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Challenges mitigating renewable varlatlons challenges decarbonlzmg
transportation sector -

Electrolysis are flexible loads that can be used to produce hydrogen and
provide benefits to the electric grid :

The business incentives.for storage applicatio-ns- g
Hydrogen can be sold to a variety of end uses

Transportatlon offers unique benefits, partlcularly I\/ID/HD because of ideal
match with hydrogen for range and ref|II tlme '



@ Wind energy storage configuration based on hydrogen technologies

Cooling

Excess Power

Wind Power Water Electrolysis

Cooling 0, Stream CHIERRL

Electrical
Grid
AC Bus

H, Storage

Other H, fuel applications

Electric Hydrogen Flow Water Flow

Abostolou & Enevoldsen, 2019
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~— What is it all about”

EUR/MWh S S , MWh/h
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-- Power consumption DK1 Electricity spot price DK1 ——Wind power production DK1
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e Challenges
\ it

Varying electricity prices is a consequence of the global electrrflcatron and transition
* towards societies powered by renewables

» Price variations or vOIatiIity is partly due to renewable intermittency |

« . Various scientific proposals have included storage applications to 1) control the
~ fluctuations, and 2) to optrmlze the business potential of wrnd farms

- However, few if any . have adequately mvestrgated the drfference of storrng
electricity to.apply it for different purposes - s

Restricted® Envision Energy 2018. All rights reserved



Purpose
"~ Examining Various Storage Application and Strategies

Benchmark: Wind farm‘-without any stOrage ap'pl.ication ;

« Configuration 1 (P2P): Wlnd farm with P2H for electricity market |
arbitrage.

. 'Conflguratlon 2 (P2P+PZG) Wind farm wuth P2H for generatlng
hydrogen

. Conflguratlon 3 (P2P) Wind farm with PZB for electn(:lty market }
arbltrage N

*P2H = Power-to-Hydrogen
*P2B = Power-to-Batteries

Restricted® Envision Energy 2017. All rights reserved
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Optimization Methods

Outer Layer: Component Selection

Yes

Start
1

Initial particle

Inner Layer: Operational Optimizafion.

Is energy

output xx% of

population storage output
1 , * The approach is msplred by Hou- et al
-0 :
. l (2017)
Estimate the I NO Sire I Yes
evolutionary states of | I|3erl1ef|t No Benefit No A . : A s o
the algorithm and calcu at(lo)n (1) or calculation (3) We will couple the sequential quadratic
control the parameters i 1 programming and the adaptive partlcle
in convergence state, ‘
perform elitist learning x . Update operated Update operated swa rm Optlmlzatlon
operation " storage volume storage volume
" I | G ot I_f.d
|l 2 S L BEE e (S ECISIOn process can.pe simplitie
ROIK=ROIK 25 — e to follow the' structure mtroduced
Yes | , Yes] the fi
1 -
Update the velocity € |gU te.
and particle in
position
1 (1) max I (x,y)] = ma\Jl [E"" Ef’l.\',n]}
If Xi € .-
| Yes (2) max[["(x.y)] = ma:\'Jl i EP; [E}“" E,”\.m]
Fitness Evaluation =
Min {ROI} - Dr0 P - 1)s, )
s NeL I
k=k+1 .
g=§+1 - 2 (3) max|[f'(m.y)] = I“MJ[DHOE:THL‘T 1)Sy ;EP(P,}
\
¢} =
No 1
End
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@ Results

Various scenarios were established and examined:

. Scenarlos I: Power-to-Power (P2P) using Electrolyser and Fuel Cell

« Scenario lI- IV: P2P and/or Power-to-Gas (P2G) dependlng on the
electricity market and wind farm production

. Scenarlo V: P2P using lithium- -ion Batterles |

* 2. 5and 9€/kg for scenarlo I, land 1V, respectlvely

Restricted© Envision Energy 2018. 'AII rights reserved ! g : ot ' ' T : 7



Results

NPV of total
Return Total NP\; 0f1':t0ta| NP\; Of.":total cost of NPV of | NPV of | NPV of | NPV of
ON | benefits profits from | profits from energy from | electro- [storage| fuel cell| O&M
Invest- | hydrogen electricity .
in NPV electricity cost
ment (MElyr) market market market
(years) y (M€/yr) (M€lyr) (Teln) (T€lyr)

BENCHMARK /

inf
24.4

Scenario Il 5.5
Q
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@ Appli
=) Appliance

Renewable energy generation

Water electrolysis
using surplus
renewable energy

Solar er S
generation Wind power
generation

Fuel cell
pe Sass =g ;
Geothermal ‘
generation

TS eyt | L SR~ ¥ 1))
—— rt into e .,,d,o,,.,.,\) Q‘z

E.g. Transform into compounds stations Gas turbine power
liquefied ammonia and generation

use as fuel or fertilizer L '“‘N—HJ
Al =W =] 7=

Fuel cell buses Hydrogen vehicles

Generate
electricity

Store
hydrogen




Goods movement
\ ~—tl

Focus on opportunity for QOOds*
movement in Europe/U.S. '

— Most trade with a given country/region
happens within that country/region

Changing face of the world
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Movem
— Goods Movement

- Battery Electric
Tesla, Cummins, Thor
Lower cost of ownership
No emissions

Hydrogen Fuel Cell A e o ~ 4
Toyota, Nikola o | ~ - Wide range of vehicle
Toyota ~ 200 miles : . .. types and classes
Nikola ~ 1200 miles (2020) iy 5




: Software for Selection and Optimization

5

L Y%

Datalnpﬁ/ ‘ imulate Scenarios Opportunities ' Site(s) Selection

¢ Grid Connections

* Determine peaksin . * . patermine storage - Area project + Deliver clean and
Electricity market technology development : stable energy
* Re-consider « Boost the
* ldentify storage « Identify barriers storage . investment
technologies : technologies e
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@ Outlook

 There is a need to understand how the delivery pathways of
electrolyzed hydrogen would impact the business case.

- What happens when considering ancillary grid services (CoUId we
establish a'business case only by reducing grid penalties)?

» Batteries can still be considered a vrtal gateway technology and
furthermore very: applrcable if the target is P2P -

«  What about offshore wind farms?

- Should storage technologres be consrdered in Wrnd turbrne control
~ design? ~

Restricted© Envision Energy 2018. Al rights reserved S i3 B 3 i o . ]



— Technological Insights and Data Applied

%
: U 3m/s
Wind Turbines: 17 mis
25 mis
110m
3.5MW

Alkaline Alkaline PEM (2015) _
NEL Atmospheric pressure (S1) HYDROGENICS (S2) Proton Onsite (S3)
Plant size (MW 10 100 10 100 10 100

] Average System Efficiency during lifetime
Electrolyzer:

Technical lifetime (years 25 25 25 25 25 25
Turnkey price (Million Euro 9.30 84.03 17.20 148.64 9.65 64.08

. . —
Total O&M including stack exchange / 7 510.67 4840 1297.33 12396 17467  1162.67
ear (Thousand Euro '

Proton exchange membrane fuel cell
i kgl 2 Capacity (kWe 0.2-0.7
Fuel Ce” ; Technical lifetime (year 15

Annual average electric efficiency (%, 35

LHV

: ; 10
Battery : Technical lifetime (year 20
i verage charging efficienc
_ _ A h ff % 90
State of charge (SOC) lower limit (% 10
State of charge (SOC) upper limit (% 90
Battery cost ($/kWh
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@ ENVISION

Thank you!

Solving the Challenges for a S—ust&r?naiale Future!

Dr. Peter Enevoldsen
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