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Motivation

Integration of electrolysis with on-site renewables
and electricity markets presents a cost reduction
opportunity due to the perceived future availability
of low and zero-marginal cost renewable energy
sources. Additionally, integrating electrolysis with
renewables, particularly photovoltaics, can mitigate
the value deflation effect with each additional unit.

The goal of this work is to model and evaluate an
optimized integrated near-term renewable-
electrolysis system within California to establish the
potential benefits and facilitate broader adoption.

Project Partners
* Pacific Gas and Electric (PG&E)

* Department of Energy — Hydrogen and Fuel Cells
Technologies Office (DOE HFTO)

* California Air Resources Board (CARB)

* Governor's Office of Business and Economic
Development (GO-Biz)
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Previous work

Electrolyzer Flexibility

1. Electrolyzer flexibility for grid services (www.nrel.gov/docs/fy14osti/61758.pdf,
http://www.nrel.gov/docs/fy12osti/54658.pdf, https://doi.org/10.3390/en10111836,
https://www.hydrogen.energy.gov/pdfs/review17/tv031 hovsapian 2017 o.pdf).

2. Electrolyzers to provide grid balancing in California (https://doi.org/10.1016/j.jpowsour.2018.07.101).

Cost assessment for hydrogen

Wholesale integration of hydrogen equipment (www.nrel.gov/docs/fy160sti/65856.pdf)

California business-case analysis (http://www.nrel.gov/docs/fy170osti/67384.pdf,
U.S. Retail rate optimization (https://www.sciencedirect.com/science/article/pii/S2542435119303228).
Hydrogen blending into the natural gas pipeline (https://www.nrel.gov/docs/fy130sti/51995.pdf)

Long duration energy storage analysis (pubs.rsc.org/en/content/articlelanding/2020/ee/d0ee00771d#!divAbstract)
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Business-case assessment for PV+Electrolysis (https://www.nrel.gov/docs/fy200sti/75635.pdf)
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https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Furldefense.proofpoint.com%2Fv2%2Furl%3Fu%3Dhttps-3A__gcc01.safelinks.protection.outlook.com_-3Furl-3Dhttps-253A-252F-252Furldefense.proofpoint.com-252Fv2-252Furl-253Fu-253Dhttps-2D3A-5F-5Fgcc01.safelinks.protection.outlook.com-5F-2D3Furl-2D3Dhttps-2D253A-2D252F-2D252Furldefense.proofpoint.com-2D252Fv2-2D252Furl-2D253Fu-2D253Dhttp-2D2D3A-2D5F-2D5Fwww.nrel.gov-2D5Fdocs-2D5Ffy17osti-2D5F67384.pdf-2D2526d-2D253DDwMFAg-2D2526c-2D253Dl45AxH-2D2DkUV29SRQusp9vYR0n1GycN4-2D5F2jInuKy6zbqQ-2D2526r-2D253DwlCeUXUZtE5VYjDhS-2D5FArxnjrg9BxNiR7yBjAhl8KmuU-2D2526m-2D253Ddvzs5jrsx3-2D2DDZnnHjHXLsCk8EZQZsfE7AYmIOHLMo3Y-2D2526s-2D253DmistS6oKI7UxlcalE-2D2DGOo-2D5F7VsRZbNJCnVr-2D5FVKQLrpMY-2D2526e-2D253D-2D26data-2D3D02-2D257C01-2D257CJoshua.Eichman-2D2540nrel.gov-2D257C7f4198f6225b4d6ab33708d842f96f9d-2D257Ca0f29d7e28cd4f5484427885aee7c080-2D257C0-2D257C0-2D257C637332987248367883-2D26sdata-2D3DTT9qqyQwuuW-2D252FDac2p3oCNAbhWsFhtwdeuL-2D252FgQvLZsiQ-2D253D-2D26reserved-2D3D0-2526d-253DDwMFAg-2526c-253Dl45AxH-2DkUV29SRQusp9vYR0n1GycN4-5F2jInuKy6zbqQ-2526r-253DwlCeUXUZtE5VYjDhS-5FArxnjrg9BxNiR7yBjAhl8KmuU-2526m-253D0JEXXFiSPDNGNQkLrdhf-5FDTG8rOUfnJSUPscMkPwgXg-2526s-253DIrsEMIsmMMsrt-2DL43jmtT2Ki3Shyl0BEEnyqalnL2zw-2526e-253D-26data-3D02-257C01-257CJoshua.Eichman-2540nrel.gov-257C9c93eeac8dd747c3e36008d843016975-257Ca0f29d7e28cd4f5484427885aee7c080-257C0-257C0-257C637333021203700572-26sdata-3D3WMa1tDfWCFUfxK-252F-252Bm6MkTBdPIE-252F8OUMRrK-252BdKPn4kc-253D-26reserved-3D0%26d%3DDwMFAg%26c%3Dl45AxH-kUV29SRQusp9vYR0n1GycN4_2jInuKy6zbqQ%26r%3DwlCeUXUZtE5VYjDhS_Arxnjrg9BxNiR7yBjAhl8KmuU%26m%3DhM89XQupRqPbDHrRr5ISuuAezLYUHuDdvVC2u3M1u58%26s%3DS0lYSFLTr1qgIatAp9bVfs5uo2PJ2z0MhSgwTZqb5O4%26e%3D&data=02%7C01%7CJoshua.Eichman%40nrel.gov%7Ca8ef4323a9f3439bbecd08d843c47139%7Ca0f29d7e28cd4f5484427885aee7c080%7C0%7C0%7C637333858730507764&sdata=L2%2Fn8QJSZw1ObjEo936GQ5So9z%2FZm%2FT9JEjSMqq%2FKxA%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Furldefense.proofpoint.com%2Fv2%2Furl%3Fu%3Dhttps-3A__gcc01.safelinks.protection.outlook.com_-3Furl-3Dhttps-253A-252F-252Furldefense.proofpoint.com-252Fv2-252Furl-253Fu-253Dhttps-2D3A-5F-5Fgcc01.safelinks.protection.outlook.com-5F-2D3Furl-2D3Dhttps-2D253A-2D252F-2D252Furldefense.proofpoint.com-2D252Fv2-2D252Furl-2D253Fu-2D253Dhttps-2D2D3A-2D5F-2D5Fwww.sciencedirect.com-2D5Fscience-2D5Farticle-2D5Fpii-2D5FS2542435119303228-2D2526d-2D253DDwMFAg-2D2526c-2D253Dl45AxH-2D2DkUV29SRQusp9vYR0n1GycN4-2D5F2jInuKy6zbqQ-2D2526r-2D253DwlCeUXUZtE5VYjDhS-2D5FArxnjrg9BxNiR7yBjAhl8KmuU-2D2526m-2D253Ddvzs5jrsx3-2D2DDZnnHjHXLsCk8EZQZsfE7AYmIOHLMo3Y-2D2526s-2D253DnZEDrqxUJn2R4Q9zkQLNzSnZunRohAiQkdke75OkPXA-2D2526e-2D253D-2D26data-2D3D02-2D257C01-2D257CJoshua.Eichman-2D2540nrel.gov-2D257C7f4198f6225b4d6ab33708d842f96f9d-2D257Ca0f29d7e28cd4f5484427885aee7c080-2D257C0-2D257C0-2D257C637332987248367883-2D26sdata-2D3D9t-2D252FE0peLNYMhgSZme3XKd6DNE3nLkTu2HGcJ9alUqwI-2D253D-2D26reserved-2D3D0-2526d-253DDwMFAg-2526c-253Dl45AxH-2DkUV29SRQusp9vYR0n1GycN4-5F2jInuKy6zbqQ-2526r-253DwlCeUXUZtE5VYjDhS-5FArxnjrg9BxNiR7yBjAhl8KmuU-2526m-253D0JEXXFiSPDNGNQkLrdhf-5FDTG8rOUfnJSUPscMkPwgXg-2526s-253DAwsKgUED2-2DYxjfQOzLzBKylW5v-5F4UhRcZuT7W9wTNi0-2526e-253D-26data-3D02-257C01-257CJoshua.Eichman-2540nrel.gov-257C9c93eeac8dd747c3e36008d843016975-257Ca0f29d7e28cd4f5484427885aee7c080-257C0-257C0-257C637333021203710570-26sdata-3DJIjWRfD-252BnZwpRmZQQ8mPHGKVmpGuQ-252B-252FmpopOZAX8nV4-253D-26reserved-3D0%26d%3DDwMFAg%26c%3Dl45AxH-kUV29SRQusp9vYR0n1GycN4_2jInuKy6zbqQ%26r%3DwlCeUXUZtE5VYjDhS_Arxnjrg9BxNiR7yBjAhl8KmuU%26m%3DhM89XQupRqPbDHrRr5ISuuAezLYUHuDdvVC2u3M1u58%26s%3DRRLgz4eFZjMSiNf75a7L-QzX9k2yaQRVU6rzEk02JGE%26e%3D&data=02%7C01%7CJoshua.Eichman%40nrel.gov%7Ca8ef4323a9f3439bbecd08d843c47139%7Ca0f29d7e28cd4f5484427885aee7c080%7C0%7C0%7C637333858730517725&sdata=b6o0%2BtQ30u0JfYZaTj61lgXbCDMC%2F1%2Btx4OJrYAwfIE%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Furldefense.proofpoint.com%2Fv2%2Furl%3Fu%3Dhttps-3A__gcc01.safelinks.protection.outlook.com_-3Furl-3Dhttps-253A-252F-252Furldefense.proofpoint.com-252Fv2-252Furl-253Fu-253Dhttps-2D3A-5F-5Fgcc01.safelinks.protection.outlook.com-5F-2D3Furl-2D3Dhttps-2D253A-2D252F-2D252Furldefense.proofpoint.com-2D252Fv2-2D252Furl-2D253Fu-2D253Dhttps-2D2D3A-2D5F-2D5Fwww.nrel.gov-2D5Fdocs-2D5Ffy13osti-2D5F51995.pdf-2D2526d-2D253DDwMFAg-2D2526c-2D253Dl45AxH-2D2DkUV29SRQusp9vYR0n1GycN4-2D5F2jInuKy6zbqQ-2D2526r-2D253DwlCeUXUZtE5VYjDhS-2D5FArxnjrg9BxNiR7yBjAhl8KmuU-2D2526m-2D253Ddvzs5jrsx3-2D2DDZnnHjHXLsCk8EZQZsfE7AYmIOHLMo3Y-2D2526s-2D253Dm2ZX-2D5FZg6cG5WPiwdZl8ViDQHBSzhXeDNXT-2D5F3kPqaeAo-2D2526e-2D253D-2D26data-2D3D02-2D257C01-2D257CJoshua.Eichman-2D2540nrel.gov-2D257C7f4198f6225b4d6ab33708d842f96f9d-2D257Ca0f29d7e28cd4f5484427885aee7c080-2D257C0-2D257C0-2D257C637332987248407707-2D26sdata-2D3D2h1TOkMLKNsXz841bUTFTOF2EqfL-2D252BGty2uRMUvZz2v4-2D253D-2D26reserved-2D3D0-2526d-253DDwMFAg-2526c-253Dl45AxH-2DkUV29SRQusp9vYR0n1GycN4-5F2jInuKy6zbqQ-2526r-253DwlCeUXUZtE5VYjDhS-5FArxnjrg9BxNiR7yBjAhl8KmuU-2526m-253D0JEXXFiSPDNGNQkLrdhf-5FDTG8rOUfnJSUPscMkPwgXg-2526s-253DsrzLx-2DlemvTYcQxKt5qx8bJT1EObf-2D6YD77mhd4ZoZo-2526e-253D-26data-3D02-257C01-257CJoshua.Eichman-2540nrel.gov-257C9c93eeac8dd747c3e36008d843016975-257Ca0f29d7e28cd4f5484427885aee7c080-257C0-257C0-257C637333021203760535-26sdata-3DwvCNEDoaNNmEZGlc2yZcSUcacAMH6LmtK9wPMFisOCs-253D-26reserved-3D0%26d%3DDwMFAg%26c%3Dl45AxH-kUV29SRQusp9vYR0n1GycN4_2jInuKy6zbqQ%26r%3DwlCeUXUZtE5VYjDhS_Arxnjrg9BxNiR7yBjAhl8KmuU%26m%3DhM89XQupRqPbDHrRr5ISuuAezLYUHuDdvVC2u3M1u58%26s%3DgR42ry19XjRdrTB-KDuVMtcb_9Jjl-X8YQh5C-rwGVE%26e%3D&data=02%7C01%7CJoshua.Eichman%40nrel.gov%7Ca8ef4323a9f3439bbecd08d843c47139%7Ca0f29d7e28cd4f5484427885aee7c080%7C0%7C0%7C637333858730587413&sdata=T4%2BKjkukJobwcPCOj9HnN1taqxsyQvPiTPPXqT4E%2Bts%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Furldefense.proofpoint.com%2Fv2%2Furl%3Fu%3Dhttps-3A__gcc01.safelinks.protection.outlook.com_-3Furl-3Dhttps-253A-252F-252Furldefense.proofpoint.com-252Fv2-252Furl-253Fu-253Dhttps-2D3A-5F-5Fgcc01.safelinks.protection.outlook.com-5F-2D3Furl-2D3Dhttps-2D253A-2D252F-2D252Furldefense.proofpoint.com-2D252Fv2-2D252Furl-2D253Fu-2D253Dhttps-2D2D3A-2D5F-2D5Fpubs.rsc.org-2D5Fen-2D5Fcontent-2D5Farticlelanding-2D5F2020-2D5Fee-2D5Fd0ee00771d-2D2D23-2D2D21divAbstract-2D2526d-2D253DDwMFAg-2D2526c-2D253Dl45AxH-2D2DkUV29SRQusp9vYR0n1GycN4-2D5F2jInuKy6zbqQ-2D2526r-2D253DwlCeUXUZtE5VYjDhS-2D5FArxnjrg9BxNiR7yBjAhl8KmuU-2D2526m-2D253Ddvzs5jrsx3-2D2DDZnnHjHXLsCk8EZQZsfE7AYmIOHLMo3Y-2D2526s-2D253DKM-2D2Dn9E9CYEEQjZxW4FTtc9EXwWZWX4LUam28ysR2TZk-2D2526e-2D253D-2D26data-2D3D02-2D257C01-2D257CJoshua.Eichman-2D2540nrel.gov-2D257C7f4198f6225b4d6ab33708d842f96f9d-2D257Ca0f29d7e28cd4f5484427885aee7c080-2D257C0-2D257C0-2D257C637332987248377840-2D26sdata-2D3Ddp1EhKZ5nMCqMnJZQL-2D252FQ8c-2D252Bo6WpdHYiF3OuRt6tPvTE-2D253D-2D26reserved-2D3D0-2526d-253DDwMFAg-2526c-253Dl45AxH-2DkUV29SRQusp9vYR0n1GycN4-5F2jInuKy6zbqQ-2526r-253DwlCeUXUZtE5VYjDhS-5FArxnjrg9BxNiR7yBjAhl8KmuU-2526m-253D0JEXXFiSPDNGNQkLrdhf-5FDTG8rOUfnJSUPscMkPwgXg-2526s-253DO2necHV-5Fim60q-5FT7EeAS-5FL5IHy-2DHfZhPS0jn7D6eiQs-2526e-253D-26data-3D02-257C01-257CJoshua.Eichman-2540nrel.gov-257C9c93eeac8dd747c3e36008d843016975-257Ca0f29d7e28cd4f5484427885aee7c080-257C0-257C0-257C637333021203720555-26sdata-3DuPL-252BOAI-252BIMazlMqlBcqHSN-252FBZ5w17v4SV5ZGICli-252FMw-253D-26reserved-3D0%26d%3DDwMFAg%26c%3Dl45AxH-kUV29SRQusp9vYR0n1GycN4_2jInuKy6zbqQ%26r%3DwlCeUXUZtE5VYjDhS_Arxnjrg9BxNiR7yBjAhl8KmuU%26m%3DhM89XQupRqPbDHrRr5ISuuAezLYUHuDdvVC2u3M1u58%26s%3DSIO-4oNsjvr4JGaY4MuK-z92ZJXCY7P66TEkvrTtEAs%26e%3D&data=02%7C01%7CJoshua.Eichman%40nrel.gov%7Ca8ef4323a9f3439bbecd08d843c47139%7Ca0f29d7e28cd4f5484427885aee7c080%7C0%7C0%7C637333858730537633&sdata=L4gjPZ5PnEcuLo343Ieq7el6ggXzczKugyOsKjPhxgU%3D&reserved=0
https://www.nrel.gov/docs/fy20osti/75635.pdf

Market configurations (includes hydrogen production, compression and storage)

I Retail Only
' t
: L
egend:
I v
I ﬁé @ 0 H Retail
| > > -~ market
T ., | PV and EY are not at the same site. | .
]\o.pm chase or sales to the PV can sell in wholesale markets. Purchase at retal{ a.rnd Wholesale
grid EY can buy from retail markets. : cannot sell electricity market
NEM (net energy metering) | Hybrid retail/ Wholesale | Wholesale EEE" Solar PV
TV
I I Not yet proven
| | for electrolyzers Electrolyzer
| | in California
[ Hydrogen
ﬁ"@"@l ﬁ"@ "Q I ﬁ"@ "0 B production
I
Purchase and sell at retail I Purchase at retail and sell | Purchase and sell at
with NEM , at wholesale , Wholesale
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Renewable Site Selection

Location of selected solar power stationst Technical specifications for the selected solar stationst
2 NoE T Sima \)“@ ~ TR e bC N.et . DC/AC Fixed Crystalline
Al LA Y e Name Capacity Tilt Angle ratio Tilt? Silicon?
: (MW) ? ?
Vaca Dixon 2.6 30 1.30 Yes Yes
Stroud 24.6 25 1.23 Yes Yes
Five Points 17.6 25 1.17 Yes Yes
Westside 18.5 25 1.23 Yes Yes
Cantua 26.3 25 1.32 Yes Yes
Huron 26.8 25 1.34 Yes Yes
Average 2016 Wholesale Locational Marginal Prices (LMP) for all sites ¥
140
120
100
80
60
—Max
40 J\—_//\ _
—Min

nnnnnn

0

\/\/\—/ _Average

N
o

e~ o excess generation

t Schedule 3 of Form EIA-860 Data: www.eia.gov/electricity/data/eia860/
¥ ABB Ability Velocity Suite, 2018 (see backup slides for more details)

Wholesale energy price (S/MWh])
A
o

0 2 4 6 8 10 12 14 16 18 20 22 24
Hour of the day

Lower, or even negative prices (particularly during the afternoon), challenge the business
cases for new and existing PV plants
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https://www.eia.gov/electricity/data/eia860/

Technical Assumptions

Property Values

Renewables 2-20 MW AC output

Electrolyzer 0.1-20 MW, Eff=54.3 kWh/kg (61.4% LHV)*

Storage 8 hours of storage at rated electrolyzer power (except for islanded systems)
Compressor Sized to max flowrate of electrolyzer (1.8 - 361 kg/hr), Eff=1.1kWh/kg

Retail: PG&E E-20 (for IMW+) 2

NEM for net metering (used PG&E Net Surplus Compensation Rate (NSCR) for 2016,
Electricity rate non-bypassable charge of $19.19/MWHh)

Wholesale: PG&E 2016 LMP prices?

T&D costs included for wholesale purchase based on PG&E E-20?

LCFS for FCEV pathway @ $180/credit

REC @ $S12/MWh

Investment Tax Credit: 0% (default), 10% and 30%
State tax credits: 0% (default), 3.9%

Source: 1. DOE H2A distributed PEM v3.101
2. PG&E Tariffs (www.pge.com/tariffs/assets/pdf/tariffbook/ELEC SCHEDS E-20.pdf)
3. ABB Ability Velocity Suite, 2018

NATIONAL RENEWABLE ENERGY LABORATORY 6
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http://www.pge.com/tariffs/assets/pdf/tariffbook/ELEC_SCHEDS_E-20.pdf

Financial Assumptions

Property Values

Renewables

Capital: $1,746/kW?, Fixed O&M: S15.6/kW-year?, Lifetime: 20yr

Electrolyzer

Capital: $1,691/kW?1, Fixed O&M: $93.8/kW-year?, Lifetime: 20yr

Storage

Capital: $822/kg of storage3, Lifetime: 20yr

Compressor

Based on required flowrate3 (see slide in backup), Lifetime: 20yr

Financial properties

Federal tax rate: 21%

State tax rate: 8.84% (default), 4.9% (see backup slide for more details)
Investment Tax Credit: 0% (default), 10% and 30%

5-year MACRS depreciation, depreciation bonus: 0%, 50% (default), 100%
Weighted average cost of capital (WACC): 7%

Percent equity: 42% (Percent debt: 58%)

Load period: 20 years

U.S. Inflation: 1.9%

Debt interest rate: 4.81%

Source: 1. DOE H2A distributed PEM v3.101
2. NREL 2017 Annual Technology Baseline
3. H2First Reference Station Design Task (www.nrel.gov/docs/fy150sti/64107.pdf)

NATIONAL RENEWABLE ENERGY LABORATORY 7



http://www.nrel.gov/docs/fy15osti/64107.pdf

Hydrogen cost results

[ Renewable revenue [ LCFS FCEV (US$ 180/credit) [l Energy charge Il Fixed demand charge
I Timed demand charge [l Meter cost Storage & compression cost Electrolyzer Capex
. Electrolyzer FOM .| PV Capex B PV FOMm B Taxes
Y i
Com pa re prOd UCt|On [ Breakeven cost

1.2 MW EY
EY CF=31.6%
164.2 kg/day H2

+ compression +
storage costs for
each scenario

e Sizing and capacity

Islanded

2 MW EY
EY CF=82.2%
712.0 kg/day H2

Separated

2 MW EY

factor (CF) are NEM EY CF=84.0%
Optl m |Zed Vaca Dixon 727.5 kg/day H2
Incl. 2MW of PV | 1.8 mw EY
e Uses default Retail EY CF=83.5%
financial properties __ | Includes productions | 11 kg/day 2
. ' compressi0n+st0rage 12 MW EY
(see assumptions) Hybrid EY CF=82.3%

retail/wholesale 427.7 kg/day H2

1.8 MW EY
Wholesale INot yet proven EY CF=95.0%
1] Callfornla 741 1 kg/day H2

— T T T T T T T T T 1
4200 2 0 4 6 e 8 02 4 G 8 . 20)

Hydrogen breakeven cost (US$ kg™) CFE\_( zaEFI,ZETx I::stror

NATIONAL RENEWABLE ENERGY LABORATORY 8



Hydrogen cost results: Islanded scenario

[ Renewable revenue [ LCFS FCEV (US$ 180/credit) [l Energy charge Il Fixed demand charge
B Timed demand charge [l Meter cost Storage & compression cost Electrolyzer Capex
* Islanded systems with B cecoyzerFou P Capes B PV FOM B oxes

onIy PV have a low .= I 1.2 MW EY
capacity factor (CF) E ' 164.2 kglday H2
hlgh Iy Ca pltal Separated EY CF=82.2%
. . 712.0 kg/day H2
Intensive.

* The low CF drives up N =l

Incl. 2MW of PV | 1.8 mw EY
EY CF=83.5%
651.1 kg/day H2

costs, which cannot be

overcome by

additional LCFS Retail
revenue and removal --
of electricity costs. Hyrid

retail/wholesale

Includes production+ S
compression+storage 1.2 MW EY

EY CF=82.3%
427.7 kg/day H2

1.8 MW EY
Wholesale INot yet proven EY CF=95.0%
1] Callfornla 741 1 kg/day H2

— T T T T T T T T T 1
4200 2 0 4 6 e 8 02 4 G 8 . 20)

Hydrogen breakeven cost (US$ kg™) CFE\_( ;;:,2::5 '.‘!;ftror
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Hydrogen cost results: Separated scenario

[ Renewable revenue [ LCFS FCEV (US$ 180/credit) [l Energy charge Il Fixed demand charge

I Timed demand charge [l Meter cost Storage & compression cost Electrolyzer Capex

Electrolyzer FOM | PV Capex B PV FOMm B Taxes
 Separated systems | Breakeven oost -
' 1.2 MW EY

represents the least slandec EY CF=31.6%

164.2 kg/day H2
;' —————— I 2 MW EY
|nteg rat|on : Separated I EY CF=82.2%

_______ 712.0 kg/day H2
2 MW EY
EY CF=84.0%
727.5 kg/day H2

* Electricity costs
increase and the
potential revenue
from LCFS reduces
when not integrated. Hybrid _

retail/wholesale

NEM

Vaca Dixon

Incl. 2MW of PV | 1.8 mw EY

EY CF=83.5%
651.1 kg/day H2

Retail

Includes production+

compressiont+storage | , , MWEY
EY CF=82.3%
427.7 kg/day H2

1.8 MW EY
Wholesale INot yet proven EY CF=95.0%
1] Callfornla 741 1 kg/day H2

| ! | ! 1 ' | ' I ' | ' | ! I ' | ' 1 ' | ! | ! |
-4 -2 0 2 4 6 8 10 12 14 16 18 20
EY = Electrolyzer
CF = Capacity Factor

Hydrogen breakeven cost (US$ kg™')
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Hydrogen cost results: Retail. only with NEM scenario

[ Renewable revenue [ LCFS FCEV (US$ 180/credit) [l Energy charge
I Timed demand charge [l Meter cost
Electrolyzer FOM '

| Breakeven cost

* NEM enables the reduction
of electricity costs and can
provide compensation for
surplus generation

e This formulation assumes
that the renewable system
size can’t be larger than the -
electrolyzer. :

e Shifting product values
causes a reduction in size
and an increase in CF

 NEM participation for large
renewable systems needs
to be reviewed with utility

Islanded

Separated

Retail

Hybrid
retail/wholesale

Il Fixed demand charge
Electrolyzer Capex

I Taxes

1.2 MW EY
EY CF=31.6%
164.2 kg/day H2

Storage & compression cost

B Py FOM

| PV Capex

2 MW EY
EY CF=82.2%
712.0 kg/day H2

2 MW EY
EY CF=84.0%
727.5 kg/day H2

Vaca Dixon

Incl. 2MW of PV | 1.8 mw EY

EY CF=83.5%
651.1 kg/day H2

Includes production+

compressiont+storage | , , MWEY
EY CF=82.3%
427.7 kg/day H2

Not yet proven 1.8 MW EY

Wholesale : : : EY CF=95.0%
N Callfornla 741 1 kgt’day H2
| ! | ! 1 ' | ' I ' | ' | ! I ' | ' 1 ' | | ! |
If renewables can be larger than the electrolyzer, then |4 -2 0 2 4 6 8 10 12 14 16 18 20

NEM is competitive with Hybrid retail/wholesale

EY = Electrolyzer

Hydrogen breakeven cost (US$ kg™) CF = Capacity Factor

NATIONAL RENEWABLE ENERGY LABORATORY
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Hydrogen cost results: Retail Only scenario

[ Renewable revenue [ LCFS FCEV (US$ 180/credit) [l Energy charge

I Timed demand charge [l Meter cost

* |Integrating PV + EY
behind the meter
creates a significant

Islanded

opportunity to S

reduce hydrogen

cost o
* Nearly all the solar s

used for producing 1

hydrogen -
e Llargest reduction b

comes from
electricity costs

Wholesale

Electrolyzer FOM
| Breakeven cost

| PV Capex

Storage & compression cost

B Py FOM

Vaca Dixon
Incl. 2MW of PV

Includes production+

compression+storage

in California

Not yet proven

Il Fixed demand charge
Electrolyzer Capex

I Taxes

1.2 MW EY
EY CF=31.6%
164.2 kg/day H2

2 MW EY

EY CF=82.2%
712.0 kg/day H2

2 MW EY

EY CF=84.0%
727.5 kg/day H2

1.8 MW EY
EY CF=83.5%
651.1 kg/day H2

1.2 MW EY
EY CF=82.3%
427.7 kg/day H2

1.8 MW EY
EY CF=95.0%
741.1 kg/day H2

Behind-the-meter integration creates a significant | -4

cost reduction compared to separated sites.

NATIONAL RENEWABLE ENERGY LABORATORY

2 4 6 8
Hydrogen breakeven cost (US$ kg™')

: )
10 12 14 16

1 ! 1

18 20

EY = Electrolyzer
CF = Capacity Factor
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Hydrogen cost results: Hybrid retail/wholesale scenario

[ Renewable revenue [ LCFS FCEV (US$ 180/credit) [l Energy charge
I Timed demand charge [l Meter cost Storage & compression cost
Electrolyzer FOM | PV Capex
| Breakeven cost

Il Fixed demand charge
Electrolyzer Capex

I Taxes

e Because of the

value of hydrogen
and the comparably
lower wholesale
prices, there isn’t

Islanded

Separated

NEM

B Py FOM

1.2 MW EY
EY CF=31.6%
164.2 kg/day H2

2 MW EY

EY CF=82.2%
712.0 kg/day H2

2 MW EY

EY CF=84.0%

much renewable \aca Dixon | 7275 ka/day H2
Incl. 2MW of PV
energy sold except - = A
I I 1 Includes production+ 651.1 kafday He
d u rl ng p rl Ce S pl kes S — - — compression+storage 1 2 MWEY
I Hybrid | :

| retailiwholesale |

Wholesale

Allowing PV to sell at wholesale prices slightly
reduces the costs compared to retail only.

Not yet proven
in California

EY CF=82.3%
427.7 kg/day H2

1.8 MW EY
EY CF=95.0%
741.1 kg/day H2

NATIONAL RENEWABLE ENERGY LABORATORY

ol
-4 -2 0 2 4 6 8 10 12 14 16

Hydrogen breakeven cost (US$ kg™')

1 ! 1

18 20

EY = Electrolyzer
CF = Capacity Factor
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Hydrogen cost results: Wholesale scenario

[ Renewable revenue [ LCFS FCEV (US$ 180/credit) [l Energy charge
I Timed demand charge [l Meter cost
Electrolyzer FOM '

| Breakeven cost

Enabling wholesale
purchase of electricity
(even with T&D
charge) greatly
impacts the balance of
values

* The average retail
energy price is
$85.2/MWh while
wholesale is
$25.7/MWh

Thus the size of the
electrolyzer goes up
and the CF goes up.

Islanded

Separated

NEM

Retail

* Hybrid

retail/wholesale

| PV Capex

Storage & compression cost

B Py FOM

Vaca Dixon
Incl. 2MW of PV

Includes production+

compression+storage

Not yet proven

Il Fixed demand charge
Electrolyzer Capex

I Taxes

1.2 MW EY
EY CF=31.6%
164.2 kg/day H2

2 MW EY

EY CF=82.2%
712.0 kg/day H2

2 MW EY

EY CF=84.0%
727.5 kg/day H2

1.8 MW EY

EY CF=83.5%
651.1 kg/day H2
1.2 MW EY

EY CF=82.3%
427.7 kg/day H2

1.8 MW EY

20

I Wholesale | e s EY CF=95.0%
I 18] Callfornla 741 1 kgt’day H2
- - - - — T T T T T T T T T 1
While not currently proven in California, wholesale 4 2 0 2 4 6 8 10 12 14 16 18

market access could greatly reduce the cost of hydrogen

Hydrogen breakeven cost (US$ kg™')

EY = Electrolyzer
CF = Capacity Factor

NATIONAL RENEWABLE ENERGY LABORATORY
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Comparison to other sites

* The clustering of Retail, NEM
and Hybrid (which all
integrate PV and use retail
rates) becomes more
apparent.

 There are uncertainties
around the costs for grid
interconnection for all
configurations except
Islanded

Hydrogen breakeven cost (US$ kg™')

That breakeven cost and the relationship between
configurations are similar for all sites considered.

NATIONAL RENEWABLE ENERGY LABORATORY

B Wholesale ® Hybrid retail/wholesale + Retail
v NEM ¢ Separated < Islanded
4125
12 4121
“115 < 115
11.2 €110
10
*8.8 “8.9 *8.8 *8.7 *8.8 *8.8
8 i
6.9 7.0 y7.1 6.8 6.9
88 6.7 082 Y67 Y67 v8g
5 - 6.4 . 53 6.4 Y
Wholesale configurations are
4 - ; ! :
not yet proven in California
mai - "y
=55 =203 2.9 9 506
2 | I 1 | Ib ! 1
Q @ & 2> Q
40 O ¥ > O o
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Sensitivities

e Capital cost reductions to align

with DOE H2A future cost Overall financial and _| 416
projections are the most Efc’St reductions |
. . ectrolyzer cost
influential. reductions (Capex: 52% & — 4.86
* Depending on site selection, the Opex: 44%)
solar resource can affect the Solar Profile: Low (7998) 6.92
cost. The extreme case shows o (2019) |
+5% impact. ITC +30% -
e Allowing the electrolyzer to 1
access the ITC can reduce costs ITC +26% -
by between 5.4% and 2.3%.
* Financing plays an important role ITC+22%
in successful project outcome. 1
Changes in WACC, equity/debt ITC +10% -
ratio, tax rate, etc. each have an .
impact on the results. Equity +/- 7% - 6.51 .6.68
Tax Rate +/- 3% - 6.55 I6.64
Electrolyzer cost reductions are a major driver 35 40 45 50 55 80 65 70

for achieving cost competitiveness

Hydrogen breakeven cost (US$ kg™)
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Putting results into context

T2.48
12 -

I Default parameters
Low cost based on sensitivity analysis

 Combining all sensitivity
properties (except solar
resource), the hybrid and
wholesale configurations
reduce significantly

 Between hybrid and wholesale

= A All systems include production,
6 compression, and storage in
preparation for delivery
16 DOE H2A SMR costs increased by
. . 4 - : Y $0.24/kg for compression and
configurations there are a storage
spectrum of feasible and , .. 206
_ . B 1.60

competitive solutions _ 1“‘5l . I

0 -

-
o
|

8.75 Wholesale participation is
not yet proven for electrolysis
8 - in California

6.87

Notes:

Hydrogen breakeven cost (US$ kg™")

Islanded
NEM
Retail
Hybrid

Driven by future cost reductions, we can see a
potential pathway to cost competitiveness for
electrolysis solutions

Distributed

Separated
Wholesale

Central w/ CCS

PV + Electrolysis

< | Central w/o CCS

w
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Conclusions and additional outcomes from the research

Conclusions

* Integration with PV reduces the cost of hydrogen in comparison to separated systems.
e Results are similar for each of the selected sites.

e Electrolyzer cost reductions are a major driver for achieving cost competitiveness.

* Wholesale and hybrid retail/wholesale are the most promising configurations

Additional outcomes in the full report (www.nrel.gov/docs/fy200sti/75635.pdf)
e Exploration of renewable hydrogen premiums

o Examples that help us understand potential renewable hydrogen premiums
* (Qualitative discussion about site selection

o Must balance access to high renewable resource with wholesale prices, availability of
electricity and gas infrastructure, and delivery to customers

* Resulting renewable penetration
o Spoiler: ¥50% of electrons from renewable energy was determined to be optimal
e Plus lots more...

NATIONAL RENEWABLE ENERGY LABORATORY
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