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Overview of Carbon-Management E’Tec
What does it mean?

Broad meaning of Carbon-Management consists of 3-Rs

>

>
>
>

Reduce — alternate low-carbon source or by energy efficiency

Recycle — convert into original source such as fuel

Recover and Reuse — capture from generation sources and convert to products
Dispose — capture, transport and sequestration

Interlinking Carbon-Management with Renewable Energy
»  Alternate Energy — solar panels, wind turbines, geothermal and ocean energy

>

Product — hydrogen for conversion of CO, to fuel, such as methanol

Techno-Economic Assessment Must be Based on Life-Cycle Analysis (LCA)



Overview of Carbon-Management E3Tec
EIA Report Annual Energy Qutlook 2020 with Projection to 2050

Key Message from EIA Report

» Fossil energy will continue to contribute to US energy consumption with significant drop
In coal-based power generation and continued increased use of natural gas

» Carbon-management will play key role in the transition period of 2020 through 2050
> Need a long-term Strategic Roadmap for achieving 2050 carbon-neutral goal
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Alberta’s Carbon-Management Strategy
Defines Long Term Goal (Source CCEMC Grand Challenge)
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Energy-Water Nexus & C-Management E3Tec
Why important to focus on Energy-Water Nexus?

» Energy-efficient and/or renewable energy for water purification for recycle and
seawater desalination is expected to play a key role in coming decades
» DOE initiative of water security managed by NREL with multiple goals of desalination,
recovery from process water and net-zero water consumption in industry
www.energy.gov/water-security-grand-challenge

Energy~Water Nexus .
Energy production and generation Team DOE Water Security Grand Challenge
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Energy-Water Nexus & C-Management v
Why important to focus on Energy-Water Nexus? W

As much freshwater is used for power generation as for irrigation —
need significant reduction of water consumption in power generation in terms of liters/kWh

Once through thermoelectric power total
water use 2015 (USGS circ. 1441)

Once-through thermoelectric-power total water use

Antelope Valley Station and

Great Plains Coal Gasification

Beulah, ND. 22,000 gpm water
withdrawal in a zone that receives 14 in.
of annual rainfall. (EIS-0072-FEIS, 1980)
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Energy-Water Nexus & C-Management

E’Tec
Water consumption in the process industry is equally critical

» Advanced heat pumps for recovery of latent heat from thermal processes and recycling
into the process have potential for significant reduction of water consumption in the
process industry

» Need to develop advanced heat pumps and thermally-efficient equipment with credible

LCA analysis for water saving potentials and with favorable economics, such as
enhanced productivity
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CO, Generation, Capture Transport and Sequestration E Tec
Why it has not been widely implemented ?

SC-PC thermoelectric Levelized Cost of Electricity is $64.4/MWh with no CO,
capture, rising to $105.3/MWh with 90% capture. DOE/NETL-2019 (Dec. 23, 2020)

CO, transport costs are site specific, and a cost model has been developed
DOE/NETL-2018/1877. Typical transport CO, costs for 150 mi are $1-8/ tonne
CO, IPCC Carbon Dioxide Capture and Storage, Cambridge, 2005.

For $4/tonne this adds $5/MWh

CO, Sequestration $7(low)/tonne - $33(median)/tonne have discouraged
projects not linked to EOR. FE/NETL CO2 Saline Storage
Cost.BaselineModelingResults 093017.xlsm

For $16/tonne this adds $20/MWh



CO, Generation, Capture Transport and Sequestration  E’Tec
Why it has not been widely implemented ?

Pipelines are used for transporting CO,, but ships could be economically attractive
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Data ship

						DollarPerEuro		1.05

						Flow		5.50E+06		t/y		44.47

		input values				Capacitym3		20000		m3/ship														Cost excluding liquefaction

		calculated values				Dichtheid		1100		kg/m3														Sensitivity towards distance

						CapacityTonne		22000		t/ship

						Storage capacity rate		1.5																distance (km)		7600		500		1500		2500		3500		4500		5500		6500		7500		8500		9500		10500								44.47		500		1500		2500		3500		4500		5500		6500		7500		8500		9500		10500

																								specific costs ($/t)		36.0		21.5		23.6		25.6		27.6		29.7		31.7		33.8		35.8		37.8		39.9		41.9								1.00E+06		30.0069206576		32.044280558		34.0816404584		36.1190003587		38.1563602591		40.1937201595		42.2310800599		44.2684399602		46.3057998606		48.343159761		50.3805196614

						CO2chargespeed		500		t/h																																														2.00E+06		30.0069211564		32.0442810567		34.0816409571		36.1190008575		38.1563607579		40.1937206582		42.2310805586		44.268440459		46.3058003594		48.3431602597		50.3805201601

						CO2dechargespeed		500		t/h														costs per 250 km				10.768125102		3.9289350174		2.5610970005		1.9748807075		1.6492049892		1.4419568048		1.2984772925		1.1932589836		1.1127979237		1.0492760344		0.9978535526								3.00E+06		30.0069213226		32.044281223		34.0816411234		36.1190010237		38.1563609241		40.1937208245		42.2310807249		44.2684406252		46.3058005256		48.343160426		50.3805203264

						Tankerspeed		35		km/h																																														4.00E+06		30.0069214057		32.0442813061		34.0816412065		36.1190011069		38.1563610072		40.1937209076		42.231080808		44.2684407084		46.3058006087		48.3431605091		50.3805204095

						Additional time		48		h/transport																																														5.00E+06		30.0069214556		32.044281356		34.0816412564		36.1190011567		38.1563610571		40.1937209575		42.2310808579		44.2684407582		46.3058006586		48.343160559		50.3805204594

																																																								1.00E+07		30.0069215554		32.0442814557		34.0816413561		36.1190012565		38.1563611569		40.1937210572		42.2310809576		44.268440858		46.3058007584		48.3431606587		50.3805205591

																								Cost including liquefaction																																1.50E+07		30.0069215886		32.044281489		34.0816413894		36.1190012897		38.1563611901		40.1937210905		42.2310809909		44.2684408912		46.3058007916		48.343160692		50.3805205924

						Distance		7600		km														Sensitivity towards distance																																2.00E+07		30.0069216052		32.0442815056		34.081641406		36.1190013064		38.1563612067		40.1937211071		42.2310810075		44.2684409079		46.3058008082		48.3431607086		50.380520609

																																																								2.50E+07		30.0069216152		32.0442815156		34.081641416		36.1190013163		38.1563612167		40.1937211171		42.2310810175		44.2684409178		46.3058008182		48.3431607186		50.380520619

						SElCosts		0.0399		$/kWh														distance (km)		7600		500		1500		2500		3500		4500		5500		6500		7500		8500		9500		10500								3.00E+07		30.0069216219		32.0442815222		34.0816414226		36.119001323		38.1563612234		40.1937211237		42.2310810241		44.2684409245		46.3058008249		48.3431607252		50.3805206256

						SLoading/Unloading		0.735		$/t														specific costs ($/t)		57.6		43.2		45.2		47.3		49.3		51.3		53.4		55.4		57.4		59.5		61.5		63.6								3.50E+07		30.0069216266		32.044281527		34.0816414274		36.1190013277		38.1563612281		40.1937211285		42.2310810289		44.2684409292		46.3058008296		48.34316073		50.3805206304

						SPort fees		1.68		$/t																																										2				4.00E+07		30.0069216302		32.0442815306		34.0816414309		36.1190013313		38.1563612317		40.1937211321		42.2310810324		44.2684409328		46.3058008332		48.3431607335		50.3805206339

																								costs per 250 km				21.5910053045		7.5365617516		4.725673041		3.5210064507		2.8517472339		2.425855005		2.1310065389		1.9147843304		1.7494379356		1.6189013082		1.5

						FOpex liquefaction		13%

						STimeCharterCosts		4.73E+06		$/ship

						FOM_compr		5%																Cost including liquefaction; compression costs subtracted

																								Sensitivity towards distance

						Capex ship		0		$/ship

						SCapex liquefaction		52.5		$/t/y		52.5		13.5										distance (km)		7600		500		1500		2500		3500		4500		5500		6500		7500		8500		9500		10500

						Scapex_compression		19.95		$/t/y														specific costs ($/t)		44.5		30.0		32.0		34.1		36.1		38.2		40.2		42.2		44.3		46.3		48.3		50.4

						SCapex charge terminal		29.4		$/t/y

						SCapex decharge terminal		29.4		$/t/y														costs per 250 km				15.0034607369		5.3407135624		3.4081641275		2.5799286553		2.1197978375		1.8269873171		1.6242723414		1.4756146925		1.361935314		1.2721884362		1.2

						SCapex other costs		8.4		$/t/y

						SElUse liquefaction		171		kWh/t

						SELUse_compr		83		kWh/t														Cost figures from IEA (MHI) study				250		500		1500		2500		3500		4500		5500		6500		7500		8500		9500		10500

						SFuelUse Ship		35		tHFO/ship/day																				12		15.3		18.6		21.9		25.2		28.5		31.8		35.1		38.4		41.7		45

						FuelUse loading		1.000		tMDO/day

						FuelUse unloading		3		tMDO/day

						SFuelUse loading		0.02083		tMDO/t														Pipeline cost figures (offshore high) - 5.5 Mt				250		500		1500		2500		3500		4500		5500		6500		7500		8500		9500		10500

						SFuelUse unloading		0.06250		tMDO/t												Onshore		2.62		$/250 km		2.62		5.24		15.72		26.2		36.68		47.16		57.64		68.12		78.6		89.08		99.56		110.04

																						Offshore		3.53		$/250 km		3.53		7.06		21.18		35.3		49.42		63.54		77.66		91.78		105.9		120.02		134.14		148.26

						CostsHFO		168		$/t

						CostsMDO		262.5		$/t																		500		1500		2500		3500		4500		5000		6500		7500		8500		9500		10500

						EFHFO		3.175		tCO2/tHFO																		17.3		19.7		22.1		24.4		26.8		28.0		31.6		33.9		36.3		38.7		41.0

						EFMDO		2.5		tCO2/tMDO

																										b		0.00237

						TimeShipTransport		570		h/shiptransport																a		16.1578947368

						Number of transport		250

						Number of ships		16.3		ship

						Number shipdays		3800000		shipdays

						Total duration one trip		353		h/trip

								excluding liquefaction						including liquefaction						including liquefaction (CO2 compression compensated)

						CAPEX

						Capex ship		0.00E+00		$

						Capex liquefaction		0.00E+00		$				2.89E+08						2.89E+08

						Capex compression														-1.10E+08

						Capex charge terminal		2.43E+08		$				2.43E+08						2.43E+08

						Capex decharge terminal		2.43E+08		$				2.43E+08						2.43E+08

						Capex other side costs		4.62E+07		$				4.62E+07						4.62E+07

						OPEX

						Opex Liquefaction		0.00E+00		$/y				3.75E+07						0.00E+00

						Opex Compression		0.00E+00						0.00E+00						-9.98E-01

						Electricity costs liq.		0.00E+00		$/y				3.75E+07						3.75E+07

						Electricity costs compr.		0.00E+00						0.00E+00						-1.82E+07

						Port fees		9.24E+06		$/y				9.24E+06						9.24E+06

						Time charter ship		7.69E+07		$/y				7.69E+07						7.69E+07

						Loading/Unloading		4.04E+06		$/y				4.04E+06						4.04E+06

						Fuel ship HFO		2.66E+07		$/y				2.66E+07						2.66E+07

						Fuel ship MDO		3.08E+05		$/y				3.08E+05						3.08E+05

						Capex total		5.31E+08		$				8.20E+08						7.10E+08

						Opex total		1.17E+08		$/y				1.92E+08						1.36E+08

						OpPeriod		30		y

						Discount rate		15%

						Depreciation rate		15.2%

						Yearly Capex		8.09E+07		$/y				1.25E+08						1.08E+08

						Opex		1.17E+08		$/y				1.92E+08						1.36E+08

						Yearly costs total		1.98E+08		$/y				3.17E+08						2.45E+08

						Total specific costs		36.00		$/t				57.65						44.47

																								total		cost per ton

						5.50E+06		t/y																172,175,068		31.3

						TC-cost		fuel cost		taxes				process/storage/loading										7,910,464		1.4

		S-A-Norway				74,811,770		17,995,678		11,968,490				67,399,130										5,824,557		1.1

		Norway												7,910,464										185,910,089		33.8

		T/C + spare time				5,766,888		57,669

		Total				80,578,658		18,053,347		11,968,490				75,309,594										117,091,185		21.3

																								80,917,095		14.7

		Annual costs				76,900,685		26,908,000		9,240,000				4,042,500										- 0		- 0

		Liquefaction depr.												80,917,095										198,008,280		36.0

		Total				76,900,685		26,908,000		9,240,000				84,959,595



Chris Hendriks:
e.g repair, inspection, waiting for permission, etc.

Chris Hendriks:
To compare it with 250 km pipeline transport data

Chris Hendriks:
What is a proper charge/decharge rate?

Chris Hendriks:
Factor to annuual shipment of CO2

Chris Hendriks:
To compare it with 250 km pipeline transport data

Chris Hendriks:
13% seems very high for operation and maintenance

Chris Hendriks:
What is the EF of MDO?

Chris Hendriks:
To compare it with 250 km pipeline transport data
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ChartCostsAll (2)
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Ship transport costs ($/t/250km)
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Check

		

						Distance		1100		km

						Amount of CO2		1.00E+06		t/y

						Liquefaction		5.25E+07		$				Liquefaction		1.37E+07		$/y

						Storage site		8.82E+07		$				TCS		4.73E+06		$/y

						Other		8.40E+06		$				Fees		1.68E+06		$/y

														Fuel		7.35E+05		$/y

														(un)loading		7.35E+05		$/y

						Total CAPEX		1.49E+08		$				Total OPEX		2.15E+07		$/y

						Annual Capex costs		2.24E+07		$/y				Annual Opex costs		2.15E+07		$/y

						Total annual costs		4.39E+07		$/y

						Costs per tonne of CO2		43.89		$/t
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BreakEven

		

										0.0077		1032.6

										-3.5		-0.7725

								Distance		Mass		Costs		Mass		Costs

								1000		4.2		4.97		5		5.00

								2000		11.9		2.91		11		2.90

								3000		19.6		2.13		19		2.10

								4000		27.3		1.70		28		1.70

								5000		35		1.43		35		1.45
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CO, Generation, Capture Transport and Sequestration
Why it has not been widely implemented ?

Potential CO, Sequestration Zones Costs estimated

from $6-33/tonne for 324 reservoirs
DOE/NETL — 2017/1670

Stationary Emissions| .
Mt CO2Per Year
- 0-1

< 4-5
L 5-10

o 10-18
~ 15-50
@ Highly Prospective

) Prospective (low to high)

@ Moo prospective

IPCC Carbon Dioxide Capture and Storage, Cambridge, 2005.




CO, Generation, Capture Transport and Sequestration E3Tec
Environmental Impacts
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Environmental Impacts
When should we take action — before or after major environmental impacts?

transpiration

Met absorbed
0.9
Wm

Global Energy Flows WM Trenbeth and Fasullo (2012 )

Radiation

E3Tec



Environmental Impacts
When should we take action - before or after major environmental impacts?

Change in the number of marine heat wave days
compared to the mid-20th century.

| I | o —  m—
-

-36 days -8 +1B

q-A:,, o -.,«,, -‘- .
s ﬁ, » f‘-. e T e Ui
S W@[ﬁ cd] ﬁag -
e Gl W@[F[ﬁﬁ][l[m@ /

—

The average number of marine heat wave days for the peried 1987-2016, compared to the average for 1925-1954
Source: Mature Climate Change | By The New York Times

Ocean Warming with Direct Impact on Jet Streams Causing Localized Heavy Rain and Draught

E3Tec



Environmental Impacts E3Tec
When should we take action — before or after major environmental impacts?

Doyle, Callfornla Wildfire

]
Persistent drought conditions and nowyou see 't now you don’t

wildfires

13, 1941 and August 31, 2004

Drought Index September 1, 2020



Techno-Economics of CO, Capture & Utilization E’Tec

Will play a key role in the transition period of 2020 to 2050

Amine process

CO, Capture Technologies

» Absorption process — commercial amine and new ——

Cool.r‘—-a
absorbents : .

» Membrane separation

00000

» Adsorbent — solid adsorbent and Metal Organic

Framework (MOF)

Critical
5 Point
H . gw Triple
» Hybrid — membrane and absorption Point /p
/ & 1 A—7 Flue-Gas Pressure Profile
i S’ o
» Cryogenic CO, capture L / win

Solid Liquid

CO2 Partial Pressure Profile

z
'f’ec: 900,

W

150 A70 190 210 280 250 270 200 310 330 350
Temeprature (K)

CO: De-sublimation Profile



Techno-Economics of CO, Capture & Utilization E3Tec

C-footprint varies from 0.16 to 0.53 based on source & CO, capture technology

- . SMR Process
Composition Coal Utility GTCC . SMR Flue Gas Ethanol
Location 1
CO, Concentration by Volume % 13% 6% 15% 5% to 10% 95% +
Post ) ) NG Combustion plus )
CO, Source . NG Combustion SMR Reaction Fermentation
combustion CO, from process
Pressure, bar 1.01 1.01 20.0 1.01 101
Other Major Components N2, OgtSOX, NOy, N5, O,, Steam Hydrogen, Steam N5, O,, Steam Water vapor
eam

C-footprint, tonne CO,/tonne CO, Capture
Commercial Amine process 0.53 0.41 0.23 0.41
Alternate Solvent Process 0.38 0.30 0.16 0.30
Membrane Process (50% recovery) 0.27 Not applicable* | Not applicable** Not applicable*
Condensation or membrane ]
separation of water vapor Relatively small




Techno-Economics of CO, Capture & Utilization
Cost penalty is major challenge

CO, Capture Costs with DOE Target of 90% Recovery

Coal Plants
> Amine Process $70 to $100 per tonne CO,
»  DOE Target of $40 per tonne with new CO, capture technologies
GTCC Plants
»  CO, capture costs higher than coal plants
Steam Methane Reforming for Hydrogen Production
»  CO, capture costs lower than coal plants

E3Tec

Cost of electric (COE) penalties varies between $50 and $100/ MWh



Techno-Economics of CO, Capture & Utilization E’Tec
Conversion to high-value products to offset the cost of CO, Capture

Fuels

» Catalytic conversion to alcohol & ethers
Bio-Fixation

» Microalgae to high-value chemicals
Solid Products

» Concrete, Graphene, Graphite
Chemicals

» Methanol, Organic acids and Alkyl carbonates
Enhanced Oil Recovery (EOR)

» Depends on oil price and CO, source near oil
production sites (demonstrated in Texas)




Techno-Economics of CO, Capture & Utilization E’Tec
E3Tec process of CO, conversion to high-value alkyl carbonates with low C-footprint

E3Tec Process Syngas Based Process

Plant Capacity, kTA (thousand tonnes/year)

Dimethyl Carbonate (DMC) 52.0 50.0

Mono-Ethylene Glycol (MEG) 36.0 0.0
Capital Costs (CAPEX), $ Million $164 $223
Cost of Production, $/tonne DMC** 10 to 15 % lower Base case

** By taking into account coproduction of MEG

CcoO |:|'> |:|'> Alkyl Carbonates
2 DMC y o Global DMC Market Potential - KTA*
Application
2017 2030
DMC in Polycarbonate Production 2,440 4,910
Li-lon Battery Electrolyte 45 350
LITHIUM-ION Solvents (replacing ketones) 1,430 1,820
BATTERIES . .
Chemical Intermediate, e.g. Polyurethane 11,350 18,470
DMC AS OXYGENATED Potential diesel oxygenate additive** 1,580,000
Low VOC SOLVENTS FUEL ADDITIVE (DIESEL)

POLYCARBONATES
REPLACING KETONES .
*kTA - Thousand Tonnes Per Year **Based on government approval for pollution control



High-Priority Opportunities and Challenges E3Tec
With the 2030 Goals of Significant Reduction of CO, emissions

Opportunities

1. Enhanced energy efficiency — power generation, process intensification,

innovative process equipment, waste heat recovery and utilization
2. CO, capture and conversion to high-value products
3. Water management technologies — desalination, purification and recycle

4. Integration of renewable energy with power generation and manufacturing

pProcesses

Carbon-footprint Based Development of New Technologies



High-Priority Opportunities and Challenges E3Tec
Overcoming the Valley-of-Death Syndrome

Challenges

1.

Uncertain government long-term policies with
direct impact on industry responses and action

Investment on new technologies developed by
small businesses and research institutes

Credible techno-economic merits of new
technologies developed by research institutes

Participation of major energy corporations in
developing new technologies

Resources

Basic

Research
1 1

[e—— Academia

je————CGovt labs

High Growth
Entrepreneurs

Performers

Applied | Tech rototype and Systems

Research Developme Development

1 2

3

4 5 6 7 8 9



Path Forward E’Tec
Collaboration and Consortium with Focus Technology Areas

Technology Areas
1. CO, capture and utilization — DOE/NETL Programs and Industry Interests

2. DOE/EERE - Innovative Technology of Energy Efficiency and Renewable
Energy

3. Hydrogen Production — Green and Blue Hydrogen
4. DOE Water Security Grand Challenge
5. Biobased and Waste Product (spent oil) Based Chemicals

Recommend Pursuing SBIR/STTR Grants — DOE, DOD, NSF and ARPA-E



E3Tec

Investing Existing F/nite Carbon-Based Energy &
Material Sources on Future Sustained

Energy & Fresh Water Supplies

Thank You

Q/A & Discussion
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