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Housekeeping - Zoom
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This webinar is being recorded and will be shared with attendees.

ask questions

You will be automatically muted upon joining and throughout the webinar. to speakers

Please use the chat feature to add comments and share input.

Please use the Q&A function in your toolbar to ask questions.

If you have technical issues, please use the chat feature to message Sophie Schrader.

You can adjust your audio through the audio settings. If you are having issues, you can also dial-in and listen
by phone. Dial-in information can be found in your registration email.

We will be launching a survey when the event ends. Your feedback is highly valuable to us!
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Webinar & Speaker Introductions

Daniella Rough, NREL



Agenda

Daniella Rough Welcome, housekeeping, series intro, 15 mins
agenda, speaker intros, CESC intro

Timothy Walters DOE Regional Strategy for Hydrogen 10 mins
Jesse Cruce Hydrogen Markets 30 mins
Daniella, Timothy, Jesse, Omar Q&A 15 mins
Omar Guerra RoDEO tool 30 mins
Daniella, Timothy, Jesse, Omar Q&A, wrap up, and closing 20 mins
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Overview of the Clean Energy
Solutions Center

Presented by Jal Desai, National Renewable Energy Laboratory



Webinar Speakers

8. Daniella Rough Timothy Walters

International Project Manager International Advisor

National Renewable Energy Laboratory Department of Energy

Jesse Cruce ,
Omar Guerra Fernandez

Engineerand Market Researcherinthe

ComplexDecision Analysis Group Research Engineer

National Renewable Energy Laboratory National Renewable Energy Laboratory
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The Clean Energy Solutions Center

To accelerate the transition
of clean energy markets and
technologies.

Leads:

S L
=

Operating Agent:

LiNREL

Transforming ENERGY
Partners:

More than 40 partners, including
UN-Energy, IRENA, IEA, IPEEC,
REEEP, REN21, SE4AII, IADB, ADB,

AfDB, and other workstreams etc.

Many developing governments lack
capacity to design and adopt policies and
programs that support the deployment of
clean energy technologies.

= Deliver dynamic services that
enable expert assistance, learning,
and peer-to-peer sharing of
experiences. Services are offered at
no-cost to users.

= Foster dialogue on emerging policy
issues and innovation across the
globe.

= Serve as a first-stop clearinghouse
of clean energy policy resources,
including policy best practices,
data, and analysis tools.

Support governments in
developing nations of the world
in strengthening clean energy
policies and finance measures

Website:
www.cleanenergyministerial.org/initiativ
es-campaigns/clean-energy-solutions-
center

Factsheet:
www.nrel.gov/docs/fy220sti/83658.pdf

Requests: Now accepting Ask an Expert
requests!


http://www.cleanenergyministerial.org/initiatives-campaigns/clean-energy-solutions-center
http://www.cleanenergyministerial.org/initiatives-campaigns/clean-energy-solutions-center
http://www.cleanenergyministerial.org/initiatives-campaigns/clean-energy-solutions-center
http://www.nrel.gov/docs/fy22osti/83658.pdf

The Clean Energy Solutions Center

Ask an ExpertService

* Ask an Expert is designed to help policymakers in developing countries
and emerging economies identify and implement clean energy policy
and finance solutions.

* The Ask an Expert service features a network of more than 50 experts
from over 15 countries.

* Responded to 300+ requests submitted by 90+ governments and
regional organizations from developing nations since inception

Trainingand Capacity Building

» Delivered over 300 webinars training more than 20,000
public & private sector stakeholders.

m Resourcelibrary
- .

* Over 1,500 curated reports, policy briefs, journal articles, etc.
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Expert Connections Empower
Bankable Solar Projects

For additional information and
guestions, reach out to Jal
Desai, NREL, jal.desai@nrel.gov
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U.S. Department of Energy —
Office of International Affairs

b What are we doing b Western Hemisphere Efforts
— U.S. National Clean Hydrogen — Safety
Strategy and Roadmap — Certification
— H2Hubs — Community Engagement
— Hydrogen Interagency Task Force
— Hydrogen Shot b Goal

— Accelerate the use of clean
hydrogen in the region

— Reduce cost of developing and
deploying hydrogen
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Overview

(1) Hydrogen demand and potential market projections

(2) Exports of hydrogen and/or hydrogen-derivatives
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Hydrogen Demand & Market Projections
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Several energy and industrial sectors have been identified
as “hard-to-decarbonize”

Long-distance 10— Key challenge areas
road transport Long-distance
1% _| oz . .
o - road transport  Electricity resource adequacy
Aviation
8 — A
Residential, Shipping * lIron & Steel
com1n;13rcial Short-distance 7 | - (rail, ships, other)
e Short-distance med/heavy
Other light road transp., road transp. - Cement ® Ce ment
industry 1% _— 5% 6 —
o . .
14 g . + Long-distance transportation
9 Iron & steel
(O]
4 —
2% 3
S
ve® - Load-following
Electricity 2 electricity
26%
Combined = 1 —
heat
& electricity
5% 0—
A Global fossil fuel & B Difficult-to-eliminate
industry emissions, 2014 emissions, 2014
(33.9 Gt COy) (9.2 Gt CO;)

Source: Adapted from S. J. Davis et al., Science 360 (2018).DOI: 10.1126/science.aas9793
j CLEAN ENERGY
i
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Hydrogen (+derivatives) have strong potential demand for
some sectors, but other use cases are less certain

7.9 2.7 1.7 12.7
St tential — f It ti t me mml‘ geﬂﬁaﬂm
rong potential — few alternatives to
decarbonize without H2! Long-haul trucks
Commercial
buildings® :
10-25%* i Refining
ihg

Some potential — H2 can contribute
to decarbonization? Iron and Steel

Aviation fuels

Low potentlal hosts few

competitive H2 applications
Buses and short-
haul trucks High-capacity factor firm power generation
\ x Y Percentage of total energy emissions Other Industry
E].Q Sector uses H2 at scale today

Oil gas-heated
buildings®
Rail

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%
Industry Transport Buildings Other Power
energy

Emissions by sector, %

Source: DOE-Pathways to Commercial Liftoff: Clean Hydrogen liftoff.energy.gov/iwp-
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https://liftoff.energy.gov/wp-content/uploads/2023/03/20230320-Liftoff-Clean-H2-vPUB.pdf

Potential uses for hydrogen compete against the next
lowest-cost alternative technology

Clean Hydrogen Ladder: Competing technologies

Unavoidable Keyj [Norealaltemaﬁve] Electricity/batteries [Biomass/biogas] [Other]

u “ (Fertiiser] (Hydrogenation ) Methanol | (Hydrocracking ] (Desuiphurisation |
ﬂ ‘ ‘ [Shipping'] [Oﬁ-road vehicles] Steel [Chemical feedstock] [Long-term storage]

[Long—haul aviation® ] [Remote trains ] [Coastal and river vessels] [Vintage vehicles* ] [Local CO2 remediation]

[Medium-haul aviation'] Long distance trucks and coaches High-temperature industrial heat

Short-haul aviation Local ferries Commercial heating Island grids  Clean power imports UPS

_ ‘ ‘ Light aviation Rural trains  Regional trucks Mid/Low-temperature industrial heat Domestic heating
_“ Metro trains and buses H2FC cars Urban delivery 2 and 3-wheelers Bulk e-fuels Power system balancing

Un-competitive

* Via ammonia or e-fuel rather than H2 gas or liquid Source: Liebreich Associates (concept credits: Adrian Hiel/Energy Cities & Paul Matrtin)

Source: www.linkedi
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https://www.linkedin.com/pulse/clean-hydrogen-ladder-v40-michael-liebreich/

Delivered price of hydrogen may impact early market
opportunities and rate of near-term demand growth

U.S. Hydrogen Demand vs. Threshold Price, by Sector

$5 1 Total H, Potential Demand
Legend
B Dark Colors: Base Case * Trucks: ~ 10%-15% total

s energy

I Light Colors: High Demand Case
« Aviation: 100% sustainable

Circles: Higher bound of willingness to pa o .
® & & bay aviation fuel using hydrogen

i
w

» Steelmaking: =~ 10% using H,

MEDIUM- AND «  Ammonia: 100%
HEAVY-DUTY.
VEHICLES I » =~50% of methanol

1
%]

» Blends with natural gas for
? 8& high-temperature heat (?)

S8 AMMONIA ENERGY STORAGE N )| DDITIONAL | ,
HEAT ([ pEmANDS

R
[uiy

Threshold hydrogen price ($/kg)*

Additional applications include
g stationary power, synfuels, and

0 10 20 30 50 exports (?)
Hydrogen Demand (MMT/y)

*Price at point of use (includes production, storage, delivery, and dispensing)

PTL: Power-to-Liquids

MeOH: Methanol
CLEAN ENERGY
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http://www.hydrogen.energy.gov/pdfs/clean-hydrogen-strategy-roadmap.pdf

Most H, demand by 2030 will likely be as a drop-in replacement
for existing industrial uses, especially ammonia and refining

Worldwide Hydrogen Demand

Figure 2.13 Potential demand for low-emission hydrogen that can be achieved with Early 2030s H, Demands

announced private off-take agreements by 2030
Likely large demands
= 1.50 By type of agreement .
g mFirm off-takes * Ammonia
3 I Preliminary off-take T
£ 1.25 * Refining
= By sector
100 Industry *  Methanol
' @ Chemicals
Blron & steel
0.75 ® Other industry Smaller demands
T rt .
e DR:'::’” « Transportation fuel (H, and/or
' o derivatives)
B Shipping
0.05 o Aviation » Feedstock for sustainable
m Other transport aviation fuel (SAF) and other
0.00 Other/Unknwon synthetic or green fuels
’ By type of By sector By type of By sector By type of By sector 2 Refining . .
agreement agreement agreement @Power * l\_latura! gas blending pI‘OJ_eCtS
Industry Transport Other ONot specified (including power generation)
IEA. CC BY 4.0.
Source: IEA Global Hydrogen Review 2023 www.iea.org/reports/global-hydrogen-review-2023
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https://www.iea.org/reports/global-hydrogen-review-2023

Uncertainty about actual hydrogen demand through the
early 2030s is seen as a major risk for market players

Figure 2.12 Potential demand for low-emission hydrogen created by implemented

* Current_targ ets fOr H2 ) policies and government targets, and production targeted by
production are 2-2.5x higher governments, 2030
than targets for H, demand § " -
;j 30 mRefining
- Likely, additional policies and " oy
ETransport
support may be needed to mPover
bolster demand during early 0 Other
t f market development = Producton
S ages O a e de e Op e 0 Demand policies in Demand targets Total demand Production targets BProduction targets
— High cost of hydrogen + high cost force

of switching for many uses

Source: IEA Global Hydrogen Review 2023 www.iea.org/reports/global-hydrogen-review-2023
CLEAN ENERGY
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https://www.iea.org/reports/global-hydrogen-review-2023

National and global standards/certifications defining “low-carbon”,
“renewable” and/or “clean” H, may impact market opportunities for each

Example Potential Quantitative System for Emission Intensity Levels of H, Production

O Median upstream @ Median upstream © Best available technology Examples:
and midstream and midstream for upstream and R ; i
emissions, 2021 emissions, 2030 midstreamemissions e Certifty certificates
< _t! * IPHE* Emissions Standards
3 ?
CE)V 9.9
O 1 H NG SMR w/ ‘ . i
) ‘o T (In U.S.) 3 Pillars of Clean
gl - NG POxw/ CCS  93% CR ? Hydrogen
Biomass w/o Coalw/ CCS, 99%CR o) —  Time matching (hourl
24 ccs 98% CR % ime matching (hourly)
—TRE ? — Additionality
20 o o
15 E * = — Regionality
10 D Electrolysis ~
o= c Electrolysis  nuclear O
- renewables
002 o —@ ©
-‘19.0?A (o)
Biomass w/

CCS, 93% CR
‘ LOW CARBON H2

)

* International Partnership for Hydrogen and Fuel Cells inthe Economy

()
)

Source: IEA Global Hydrogen Review 2023 www.jea.org/reports/global-hydrogen-review-2023

’ CLEAN ENERGY
%
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http://www.iea.org/reports/global-hydrogen-review-2023

Hydrogen Export Markets
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Tradeoffs between export product types and total delivered
costs depend on the planned end-use

Pure Hydrogen (€/k
« Total cost for carrier production, storage, transmission, and decomposition
« Uncertain target market price and rate of market growth through the early 2030s

Enerqy Carriers and Fuels (€/MWh, €/L, or €/ton)
« Either pure H, or derivative

« End-use cost competes against next-best alternative (e.g., batteries, biofuels)

Industrial Chemicals (€/ton)

« Derivative as the final product
« Known global market prices, ranges, and sizes based on fossil-based incumbents

CLEAN ENERGY
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Regions with good renewable resources have the potential
to produce low-cost hydrogen (as low as $1.5/kg by 2030)

Hydrogen production cost from hybrid solar PV and onshore wind, 2030

M o

Do e
: e

-t

. TR By St
‘ Wiy “: £ %
2%

v U~

W ,
N -
'S
y

g >

Levelised cost of hydrogen (USD/kg H,)

1.5 2.0 25

3.0

Source: IEA Global Hydrogen Review 2023
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https://www.iea.org/reports/global-hydrogen-review-2023

Current announced H, projects concentrated in Europe
(high demand) and in high-RE (low H, cost) regions

L 55

 uf BRoW
B a § 50 =
P =, mMiddle East
A, ™ { 45
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A Early stage
Feasibillity study
FID/under construction

Operational

I Early stage
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FID/under construction

Operational
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Electrolysis Fossil with CCUS

OAustralia and
New Zealand
mEurope
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Proposed H, Exports

* An increasing number of
export/import proposals worldwide

— Major importers include Germany,
Netherlands, Japan, and Korea

« However, 60% of currently
proposed export projects do not
have an identified destination
country

+ 80% of the planned export volume
Is for ammonia, primarily as the
end-use product

Mauritania

Denmark
1

Chile

Brazil

Australia

Argentina
o

Egypt

[}

Ireland

| }

Saudi Arabia
L}

Other

United States

United Arab Emirates
[

Namibia

Canada

Oman
|

Ammonia
Liquefied hydrogen
LOHC

@ Synthetic hydrocarbons

Gaseous hydrogen

@ Unknown

Netherlands

~ Germany

Not defined

Japan

Korea

Singapore
. a

Belgium
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Source: IEA Global Hydrogen Review 2023 www.iea.org/reports/global-hydrogen-review-2023
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https://www.iea.org/reports/global-hydrogen-review-2023

Total supply chain costs for H, exports compete with local
production, so market competitiveness may vary

Domestic estimated production costs for Northern Europe compared to imports, 2030

& 8 ., 1000 :
o] Hydrogen I Ammonia
B ™
D D
o4 -
600
o
. L 400
1 200
0 N N N 0
S S| T T = £ T = £ Domestic Delivery  Delivery
2 2 2 2 - 2 O production from North from Latin
S 3 o §; g Africa America
B a
Delivery from Delivery from O Production @ Conversion
North Africa Latin America O Transport @ Re-conversion

Source: IEA Global Hydrogen Review 2023 www.iea.org/reports/global-hydrogen-review-2023

CLEAN ENERGY
.ﬂ SOLUTIONS CENTER cleanenergysolutions.org | 26

ASSISTING COUNTRIES WITH CLEAN ENERGY POLICY



https://www.iea.org/reports/global-hydrogen-review-2023

Supply chain costs for exports include carrier conversion,
transportation, storage, and potentially re-conversion

Carrier Conversion Transportation Storage Reconversion

H, Gas

Liquid H,

Ammonia

Methanol

Liquid Organic
Hydrogen Carrier
(LOHC)

CLEAN ENERGY
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Very high cost (up to
$1.5-3/kg Hy)

Moderate (~$1/kg H,)
Moderate, but
depends on CO, cost

Moderate, depending
on the carrier

Pipelines are low cost,
but other options are
high cost

Shipping costs are
higher than ammonia

Shipping costs are
relatively low; rail and
pipeline are also options

Many LOHCs require
round-trip transportation,
increasing costs

Low cost when geologic
storage available,
otherwise very high cost

Moderate, but requires
continuous cooling to
mitigate boil-off losses

Low cost

None

Minimal

Moderate, but
increases total
delivered costs for
pure H, end-uses
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Lowest cost carrier for H, export depends on distance,
availability of H, pipelines, and other supply chain costs

Volume (MtH,/yr)

Long-Distance Carrier Export by Ship vs. H, Pipeline Cost -
Repurposed pipeline
o 3 15
T New pipeline ;
gﬂ g Liquid H, @ Ammonia
3 T © S5 R0
2
10
1
05
0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800
——LH. (1000 tpd) ——H, pipeline (1000 tpd) km
—— Ammonia (1000 tpd) H, pipeline (500 tpd) 1000 5000 10000
Distance (km)
LOHC (1000 tpd) H. pipeline (100 tpd)

Source: (Left) IEA Global Hydrogen Revlew 2021%&&[&@&5@@@;&1@@_@4@&&&

(Right) IRENA www #page-
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http://www.iea.org/reports/global-hydrogen-review-2021
https://www.irena.org/Digital-Report/Geopolitics-of-the-Energy-Transformation

Export Example:
European Hydrogen Backbone (EHB)

* Proposed pan-European hydrogen pipeline
network

« Completion goal of early 2030s

 Interconnect major supply, storage, and
demand regions
— Germany expected to be a major hydrogen importer
— Netherlands began construction of new H2 pipeline

section in Oct 2023

» Current challenges of rising costs and
investment recovery during early stages of
market development

Source: European Hydrogen Backbone ehb.eu/ne
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https://ehb.eu/newsitems
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An Initiative of the Clean Energy Ministerial

Thank you!

Jesse R. Cruce | jesse.cruce@nrel.gov
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Overview of the RODeO™ Tool: Unlocking
the Potential of Hydrogen Technologies

Presented by Omar Guerra, National Renewable Energy Laboratory



Hydrogen Deployment Pathway for a Net-Zero Emissions
Energy Sector by 2050

<00 Onsite N ear -Tel’m
= Low-carbonhydrogen 100%  Other P
! ydrog Refineries Opportunities
00 share (%) M Iron and steel
4 ........................... ‘-\- ----------------------------------------------- nan 80% . Chemicals
\4 — Merchant : .
300 ..................................................... sananc . . ... .. —— Other * Refl n er I eS

B 60% M Refineries

I iy  Ammonia
------- -. ~ 40% i':'lgflg‘f pro duction

— BRosd . Blending with
100 coeeeeeeneeenenes oo = - - RN - - 20% Buildings
. M Electricity generation N at u ral G as
] E . W Blended in gas grid

2020 2025 2030 2035 2040 2045 2050 Low-carbon share

* Hydrogen demand is projected to grow (> 5-fold increase from 2020 to 2050)
« Diversified hydrogen demand (new applications, e.g., hydrogen blending, seasonal storage, etc.)
+ Decarbonized hydrogen production (new technologies, e.g., renewable-driven water electrolysis)

Ref: https://www.iea.org/reports/net-zero-by-2050
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https://www.iea.org/reports/net-zero-by-2050

Tools Spotlight: Supporting Decision Making

Decision-making workflow for hydrogen deployment

Integrated
Analysis

Planning, BEAM, GCAM,

Optimization POLARIS, SERA
and Scenarios

ADOPT, H2FAST, LAVE-Trans,
MAZ3T, StoreFAST, TRUCK

Market Adoption and
Decision Analysis

HDSAM, PLEXOS,
ReEDS, RODeO, SERA

GREET, REMI,
Supply Chain, Impacts and Lifecycle Analysis VISION

Data Evaluation, Mode idation, Foundational Techno AUTONOMIE, H2A,
economics HDRSAM, HRSAM, FASTSIm

ADOPT: Automotive Deployment Options Projection Tool, Autonomie: (a vehicle systemsimulation tool), BEAM:
Behavior, Energy, Autonomy, and Mobility, FASTSim: Future Automotive Systems Technology Simulator, GCAM:
Global Change Assessment Model, GREET: Greenhouse gases, regulated emissions, and energy use in
Technologies Model, H2A: The Hydrogen Analysis Project, H2FAST: Hydrogen Financial Analysis Scenario Tool,
HDRSAM: Heavy-Duty Refueling Station Analysis Model, HDSAM: Hydrogen Delivery Scenario Analysis Model,
HRSAM: Hydrogen Refueling Station Analysis Model, LAVE-Trans: Light-Duty Alternative Vehicle Energy
Transitions, PLEXOS: (an integrated energy model), POLARIS: (a predictive transportation systemmodel),
ReEDS: Regional Energy Deployment System, REMI: Regional Economic Models, Inc., RODeO: Revenue

Operation and Device Optimization Model, SERA: Scenario Evaluation and Regionalization Analysis, StoreFAST:

Storage Financial Analysis Scenario Tool, VISION: (atransportation energy use prediction model).

CLEAN ENERGY
.ﬁ SOLUTIONS CENTER

ASSISTING COUNTRIES WITH CLEAN ENERGY POLICY

Hydrogen Analysis Production (H2A): Transparent
reporting of process design assumptions and a
consistent cost analysis methodology for hydrogen
production at central and distributed (forecourt/filling-
station) facilities. H2A includes biomass, coal,
electrolysis, natural gas, and emerging production
pathways.

Revenue, Operation, and Device Optimization
(RODeO): Explores optimal system design and
operation considering different levels of grid
integration, equipment cost, operating limitations,
financing, and credits and incentives.

nario Evaluation and Regionalization Analysi
(SERA): Provides insights that can guide hydrogen
infrastructure development and transportation
investment decisions and accelerate the adoption of
hydrogen technologies (city to national levels).

Hydrogen Financial Analysis Scenario Tool
(H2EAST): Provides a quick and convenient in-depth
financial analysis for hydrogen fueling stations and
hydrogen production facilities.

cleanenergysolutions.org | 33


https://www.nrel.gov/hydrogen/h2a-production-models.html
https://github.com/NREL/RODeO
https://github.com/NREL/RODeO
https://www.nrel.gov/hydrogen/sera-model.html
https://www.nrel.gov/hydrogen/sera-model.html
https://www.nrel.gov/hydrogen/h2fast.html
https://www.nrel.gov/hydrogen/h2fast.html

RODeO™ - Revenue, Operation, and Device Optimization
tool

Before RODeO™, hydrogen technologies were analyzed as constant electrical loads or
generators and could not easily consider multi-sector integration.

However, with the transition to a more renewable energy system load and generation
should be more flexible.

In partnership with the Department of Energy’s (DOE) Hydrogen
and Fuel Cell Technology Office, and the California Air Resources
Board, we developed RODeO™,

RODeO™ is open-source, advanced optimization tool to
consider multi-sector, multi-value stream, flexible operation of
hydrogen systems to lower their energy costs, improve
performance, and achieve environmental goals.

CLEAN ENERGY
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Working together with public and private sectors to unlock
the potential of hydrogen technologies

Public entities Private entities
« DOE Hydrogen and « PG&E

Fuel Cell Technologies R O D e O ™ . SoCalGas
Office EPRI

o Revenue, Operation, and Device Optimization
DOE Water Power P P . Antora Energy
Tec.hnolpgle.s Office « Woodside
e California Air * RODeO has been used in more than 15 projects e Statoil
involving the public and private sectors .
Resources Board + RODeO’s project budgets total around $2.5 million Versa power
(CAR B). dollars » Valley Transit
. Callfor_nla_ Energy Authority
Commission .
. : . . . Valley _ LIS
UnllverSIty of Callfornla, YATrXEiEg:itta;lon «, "‘.E Antora Energ-y-
IrVI ne Solutions that move you WOOdSide StatOll

U.S. DEPARTMENT OF
@ ENERGY |
CALIFORNIA ’

RRRRRRRRRRRRRRRRR

88 CALIFORNIA _ /-“"w
k Comission EPREl @n UCIRVINk
socaIGas RESEARCH INSTITUTE ,_ ;-'-s; T — ————
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RODeO™ identifies opportunities for hydrogen
technologies

pv magazine

News ~ Featres - Events ~ Awards Printarchive pvmagazinetest About -  Advertise

Conventional Storage

Power
Generation

NREL study backs hydrogen for long-
duration storage

Pumped hyd:

California Power-to-Gas and Power-to-Hydrogen Near-Term Business Case
Evaluation

LI NREL C /b with FY19 Technology

Commercialization Fund Awards

a

H0 Hydrogen
Generation

NREL Study Shows that Hydrogen is
Cost Competitive

Electric Grid

Productigl
Infrastructure

Fossil
with CCUS

Heat/Distributed
Power

Gas

infrastructone

Source: U.S. Department of Energy
Hydrogen and Fuel Cell Technologies Office
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RODeO™: Model Structure

Inputs Input Values Model Outputs

RODeO™

Utility xed De ] Charge Revenue, Operation, and Device Optimization

Service

Applications
 Multi-market optimization

ISO/RTO Energ - Revenue
: ice Prices ' Operation

el il Service Piices ) il * Hydrogen business case
: an evice

markets

— T IV Operating Profiles assessment
———___( Model —— « Wholesale market revenue
(RODeO) : : .
comparison
» Retail rate optimization
« Solar PV + Storage
L EEe——— « Real-time optimization control
Inputs e of electrolyzer
i * Vehicle fleet optimization
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https://www.nrel.gov/docs/fy20osti/75635.pdf
http://www.nrel.gov/docs/fy17osti/67384.pdf
http://www.nrel.gov/docs/fy17osti/67384.pdf
http://www.nrel.gov/docs/fy16osti/65856.pdf
http://www.nrel.gov/docs/fy16osti/65856.pdf
https://doi.org/10.1016/j.joule.2019.07.006
https://www.nrel.gov/docs/fy17osti/68737.pdf

How to get RODeOQO™?

Igwe Edit View History Bookmarks Tools Help _ %
@ | € NREL/RODeO: The RODeO mo: X | + ~
« > C @ O 8 nttps//github.com, B % &@search Y @R aH » =
£k Most Visited @ Getting Started @ Suggested Sites | law B} ANl Channels - Xfinity .. [ Other Bookmarks
~
= o NREL / RODeQ Q Type [J to search > +~- 0|12 e
<> Code (@ Issues 11 Pullrequests 1 Actions [ Projects [0 Wiki @ Security | Insights %3 Settings
RODeQ  Public ©Watch 5 ~ Y Fork 4~ W oStar 8 -
Your master branch isn't protected About B
Protect this branch from force pushing or deletion, or require status checks before merging. View Protect this branch | X

The RODeO model explores optimal
documentation, .
system design and operation considering

different levels of grid integration,

equipment cost, operating limitations,
https //g ithub.com/NREL/RODeO RODeO is a price-taker model formulated
JoshEichman Merge pull request #2 from ereznicek/master @3 6c0abf7 - 4yearsago D) 155 Commits as a mixed-integer linear programming
(MILP) model using the GAMS modeling
Combine_output_files Clean up before moving location 4 years ago platform.
} Create_tariff_files Update readme and more deaning 4 years ago [0 Readme
&8 BSD-3-Clause license
Projects Update readme and more cleaning 4 years ago
A Activity
gitignore emoved comma from line 734 to enable model to run years ago ustom properties
[u] Removed from line 734 ble model 4 [SNs
8 stars
O vucensEmd Add license file 4 years ago w
J @ 5 watching
[3 Model Slide RODeO.pptx Clean up before moving location 4 years ago Y 4forks
[ Optimization madel diagram.pptx Branch for UCI_project 4 years ago Report repository
[ ReADME.md Clean up before moving location 4 years ago Releases.

RO De O mo d e | > [ Storage_dispatch.gms Fix extraneous ) on line 734 4 years ago No releases published

Create a new release

O cplexopt Enable selection of optimal number of BEBs 5 years ago

Packages
[ README &[5 BSD-3-Clause license z

No packages published
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https://github.com/NREL/RODeO

How to get RODeOQO™?

CLEAN ENERGY
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File Edit View History Bookmarks Tools Help

@ | ) RODeO/Projects at master NF' X +

« Cc @ O 8

github.com/ !

£¥ Most Visited @ Getting Started @ Suggested Sites [F law B} All Channels - Xfinity ..

O NREL / RODeO

<> Code (@ Issues 11 Pullrequests

[0 Files

P master > | +H(Q
Q Go tofile ©
> Combine_output_files

> Create_tariff_files

|- B progect

> M CEC_proposal_305

> [ Central_vs_distributed
> M Home_device
> B Solar+Storage

> [ Solar_Hydrogen
> I Solar_Hydrogen_VacaDixon/Dat..
> Test
> [ UCLproject
> [ VTA_bus_project
> M VTA_bus project2
> I fiex bldg_load
0O gitignore
[ LICENSE.md
[ Model Siide RODeQ.pptx
[ Optimization model diagram.pptx
[ README.md

[ sStorage_dispatch.gms

® Actions [ Projects [ Wiki @ Security & Insights

RODeO / Projects / (&)

Jeichman Update readme and more cleaning

Name

CEC_proposal_305
Central_vs_distributed

Home_device

Solar+Storage

Solar_Hydrogen
Solar_Hydrogen_VacaDixon/Data_files/TXT_files
Test

UCI_project

VTA_bus_project

VTA_bus_project2

fiex_bldg_load
=

v @ search

Q Type [/ to search >

Last commit message

Deep clean
Deep clean

Deep clean

Get Solar+Storage branch changes

[misc] NPV, inflation, WACC calculation, Compressor's cost calculation
finput] re-stated LMPs

Update readme and more dleaning

Deep clean

Add simple GAMS batch file maker and bug fix ve
Deep clean

Update spreadsheet batch file creator

Test cases

L @R H » =

[ Other Bookmarks

+-®n@eﬂ

Add file ~ e

b78  4yearsago L) History

Last commit date

4 years ago

4 years ago

4 years ago

5 years ago

5 years ago

6 years ago

4years ago

4years ago

6 years ago

4 years ago

5 years ago
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How to get RODeOQO™?

@ | ©) RODeO/Projects/Solar_Hydroo X | +

v
<« [ IR] QO B hitpsy/github.com/NREL, ¥ @ search L @R O » =
¥ Most Visited @ Getting Started @ Suggested Sites F law B All Channels - Xfinity .. [ Other Bookmarks
= O NREL / RODeO Q Type [ to search > +~ 0 N & a
<> Code (D Issues 7 Pullrequests 1 () Aciens [ Projects [0 wiki @ Security [+ Insights %2 Settings
[D Files RODeO / Projects / Solar_Hydrogen / (5 Addfile v | ==
¥ master - + Q mariya-koleva [misc] NPV, inflation, WACC calculation, Compressor’s cost caleulation &m0 3. Syearsago ) History
Q Gotofie t
n Name Last commit message Last commit date
> Combine_output_files
> Create_tariff_files
~ @ Projects Batch_files Update with LCFS, RPS RECs renewable costs and H2 storage costs 6 years ago
R -
CEC_proposal 305 Data_files misc] NPV, inflation, WACC calculation, Campressar's cost calculation 5 years ago
> Central_vs_distributed
Output input] adjusted input to new parameters declarations in model 6 years ago
> Home_device
v @ Solar+Storage

> BB Batch_files

> Data_files

+ Data_files:inputsin CSVand TXT format
I e « Output: outputs in CSV format

[ Copy files to RODeO director...
[) RODeO_batchbat

[ RODeO_batch2 bat

~ [ Data_files
> M CSV_data
> Il TXT files
> B TXT_fles2
v Output

[ Compare_H2_to_electricity_pr...
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How to run RODeQ™?

Pl GAMS Studio

constellation01 hpcnrel gov

GAMS Studio
File Edit GAMS Tools View Help

E=0 € sn k-

Project Explorer (]3]

f0RE.gms 3 SDOM_Updated_80.gms % | SDOM_Updated 80.gms 3  SDOM_Updated_100.gms 3 | Storage_dispatch Woodside.gms 3 |« [=
[2) sDOM_updated_100.1st 3

~ = SDOM_Updated_80
% SDOM_Updated_80.gms
[2) sDOM_Updated_80.Ist
4 5DOM_Updated_90.gms
~ £ SDOM_Updated_BSRE
@ SDOM Updated 85RE.gms
[) SDOM_Updated_BSRE Ist The model assumes pr
- B= SDOM_Updated 90 either perfect knowled
@ SDOM Updated 90.gms
@ soomupdated 201t RUN RODeO
~ F= SDOM_Updated_95RE
@ SDOM Updated 95RE.gms
[2) SDOM_Updated_95RE Ist
~ F= SDOM_Updated_Wind
@ SDOM Updated 70RE.gms
[2) SDOM_Updated_70RE Ist
B 5DOM_Updated_85RE.gms
2 SDOM Updated 95RE.gms
~ = SDOM_Updated Wind
% SDOM_Updated_Wind.gms
~ = SDOM_Updated Wind24
% SDOM Updated Wind2d.gms
~ P= SDOM_UpdatedRun2
@ SDOM UpdatedRun2.gms
[2) spom_updatedRunz.Ist
~ P SDOM_UpdatedRun3
@ SDOM UpdatedRun3.gms
[2) spom_updatedRun3.Ist
~ P SDOM_UpdatedRund
@ SDOM UpdatedRuna.gms
[2) spom_updatedRund.Ist
~ P Station_model_v0_2
) Station_model_v0_2.9ms
[3) station_model v0_2.Ist
~ = Storage_dispatch_SoCalGasModel_Solar
% Storage_dispatch_SoCalGasModel_Solar.gms
~ P storage dispatch v22 1

sTitle Arbitrage and Ancillary Services for a Price Taking Storage Facility
w $0nText

odel

behavior. The

prices at us

model w

< e DESCription of the
model RODeO

d by Josh Eichman, Mash

ng window)

ntire day

ode which updates the prod

sset run_opt_breakeven 1

break-even cost

bin End of

TOU bin

for 2

U bin
Sif not set NEM nscr $set NEM nscr
Sif not set trans access charge  $set trans access charge 0

Sif not set node sset node NoName

h conusumed,

d in by a calling

Folder with the
model and data

desired

$if not set Max input prof inst $set Max_input prof inst Max_input_cap ones hourly

% Storage_dispatch_v22_l.gms

iy
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i Storage_dispatch Woodside.gms
Storage dispatch Woedside.Ist

sif not set energy purchase price inst $set

energy purchase price inst

$if not set Max output prof inst $set Max_output prof inst Max_output_cap ones_hourly
[2) storage_dispatch_v22_1st sif not set product consumed inst $set product consumed inst Product_consumption_ecnes_hourly
~ 7= Storage dispatch Woodside Sif not set elec_rate instance sset elec_rate instance 5c393455545723470c91e8d1_hourly
45 Storage dispatch Woodside.gms Sif not set load prof_instance $set load prof_instance Additional_load_none_hourly
o - - Sif not set AS price_inst $set AS_price_inst Ancillary_services_none_hourly
. = - . $if not set Device parameters_inst $set Device_parameters_inst Devices_parameters_empty
Storage_dispatch_Woodside $if not set Device_ren_params_inst $set Device_ren_params_inst Devices_ren_parameters_empt|

Energy prices Wholesale Mih hourly AZ Wi~
»
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What does RODeO™ do?

Islanded Separated Retail

i 4
RN !
90 F 90 F-9-0

PV and EY are not at the same site and | . i i
Purchase atretail and cannot Market configurations

No purchase or sales to the | py can sell in wholesale markets while 1

grid EY can buy from retail markets | sell electricity (anaIySi.S includes
i eyt Sttt production,
Net Energy Meter (NEM) Hybrid retail/wholesale Wholesale compression and
storage)

% 1

SN TR E
ﬁ»é»@iﬁ»@»@

B> @ >0

Purchase and sell at retail
with NEM

Purchase and sell at
wholesale

Purchase atretail and sell at
wholesale

Legend:
Retail market Wholesale market ﬁ} Photovoltaic $ Electrolyzer Q Hydrogen production
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What does RODeO™ provide?

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

I Timed demand charge [l Meter cost
Electrolyzer FOM
| Breakeven cost

Islanded

Separated

NEM

Retail

Hybrid
retail/wholesale

Wholesale

PV Capex B PV FOM

Storage & compression cost

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 kglday H2

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

1.2 MW EY
EY CF=82.3%
427.7 kglday H2

1.8 MW EY
EY CF=95.0%
7411 kglday H2

Hydrogen breakeven cost (US$ kg™')

r' CLEAN ENERGY
i SOLUTIONS CENTER

1
18 20

Key Outputs
RODeO can provide the
hydrogen cost breakdown for
each system configuration
and scenario.

RODeO helps to identify cost
drivers and targets for clean
hydrogen technologies.

RODeO helps to identify
optimal design and operation
for hydrogen systems
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An Initiative of the Clean Energy Ministerial

Thank you!

Omar Jose Guerra Fernandez | omarjose.guerrafernandez@ nrel.gov



mailto:jesse.cruce@nrel.gov

CLEAN ENERGY
! SOLUTIONS CENTER

ASSISTING COUNTRIES WITH CLEAMN ENERGY POLICY

Thank you!

Questions? Contact Expert@CleanEnergySolutions.org.

The next installment in this series will focus on international hydrogen landscapes.

Register today!
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