCE & ¢
TECHNOLOGY PARK 3%



Qatar Carbonates and Carbon

Storage Research Centre

Fluid Properties at HTHP
Reservoir Conditions

Professor Martin Trusler
GCM
Professors George Jackson, Amparo Galindo,
Claire Adjiman

Imperial College |, ; e @ QATAR SCIENCE &
g\ﬂ_.LLIJ_Eg L]
London Qatar Petroleum g TECHNOLOGY PARK 3%



Qatar Carbonates and Carbon

Storage Research Centre

Phase Behaviour of  orshuin Hou

Dr Saif Al Ghafri Postdoc, now with

cesenn ot wa CO, + Hydrocarbons st

Dr Esther Forte
former PhD Student, now
Research Fellow

Imperial College Jg il , i é} @ QATAR SCIENCE &§ 37

London Qatar Petroleum = TECHNOLOGY PARK 3%

s



Qatar Carbonates and Carbon Complex Phase BEhaViour Of
Storage Research Centre Coz_hyd rOCarbOnS'
water/brines

CO,-rich gas
phase

Hydrocarbon
-rich liquid
phase

Water-rich
liquid phase

Imperial College JgAdl b é} @ QATAR SCIENCE & ¢ 39

London Qatar Petroleumn = TECHNOLOGY PARK 338
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Qatar Carbonates and Carbon

Storage Research Centre SAFT-VR EquatiOn Of
State

Molecules described by tangent spherical segments

m spherical segments

Interaction between segments = Square-Well potential

A .
u(r) (o0 |If r<o
c | o TS u(ry)=4-¢ If o<r<io
—l| | _I 0 If Ao <r

Each component is described by 4 parameters: m, o, €, A

40
Imperial College JgAdl b & @ QATAR SCIENCE &§

London Qatar Petroleum = TECHNOLOGY PARK 232




Qatar Carbonates and Carbon

Storage Research Centre C02 — n-heptane + toluene

e Fixed-composition, p-T space

36% CO, + 21% n-heptane + 42% toluene 20% CO, + 27% n-heptane + 53% toluene
12
10 |
£ 8T |
= 6}
N
! >
0
0 100 200 300 400 500 600
Al Ghafri, Georgiadis and Haslam T/ K

(Symbols represent experiments; curves represent SAFT-»Mie predictions)

Imperial College |, ; 1, L4 & @ QATAR SCIENCE & a1

London Qatar Petroleum = TECHNOLOGY PARK 232



Qatar Carbonates and Carbon BUbble & DeW Curves

20 component synthetic live oil + CO,
(Saif Al Ghafri)

Storage Research Centre

30

N
+
T'=298.15K
LZ
[ \
| +
m 20 L, °
o .
=
Q ° L, +L,
o ®
°
10 ® ¢ %
L b q %
L,+V I |
V+L1+L2/,><
O 1
0 0.2 0.4 0.6 0.8 1
Xco2
Imperial College S | [ Y 0 @ QATAR SCIENCE & § 42
London %‘;ta.-' Petroleum g TECHNOLOGY PARK 232



Qatar Carbonates and Carbon

Storage Research Centre C O 2 trap p I n g

* As CO, migrates through the rock, it can be
displaced by water, trapped in pore-scale
bubbles and cannot move further

Rock CO,

bubbles

Water

Dong, 2007
7
Imperial College JgAdl b qu @ QATAR SCIENCE & ¢

London Qatar Petroleumn = TECHNOLOGY PARK 338



L CUC LRI C LI H PHT Interfacial Tension of
Storage Research Centre :
CO,-Hydrocarbon-Brine Systems

Dr Xuesong Li

Dr Apostolos Giorgiadis

PhD 2011 PhD 2013
1403 at 49 MPa & 82 °
[ “ d L L L - ' L - _al L Q L o
Imperial College S | [ Y O @ QATAR SCIENCE & § 44
London %‘;ta.-' Petroleum g TECHNOLOGY PARK 232



SEEI TS ETE] ol Interfacial Tension: n-decane-CO,

Storage Research Centre . :
= Experiments compared with SAFT-DFT
30
Felix Llovell, Apostolos Georgiadis,
25 Amparo Galindo, George Jackson,

Martin Trusler, Geoff Maitland

¥ (mN-m!)

Fig. 3. Interfacial tension modelling and measurements of the (n-decane + CO; ) sys-
tem as a function of pressure for different isotherms: (v) at 298.0K; (m) at 323 4K;
(%) at 343.6K; (#) at 373.5K; («) at 403.1 K; (4) at 443.1 K. Continuous curves ()

correspond to the SAFT-VR-DFT predictions (cf. Section 3.1).

Imperial College Jg il , i & @ TE%ﬁEgLsocrlsﬁ'NFifnﬁ 228

London Qatar Petroleum =



Qatar Carbonates and Carbon

Contact Angle vs Pressure:
Al2SI0s Ceramic + H,O + CO,

Storage Research Centre

contact angle pressure
CO,-substrate [MPa]
(degrees)
170 £ 5 26.6
0 =170=+5 at 26 MPa & 82 °C
148 + 2 29.7
150 £ 2 32.0
150 £ 2 39.5
141 = 2 47.0
140 + 3 48.9 0 =140+3 at 49 MPa & 82 °C

Imperial College JgAdl b é} @ QATAR SCIENCE &§

London Qatar Petroleum mma= TECHNOLOGY PARK 5%

s



Qatar Carbonates and Carbon

Storage Research Centre

Fluid flow In porous and
fractured (carbonate) rocks

Revolution in core analysis

- Ability to image rocks and fluids at
the pore scale,

- Coupled with novel predictive
computational methods.

Imperial College JgAdl b & @ QATAR SCIENCE &§

London Qatar Petroleum = TECHNOLOGY PARK 232






Qatar Carbonates and Carbon

Storage Research Centre

Pore-scale trapping and
contact angle measurements
In carbonate rocks

Matthew Andrew
Martin Blunt and Branko Bijeljic

Imperial College |, ; e @ QATAR SCIENCE &
g\ﬂ_.LLIJ_Eg L]
London Qatar Petroleum g TECHNOLOGY PARK 3%



Qatar Carbonates and Carbon Cap 11 ary trap P N g In Ketton
Storage Research Centre Limestone

(Left) Non-wetting CO,
after primary drainage.
Pale blue is one large
cluster: other colours are
smaller clusters.

(Right) CO, ganglia after
brine flooding. The colours
indicate cluster size.
Significant contribution of
large clusters.

Core has diameter 6.5 mm
and resolution of around 6
um.

Pioneering in situ reservoir-condition
Imaging (only lab to do this successfully)

Imperial College JgAdl b é} @ QATAR SCIENCE & ¢ 50

London Qatar Petroleumn = TECHNOLOGY PARK 338
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Imperial College

London u-CT Study of CO, trapping and wetting

© Imperial College. Commercial in Confidence.



Qatar Carbonates and Carbon Pore-scale _d|SSO|Ut|On Of
Storage Research Centre Portland L!r_nestone by
supercritical CO,

Observe dissolution patterns in Portland at high and lower reaction
rates. Further work to analyze the results, perform in situ experiments,
showing the dynamic evolution of the pore fabric, and pore-by-pore

modelling and validation.

Imperial College  j, - 4 QATAR SCIENCE & 32
sf'—“uJ—E‘g o0
London Qatar Petroleum TECHNOLOGY PARK 3388




The essence of QCCSRC’s Research:
Storage Research Centre Fluids Moving and Reacting in
Carbonate Rocks

Qatar Carbonates and Carbon

QCCSRC Pils:
Geology and Geochemistry — Dr Cedric John, Prof John Cosgrove

Thermophysical Properties — Professors Martin Trusler, Geoff
Maitland, George Jackson, Amparo Galindo and Velisa Vesovic,
Dr Andrew Haslam, Dr Nico Riesco

Flow in Porous Media — Professor Martin Blunt, Dr Sam Krevor,
Dr Edo Boek, Dr Branko Bijeljic, Dr John Crawshaw

Reservoir Modelling — Professors Matt Jackson, Peter King,
Martin Blunt

Imperial College |, ; 1, L4 & @ QATAR SCIENCE & § 53

London Qatar Petroleum mma= TECHNOLOGY PARK 5%
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T h e E n e rgy Lan d S Cap e [ Current world consumption]

I—Iydroelectrzc 4.6 TW)
gross, 1.6 TW feasible
technically, 0.6 TW
kinstalled capacity

J

Fossil Fuels:
Current 12.5 TW
Potential 25 TW

Geothermal: 9.7 TW gross
(small % technically feasible)

Wind 2-4 TW extmctable]

-
Biomass/fuels: 5-7 TW,

0.3% efficiency for non-
Jood cultivatable land

Solar: 1.2 x 10° TW on
earth’s surface,
36,000 TW on land




2075 world consumptz’on]

Future Energy Landscape? | “" 5

Hydroelectric: 1.5 TW

Geothermal: 1 TW gross)

[Fossil Fuels + CCS: 5 TW ] @
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What can Chemical Engineers do?
Provide innovative low cost, low carbon technical solutions

* An integrated and holistic approach to moving across the
energy landscape
— A process systems engineering approach

 Lower the cost of carbon capture by 50%

« Keep low-value, environmentally damaging components of
FFs underground

— Sub-surface processing = eg H,, CH,, MeOH, DME, syngas, heat
e Step-change in grid-scale energy storage devices

e Robust solutions to solar thermal desert sand and heat
exchange fluid issues

» Algae at scale for biofuels, chemicals and CO, capture
e Use nuclear plant heat to improve efficiency of CCGT

* |nnovative solutions for energy efficiency in manufacturing,
buildings and homes Ch R
amp &



Policy
Framework

Political attitudes & beliefs
Vested interest
Evidence base

Environment
Safety
Health

Skills
Planning
Migration

Quality of life

Solutions based on
chemical process
technology

—r

Economic

Drivers

ROI

CAPEX
Operating costs
Subsidies
Liabilities

Market conditions

Public
Attitudes

Public attitudes & beliefs
Knowledge
Understanding

Wants

Needs

Lifestyle

Risk perception
Technology friendly
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that urgent action on

n is needed
Becept thatthere is ditee unchi



Ways to make your voice heard...

Chewical Englueeﬂug Matters!

wwwicheme.org/chewmengmatters

Heve's wheve | Bk me

40 to /aaM'a meelings
Wite To the popers
(o into sohools
e flaaag 1y the medi
Lobby 4o MFe
f/eaé to tooal ;/ouemmb‘
(o to Jlootion meetings and s;&aaé wp
Use the Chonlrg365 Blog
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WORIDWIDE

‘Let_’s speak to the outside world
not JuSt to ourselves” | |Che E ADVANCING
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What can | do?

 Engage in the energy debate

* Play your part in Energy Efficiency
— Try to save 80% of your 10te CO, pa

— Use carbon calculator tools eg DECC
 http://www.globalcalculator.org/
 http://my2050.decc.gov.uk/

e Encourage local energy projects
 Persuade others and lead by example
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http://www.globalcalculator.org/
http://my2050.decc.gov.uk/

Imperial College &7 |ChemE &

futures

London lab

So...the future of energy Is a mix of different

sources for the rest of this century
...N0 easy choices
...and no free lunches
...Clean Energy costs more

Fossil Fuels and avoiding climate change
...are they compatible?

They must be...we have no choice

But we have to act quickly to achieve this
... The time for talking is over!
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