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Overview of HOPP

e A brief history:

— Original model developed by Charles Tripp, Darice Guittet, Aaron
Barker, Jennifer King and Bill Hamilton in 2019 (software record)

— Expanded into software with many technology modules:

* Wind, solar, battery storage, concentrated solar power, hydrogen,
wave

e HOPP combines different technology models together to form a hybrid
plant. Used for

— Hybrid power plant design studies under different objectives
— Location studies
— Plant operations studies
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Hybrid Optimization and Performance Platform (HOPP)

e Open-source software developed by NREL
* Optimize co-located, utility-scale hybrid plants down to the component level for different markets
* Leverages expertise and tools across the lab for end-to-end analysis
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HOPP Capabilities

Analysis Optimization . & 6
Where to build co-located hybrid plants? Optimize hybrid | Beooepaq. 2
*  Resources are complementary plantsdowntothe | © =~ %
«  Overbuild (Ex: 200MW plant at 100MW component levels 1o ~ClPoooeg

interconnect) SPP000¢
* Include storage

Vs. Hybrid - NPV ($-Million) (Sc PPA)

— Wind OXOXOXO)
Solar ) ®
I Best Solution

~3000-2000-1000 0 1000 2000 3000
Best Solution AEP: 181586.21631189302

L1 H

Control/Dispatch Algorithms
*  Wind-solar-storage dispatch algorithms
developed in HOPP
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Overview of HOPP

HOPP

Simulation Tools Utilities

e |Interface
* Analysis
* Visualization

Resource
Files

Technologies
Wind, Solar, Battery, CSP, Hydrogen, Wave, Grid

offshore (ongoing)

ysical Modeling

lnanCIa |U|a|

ispatc Moeing
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HOPP Code Structure

examples/ simulation/ tools/ utilities/
tutorials and input files core simulation code things that modify, pull functions called
from, and optimize throughout
existing simulations

input_files/ examples technologies/ hopp.py analysis/ optimization/
yamlinput file tutorials through Simulation code Main simulation Analyze existing/stored Optimize and modify an
structure examples for different techs driver hopp smiulation existing hopp simulation

hopp_interface/ resource/
Initialize and modify hopp Analyze and modify
hydrogen/ simulations resource files

storage/

transmission/

SystemModel FinancialModel ControlModel ForecastModel

Base classes defined for each technology;
enables APl development for other codes NREL | 7



HOPP-Supported Modeling Tools

Wind
* PySAM: https://github.com/NREL/pysam

* FLORIS: https://github.com/NREL/floris
Solar

* PySAM: PVsam v1 and PVwatts v8
Battery

e PySAM
CSP

* PySAM + Python model
Hydrogen

e Python model, internal to HOPP
Wave

* PySAM MHK model
Grid

* PySAM

Pulls wind input data (wind speeds, directions,
etc.) from WIND Toolkit
https://www.nrel.gov/grid/wind-toolkit.html

Pulls solar input data (irradiance, temperature,
etc.) from the National Solar Radiation Database
https://nsrdb.nrel.gov/

Supports user-provided price signals for financial
analysis
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HOPP Example

Example of a co-located hybrid plant

setup Utility Scale Solar PV Farm
* Solar plus wind co-located hybrid = 28 =&
p|a nt |ayout = 2 @ =_1.= Utility Scale Wind Farm
e Technologies are connected on the —3— g— A ‘ N
MV bus. \—%—, | |
"g I_ MV BUS
u I Froject Substaiion
c -
] - SV .
S B I g) MV HV Transfarmer
BESu o
B t; L::‘ - -ﬁ [T R R
b & 3
T O
E - g I GRID
S8 & L
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HOPP Example

Wind and solar
power generation

Battery power and
state of charge

Original and
optimized power
dispatch
compared to the
energy price
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HOPP Project Design

Two separate repositories ,// Pro jECt \\
for HOPP projects: ( ‘:
* The base simulation : / \ :
code in one i l

* The analysis and post- ] i Project-Specific i
processing code in the E i
other l . : I

E : i;g;;‘:lon code e Site-specific Data E

: * Power-to-X end :

i products E

\ 1

‘\\\ ,,I
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HOPP Repository

* Open-source and available at:
https://github.com/NREL/HOPP/tree/main

O NREL / HOPP

sde

@ Issues 30

19 Pull requests 7 ® Actions
I8 HOPP  pubiic
¥ main ~ ¥ 4 branches ) 6 tags

wRE-RE BE SN BN BN B BE BN Bl

dguittet Consistent financial model (#239)

B Projects 4

Q Type (/) to search

M wiki @ Security |~ Insights
<7 EditPins ~ OWatch 9 ~
Go to file Add file ~

v 836760e 2 weeks ago D) 370 commits

.github/workflows Consistent financial model (#239) 2 weeks ago
alt_dev Modify grid class interface (#105) & months ago
conda.recipe Publish on release actions (#8) 2 years ago
docs Modify grid class interface (#105) 8 months ago
examples Calculate number of combiner boxes during electrical sizing (#125) 6 months ago
hybrid Consistent financial model (#239) 2 weeks ago
resource_files Fix tests last year

tests
tools
.gitignore

_readthedocs.yaml|

Battery max cycles (#203)
Update Custom Financial Model (#135)
Update Custom Financial Model (#135)

Update Custom Financial Model (#135)

2 months ago
2 months ago
2 months ago

2 months ago

Y Fork 37 - % Star 18 -

About

No description, website, or topics provided.

m
i
A
ww
@
k4

Readme
BSD-3-Clause license
Activity

18 stars

9 watching

37 forks

Report repository

Releases 1

© HOPP v.0.1.0
on Sep 22

Packages

NREL

No packages published

12


https://github.com/NREL/HOPP/tree/main

Recent Results




HOPP Field Testing

i Predicted wind/PV
Tes'?ec! the_dlspatCh SChedUIe_ Desired load schedule generation ARIES Actual power
optimized in HOPP on a physical 1\, _itor forecast HOPP |= - - Plant - o s
MW battery Battery SOC Optln;}zedtb;\ttery Controller attery
. ISpatc
* Validate battery P
power/SOC modeling
* Validate battery dispatch
optimization to meet
desired load schedules
Output Data from Field Test: Battery and total plant power Battery Profile Comparison: Field test vs. simulations

e Field Test - Simulated
= Field Test - Actual
Baseline Simulation

SOC
kw
[%]
-600 e Total plant output (wind+PV+battery)
= Battery output
-800
Load
-1000 0
Historical 800 12:00 16:00 20:00 0:00 4:00 8:00 12200 16:00 20:00 0:00 4:00 8:00 8:00 12:00 16:00 20:00 0:00 4:00 8:00 12:00 16:00 20:00 0:00 4:00 8:00
data time 07/28/22——» 07/29/22 » 07/30/22 07/28/22 » 07/29/22 > 07/30/22

Real time 07/07/23 » 07/21/23 P



HOPP Field Testing

Tested the dispatch schedule
optimized in HOPP on a physical 1
MW battery
* Validate battery
power/SOC modeling

* Validate battery dispatch
optimization to meet
desired load schedules

Desired load schedule
Weather forecast

Battery SOC

Output Data from Field Test: Battery and total plant power

kw

e Total plant output (wind+PV+battery)

-600

= Battery output
-800

Load
-1000
Historical 800 12:00 16:00 20:00 0:00 4:00 8:00 12200 16:00 20:00 0:00 4:00 8:00

datatime 07/28/22—  07/29/22 » 07/30/22

Real time 07/07/23 > 07/21/23

Predicted wind/PV c
generation ARIES Actual power
HOPP | - Plant
Optimized battery Controller Battery SOC
dispa

» Improvement over the
baseline simulation

Battery Profile Comparison: Field test vs. simulations

e Field Test - Simulated
= Field Test - Actual
Baseline Simulation

S0C
[%]

8:00 12:00 16:00 20:00 0:00 4:00 8:00 12:00 1e:00 20:00 0:00 4:00 8:00
07/28/22— » 07/29/22 » 07/30/22




Green H2 with Land-Based Wind

2025, Current Tech Costs (Conservative)

LCOH (3/kg)

0.00 10.00

Mexico

©2023 Mapbox © Opans

Map based on Lonand L shows details about LCOH ($/kg). The dats

No Policy Scenario:
. No Wind PTC

e NoH2PTC

| Year Wind CAPEX  Electrolyzer CAPEX Electrolyzer Efficiency
(8/kW) (8/kg) (KWh/keg)

Current
(Conservative) 1081 1500.00 55

Current
(Moderate) 1081 1000.00 55
2025 1081 450.00 55
2030 704 337.65 51
2035 660 225.15 16

(&

b

The Policy filter keeps No Policy. The AT8 Year flter ranges frc

2025, Current Tech Costs (Conservative)
0.00

o
s

LCOH (8/ke)

Mexico:

2023 Mapbo & Opensirostiiap in

ap based on Lonand Lat. Color shows datails about LCOM (§/kg). The data i filtered on Pollcy and AT Year. The Pelicy filter koeps Base. The AT Yaear flter ranges from 2025 to 2025,

Base Policy Scenario:
*  Wind PTC - $0.003/kWh USD1992
*  H2PTC-$0.60/kg H2 USD2022

2025, Current Tech Costs (Conservative)

Max Policy Scenario:

*  Wind PTC - $0.003/kWh USD1992

e H2PTC-$0.60/kg H2 USD2022

*  +5X credit value multiplier

*  +10% domestic content bonus credit

LCOH ($/kg)

Clark, C. E., Barker, A., Brunik, K., Kotarbinski, M., Grant, E., Roberts, O., ... & Bay, C. (2023). Opportunities for green hydrogen production with
land-based wind in the United States. Energy Conversion and Management. https://doi.org/10.1016/j.enconman.2023.117595

NREL
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Green H2 with Land-Based Wind

LCOH (3/kg)

2025, Current Tech Costs (Conservative) 2025, Current Tech Costs (Conservative) LCOH ($/kg)
s 7 0.00 10.00
e
» Examine the cost of -
0808
ssas
. f seeeass
hwwAronnen A A I
1] 08!
eSesss
2333
LCOH ($/kg) 33338 113
23553858
0.00
£2
H
111
g H . L 1)
1]
H
: ‘ 13
Mexico: L
Ciba. Mexico'
Map based on Lon and L shows details about LCOH ($/kg). The dat: The Policy filter keeps No Policy. The ATB Year filter ranges frc b ) b
No Policy Scenario:
«  No Wind PTC Max Policy Scenario:
. NoH2PTC * Wind PTC - $0.003/kWh USD1992
I o H2 PTC - $0.60/kg H2 USD2022
| Year W Ty e S *  +5X credit value multiplier
Current s 1500.00 . ; . ¢ +10% domestic content bonus credit
(Conservative) ’ 2023 Mapbox © Opensisotviap sein ‘
Current ap basedon Lon and Lat. Color shows dotails about LCOH ($/ka). Tha data i filtered on Policy and AT Year. The Policy filtar kaeps Base. The AT Year fiter ranges from 2026 to 2025,
(Moderate) 1081 1000.00 55 s/ o
2025 1081 450.00 55 Base P0||Cy Scenano:
2030 T04 337.65 a1 .
2035 660 225.15 16 e Wind PTC-$0.003/kWh USD1992

e H2PTC-$0.60/kg H2 USD2022

Clark, C. E., Barker, A., Brunik, K., Kotarbinski, M., Grant, E., Roberts, O., ... & Bay, C. (2023). Opportunities for green hydrogen production with
land-based wind in the United States. Energy Conversion and Management. https://doi.org/10.1016/j.enconman.2023.117595
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Offshore Wind to H2 Project

» Compare onshore vs.
offshore H2 placement

Goal: reference designs for purpose-built
hybrids for end uses that can accelerate the
path to decarbonization for hard to abate
industries.

]
R Onshore H2
17.5 dos
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15.0 4 -
g 5 = ~
E 12,54 - ; - ;
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2 100 = — 1
@ m without IRA
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& 8 = New York Bigh
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2025 2030 2035 Earthshot
20.0
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15.0 4 ] = o 2
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National Solar and Wind Complementarity

Hourly - January

o . PearsonR Correlation

-1.000 1.000

® TXX] > ‘ j‘ /
Saascssisaseccs » Compare resource viability
(complementarity) over
January Ty Mexico“ 4

Map based on average of Lon and average of Lat. Color shows details about pearson r January hourly.

Clark, Caitlyn E., Barker, Aaron, King, Jennifer, and Reilly, James. Wind and Solar Hybrid Power Plants for Energy Resilience. United

States: N. p., 2022. Web. do0i:10.2172/1842446. https://www.osti.gov/biblio/1842446.

NREL |


https://www.osti.gov/biblio/1842446

Green Steel Project

Goal: design an optimal hybrid renewable
energy plant to minimize the cost of green
hydrogen production for 50k sites in the U.S.

» Compare many locations

LCOH with no policy LCOH with max policy
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o e i
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Levelised Cost of Hydrogen ($/kg)

o L & L= =]

Levelised Cost of Hydrogen ($/kg)

Green Steel Project

Site 1 Site 2
16 16
&  Base Policy I Desalination and water
14} 14t = Max Policy I Bulk HZ Transmission

N Storage & compression B Wind CAPEX & FOM

=i =i | Goal: determine component
cost impact on LCOH for wind-
hydrogen off-grid systems for
different cost years.

12r

10+

Levelised Cost of Hydrogen ($/kg)
o N = o =] g

1| » Detailed analysis across
four sites, including CAPEX,

Levelised Cost of Hydrogen ($/kg)

NREL | 21
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Hybrid Renewable Energy = H, =

Green Steel / Ammonia

Vision: New integrated analysis capability, GreenHEART, to analyze optimized GW-scale off-grid, purpose-
built systems composed of wind/PV/storage tightly coupled electrolyzers, optimized for LCOH, co-located
with steel/ammonia production facilities.

National Roadmap, locally optimized for green H2
production and industry end use.

Novelty and Advantages:

* Optimized LCOH for the specific end use,

* Holistic approach, increased efficiency, & reduced capital
costs,

* Independence from natural gas price volatility, grid
connection permits and new large-scale transmission build
outs.

Reduce risks and accelerate H2-based pathways to industrial

decarbonization. Legend
@ Selected Locations Hydrogen Demand for Synfuels and Metals (MT) Water scarcity index (-) H2 Potential from Solar and Wind (MT/km2)
H ' ) ® 0-1,000 Jo-s [Jo-10
5 DOE Lab Collaboration NREL (lead) + ANL, LBNL, T e o Ammania Producton U1 g 000 30000 = 510 —R
@ 35,000 - 110,000 @ 150,000 - 700,000 ] 10-30 [ 250 - 500
O RN LI & S NL @ 110,000 - 250,000 Hardrocks L] 30-50 B 500 - 1,000

Co-funded by DOE Hydrogen and Wind Offices. @ wwoo0- 5100 sl avens = P — et



TEA/LCA Assessment of

Methanol — key decarbonization target

* Mainly produced from fossil fuels (coal, NG)

* Potential replacement for fossil fuels in

hard-to-electrify marine transport

Highest low-carbon production currently in
captured CO, and green H, to methanol routes

* H, from water electrolysis

* Electricity from wind/solar hybrids

Need to investigate relative economic feasibility &
environmental impact of 2 different routes:

1. Baseline commercialized process
Novel NREL process under development —

2.

Used for resource portion
of Methanol TEA study

CO2/H2-to- Methanol Processes

e sy SE T
| " Ma sw‘]l: kd: @ @ @ 1.50
sas @ SR harn@ 1.40
@ LA @ @@ 1.30
. @% & @ LCOM from 1.20
*at o T
Levelized Cost
of Methanol) 1.00
0.90

B4 CO2 Capture/Purification M Methanol Reactor B CO2 Capture/Purification ™ Methanol Reactor

H2 Electrolyzer H Grid Electricity Displaced ™ H2 Electrolyzer B Grid Electricity Displaced
B Electricity to H2 Total: B Electricity to H2
0.7 Total: 0.546 14 Total:
0.6 0.495 - 12 10.833
0.5 Water 10 Total:
Carbon 0.4 cons- 8 6.767
intensity 0.3 umption 6
kg-CO,e/ 0.2 ke-H.0O
kg-MeOH 0.1 g-H.0/ 4
0.0 kg-MeOH -
0.1 0 ey
-0.2 2
Baseline MREL RCC Baseline MNREL RCC
with recycle with recycle
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Future Directions




ECO Project

Integration and 4 : Energy Cluster Offshore (ECO)

Optimization Loop

Ethanol  pethanol (arbon Capture:

5‘ Solar(ells

it 7%%&%

Wind 2
’0.'01' O

Q' " Artificial Reef“ ,

Energy Generation - RenewableFueIProductlon . CarbonCapture . Aquculture ) End Use

Desalination

Ships (fueled
~ byrenewable
fuels)

Offshore

Storage

Electro|yzer

Currently includes the following technologies:

> Wind > Battery
» Wave » Hydrogen
» Solar

Image from NREL Laboratory Directed Research and Development funded project “Energy Clusters Offshore (ECO)” (see funding statement slide) - I 2



ECO Project

Integration and B 2
\ Optimization Loop e
Solar Cells, Ammonia § - \
/ MB i \.‘ 0N Ships (fueled
arine , . Hy ,
- Ofx.h‘ge Hytrokineic < o =5 r%':'\;«)able
in X B
sl b ! '0.‘0. ’ N e \ ‘ >
e} ‘ E'“"O'yler N T S SubseaDaty R
: Artificial Reef“ — d Produicti T

Energy Generation - RenewableFueIProductlon . CarbonCapture Aquaculture + EndUse

Currently includes the following technologies:

» Wind » Battery @ :>

» Wave > Hydrogen | Mostly integrated | | | Future development
» Solar in HOPP of HOPP

Image from NREL Laboratory Directed Research and Development funded project “Energy Clusters Offshore (ECO)” (see funding statement slide) NREL | 26



HOPP Code Future

Continue to merge in ongoing capability development |

»Power-to-X end uses
»Hydrogen infrastructure
» Offshore infrastructure

Development of analysis tools

Formalization of code development workflow

-

Incorporation of control strategies from field test

L

Continued dispatch developments

L

Continued development of component-level design and

site considerations

New Releases
of HOPP
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HOPP Installation
and Examples
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