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24191 Greenhouse effect)2t N

Greenhouse Effect

Maore heat escapes

into ipace’

TF2HUKGlobal warming)

Human Enhanced
Greenhouse Effect

Less heat escapes

H into space
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Greenhouse gases (GHG) semiconductor
and their sources manufacturing

] " L]
- Global Warming Potential of Primary Greenhouse Gases
. ¢ 1 perfiuorocarbons
R i e e sumiviam poduction
Each gas’s GWP is measured against the reference gas, CO,. *
€0, is measured in 1million metric tons. :
1 metric ton is 1000 kilograms = average weight of a female giraffe.

Greenhouse Gas | Chemical | Global Warming Potential [Time Horizon]

formula 20 years | 100 years
Carbon Dioxide CO5 1 1
Methane CHy 42-70 16-26
& NIASIEIN = AiMO2 LIS C
* OIOQIE N = ATHMOE W2 GWPOIE Nitrous Oxide N3O 280 310
—_ Hydrofluorocarbons HFCs 460 - 9,100 140-11,700
— N ey oo 7< Val| : !
=0l B2 BiEEe= 24a00| 710
Perfluorocarbon PFCs 4 400-6,200 6,500-23,900

Sulphur Hexafluoride 5Fg 16,300 23,900
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Figure 1.4, Carbon dioxide (CO,)
concentrations (in parts per million)
for the last 1100 years, measured from
air trapped in ice cores (up to 1977)
and directly in Hawaii (from 1958
onwards).

[ think something new may have
happened between 1800 AD and
2000 AD. I've marked the year 1769,
in which James Watt patented his
steam engine. (The first practical
steam engine was invented 70 years
earlier in 1698, but Watt's was much
more efficient.)




Today

» Fossil fuels
(coal, gas and oil)
represent 80%
of the global energy mix

» Renewables
only account for 13%
of our total energy supply

Renewables
13%

Fossil Fuels

81.1%
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By 2030

|

But fossil fuels will remain
our main source of energy
for decades to come

Estimated share of
renewables by 2030

30%
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Fossil Fuels Power
the Largest Emitters of

heavy industry and refineries
account for 52% of the world’s curre
CO, emissions -

(15 billion tonnes CO, emissions/year)
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...and too Much CO, Leads to

> ... which in turn, produces climate change

> Unless the rise in average global temperature is
kept below 2°C, devastating and irreversible
climate changes will occur
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How do we Meet this Challenge?

By using a portfolio of solutions:

CO, Capture
and
Storage (CCS)

Energy Renewable
efficiency energy
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Zl(Carbon Neutral)dt Y M= (Net Zero)
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Carbon Neutral

Net Zero
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EN T /M /28 11&(Carbon Capture Utilization and Storage )

k

CCUS Technology

A 4

Geological
Technologies

CO,-EOR
(Enhanced Qil Recovery)

CO,-ECBM
(Enhanced Coal Bed
Methane)

CO,-EGR
(Enhanced Gas Recovery)

CO,-ESGR
(Enhanced Shale Gas
Recovery)

CO,-EWR
(Enhanced Water Recovery)

CO,-CTP
(CO,-Biodegradabl Polymer)

CO,-CTPC
(CO,-Polycarbonate)

CO,-CTPET
(CO,-Polyester)

CO,-CTL
(Coal to Liquids)

CO,-CTM
(Methanol through
hydrogenation)

CO,-SCU
(Direct Mineralization Steel
Slag )

|

Biological + CCUS TI=ResER
Technologies

CO,-AB 227t 20501
(Algae to Biofuels or
Chemicals)

L =0H0F Bt
CO,-AF

(Algae to Fertilizer)

CO,-AS
(Algae to Food Additives)

Electrochemical
Technologies

CO,-ERC
(Renewable Fuels,
Syngas, Methane,
Formic acid,
Methanol



Era 23 HF Z=MA L 70| CHE7)

A 22| P2 AL F312|
Mg dEE 9 - EIE BUHE ARSI &7| Ol 1143 Ol 85
Lo ZHER BRI YR AE T U= EToN - HESALAC O E2 Y9
ORI 2851 - Olu=SiEteS TG L ORI of BR SLEE A7t
2 +4E S ui2 glo| - h FAElE7H Eol - st 888 Eaif 0S| Tt
o2 @2 AFgECt - MBS T ZE Eolc) Y g e
UL S 0|33
HE Ha A& U

.
H
.
* Skt -Z0)
L ]
L]
L ]
L]

' e/ %
1 l#:l: BEE 7|71 ey
i~
* 3

-
-
@
el
-
-
-

corgi=ay| | corgi= Ay CO? gi= 37|



SEAFIAT | A =

at least 90%

for decades
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The liquid CO; is pumped deep

underground into one of two types of
CO, storage reservoir (porous rock)

Deleted oiland g Ids



... due to 3 natural mechanisms

Residual trapping

COs is trapped in tiny rock pores
and cannot move

CO- dissolves into surrounding
salt water

- . Mineral trapping

CO>-rich water sinks to the bottom
of the reservoir and reacts
to form minerals
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Rapid & Widespread Deployment of CCS

We need to move from the successful small-scale

CCS projects in operation today to building 3,400
commercial-scale projects worldwide by 2050

If CCS is to provide 20% of the CO- reductions needed®

EEEEEE—— 3,400 e
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Renewables Industrial and

power emissions

Home and
transportation

Electrochemical
CO> conversion

Water

Long-term
energy
storage

Chemical
feedstocks

https://scitechdaily.com/turning-co2-into-fuels-plastics-and-other-valuable-products
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Electrochemical Reduction of CO. (ERC)

: Conversion of CO, into more useful chemical species by using electrical energy

Advantages of electrochemical CO; reduction ~ cn, e i

» High selectivity (potential-controlled) CH,OH 9. § o ¢ | » @ Deduson
* Possible at ambient temperature and pressure ' Yy N |
* Can be a sustainable integrated energy or chemical
loop when combined with renewable energy source, eq.
solar, wind, geothermal, hydro, etc.

* Compact design of the electrochemical systems & E'=+0,16 V
scalability (MEA-based ERC cell)

Carbon Dioxide Utilization
Electrochemical Conversion of CO2 — Opportunities and Challenges,
Research and Innovation, Position Paper 07 - 2011



" CO, + catalyst

Reaction Pathway of ERC

(H* + e’) transferred

Methanol
& byproducts
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Research of Interest in ERC _
Electrochemical System

___________ * Pressurized
{ Zonne
e * Buffer lauer
Cathode Reaction (ERC) L 1
. Polymer Membrane
Target products o, . Y c
- Catalysts (metal, enzyme, etc) —— \ """"7'": _____ » Permeability
» Over-potential | gl H g » Durability
O [€===| & 2H,0 < O, + 4H" + 4e
---"‘~-§-- 2 1S
"""""" o \
! - / . -
: 1, CH,OH,HCHO,CO,H, | [ | [77==--d Q.. Anode Reaction (OER)
. j * Electro-catalyst for OER
— T - I s (Ir-; Ru=, Ni-based)
proton exchange membrane (PEM)
€O, +2H' + 2e ——  (0+ H,0 E0=-0.53V
CO, +2H' + 2Ze ——>  HCO,H E'=-0.61V
CO, +d4H' +4e  ——>  HCHO+H,0 E0= 048V
CO, +6H' + 66 ——> CH,0H+H,0 E0=-038V
CO, +8H' + 8 —> (CH,+H,D El=-0.24V
co, ve —> o, E0=-1.90V
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Electro-catalyst for Fuel Production via ERC

: Selectivity and efficiency also depend on the potential, and electrolysis time.

Table 1. Various products from the electroreduction of CO,

Current
Potential (V) density Faradaic efficiency/%

Electrode vs. nhe (mAcm~?) CH, C,H, EOH PrOH CO HCOO" H, Total
Cu —144 50 333 25.5 5.7 30 1.3 94 20.5 103.5*
Au —1.14 50 0.0 0.0 0.0 0.0 87.1 0.7 10.2 98.0
Ag -~1.37 50 0.0 0.0 0.0 0.0 81.5 0.8 124 94.6
Zn —1.54 50 0.0 0.0 0.0 0.0 794 6.1 9.9 954
Pd —1.20 50 2.9 0.0 0.0 0.0 28.3 2.8 26.2 60.2
Ga ~1.24 5.0 0.0 0.0 0.0 0.0 23.2 0.0 79.0 1020
Pb —1.63 5.0 0.0 0.0 0.0 0.0 0.0 974 50 1024
Hg —1.51 0.5 0.0 0.0 0.0 0.0 0.0 99.5 0.0 99.5
In —1.55 5.0 0.0 0.0 0.0 0.0 2.1 949 33 100.3
Sn —148 50 0.0 0.0 0.0 0.0 7.1 884 4.6 100.1
Cd —1.63 50 1.3 0.0 0.0 0.0 13.9 78.4 9.4 103.0
Tl —1.60 50 0.0 0.0 0.0 0.0 0.0 95.1 6.2 101.3
Ni —1.48 50 1.8 0.1 0.0 0.0 0.0 1.4 88.9 92.4+
Fe —-091 50 00 0.0 0.0 0.0 0.0 0.0 94 8 94.8
Pt —1.07 50 0.0 0.0 0.0 0.0 0.0 0.1 95.7 95.8
Ti —1.60 5.0 0.0 0.0 0.0 0.0 tr. 0.0 99,7 99.7

Electrochim. Acta. 39 (1994) 1883.
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J. Am. Chem. Soc. 135 (2013) 16833.

Untreated Sn  Sn/Sno,
| HCOH i HCOH

co il

co

-050 -056 -060 -D65 070
Evs. RHE/V

T 1
a0 80 100

CH, production

COOH:
y=0.73x+ 182

CHy:
¥ =050 X+ 035

L L
-25 -20 -15 -1.0 -05 0.0
By [CO], eV

P4%J. Am. Chem. Soc. 134 (2012) 1986.

ACS Catal. 5 (2015) 3916.

Log (/o) (MA cm™2)

Nat. Commun. 5 (2014) 3242.

OCHy
=087 % + 010

1 1
0.0 0.5 10
Eg[OHL eV

. Phys. Chem. Lett. 3 (2012) 251.
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$ per metric ton

Economic Value of CO and HCOOH

: HCOOH and CO have higher value from the energy required for their creation than

conventional fuels such as CH50H or CH,.

$1,400
$1,200
$1,000
$800
$600
$400
$200

s0

Prices and Sale of Products Converted from CO2

Favorabie Energy-Price Gap Energy-Price Gap too high
L 3 I

i

*

g? 7727

HCOOH coO Methanol Ethylene Methane
B Market Price $/ton &l Invested kWhiton

45,000
40,000
35,000
30,000
25,000
20,000
15,000
10,000
5,000
0

HCOOH
* Chemical feed stock for C1 chemistry
* Fuel for fuel cell (DOFAFC)

=
c
g~ *H-carrier (4.4 wt% H> storage)
g5
g ‘5 Industry Capture Storage
P co, \ > co,
2
o &
52 Co,
T -
o oL
% H, H
Q@
z
= Storage & Usage
Catalyst Catalyst

\ HCOOH /

http://www.dnv.com/binaries/DNV-
position_paper CO2_Utilization_tcm4-445820.pdf
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Suyngas (CO+H,) Production via ERC

: which involves CO production from ERC & Hs production from HER

4t 2H20 =02 + 4H+ + 4e-

+1.
(H,O0/0,) E* = 1.23 v —pmw wih R > 1 am
+1.0- -
+0.6
E" - \
+0 2 |- water thermodyramically stable
(H*/H,)E® = 0.0%-\
E0 i '0.11 VRHE e f—
(CO,/CO) -0.6 2 H+ + 26- —
wi

N hR,
10 1111112111111

0 .2 4 .6 .8 .0 ,12 ,14

pH

A Variety Downstream Processes for Several
Different Fuel Products Coupled with Syngas

Waxes Dilefins

Diesel 75-:" ne MTBE
Mixed \ g Acetic Acid
Alcohols Fischer-Tropsch 5

& Formaldehyde ala
& 3|8
';Qbﬂn" 4 S e Sla
7 o =
2 q,{ﬂ i 215
o CuZnO zeolites .
ik | RS Methanol Otetins.
47 o, arzro, 2 5— MTO
55 '-‘& MTG
H‘.D = %
WGES !'.%
Purify| B, e
Moo
M, ower FesFal o MEF
NH . DMFC
: i¥,0, &0, Ca0) HZ Aldehydes
Alcohols

http://chemwiki.ucdavis.edu/Analytical_Chemistry/Electrochemi
stry/Electrochemistry_4%3A_The_Nernst_Equation
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< A Variety Downstream Processes for Several Different Fuel Products

Coupled with Syngas

Ethanol Dimethylether
(Fermentation) (DME)
HJCO =<1 HJ/CO =1

Fischer Tropsch

PSA/999.99 H2
Mixed Alcohols

for Ammonia

H,/CO = >50 H/CO = 1.25

H2 for Fischer Tropsch
Fuel Cells "¢y  Diesel
H,/CO = >50 HJCO =>2

Butanol Methanol
H,/CO = 2.25 @ Hjco=225
o Ethanol
H/CO = 2.25

Biomass to Syngas Natural Ratio: H,/CO =1
¢ with water gas shift

Mixed \

Alcohols Fischer-Tropsch

NH,

Waxes Clefins
Chiesel Gasoline

=
Ll
M

Formaldehyde

&
o X

iwabulylene

M i00
ME5
DMFC

M, over Fe/Fal

Aldehydes
Alcohaols

0, AL, Ay 2

Technical report,

Preliminary Screening -Technical and Economic Assessment of Synthesis Gas
to Fuels and Chemicals with Emphasis on the Potential for Biomass Derived Syngas

= It requires specific selectivity of H>/CO (=1~2) for each process.
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CHEMICAL CONVERSION

% I EHgRn
INPUTS
COo, —
DIRECT }
H |

electricity and water

hydrogenation

INDIRECT

CO

methanc
|\\ methanol-to-olefins
methanol-to-aromatics
—
methanol
methanol synthesis 5
=3 I‘l;__u"j:f. o
: T Fischer-Tropsch
CO

reverse water-gas shift

OUTPUTS

Fuels/chemicals
methane, ethanol

Chemicals

olefins, aromatics,
methanol

Fuels

gasoline, diesel,
aviation fuels
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k= Energy available to society
providing mobility and tax
revenues

1Btu

e diesel

Energy used to produce and refine e
diesel (ERpEl = 0.5:1)

Production process e-diesel i}'
Energy available to society

Planning of Audi e-diesel plant in Laufenburg
11/17

Chemical synthesis
ici In the first step, hydregen and CO
1. Renewable El&ﬂtflClt}f are converted to synthesis gas :
Renewable energy obtained —
from hydropower,

in the reverse water-gas shift reactor.

The Fischer-Tropsch reactar then
uses this to build hydrocarbon chains.

2. Electrolysis

Electrolysis splits water
into hydrogen and oxygen.
Oxygen dissipates into
the surrounding air.

Infrastructure compatibility

e-diesel is compatible with
existing infrastructure and
engine technologies.

It replaces fossil fuel.

CO.‘ from sustainable e iy
o sources or from the air. . -
o o 3. Conversion
A two-step process turns

CO, and hydrogen
into hydrocarbon chains,

Heat for use in residential
areas or in industry. Renawable waxes for cosmetics,

foodstuffs and chemical industries Almost CO-neutral
e=diesel for mobility

https://euanmearns.com/the-thermodynamic-and-economic-realities-of-audis-e-diesel/
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=10 el

< CO; =500 & 220 B

Bt

2t 712 (chemical product)

HISE Eoll R TIPS = M2HPC, PEC, PU, Polyol, Polyester)

CO; + epoxide > PC-polyol : 2, HAIH

CO>-derived polyol = PU : &M, OHEZIQ

CO, + propylene oxide > PPC: HIHE, [E/M|

CO, + methanol > DMC : OINFMEN| THOHE!

INPUTS

co,

Energy +
electricity, heat

Fossil-based

raw material *

e.g. epoxide

-

CHEMICAL CONVERSION OUTPUTS

Materials

— co-polymensation - ——* i Gl
> C Polymers plastics, foams, resins

* Also used in the conventional production process
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M2t 71=2(building materials,

] —] =
<+ CO, ZSEHIUIE 0|STt O|MFRHED 23
HAY/SA) EHRDE (B NIHEH HSHIS B 26
ST+ 2TH HEH TS 28 CaCO3 M v e
HEDIE /5845
INPUTS CONVERSION
CO, = i
» carbonation during
Cement, aggregates + J concrete mixing
Cco, —
Energy

electricity, heat

Waste material
iron slag, —
coal fly ash

waste carbonation

fine chemicals)

IRIEAIE +0D) :-vt 1RIRALS @EE.’IH"' AT
R T B e
EZE3y 7| mogco) || M L’_x' ZEMUIERS) [ (25 201530 8)

| AjEMZ 2122 ]-?J":Tli%-ﬂ}!
OUTPUTS
> C:Uz-cured concrete

Building aggregates

+ Also used in the conventional production process

A 2o19. All nignts reserved
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Photoelectrochemical CO>-to-fuel conversion

with simultaneous plastic reforming
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for efficient COs reduction
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Salinity Gradient Power (SGP)
) Reverse Electrodialysis (RED)
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Rinse solution flow (Fe®*)

* Working Voltage = sum of Nernst potential difference over CEM and AEM
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3 cell pairs (N=3)
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(concentrated solution)
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L — — — Electrode rinse solution - — — =

RED (Reverse electro-dialysis)
J.W.Postetal., J. Membr. Sci, 288 (2007), pp. 218-230

Pressure retarded osmosis

Reverse electro-dialysis

Driving force

Mechanism

Osmotic pressure

Mechanical conversion of *SG to °"EE

Electrochemical reaction

Direct conversion of *SG to "EE

=» RED 1s promising because it directly produces electrical energy from salinity gradient.

*SG: salinity gradient, “EE: electrical energy
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Renewable Carbon (T2 7tsTt EHY)

Renewable Energy and Renewable Carbon
for a Sustainable Future
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Fossil Fuels Fossil Carbon
https://www.gigkarasek.com/blog/co2-verwertung-methoden-herausforderungen

< Renewable Carbon: Carbon2 S49Z ol= IR 22 I H|

< Renewable Energy (GILHN] IH2CHY) <> Renewable Carbon (MH2! THZHCH)






