PUOMIOTIKN apxn
evépyeiac KUnpou
cyprus energy
regulatory authority

Optimum strategies for
hydrogen economy

Dr. Andreas Poullikkas
M.Phil, Ph.D, D.Tech, FIET
Chairman, Cyprus Energy Regulatory Authority
apoullikkas@cera.org.cy

9% International Conference on Energy, Sustainability and Climate Crisis (ESCC 2022) (]
Paphos, Cyprus, Aug 29 - Sep 2, 2022

0

o 3
Contents R
EU energy strategy - towards 2050

RePOWCrEU plan phase it ependency on Russian fossil fuels

2 in energy trahSitl()n —lona-term scenarios

from carbon economw to hydrogen economy

National H, strategies — towards 2030-2050

Development of BptimizatiOn algorithms _aavancea

simulation tools for large scale integration of sustainable technologies and storage

Long-term H, strategies for Cyprus - regional

cooperation towards hydrogen economy

9% International Conference on Energy, Sustainability and Climate Crisis (ESCC 2022) 1
Paphos, Cyprus, Aug 29 - Sep 2, 2022




EU energy strategy
towards 2050
e _©° f:?
Energy transition ‘e

 greenhouse gas reduction
— EU: climate neutral by 2050

e sustainable production and
consumption

e competition in electricity and
natural gas markets

e security of supply
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Energy transition* ol
Need to:

* Reduce cost of security
of supply

* Achieve market
integration

* Increase socio-economic 4

* Poullikkas A., 2013, Renewable Energy: Economics, Emerging Technologies and Global Practices,
ISBN: 978-1-62618-231-8
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The EU Green Deal and : Lm

Fit-for-55
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EU medium and long term targets
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2050 Climate-Neutral

(an economy with net-zero greenhouse gas emissions)
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Fit-for-55 strategy
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RePowerEU plan

phase out dependency on Russian
fossil fuels
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a
RePowerEU plan* ==

Phase out dependency on Russian fossil fuels

4

ACCELERATE
CLEAN ENERGY
TRANSITION

2,

REPowerEU

PHASE OUT DEPENDENCY

* RePowerEU Plan, EU, 2022
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EU energy import dependency
on RuSSia (year 2021)
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- =
Azerbaijan  Libya
2%

o
I == 1% N
Kazakhstan ~ ATTIca Oter Gpited ] " Todad oG
2% Kingdom Libya ?”«?i“" Nigeria 1%
= = 2% Qatar
Canada 2 = asts
Colombia % Algeria \ Russia N
6% 3% =
Azerbaijan gm‘ed
3“/“\ tates
] q
Australia - | 3
15% Russia n ?l}gﬂzﬂa
54% Nigeria
6%

[ =)
Kazakhstan
6%

L]
Ki U"&(:'E =
ing
7% Saudi Arabia =
8% Norway
24%
9% International Conference on Energy, Sustainability and Climate Crisis (ESCC 2022) 10

Paphos, Cyprus, Aug 29 - Sep 2, 2022

10

Flows from Russian gas in
2022%

16 — 2022
- Average 2016-2021
14 Range 2016:2021
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* Save Gas for Safe Winter, EU, 2022
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Measures to bridge the gap*
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* Save Gas for Safe Winter, EU, 2022
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RePowerEU plan* ==

* Phase out EU dependency on Russian gas, oil and coal
imports ACCELERATE

- accelerating the reduction-of overall reliance on fossil fuels

- diversifying supplies through the use of LNG
- further developing a hydrogen market for Europe
- speeding up the develppment of renewables

Stheihterco
- completing and improving the intérconnection of European

gas and electricity'networks and fully synchronlsmg power

gmds throughout the EU
- ~‘monitoring and 0pt1m1§1ng the functioning of the electrlclty
market S

- Energy savings

* RePowerEU Plan, EU, 2022
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RePowerEU: from goals to

actions
* Independence from Russian fossil fuels by 2027

* Increase imports of LNG by 50 bcm

* Increase pipeline natural gas imports by 14 bcmC@
* Increase biomethane production by 3.5 becm

* EU-wide energy saving to cut gas demand by 14

Increase the target

bem of renewable energy
from 40% to 45%
* Rooftop solar to reduce gas demand by 4 bcm by 2030

* Heat pumps to reduce gas demand by 1.5 bcm T (e

. target of energy
* Reduce gas demand in the power sector by 20 savings from 9%
bem by deployment of wind and solar to 13% by 2030
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*
H, accelerator? e
Evtnv:ln(l’\hwﬂu
H2 use by sector in 2030 (Mt H2)
20.0
Increase H,
producﬁon and :* Ammonia/derivatives imports
16.0 .
imports by 10mt m Blending
by 2030 m Power generation
12.0 W Synthetic fuels
= Blast furnaces
S M Petrochemicals (Ammonia)
W Transport
W Industrial Heat
4.0 . ® Refineries
W Bunker fuels
0.0
REPowerEU Fit for 55
* RePowerEU Plan, EU, 2022
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The role of H, in energy

transition

Long-term scenarios from carbon

economy to hydrogen economy
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Potential role of hydrogen in the energy fj}
transition :

Power Generation Storage and Distribution Application
( Hr\. E)p x * 21 ™ 12 —HZ
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o

€02 Buffer Storage Industrial

Source: EU, 2019
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Energy system in 2010
EU energy system in 2010*

Domestic

semesse R
P

—

—

'

Transport I
users

Power plant Power plant
(coal, oil, nuclear) » users (natural gas)
* Paoullikkas A., 2009, Introduction fo Power &eneration Technologies, ISBN: 978-1-60876-472-3
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Future energy SyStemS (optimistic scenario) {:‘?

EU energy system in 2020-30*

-
Steam A
Hydrogen reformer
communities |

(coal, oil, natural gas) (coal, oil, nuclear, natural gas)
* Poullikkas A., 2009, Infroduction to Power &eneration Technologies, ISBN: 978-1-60876-472-3
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Future energy systems (optimistic scenario) 0y

EU energy system in 2040-50*

e TR, = G |

Hypogen plant & Hypogen plant
(coal, nuclear, natural gas) = . (coal, nuclear, natural gas)

* Poullikkas A., 2009, Introduction to Power Generation Technologies, ISBN: 978-1-60876-472-3
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Future power systems

Tomorrow: CCS, RES, D6 and
hydrogen storage, smartgrids
S0
EEE

Photovoltaics
power plant

Today

" entral power station

AL

Caontrol

Power
quality

quallty device
device
.. ﬂ Wind i

power  House with domestic

plant
Factory C%’Sm;;'a' Plug in vehicles Source: EC, 2007
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The Super Smart Grid after 2050* oY

(may allow for 100% RES)

* Poullikkas A., 2013, Sustainable Energy Development for Cyprus, ISBN: 978-9963-7355-3-2
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Moving from Carbon economy to Hydrogen economyw

Value Added
Applications
Electricity R r!'l-iytdrolg«('-_-sn/
— latural Gas
Infrastructure

)\ Hydrogen
Vehicle

Power
Generation

Synthetic
Fuels

Hydrogen
Storage/
Distribution

Solar PV

Upgrading
Qil/
Biomass

Hydrogen Metals
Generation End Use Refining

Concentrated Solar Power
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H, production cost*

USD/kg H;
(4] (=] -3 <o [f=]

LS I

San U]

2020 2030 2050
Coal w/ CCUS

2020 2030 2050
Coal wio CCUS

0
2020 2030 2050

Natural gas wio
CCus

2020 2030 2050

Natural gas w/ CCUS Renewables

* The Future of Hydrogen, International Energy Agency, 2019
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Saudi Arabia $5bn Helios H2 project 8

*
&

* Desert area = Belgium

4GW of Wind and PVs

Production of 650t/day of H,

Reduce of H, production from SUS$/kg to
1.5US$/kg

* Long-term: Saudi Arabia to become H,
exporter
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National H, strategies

towards 2030-2050
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National Hydrogen Strategies*

2017 2019 @
OND JFMAMIJJASOND JFMAMIJASOND JFMAMIJASOND

* Possible regulation of hydrogen networks, ACER 2021
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| Early 2020s (2022-2024) Mid-2020s (2025-2027) Late 2020s 202¢-30) Mid-2030s onward >

Hydrogen economy ‘archetype’

Production Produstion Production
e P S () s @ it dh
slectrolytic % ‘ﬁ OCUS-anabled CCUS-enabled @ range of pr\:ducum

‘production in at

production i projects & several I _g,g fuclesr,
least one location; ol large-scale IZE5T hinnﬂ _ ..,.
electrolytic production [ electrolytic projects ~

Networks increasing in scale -—=

Direct pipeiine, =

co-location, Networks Networks

trucked m Dedicated small-scale Large cluster <=

(nan-pipeline) cluster pipeline. @b networks; large-scale

or onsite uss. network; expanded storage; integration
trucking & as networks 2 Il

Use

Sorme transport

GV,
ral & aviation trials): Use

nmglry demonstrations: Wide use in industry: i
T ‘power generation &
Hosceenl :‘_&I ﬂ fiexibily; transport
the (HGVs, shipping) —

heat pilot town (tbc) T

Key astions and milestones m &T
s Launch NZHF early 2022 i
= Phase 1 CCUS cluster decision 2021

* Finalise low carbon hydrogen standard * Sming for 1GW production ospaoly
2022 « Ambition for 5GW production capacity
» Finalise business model 2022 * Atleast 2 COUS olusters by 2026 2020
« Heat neighbourhoc trial 2023 « Heatvilage trisl 2025 * & CCUS clusters by 2030
 Value for money case for blending Q3 * Hydeogen heating decision by 2026 =. Potential pilot hydrogen town by, 2090
2022 « Decision on HGVs mid-2020s » Ambition for 40GW ofishore wind by 2030 » Sixth Garbon Budget

Supporting policy and activily: what needs to be in place to deliver?

® 9 ® @ % @ @® » © &

Networks Reguiatory Grantfunding  Flesearch & Sector International  Public & Private Industry

& storaga framaworks Iramgwoﬂ(s innovation development  activity & consumer investmant devalopment
infrastructure markets awareness & doployment
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UK H, roadmap e

28

*
EU H, strategy
n-F
: %ﬁTB@jL EIEIE
Y [
2025-2030 pAIR]l)

 Installation of * H, to become part of ¢ Large scale
Electrolysers: at least  the integrated energy  integration of green
6GW for green H, system H,
production * Production of green

e Production of green H,: more than 10mt
H,: up to 1mt

* A hydrogen strategy for a climate-neutral Europe, EU, 2020
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apxn

Development of

optimization algorithms
advanced simulation tools for large
scale integration of sustainable

technologies including storage
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Optimization model*:-**

_[ Global data and | Least-cost
"“""'I'""" optimization

Thermo-economic ! l ez
optimization H

« Poullikkas A., 2009, “A decouple optimization method for power technology selection in competitive markets”,
Energy Sources.
** Poullikkas A., 2018, “An adaptive longterm electricity price risk modelling using Monte Carlo simulation”,
Journal of Power Technologies
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Long-term H, strategies

for Cyprus

regional cooperation towards
hydrogen economy

34
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Characteristics of 1solated_
electricity systems* T i

* High fuel costs
~ use of oil derivatives
~ high CO, emissions (additional cost)

* Economies of scale cannot be adequately
exploited

~ generation units cannot exceed a certain size since the loss of a
unit would mean the loss of a high percentage of the entire

system
* Need to maintain high reserve capacity to ensure

power system reliability

The smaller the electrical system size, the more the expenses will be

* Poullikkas A., 2015, Sustainable Energy Policy for Cyprus, ISBN: 978-9963-7355-6-3
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The solution*

* Increase system flexibility

~ integrate RES into electricity market
use natural gas, storage and RES for power
generation

~ promote e-mobility (V2G technology - bidirectional flow of
electricity between the electric car and the grid)

~

* Establish electricity interconnections

~ with EU internal electricity market (the island of Cyprus is
the only non-interconnected Member State)

* Production of hydrogen (energy carrier)
~ from RES and natural gas

* Poullikkas A., 2016, Fundamentals of Energy Regulation, ISBN: 978-9963-7355-8-7
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Storage and flexible technologies
are the missing links

Energy storage
Flexible technologies
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CERA Energy Transition
Regulatory Decisions

* Regulatory Decision 01/2017 (KAII 34/2017): A detailed schedule
for the implementation of EU electricity market target model

* Regulatory Decision 02/2018 (KAII 259/2018): The mass
installation of an Advanced Metering Infrastructure including
smartmeters to all electricity consumers

* Regulatory Decision 02/2019 (KAII 204/2019): The establishment
of basic principles of a regulatory framework for the operation of
electricity storage systems in the wholesale electricity market

* Regulatory Decision 03/2019 (KAII 224/2019): The redesign of the
power grid to become smart and bi-directional in order to allow
integration of large quantities of renewable energy sources in
combination with energy storage systems
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Regional primary energy
sources

Indigenous ~
energy |
sources
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Syorus erecy
requiainy autherty

* A. Belopolsky, et al., 2012, "New and emerging plays in the Eastern Mediterranean”, Petroleum Geoscience
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* The Global Wind ATls (https://globalwindatlas)
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* Easac & Pihl, Erik. (2011). Concentrating Solar Power: Its potential contribution to a sustainable energy future
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Main indigenous energy sources in
SE Mediterranean region

* Natural gas | = ==
gt [

* Wind potential —

* Solar potential 4 :
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Energy transition by 2050

Cyprus’ energy system:

 smart and digitised

¢ flexible

¢ decentralised

¢ electrically interconnected

¢ interconnected gas and/or
hydrogen pipelines

Integration:
¢ hydrogen in all energy sectors
renewable energy sources
storage energy systems
electric mobility

Transition of Cyprus from the current carbon economy
to hydrogen economy by the year 2050
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Cyprus H2 strategy?

* Recognition of hydrogen as a key component of the
energy mix for 2030 and up to 2050

* Creation of a long-term national energy strategy
considering hydrogen

* Creation of a legislative framework - allow the
introduction of participants in H, market

* Harmonization of national regulatory framework with
the relevant European Directives

* Targeted measures to kick-start the hydrogen value
chain: production; transport and storage; use in final
consumption

9% International Conference on Energy, Sustainability and Climate Crisis (ESCC 2022) 26
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Development of regional energy
strategy ?

* Horizon up to 2060

* Development of strategic plan for SE Med region:

~ FElectrical interconnections

~

Pipeline interconnections (or virtual pipelines)

~

Integration of sustainable technologies and storage

~ Use of hydrogen after 2030

VISION ¢
~ Hydrogen production MISSION ‘
From natural gas STRRJ;I_EGy g
From renewables HCTION PLAN ‘
* Energy exporters to EU
l!;;pl]l]z:slrg;;:ﬁ:[iz;f;r;inszgzéE;J;? Sustainability and Climate Crisis (ESCC 2022) 47
47
Additional Slides

The energy transition

cost

Towards 2050
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EU ref i 6 Y
reference scenario 201 X
200 1 B Excise tax and VAT on electricity

—~180 -
ey
< mEstimation of RES supporting
= 160 - costs passed on to consumers
@140 b B Transmission, distribution and
% sales costs
8120 1
c mTaxon fuels and ETS auction
2100 | payments
©
2 80 - m Fuel cost
)
o
2 60 ’
‘o BVariable non fuel cost
S 40 |
w mFixed O&M cost

20

0 = Annual capital cost
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Source: PRIMES
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EU reference scenario 2016
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9% International Conference on Energy, Sustainability and Climate Crisis (ESCC 2022) 50

Paphos, Cyprus, Aug 29 - Sep 2, 2022

50



o
*
. R ;
Power generation cost (year 2010) -
B CO2 trading cost

g O&M cost

x M Fuel cost

o )

W M Capital cost

=

=

©

™

2
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g .

T T
Combined cycle with Wind Phot ovolt aics Concentrated solar
natural gas power

* Poullikkas A., 2010, “The cost of integration of renewable energy sources”, Accountancy
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Power generation cost (year 2020-30)* .

puSmonNh apxh
evepyeiac xonaoy
yona n

B CO2 trading cost

O&M cost Fully developed RES
promotion mechanisms

M Fuel cost

H Capital cost

Fully developed CCS
systems and/or CO, /\

trading scheme / \

iN NN

Combined cycle with Wind Phot ovoltaics Concentrated solar
natural gas power

Power generation cost (€c/ kWh)

* Poullikkas A., 2010, “The cost of integration of renewable energy sources”, Accountancy
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vdieronss wimpon

Power generation cost (year 2040-50)* .\

Ilncreased
environmental H CO2 trading cost
cost
O&M cost

Fully developed energy ® Fuel cost
storage systems m Capital cost

a I

MI

Combined cycle with Phot ovolt aics Concentrated solar
natural gas power

Power generation cost (€c/ kWh)

* Poullikkas A., 2010, “The cost of integration of renewable energy sources”, Accountancy
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Future energy cost* (for EUonly) *“.}

Action after
2030-40

Action after
2020

Action today
= (2010)

Energy additional cost (€)

o

Today 2020 2030 2040 2050

* Poullikkas A., 2010, “The cost of integration of renewable energy sources”, Accountancy
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Electricity market

operation
EU target model
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Electricity market operation 3
* Forward market

Power (MWe)

Time (24 hours)
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Electricity market operation *.}

* Forward market + Day ahead market

Power (MWe)

Time (24 hours)
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Electricity market operation

Power (MWe)

Time (24 hours)
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* Forward market + Day ahead market + Balancing market
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Actual and simulated prices* )
200 |

1 M |

— historic

| f ~— simulation

50 | W | | | | |

2019 2020 2021 2022 2023 2024 2025 2026
Date

* Poullikkas A., 2018, “An adaptive longterm electricity price risk modelling using Monte Carlo simulation”,
Journal of Power Technologies

—_

o

[
T

Price (EUR/MWHh)
=
o
‘g;‘s
=
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EU electricity market target model
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Integration of RES*: LCOE vs Reliability

* Nicolaidis P., Chatzis S., Poullikkas A., 2018, “Renewable energy integration through optimal unit commitment and
electricity storage in weak power networks”, International Journal of Sustainable Energy
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Daily load curve (the ‘camel curve’)* »

puBion
evepyeiac

900
—~
= 800
=
=
< 700
.8
S
©
o
° 600
c
()
D 500 \\
© A
c !
._f_'_D 400 R
c R
2
Z 300
3
200
100 §
J
0
O O O O O O O 9 O O O 9 O O O 9O 9O O © 9O O 9O 9 O
R R e R T = R R T R
S - A ® ¥ B © K ©® O O - A ® F B O K O DO - AN O
O O O O O O O O O O v ¥ v v v « v v v« «~ N N N «
Time (h)
* Poullikkas A., 2016, “From the ‘camel curve’ to the ‘duck curve’ on electric systems with increasing solar power”,
Accountancy
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Effect of PV generation on load J Lmﬁ
curve (the ‘duck curve’)* o
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* Poullikkas A., 2016, “From the ‘camel curve’ to the ‘duck curve’ on electric systems with increasing solar power”,

Accountancy
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Cost of reserves with RES production* iy
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* Nicolaidis P., Chatzis S., Poullikkas A., 2018, “Renewable energy integration through optimal unit commitment and
electricity storage in weak power networks”, International Journal of Sustainable Energy
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Integration of storage*

TPC (M€)
storage can reduce system
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* Nicolaidis P., Chatzis S., Poullikkas A., 2018, “Renewable energy integration through optimal unit commitment and
electricity storage in weak power networks”, International Journal of Sustainable Energy
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