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Project Overview

What are we trying to do?

Goal: Develop, innovate, reduce costs and de-risk the
biomethanation (Power-to-Gas) process to upgrade biogas
sources to pipeline quality natural gas for long-duration energy
storage and decarbonization of the transportation sector

How is it done today? Renewable natural gas (RNG) is typically
produced from biogas using energy intensive separation
technology — keeping the CH,, but venting the CO,

Why is it important? This technology upgrades the CO, portion
of biogas in addition to keeping the CH, using natural organisms

What are the risks? Process intensification and scaling of
renewable electricity sources and renewable hydrogen
technologies require cost reduction at meaningful (utility) scale

Biocatalyst

The biomethanation process CO, +4 H,=—————® CH, + 2 H,0 + Heat

NREL | 2




SoCalGas/SETO — Power-to-Gas (P2G)
ESIF-DOE Grid Integration High-Impact Project

Partner: Electrochaea GmbH
CRD 14-567 - Ended in FY20

P2G: Working with partners, design, develop
controls, install, commission and characterize

700L bioreactor system from SoCalGas
\

Project Overview & History

Power
Supply

Electrolyzer/Bioreactor Integration (EBI)
BETO, HFTO and SoCalGas
Partner: Dr. Metz — U of Chicago
CRD 19-809 — Executed in August 2019

J0jJoealolg

Flow Monitor Ss——
Electrolyzer

EBI: Develop advanced gas mixing and water
management techniques to improve hydrogen mass
transfer and directly-coupling electrolyzer with
bioreactor to advance IP

& Control

Stack

Biopower BETO/SoCalGas/Electrochaea '
CRD 18-775 — Executed July 2020
Biopower: Upgrade biogas waste streams to
pipeline quality RNG

Biopower
|(5.1.3.102)

Portland General Electric,

Grid (pending)

Biopower: TEA,
mobile scale-down of bioreactor
and field trials

TSAs with Summit Utilities,

Jonah Energy and National

LCA, analytical,

EBI (2.3.2.700)

New Funding Biopower Task 1: Provide R&D to
create blueprint with utilities with carbon intensity

within existing carbon markets

NREL P2X Program Goal
Lead the U.S. in the advancement and
deployment of CO, utilization, integration with
renewable electricity, hydrogen systems
integration and bio-derived high-value products




Market Trends

@ Gasoline/ethanol demand decreasing, diesel demand steady
Increasing demand for aviation and marine fuel

@ Demand for higher-performance products

@ Increasing demand for renewable/recyclable materials

O Sustained low oil prices

0 Decreasing cost of renewable electricity
e Sustainable waste management .
Q Expanding availability of green H, Coveri ng
Closing the carbon cycle

o Risk of greenfield investments

Challenges and costs of biorefinery start-up

e Availability of depreciated and underutilized capital equipment

- | Carbon intensity reduction

Access to clean air and water

110 Environmental equity

NREL'’s Bioenergy Program Is Enabling a
Sustainable Energy Future by Responding
to Key Market Needs

Value Proposition

« Biomethanation can produce a zero to net-
negative carbon fuel from waste CO,

« Sector coupling technology (P2X, E2M)

« Enables higher penetration of solar/wind
electricity and accelerates deployment of
green renewable hydrogen production

Key Differentiators

 Direct replacement fuel utilizing the existing
natural gas infrastructure

« Minimal gas cleanup before pipeline injection
» Low-cost electricity and CO, feedstocks



Electrochaea
5%

Project managed and scheduled by Pls

at NREL

SoCalGas provides guidance for market

1. Management

SoCalGas
29%

and commercial deployment

Electrochaea provides design, process
development and operational support
leveraging their experience at BioCat

(1000 dollars)| SoCalGas | BETO |[Electrochaea
*FY20 $602 $628 S57
FY21 $22 $400 $32
FY22 S22 S472 S32
Contributions| $645 $1,700 $120

*Funded in FY19 — Project started FY20

Overall Project Total $2.85M
» S580K bioreactor (of S3M cost to SoCalGas)
* S$25K Licensing Fee for the organism
Project Management
* Standing bi-weekly calls with partners
* New P2G quarterly with wide group of
stakeholders, including new utility partners

NREL | 5



1. Management

P2G - The biomethanation process: CO,+4H,

Low-cost Low-
Carbon Electricity

Biogas Sources
Wastewater
Food Waste

Landfill
Manure

Task 4 — Field deploy mobile
electrolyzer/bioreactor
system at biogas sites

H,S- <3%

N,- <5%
CO, (30 - 40%)

H,0-<10% CH, (45 - 60%)

H,- <1%

Biocatalyst

—_

CH, + 2 H,0 + Heat

Task 1 — Project Case
Studies with Utilities

Electrolysis

Nutrient
Supply

Water,
nutrients &
organisms

NG Storage
& Utilization

Team Expertise
T1: NREL Biochemical Analysis, Argonne
LCA, Electrochaea, Utility Partners
T2: Parr Inst., PlugPower, Spectrum
Controls, Univ. of Chicago
T3: Electrochaea, NREL Analytical
Development & Support, Algae Team
T4: Utility Partner’s field locations

RNG

‘ Biomethanation
‘

Project Goal
Upgrade biogas sources to pipeline-
quality RNG (> 97% CH,)

Task 3 — Analytical methods

development for
mass/energy balance

Task 2 — Scale-down to 20L 18-
bar pressurized bioreactor

NREL | 6



2. Approach — Work Breakdown: Tasks 1 -4

Focused on Systems Integration to Reduce Costs

Task 1: Complete a technical feasibility and carbon-market based blueprint for utility-scale deployment of
hydrogen-to-biomethanation for RNG production

* Challenge/Opportunity: What'’s the business case for RNG in light of existing carbon markets and
region-specific use cases for the product?

* Task 2: Develop scientifically-based scaling functions using a scaled-down bioreactor that can operate at
pressures up to 18-bar, temperatures up to 70C and capable of upgrading gas mixtures containing CO,,
CH,, H, and H,S in order to understand the effects of gas mixing and the organism's productivity.

* Challenge: Improve organism productivity through pressure, gas mixing and bioreactor design.

* Task 3: Develop analytical methods for mass balances (e.g., C, N, S, H and P) to guide nutrient additions
and look for potential co-products produced by the methanogens.
* Challenge/Opportunity: How can critical nutrient additions be optimized to reduce operating
costs and inform TEA/LCA? If cell mass is not retained in the bioreactor, is there a co-product
opportunity for discarded cells?

* Task 4: Deploy mobile R&D electrolyzer/bioreactor platform at utility partner field locations to
demonstrate upgrading biogas to pipeline quality RNG.
* Challenge: Upgrading different compositions of biogas feedstocks at field locations with different
infrastructure. NREL | 7



Impact on state-of-technology and industry

Industry engagement/commercialization plans

Provides long-duration energy storage of low-cost, low-carbon electricity in the form of molecules
Recycles CO, waste streams to produce a carbon-neutral to carbon-negative fuel (RNG) to start
decarbonizing transportation, heat and power sectors at meaningful scale

Improvements in bioreactor design, NREL IP and dosing systems will improve biocatalyst
productivity and reduce cost

Upgrading CO, from biogas digesters to methane nearly doubles digester CH, output over

separation technology d
/ Loa

Following

Partnerships with utilities (SoCalGas, Summit,
Portland General Electric, Jonah Energy), biocatalyst
developer Electrochaea, water management U. of
Chicago, and compressor technology Sundyne
Near-term plans to build a U.S.-based demonstration
system at a biogas facility to inject RNG into a
pipeline for RIN and LCFS pathway qualification
needed for commercialization

4
" NREL | 8



Intellectual Property & Patent Applications

IP development to reduce electrolyzer capital costs, improve |

system efficiency, and improve safety
o PCT application corresponding to NREL ROI No’s. 18-48 and 18-
48A, Application No. PCT/US19/42861 (7/2019)
o SoCalGas entered into licensing agreement with NREL (5/2020)
o U.S. provisional patent application corresponding to NREL ROI
No. 19-140, Application No. 63/063,000 (8/2020)

Communication and Outreach

Mobile system design, specification and procurement (2020), fabrication and
commissioning (2021) and field trials at partner biogas sites (2022)

» https://www.powermag.com/why-power-to-qgas-may-flourish-in-a-renewables-heavy-world/
» https://denver.cbslocal.com/2019/03/03/nrel-archaea-renewable-natural-enerqy/ (CBS Video)

> https://www.qgreentechmedia.com/articles/read/are-ancient-bugs-the-key-to-storing-wind-and-
solar (podcast)

> https://www.epa.qgov/natural-gas-star-program/2019-renewable-natural-gas-workshop NREL | 9



https://www.powermag.com/why-power-to-gas-may-flourish-in-a-renewables-heavy-world/
https://denver.cbslocal.com/2019/03/03/nrel-archaea-renewable-natural-energy/
https://www.greentechmedia.com/articles/read/are-ancient-bugs-the-key-to-storing-wind-and-solar
https://www.epa.gov/natural-gas-star-program/2019-renewable-natural-gas-workshop

S/Mmbtu

4. Progress and Outcomes — Pathway to $14/MMBTU

45

40

35

30

25

20

15

10

1. Low-cost renewable electricity
(50.04—>$0.02/kWh)
2. Increase CH4 productivity
(13g = 20g CH4/L-h)
3. Decrease electrolyzer capital cost
($750/ kwW— $400/ kW)
4. Decrease bioreactor capital cost
(5185 /L-RX = S125/L)
5. Oxygen Credit
(SO = S40/tonne)
6. Carbon Credit
(SO = S-35/tonne)
/. Reactor Heat Recovery
(0% — 80%)
8. Electrolyzer Heat Recovery
(0% — 80%) NREL | 10

]
]
]

14.00

Baseline
R&D Goal

Electricity Price $0.02/kWh
Productivity 20gCH4/L/h
Oxygen Credit $40/tonne
CO2 price $-35/tonne

Bioreactor Capital $125/L-RX
Electrolyzer Capital $400/kW
Reactor Heat Recovery 80%

Electrolyzer Heat Recovery 80%



NREL TEA Production Costs & CA LCFS for RNG

Near-future scenario assuming;
Electrolyzer cost of S400 / kW Estimated LCFS Credit Value of

%/ MMEtu

Productivity of 20g CH, / L-hr 350 1 Fossil NG v. Eligible RNG Types
0 345 1
$70/mmBtulipT)] 0
560/ MMBtu 40 535 i
60 § 501
$50/MMBtu 80 g 325
S $20
$40/MMBtu 100 &
= 15 -
$30/MMBtu 120 ﬁ $10 -
S
\ $20/MMBtu 140 8 %5 I I
\ 160 ©O 50
\'. 180 Matural as CALandil MonCA  Dairy RNG Wastewater Food Waste
SlO/MNB‘ZLl RMNG Landfil NG RMNG RNG
200 Source: Calfomia ARBE LOFS credit price and Cl values, MJB&A analysis. LGFS credit price $155/MT. Cl values: NG
0 1 2 3 4 5 6 7 8 9 10 74.1, CA Landfill 11.3, Mon-CA Landfill 3.5, Dairy -178.6, WWTP 10.3, Food waste -12.1.

Electricity Price ¢/kWh

WBS#5.1.1.102 Biopower analysis NREL
WBS#5.1.1.101 Biopower analysis ANL NREL | 11



4. Progress and Outcomes —Task 1 Utility Case Studies

The business case for RNG using existing carbon markets and region-specific use cases

e Utility partners include SoCalGas (CA), Summit Utilities (ME), Portland General Electric
(OR), Jonah Energy (WY) and National Grid (NYC, pending)

* Argonne National Laboratory assisting with carbon intensity pathway analysis

* NREL developing TEA for case studies which include feedstock supply and cost, sit
evaluation, capital, and market evaluation

. . . cpens 75,000 MWh of curtailed
Highlight - Summit Utilities renewables per year

* The goal of the project is to deploy technology @

Summit
Natural Gas

* Two case options (plus combination option): MAINE

to utilize Maine’s curtailed renewable energy

o P2G using PEM electrolyzer, providing H, to

. New England may be the most viable location for a
support chemical, transport, other J 4 f

pilot P2X project. ISO-NE predicts that up to 10% of

o P2G / Methanation, using COZ from Offshore Wind will be curtailed by 2030. In just one
digester, creating an additional ~100,000 location, Maine is curtailing ~75,000 MWh of
MMBTU/year, or ~¥35% of residential load renewables in one year.

NREL | 12



Percentage

4. Progress and Outcomes — Lessons Learned 700L

100

90

a0

70

&0

50

40

30

20

10

700L Commissioning Data
Showing ramp to 98% conversion of CO, to

CH, within first 24 hours of operation (below)
Data highlights the importance of gas mixing
Agitator step changes show fast response,
repeatability and ability to load follow

Operations at 25% rated

gas flow rates and 75 psig

10 15
Hours of Operation

=% Conwversion
-=Methane

20

25

Lessons Learned
Informing Scaled-Down System Design
Culture circulation returned below liquid level
New dosing trials show improved accuracy
and repeatability with HPLC pumps (below)
pH probes will be installed in 20L vessel
Anti-foam addition improved with top entry
on scaled-down vessel

Graduated
Expected .
Cylinder Pressure
Volume ] % Error
Measurement  (psig)
(ml)
(ml)
2.0 2.0 300 0%
2.0 2.0 50 0%
2.0 2.0 50 0%
2.0 2.0 300 0%
2.0 2.0 150 0%
6.0 6.0 300 0%
3.0 3.0 300 0%
2.0 2.1 300 5%
2.0 2.0 300 0%
2.0 2.0 300 0%
2.0 2.0 300 0%

0.05 mL/min
11 trials

540 min.
0.4% error

NREL | 13



Timed

																						Pump Testing Details and Procedure

																						Eldex, 3HM Optos Metering Pump, 35 - 750 psig, 0.040 - 80 mL/min, Serial # 28697

																						Flowmeter Sensirion SLS-1500, 15 bit, 50 ms Sample Time, ± 65 mL/min range,, Serial #: 201800256

																						Scale Ohaus Valor 700, Model: V71P1502T, 0.05 g resolution, Geo Setting 13, 

																						Tescom back-pressure regulator, 44-5565T24F, 500 psig max inlet pressure

																						Pyrex 2982, 10 mL graduated cylined, Tare 34.90 g

																						Set backpressure regulator to SetPt, ran pump until system equalized and flow was steady

																						Filled 500 cc vessel with water, equalized with room temperature

																						Opened isolation valve betwee 500 cc vessel and pump suction, Logged data to file for 1 min prior to starting first test

																						Ran test, weighed graduated cylinder, poured water back into vessel, blewout residual water

																						Stopped test regardless of time since the last pump cycle/pulse

																						Ran flowmeter Totalizer without pump running for 40 minutes to find the affect of the slightly negative -0.002 offset under no flow conditions

																						All of tests 1 - 14 were conducted with just the head pressure of the 500 cc cylinder mounted above the pump suction

																						Flowmeter setup, Liquid Flow Sensor, RS485/USB Cable, COM4, 115200 Baud

																						Tests 1 - 14 were run with the pump mode Refill Output Ratio as Full Out - this creates a fast (i.e., short) refill of water to the suction and maximizing the flowrate through the sensor

																						Starting in Test 15, the Refill Output Ratio is added as a variable leading to a lower flow rate of water to the suctiona and consquently, a more repeatable refill measurement

		Test #		Time 
(min)		Backpressure  Regulator SetPt
(psig)		Pump Flow Rate SetPt 
(mL/min)		Expected Volume
(mL)		Refill Output Ratio		Flowmeter Measurement
(mL)		Scale
(g)		Graduated Cylinder
(mL)		Percent Error 
(exp vol vs cylinder vol)		Notes

		1		10		300		1.00		10		Full Out		11.14		9.85		9.9		1.0		C:\Temp\DataLog 30Dec2020.csv

		2		10		300		0.5		5		Full Out		6.25		5.05		5.1		2.0

		3		40		300		0.05		2		Full Out		0.92		2.00		2.0		0.0		Not sure what happened on this test.  See duplicate test #10

		4		40		50		0.05		2		Full Out		4.6		2.05		2.0		0.0

		5		40		50		0.05		2		Full Out		2.4		2.00		2.0		0.0

		6		40		N/A		N/A		N/A		Full Out		-0.099		N/A		N/A		ERROR:#VALUE!		Ran baseline test to see Totalizer volume due to slightly negative -0.002 mL/min offset -0.099/40 = -0.00248 mL/min

		7		10		50		1.00		10		Full Out		11.7		10.05		10.0		0.0

		8		10		50		0.5		5		Full Out		6.0		5.00		5.0		0.0		Restarted test within first few seconds, a pump pulse happened immediately and the flowmeter totalizer wasn't running

		9		10		150		0.5		5		Full Out		6.0		4.95		5.0		0.0

		10		40		300		0.05		2		Full Out		2.4		1.90		2.0		0.0		C:\Temp\DataLog Timed 31Dec2020.csv

		11		10		150		1.00		10		Full Out		11.9		10.00		10.0		0.0

		12		40		150		0.05		2		Full Out		1.9		2.00		2.0		0.0		Lost a 40 minute test before this by missing the timer.

		13		120		300		0.05		6		Full Out		3.0		5.95		6.0		0.0		C:\Temp\DataLog Timed 1Jan2021.csv

		14		60		300		0.05		3		Full Out		3.3		2.9		3.0		0.0		The first pump cycle came < 1 minute from the start of the test reading 0.477 mL

		15		10		300		1.00		10		50/50		14.797		10.00		10.0		0.0		First 50/50 duty cycle test run and the pressure would cycle between 300 and 270 psig during the pump out cycle.

		16		10		300		1.00		10		50/50		13.738		9.95		10.0		0.0		Starting with test 15 - 23 the data is stored in C:\Temp\DataLog Timed 6Jan2021.csv

		17		10		300		1.00		10		50/50		9.684		10.05		10.0		0.0

		18		10		300		1.00		10		50/50		7.694		10.05		10.1		1.0

		19		10		300		1.00		10		50/50		9.068		10.00		10.0		0.0		Topped off water cylinder within first 2 minutes of test

		20		10		300		1.00		10		50/50		9.891		9.85		9.8		2.0

		21		10		300		1.00		10		50/50		10.788		10.05		10.1		1.0

		22		10		300		1.00		10		50/50		11.462		10.1		10.1		1.0

		23		10		300		1.00		10		50/50		11.92		10.00		10.0		0.0		End of testing on Jan 6, 2021

		24		10		300		0.5		5		15/85		5.807		4.95		5.0		0.0		C:\Temp\DataLog Timed 9Jan2021.csv, each suction pulse lasts about 6.5 seconds and 0.450 mL each

		25		10		300		0.5		5		15/85		5.328		5.0		5.0		0.0

		26		10		300		0.5		5		15/85		5.812		4.95		5.0		0.0		Pump suction pulse within a few seconds of this test starting, pump cycle was 0.450 mL

		27		10		300		0.5		5		15/85		5.670		4.90		5.0		0.0		First pulse was 0.450 mL, stopped test 1/2 through a pump cycle, completed cycle before starting next test

		28		10		300		0.5		5		15/85		5.407		5.00		5.1		2.0

		29		10		300		0.5		5		15/85		5.924		4.95		5.0		0.0		First pulse was 0.460mL

		30		10		300		0.5		5		15/85		5.500		5.00		5.0		0.0

		31		10		300		0.5		5		15/85		6.065		4.90		4.9		2.0		First pulse was 0.463mL, first pulse was within the first few seconds of the test

		32		10		300		0.5		5		15/85		5.834		4.95		5.1		2.0		Last pump pulse interrupted about 1/3 of the way in, completed pulse before starting next test

		33		10		300		0.5		5		15/85		6.413		4.95		5.1		2.0		Last pump pulse ended and then test was over

		34		10		300		0.5		5		15/85		5.858		4.95		5.0		0.0		This was the last test on 1/9/21

		35		40		300		0.05		2		15/85		10.682		2.00		2.1		5.0		C:\Temp\DataLog Timed 10Jan2021.csv, a full suction pulse resulted in 2.105 mL on the flowsensor
The first pulse was about 2 minutes into the test and showed 2.145 mL on the flowsensor lasting 66 seconds

		36		40		300		0.05		2		15/85		10.838		1.90		2.0		0.0		First pulse came within about 1 minute of test starting and showed 2.186 mL.  2nd suction pulse started at 4111 seconds and ended at 4177 seconds (total after 2nd, 4.358 mL).  3rd suction start 4591, ended 4656.  Showing total cycle time 480 sec.  End of 10Jan2021.

		37		40		300		0.05		2		70/30		12.928		1.90		2.0		0.0		C:\Temp\DataLog Timed 10Jan2021B.csv. First pulse 2.106 mL per the flow sensor.  2nd pulse started at 637 seconds.  End at 950 seconds.  Total flow after 2nd pulse 5.047 mL.  3rd pulse started at 1117 sec and ended at 1427 sec (310 sec suction).  Total flow after 3rd pulst is 8.25mL.  4th pulse started at 1597 sec and ended at 1913 sec (316 sec suction).  Total flow after 4th = 10.851 mL.  310/0.7 = 442 sec total cycle time.  Matches pretty well with Test 36.

		38		40		300		0.05		2		70/30		13.305		1.95		2.0		0.0		The first pump suction cycle started within the first minute of this test.    End of 10Jan2021B file.

																				ERROR:#DIV/0!

																				ERROR:#DIV/0!

																				ERROR:#DIV/0!

																				ERROR:#DIV/0!

																				ERROR:#DIV/0!

																				ERROR:#DIV/0!

																				ERROR:#DIV/0!





Ind Cycle

		Individual pump cycles

		The negative offset of -0.001 or -0.002 mL between each pump cycle (at 0.5 mL/min) was accumulating the entire time

		Set 1 was NOT captured in the file, 0.5 mL/min flow set point, Sample interval 50 mS, Backpressure 150 psig

		Set 2 was captured in the file DataLog 31Dec2020 IndCyc ptmLpermin.csv,  Pump set point 0.5 mL/min, Backpressure regulator 150 psig, Sample interval 50 mS

		Test Set 6 was the first 50/50 duty cycle test run and the pressure would cycle between 300 and 270 psig during the pump out cycle.

		Refill Output Ratio		Full Out		Full Out		Full Out		Full Out		Full Out		50/50

		Pressure (psig)		150		150		150		150		300		300*

		Pump flow (mL/min)		0.5		0.5		0.5		0.5		0.5

		Sample Interval (ms)		50		50		10		100		100

		Resolution (bit)		15		15		10		15		15

		Data in file		N		Y		Y		Y		Y

		                Run (n=20)      Set		1		2		3		4		5		6		7		8		9		10

		1		443		494		470		488		514

		2		465		464		455		495		497

		3		469		458		462		478		488

		4		452		471		460		478		490

		5		443		471		461		486		449

		6		451		489		464		508		499

		7		464		474		464		476		482

		8		460		479		465		503		499

		9		455		468		469		517		521

		10		437		473		462		472		487

		11		459		477		463		494		472

		12		474		489		459		473		483

		13		478		471		464		481		494

		14		470		472		465		506		489

		15		470		468		464		504		508

		16		477		466		475		489		484

		17		478		457		468		494		487

		18		481		472		469		485		504

		19		475		481		462		475		477

		20		487		464		462		510		501

		Average (uL/min)		464.4		472.9		464.2		490.6		491.3

		Set 3 seems like it's clipping above 65 mL/min





Graphs

		Expected Volume (ml)		Cylinder Measurement (ml)		percent error		Pressure (psig)		Flowrate (ml/min)		percent error2		Refill Output Ratio		Time

		10		9.9		1.0		300		1		1		Full Out		10

		5		5.1		2.0		300		0.5		2		Full Out		10

		2.0		2.0		0.0		300		0.05		0		Full Out		40

		2.0		2.0		0.0		50		0.05		0		Full Out		40

		2.0		2.0		0.0		50		0.05		0		Full Out		40

		10		10		0.0		50		1		0		Full Out		10

		5		5		0.0		50		0.5		0		Full Out		10

		5		5		0.0		150		0.5		0		Full Out		10

		2.0		2.0		0.0		300		0.05		0		Full Out		40

		10		10		0.0		150		1		0		Full Out		10

		2.0		2.0		0.0		150		0.05		0		Full Out		40

		6.0		6.0		0.0		300		0.05		0		Full Out		120

		3.0		3.0		0.0		300		0.05		0		Full Out		60

		10		10		0.0		300		1		0		50/50		10

		10		10		0.0		300		1		0		50/50		10

		10		10		0.0		300		1		0		50/50		10

		10		10.1		1.0		300		1		1		50/50		10

		10		10		0.0		300		1		0		50/50		10

		10		9.8		2.0		300		1		2		50/50		10

		10		10.1		1.0		300		1		1		50/50		10

		10		10.1		1.0		300		1		1		50/50		10

		10		10		0.0		300		1		0		50/50		10

		5		5		0.0		300		0.5		0		15/85		10

		5		5		0.0		300		0.5		0		15/85		10

		5		5		0.0		300		0.5		0		15/85		10

		5		5		0.0		300		0.5		0		15/85		10

		5		5.1		2.0		300		0.5		2		15/85		10

		5		5		0.0		300		0.5		0		15/85		10

		5		5		0.0		300		0.5		0		15/85		10

		5		4.9		2.0		300		0.5		2		15/85		10

		5		5.1		2.0		300		0.5		2		15/85		10

		5		5.1		2.0		300		0.5		2		15/85		10

		5		5		0.0		300		0.5		0		15/85		10

		2.0		2.1		5.0		300		0.05		5		15/85		40

		2.0		2.0		0.0		300		0.05		0		15/85		40

		2.0		2.0		0.0		300		0.05		0		70/30		40

		2.0		2.0		0.0		300		0.05		0		70/30		40



		Full Out		50/50		15/85		70/30

		1		0		0		0

		2		0		0		0																				Expected Volume (ml)		Graduated Cylinder Measurement (ml)		Pressure (psig)		% Error

		0		0		0																						2.0		2.0		300		0%

		0		1		0																						2.0		2.0		50		0%

		0		0		2																						2.0		2.0		50		0%

		0		2		0																						2.0		2.0		300		0%

		0		1		0																						2.0		2.0		150		0%

		0		1		2																						6.0		6.0		300		0%

		0		0		2																						3.0		3.0		300		0%

		0				2																						2.0		2.1		300		5%

		0				0																						2.0		2.0		300		0%

		0				5																						2.0		2.0		300		0%

		0				0																						2.0		2.0		300		0%

																												27.0		27.1

																														0.0037037037



























Measured vs Expected Pump Dosage Volume 



Cylinder Measurement (ml)	2	2	2	2	2	6	3	2	2	2	2	2	2	2	2	2	6	3	2.1	2	2	2	Expected Volume (mL)





Collected Cylinder Volume (mL)







Percent Error vs Expected Pump Dosage Volume



percent error	2	2	2	2	2	6	3	2	2	2	2	0	0	0	0	0	0	0	5.0000000000000044	0	0	0	Expected Volume (ml)





Percent Error (%)







Percent Error vs Pressure



percent error2	300	50	50	300	150	300	300	300	300	300	300	0	0	0	0	0	0	0	5.0000000000000044	0	0	0	Pressure (psig)





Percent Error (%)







Percent Error vs Flow Rate



percent error2	0.05	0.05	0.05	0.05	0.05	0.05	0.05	0.05	0.05	0.05	0.05	0	0	0	0	0	0	0	5.0000000000000044	0	0	0	Flow Rate (mL/min)





Percent Error (%)







Percent Error vs Duty Cyle



Full Out	0.99999999999999634	1.9999999999999927	0	0	0	0	0	0	0	0	0	0	0	50/50	0	0	0	0.99999999999999634	0	1.9999999999999927	0.99999999999999634	0.99999999999999634	0	15/85	0	0	0	0	1.9999999999999927	0	0	1.9999999999999927	1.9999999999999927	1.9999999999999927	0	5.0000000000000044	0	70/30	0	0	

Percent Error (%)












4. Progress and Outcomes — Task 2: Scaled Down

Bioreactor Vessel Design Basis

20L 18-bar Design Basis

e 7.5 ft. height inside trailer

Vessel: 5’3" Tx 6” OD
e Agitation capable of 900 rpm
Magnetically-coupled agitator
w/o pressurized seal-pot
Diagnostics: Dissolved H,, pH,
Redox, temperature and pressure
* Improved dosing pumps with

flowmeter feedback (qualitative)
* 20 kW electrolyzer (0.3 kg H,/h)

* Low-cost balance of plant (EBI)

Future Work: Sight glasses to study gas
mixing, H, mass transfer and bubble

dynamics using UHS camera up to
1,000,000

.. =¥ frames per
. l second

Custom trailer with Co{trol

Room and Research Bay | [[i .
designed, fabricated and| Sl ST 700L 18-bar SoCal Gas Bioreactor

T TR O “Sll B © 125 kW electrolyzer (2.7 kg H,/h)
o = Bl ©  Vessel: 18’ Tx 18" OD
L N e — e 0.25 MMBTU/h methane flowrate
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Quad Chart Overview

Timeline

Start: October 1, 2019 (CRADA executed 7/2020)
End: September 30, 2022

e (10/01/2019 -
Fundi 9/30/2020) S1.7MM
unding
S600K

"'C°J'et“ SoCalGas - $602K
03 Electrochaea - Electrochaea -
S57K S120K

Share

Project Partners
» Southern California Gas Company
 Electrochaea GmbH

SoCalGas - S645K

Project Goal

Advance the science and reduce the cost of the
biomethanation process using waste CO, from
biogas and renewable H, feedstocks through
systems integration, and improved hydrogen
mass transfer for utility-scale commercialization

End of Project Milestone

Demonstrate continuous operation of scaled-
down 20L bioreactor at pressures up to 18-bar
using biogas feedstock to produce a product gas
composition of >97% CH,, <3% CO,, <0.2% O,
and <4 ppm H,S

Barriers
Ct-H: Gas Fermentation Development

Funding Mechanism
Lab Call — Biopower R&D (DE-LC-000L045)
Topic Area — Biological Biogas Clean-Up (2018)

NREL | 15



Management: Cross-functional diverse team consisting of University, technology
providers, utility partners, national labs, and multiple research disciplines

Approach: Focused on systems integration, business case studies with multiple
utility partners, design, build and deploy a mobile RD&D bioreactor system to
validate upgrading of different biogas feedstocks

Impact: Patent applications and licensing IP, address utilities goal to decarbonize
the NG network while enabling increased renewable electricity penetration, and
provide a cross-sectoral power-to-gas drop-in direct replacement for fossil NG

Progress & Outcomes:

* Lessons learned from 700L operations informed scale-down 20L mobile
bioreactor design improvements

» Bioreactor and dosing system design complete and in build phase. System
operations by end of calendar year 2021 and field trials expected in 2022

« Demonstrated improved reliability and accuracy of scaled-down dosing needed
for stable biomethanation process control

» Multiple funds-in utility partnerships formed to develop case studies and
blueprint for large-scale (5 — 50MW) Power-to-RNG deployment

NREL | 16



Southern
California
Gas Company

)
A 6_: Sempra Energy utility” & Elec'l'rOChqeq
;.‘E.L- Sew 3"?‘.-—_.

e

¥a
- Ed

#%= Thank you!

Ron Kent Doris Hafenbradl ~www.nrel.gov
Team Members

. . . NREL/PR-2700-79311
» University of Chicago

+ Argonne National Laboratory

* Spectrum Automation Controls

* NREL’s Analytical Development and Support
* NREL’s Algae Team

* NREL’s Biochemical Analysis Team

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC,
for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08G028308. Funding provided by U.S. Department

of Energy Office of Energy Efficiency and Renewable Energy Bioenergy Technologies Office. The views expressed in the

article do not necessarily represent the views of the DOE or the U.S. Government. The U.S. Government retains and the
publisher, by accepting the article for publication, acknowledges that the U.S. Government retains a nonexclusive, paid- Transforming ENERGY

up, irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for
U.S. Government purposes.




Additional Slides



Patents and Presentations

— International PCT application corresponding to NREL Record of Invention (ROI) No’s. 18-48 and 18-48A
* Application No. PCT/US19/42861 (7/2019)

— SoCalGas entered into exclusive licensing agreement for IP developed under ROl 18-48 (5/2020)

— U.S. provisional patent application corresponding to NREL ROI No. 19-140
* Application No. 63/063,000 (8/2020)

— Electrolyzer/Bioreactor Integration, DOE Hydrogen and Fuel Cell Technologies Office, Annual Merit Review
Poster Presentation, April 2020

— Storing Renewable Electricity As Molecules: The Promise of Renewable Natural Gas & Hydrogen, Colorado
Renewable Energy Society Webinar, August 2020

— Power-to-RNG, 2020 Virtual Fourth Annual RNG Workshop — American Gas Association, September 2020

— Presented and provided virtual tour for NREL's Camp Cleantech during the Electrons-to-Molecules session
on September 2020

— Power-to-Renewable Natural Gas: Renewable Hydrogen & Biomethanation, A long-duration energy storage
solution using recycled carbon dioxide and renewable hydrogen, Wet Waste Workshop, October 2020

— Introduction to Power-to-Renewable Natural Gas, NREL's Investor Advisory Board, November 2020

— Scaling Electrolyzer and Bioreactor Systems with Utility Support, NRELs Science & Technology Committee,
February 2021 NREL | 19



Responses to Previous Reviewers’ Comments

Weakness: It is unclear what novel research is being performed here. After
looking through Electrochaea’s web site it appears that all of the proposed work
has already been done. The robustness of the catalyst could be evaluated in a
chemostat being fed various CH,/CO./H,S gas mixtures. (Approach)

Weakness: No mention of key technology/IP handoff with their industry

pan‘ners (Future Work)
NREL Response: The R&D focus of this Biopower project has many facets; First,
doubling the pressure over any of Electrochaea’s bioreactor vessels should
essentially double the amount of H, dissolved in solution, thereby doubling the
methane production rate - H, mass transfer is the limiting factor. Secondly, creating a
mobile research platform capable of visiting various biogas sources will provide new
insight into organism/process tolerance of trace constituents not easily synthesized
for a chemostat experiment in the lab. Finally, new intellectual property developed at
NREL to improve capital cost, system efficiency and systems integration has pending
domestic and international patent applications and SoCalGas has licensed the IP
technology already.

NREL | 20



Project Overview & History

SoCalGas & SETO CRADA — Ended in 2020 — Final CRADA report submitted to SoCalGas
o Power systems modeling and analysis
o Design, safety, installation and commissioning of 700L 18-bar bioreactor at NREL
BETO Biopower - Upgrade biogas to pipeline quality RNG - This project WBS 5.1.3.102
CRADA Executed July 2020 for 3 years.
o Utility case studies to estimate carbon intensity
o Mobile scaled-down bioreactor and balance of plant system design & build
o Analytical development for mass/energy balance
o Field trials at biogas sites
Electrolyzer/bioreactor Integration - WBS 2.3.2.700 - CRADA Executed August 2019
o SoCalGas, BETO and HFTO partnership
o IP development
o Electrolyzer design & build
o Integrate in mobile system

NREL | 21
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