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1. World population and
CO, emissions



Figure 1. Projected size of the world’s population, o h.r{ology
medium and momentum variants, 2015-2100 ystem t Division

Growth
] i 2100 due to:
11.2 Medium variant
11 -
2 Changes
o .
— In
=S . Source (2019):
O -
. 10 - fertility www.un.org/develop
O 9.8 and
© mortality
=4
o
(o
¢ Age
8 - structure
7.7 W 2019 ..
i Population in 2015 ) _
World population
7 e —— around 1918 was
1,800,000,000 people
2015 2030 2045 2060 2075 2090




World Population in 2050 ;;gggcn"g;;givon

Population
in 2050
Rank  Country or area (millions)
1. India 1 659 Source (2019):
5 China 1 364 www.un.org/develop
. L
3. Nigeria 411
4. United States of America 390
5. Indonesia 322 _
11.  Mexico 164
6. Pakistan 307 12. Egypt 153
13. Philippines 151
_r Bl'ﬂ 7 11 23 3 14.  United Republic of
Tanzania 138
8_ Bﬂﬂglﬂdﬂﬁh 2@2 15. Russian Federation 133
: 16. VietN 115
9.  Dem. Republic of the P -
Congo 197 18. Uganda 106

19. Tukey 96

10. Eﬂllﬂpl-ﬂ 191 20. Kenya 95



Carbon Dioxide Emissions Back on the Rise
C02 emissions from fossil fuel energy sources
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2. World oll supply and demand
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World

Trend over 1990 - 2017

[C] Benchmark countries §§ 1990 - 2017 Energy
Consumption
1L
10,000 OIl: 32 A)

Gas: 22 %
Coal: 27 %

o Electricity: 9 %

Mtoe

1990 1993 1996 1999 2002 2005 2008 2011 2014 207
M Europe Bcs Marth America Latin America Asia
Pacific M Africa B \iddle-East

https://vearbook.enerdata.net/total-energy/world-consumption-statistics.html
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If 1 L of oll (gas/petrol) is totally combusted,
how much CO, is emitted? (p,; = 800 kg/m?)
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If 1 L of oll (gas/petrol) is totally combusted,
how much CO, is emitted? (p,; = 800 kg/m?)

3
1 Lx—_, 800KG 85 ¢ (in oil) = 0.68 kg C x M2 = 0.0566 kmol C
1000L m 12 g
1 molC+1molO, =1mol CO,
329

0.0566 kmol O, x = 1.81kg O,

mol
kg CO, =0.68kgC +1.81kg O, =2.5kgCO,
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If 1 barrel of oil (159 L) is totally combusted,
how much CO, Is emitted?

How much CO, Is emitted if 1 toe (tonne of oll
eguivalent) is totally combusted?
(1 toe = 7.33 barrels of oil)

In 2017, CO, emissions were 36.2 Gigatonnes.
How many Mtoe does this correspond to?

13



If 1 barrel of oil (159 L) is totally combusted,
how much CO, Is emitted?

Answer: about 400 kg CO,

How much CO, is emitted if 1 toe (tonne of oll
eguivalent) is totally combusted?
(1 toe = 7.33 barrels of oil)

Answer: about 2900 kg CO,

In 2017, CO, emissions were 36.2 Gigatonnes.
How many Mtoe does this correspond to?

Answer: about 12483 Mtoe



US gross exports overtake Russia, catch up with Saudi Arabia le

10

Saudi total gross exports

/\/ US total gross exports
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US is net oil exporter in 2021 after 75 years of import dependency. US exports add to market f!SexibiIity.



Hydraulic fracturing (Fracking) for obtaining shale gas

Wastewater
ponds ,,
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Chevron CRUSH process for obtaining shale oil

To separator/treatment
and production tanks

Hot gas/air from
compressor

Chevron's technology for the

Recovery and
Upgrading of Oil from
SHale

q !

f(’!/r{}}ftf!
A |

Iy

Producing Injection
Well Well

Groundwater
Monitoring Well

Uinta
Formation

Green River
Formation
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3. Carbon-negative oll



Can we produce carbon-negative oil?

1. Primary recovery of oll co,
2. Secondary recovery of oll 4\
3. Enhanced-oil (EOR) recovery of oll

Usage
CO, )
C02 = EOR

Adapted from: https://www.iea.org/newsroom/news/2019/april/can-co2-eor-really-provide-carbon-negative-oil.html

Enhanced-oil recovery (EOR) -
CO, aids In oll extraction :




Can we produce carbon-negative oil?

Cco,

Carbon Capture and Utilization (CCU) T
Usage Oil Rig

Coal . - co, "'-?-.T Usage

r LA w A < ‘
Jeot J Al

Stored CO, credited to oil sector or power sector, but not both

Adapted from: https://www.iea.orq/newsroom%news/2019/apriI/can-co2-eor-rea|Iv-provide-carbon-neqative-oiI.htmI

CO, from coal combustion Is used for
COZ- EOR ?



Can we produce carbon-negative oil?

CoO,
Carbon Capture and Utilization (CCU) T
Usage Oil Rig
. CO '-o""o Usage
3 A 1 :
fu [Af

>

Stored CO, credited to oil sector

Adapted from: https://www.iea.org/newsroom/news/2019/april/can-co2-eor-really-provide-carbon-negative-oil.html

CO, from bioenergy Is used for
COZ- EOR “



4. Supercritical CO,
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Elsevier, 2013

Copyrighted Material

INTRODUCTION TO
SUPERCRITICAL FLUIDS

A Spreadsheet-based Approach

RICHARD SMITH, HIROSHI INOMATA
AND COR PETERS
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Copyrighted Material

Introduction To Supercritical Fluids
A Spreadsheet-based Approach
Richard Smith, Hiroshi Inomata, Cor Peters

Table of Contents

Part I: Multidisciplinary instruction
Chemical Vocabulary and Essentials
Systems, Devices and Processes
Chemical Information and Know-How
Historical Background and Applications

Part I1: Specialized discipline instruction
Underlying Thermodynamics and Practical Expressions
Equations of State and Formulations for Mixtures
Phase Equilibria and Mass Transfer
Heat transfer and Finite Difference Methods
Chemical Equilibria and Reaction Kinetics
10 Conclusions and Suggestions for future study

* Print
* Print/eBook
* Print/Kindle
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http://store.elsevier.com/product.jsp?isbn=9780444522153&pagename=search
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E Pressure-Temperature Diagram '

Increasing
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Pressure-Temperature Diagram

Carbon Dioxide (CO,) "
Supercritical
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Supercritical CO, circulating in a cell. An external
temperature gradient causes the supercritical phase
to circulate without mechanical devices.

Sample (blank)
holder

Supercritical
phase (with liquid)

Critical opalescence
(light scattering)

S. Yoshikawa, R.L. Smith Jr, H. Inomata, Y. Matsumura, K. Arai, Performance of a Natural Convection
Circulation System for Supercritical Fluids, Journal of Supercritical Fluids, 36 (2005) 70-80.
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‘ Group Question —energy of a device

A salesperson claims that an "energy multiplying" device has
just been invented that can continuously multiply energy without
the need for batteries, solar, wave or wind energy. The device

IS shown below:
1 kW

® 4 kW

Energy / \ Enc.rgy

per time per time

In Process Out

Choose one of the answers below:
(1) Impossible. State why.
(2) Possible. State why.

27
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Environment

Answer: Possible! The system

uses the energy of the environment to
achieve efficient conversion of
electrical

work to thermal energy.

Transcritical CO,
Heat pump

!'
-

i

- -~

- .
-

[

‘ Answer: always consider the environment

28
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EcoCute was marketed in Japan in
May 2001. As of 2009, 2 million units
‘6 have been sold by more than 26
@ manufacturers.

0? 2014 More than 4 million units installed (Japan)
400,000 to 500,000 units installed/year

100 °C 10 MPa

To produce 90°C hot water,
an EcoCute consumes 66% =

less energy than an electric *vman
oY o 200,—38
water heater, and costs ” m!
80% less than heating 100
water via city gas in Japan.
40
The EcoCute results in 20 I I
() ——— =

more than 50% red uctions 2001 2002 e§,c3 2004 2005 2006 2007 2008 oc

in CO, emissions
2 29



EcoCute Hot Water Heater Target (cold water to hot water)
with CO, as the working fluid Qu

s warm CO,

2
§ +120 °C
hOti COZ fluid
! 5 compression Heat 3
: (heating) Exchanger

Compressor Valve

fluid
expansion 4
(cooling)

-20 °C

Evaporator

Environment (20 °C) .
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‘ Energy systems-transcritical heating cycles

—_ e = ~ COZ
-i tube side 1_
O.F. > ' '
180 cor>4 | & WMMMMMU T,
HZO shell side
=) =)
130 B Tin q Tout
o |
— 80
— A A
H3 —H 2
C.O.P.=— -
30 | H,—-H,
-20
-2.0 -1.5 -1.0 -0.5

S [kJ/kg K]
Transcritical cycles avoid energy-inefficient boiling or condensation=



)
‘ Comparison of methods to make hot water

Combustion Highest
Fuel Net heat Risk to
100 » Furnace |:> 80 Human
Health
‘20 Loss
Electrical resistance
Fuel rower 40 Net Electrical
ue plant | | electricit ECLrica
100 | 5 Re5|st§nce ::: 40 Least
» SUEEI Efficient
‘60 Loss (COP=1)
H
eat pump Power 40 Net
Fuel

plant electricitg

100 Wp

Heat pump |:> 160 Most

(COP=4) Efficient

|
‘60 Loss
120 3

Environment




Access to the programs

http://booksite.elsevier.com/9780444522153/

Shop Elsevier

COMPANION MATERIALS

ELSEVIER

Smith, Inomata, Peters: Introduction to Supercritical Fluids

Home Welcome

About the Author Welcome to the website for Smith, Inomata, Peters:

Introduction to Supercritical Fluids: A Spreadsheet-based
Approach.

About this Book

Excel files . .
The text makes extensive use of Microsoft™ Excel

spreadsheets or workbooks with Microsoft Visual Basic
for Applications (VBA) so that calculation results can
be quickly seen and so that new ideas can be readily
probed. The Excel spreadsheets used in the text do
/ not require any special knowledge of programming
| f M I _ and the spreadsheets do not require installation of
E XC e I e S Buy this book [N proprietary add-insfadd-ons/DLLs. However, Excel

Macros will need to be enabled in the Excel worksheet

h f H I for the spreadsheets to work. Many results can be

3 D G ra p e r I e S seen almost immediately with pre-made graphs. All of the VBA code used in the
spreadsheets can be viewed and modified or corrected. A few pointers and hints for
using VBA code are given in the text of the book and in the Appendix.

3D Grapher files

The 3D Grapher files show three-dimensional phase diagrams of pure and binary
substances. The files require additional software that has to be installed by the user.
The link is given in the book, see the text for instructions.
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5. Green Chemical Processes
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E Green Chemical Processes iggarecnnoiooy

n Devetopment Division

Environmental Impact

Risk = Hazard x Exposure

Martyn Poliakoff, Science 297, 807 (2002)

Traditional: Minimize Exposure

Green: Minimize Hazard

35
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Environmental - Factor

~ (Waste generated [kg])
E-Factor = (Broduct produced [kg])

Waste/
Industry Product tons product

PErYear ratio by weight
HowWas'e PET_, il refining 106—108 ~0.1
JP Bulk chemicals  10*—10° <1-5
High waste per Fine chemicals  10°—10* 5-50
[ )Pharmaceuticals 10°—10? 25->>100
kg prOdUCt 2 AUGUST 2002 VOL 297 SCIENCE www.sciencema g.org

R.A. Sheldon, Chem & Ind,1997,12: 1992,903

A large E-factor means much waste is generated
for each kilogram of product

36
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Solvent substitution methodology
- versatile
- safe
- economical
- widely applicable



Safe Solvent Mixtures
instead of

Hazardous Solvents
http://pubs.acs.org/doi/abs/10.1021/acs.op

ORGANIC PROCESS RESEARCH & DEVELOPMENT e itation ubject
Enter search text / DOI Anywhere Search
@ Org. Process Res. Dev. ) All Publications/Website

Subscriber access provided by TOHOKL UNIV

L) Browse the Journal Artic 7 Curre : 5 & Review Open Access About the Journal

Article € Previous Article = Mext Article > Table of Contents

o _ _ Free — Try the Excel!
Methodology for Replacing Dipolar Aprotic Solvents Used in API . —
Processing with Safe Hydrogen-Bond Donor and Acceptor Solvent-Pair el
Mixtures

Alif Duereht (1), Yoshiyuki Satot, Richard Lee Smith Jr."t1 (I}, and Hiroshi Inomatat
tGraduate School of Engineering, ¥Graduate School of Environmental Studies, Re
Technology, Tohoku University, Aramaki Aza Aoba 6-6-11, Aoba-ku, Sendai 980-8

=

™ ACS ActiveVien
Org. Process Res. Dev, 2007, 21 (1), pp 114124 -

DOk 10.1021/acs. oprd 6000401
Publication Date (Web): December 16, 2016
Copyright @ 2016 American Chemical Society

Hi-Res Print, Annotate

QuickVizw
Ei PDF (2201 k)

*E-mail: smith@scf.che tohoku.ac jp. Tel (Fax): +81-22-795-72582. E5 PDF w/ Links (zs5 1m)

Citing Articles

ACS AuthorChoice - This is an open access article published unde
Works (CC-BY-MWC-MD) Attribution License, which permits copying and redist
adaptations, all for non-commercial purposes.

al Nn Derivative = Full Test HTML
e artitle, and creation of -



Selected Publications on Properties, 2015-2017 % »‘g}}
Tohoku University/Smith Laboratory + Collaborators \‘w/
TOHOKU
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Safe Mixed-solvents replace hazardous solvents

Kamlet-Taft parameters

HBD: hydrogen bond donor
3 %
Oapr  api Bapt 77 api Opair ﬁpair 7" pair

window windows windows HBD solvent 6
Hazardous
Dipolar Safe
Aprotic Solvent-pair
Solvents Mixtures
HBA solvent o

HBA: hydrogen bond acceptor
API: active pharmaceutical ingredient

A. Duereh, Y. Sato, R.L. Smith, H. Inomata, Methodology for replacing dipolar aprotic solvents used in APl processing with

safe hydrogen-bond donor and acceptor solvent-pair mixtures, Organic Process Research and Development 21(2017)114-124.
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Catalytic 1onic liquids
- efficient
- safe and noncorrosive
- economical
- easlly recyclable

40



Selected Publications on Biomass, 2015-2017 ”/’;’.’ﬁ
Tohoku University/Smith Laboratory + Collaborators &@/
TOHOKU

Perfect recycle of homogeneous catalyst =

”_Q/\UAO BlOf(l)lelS
| OHC

Carbohydrates———3 H CH, — \ /[ OEt

HoCy . AL+ 5-EMF
o o N™
Reactivatijy Inulin—77 %
=~ 30 min

H. Guo, A. Duereh, Y. Hiraga, T.M. Aida, X. Qi, R.L. Smith, Perfect recycle and mechanistic role of hydrogen sulfate ionic

liquids as additive in ethanol for efficient conversion of carbohydrates into 5-ethoxymethylfurfural, Chemical Engineering
Journal 323 (2017) 287-294.
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Hydrogen-less methods
- efficient
- safe
- economical catalysts
- low-energy

42



Total synthesis of y-valerolactone without H, gas

%™ Single-step One-pot
GVL \&O ch@ @

@©
“® 97 % yield scco

H. Guo, Y. Hiraga, X. Qi, R. L. Smith, Hydrogen Gas-Free Processes for Single-Step Preparation of Transition-Metal Bifunctional
Catalysts and One-Pot y-Valerolactone Synthesis in Supercritical CO,-lonic Liquid Systems, The Journal of Supercritical Fluids,
(2018), just accepted.



@ Springer

springer.com

http://www.springer.com/us/book/978443155308 On Sale Now!

Yasumitsu Tanaka
Michael Norton
Yu-You Li Editors

Topical Themes
in Energy and

Resources

A Cro ciplinary Education and
Ir igram for Environmental

Leaders

'-.; Springer

2015, XIV, 270 p. 163 illus., 118 illus. in
color,

Q Printed book

Hardcover

ISBN 978-4-431-55308-3

» 99,99 €| £90.00

» *106,99 € (D) | 109,99 € (A) | CHF 133.50

Y. Tanaka, M. Norton, Y.-Y. Li (Eds.)
Topical Themes in Energy and Resources
A Cross-Disciplinary Education and Training Program for Environmental Leaders

» Gives a comprehensive, birds-eye view of numerous issues in energy
and resources

» Presents the work of leading researchers in a number of fields

» Provides a critical resource for those involved in cross-disciplinary
and trans-disciplinary research programs and educational courses

Moving towards a more sustainable world requires a complete revolution in the way

we manage energy and resources. However, from an academic perspective, this theme

is so broad that most educators and researchers tend to focus on just one aspect, and
maintaining the broad viewpoint which is necessary for making strategic judgments
becomes difficult. Tohoku University addressed this challenge when developing a new
education and training program for environmental leaders and brought together the
extensive range of expertise available in specific fields into one special course which forms
the basis of this book. Now in one volume, both students and educators can be brought
up to date on a wide range of critical issues currently being addressed in the field of
energy and resources. Issues covered include several critical ones in the energy field (low-
energy technologies, renewable energies such as the hydrogen economy, and geothermal
energy). Chapters on resources include availability (for instance, rare earth metals),
extraction and recycling of metals and plastics, and technological solutions to specific
waste-disposal problems. In addition, broader strategic issues such as limits to growth and
the interaction between the economic system and environmental issues are addressed.
Even though each chapter provides topical data and knowledge from disparate and
specialized fields, the book is written at a level that is readily understandable by students
from all scientific, engineering, and humanities fields.
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E 6. Concluding remarks sug;gggc&pgmgym

* Carbon dioxide (CO,) can be used to develop
green chemical processes and new low energy
technologies

* Replacement of hazardous solvents with safe
solvent mixtures will lead to new technological
developments

* Chemical processes that use CO, are essential for
future sustainable development s
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http://www.che.tohoku.ac.|p/~smith/index.html
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