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EU energy strategy

2020, 2030, 2050
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e Third energy revolution

e Future energy economics



Temperature anomalies *
Temperature anomalies
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* sreenhouse gas reduction

* sustainable production and
consumption

* competition in electricity and
natural gas markets :
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EU medium and long term targets .\
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New governance system + indicators

2050 -80% Greenhouse Gas Emissions
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EU reduction in greenhouse

gas emissions
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Decarbonisation:

oil/coal-to-gas switch, renewable gas,
wind and sun, carbon capture and usage

Decentralisation:

Solar panels, micro-CHPs/fuel cells,
storage via power-to-gas and batteries

Digitalisation:

ICT for smart households and
smart gas/electricity grids

» Extrapolating developments of the past does not forecast the
future

* Gas, wind and sun — providing Europe with clean heat,
electricity and transport

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 8



Current energy system »
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EU energy system today*
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Power plant
(coal, oil, nuclear)

Power plant

] users (natural gas)
* Poullikkas A., 2009, Introduction to Power &eneration Technologies, ISBN: 978-1-60876-472-3

Transport
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Flltlll'e en el'gy SyStemS (optimistic scenario) ::*?
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EU energy system in 2020-30*
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Power plant

(coal, oil, natural gas) (coal, oil, nuclear, natural gas)
* Poullikkas A., 2009, Infroduction to Power Generation Technologies, ISBN: 978-1-60876-472-3

Hypogen plant
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Future energy systems ptimistic scenarioy . %
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EU energy system in 2040-50*

& Hypogen plant
(coal, nuclear, natural gas) | : 7 (coal, nuclear, natural gas)
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* Poullikkas A., 2009, Infroduction to Power &eneration Technologies, ISBN: 978-1-60876-472-3
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Future power systems iX
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Tomorrow: CCS, RES, DG and
hydrogen storage, smartgrids
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Development of wind and solar power * - ¥
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How wind and solar power have spread around the world
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End goal — the smart future .}
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The Super Smart Grid after 2050* o 5

(may allow for 100% RES)

ergy
regulatory authority

* Poullikkas A., 2013, Sustainable Energy Development for Cyprus, ISBN: 978-9963-7355-3-2
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Potential role of hydrogen in the energy = ¥
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Power Generation Storage and Distribution Application
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Towards hydrogen economy* ".\__
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RES electricity and green
hydrogen production

Carbon Free 1.~ / ; G SR
Electricity [t ' % i d - Natural gas grid

Electricity
Grid Hydrogen grid

Enhanced oil recovery with
long term CO. storage
in rock formation g=&

* Poullikkas A., 2013, Sustainable Energy Development for Cyprus, ISBN: 978-9963-7355-3-2
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Long term EU energy strategy 3 )
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(2050) S
* A vision of carbon free EU

* Main ingredients of future sustainable energy systems:
— Large scale integration of renewable energy sources
— Distributed generation
— Carbon capture and storage
— Smartgrids
— Electric vehicles
— Storage devices
— Hydrogen

Need to develop advanced simulation
tools, new sustainable technologies and
infrastructure !!

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019
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Challenges in electricity

markets
RES integration



EU electricity market target model .Y
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Day
Ahead
Market

D-1 As soon as possible On D
12h midday after midday on D-1 At H-1

capacity

— ime
Auctions of long-term FTRs Flow-based or C(E:g;zous P;i::f;;n Z:r
and/or PTRs with UIOSI via ATC-based pan- 3 Il | bonvoon TSOs
a single platform European price comr;gl on
coupling
: platform or
< implicit
Products exchangeable on auctions

a secondary market

Integration of RES: LCOE vs Rehabmmy

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019



POWEI’ SYStem reliabilit}’* - " evpmemn coxn

yyyyyyyyyyyy
regulatory authority

* adequacy, PS ability to satisfy
customers needs both in power and

electrical energy

* security, PS ability to remain in

operation after sudden disturbances

* Poullikkas A., 2016, Fundamentals of Energy Regulation, ISBN: 978-9963-7355-8-7

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 21



Power system reliability* : ‘f
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(the G must) rrrrrrrrrrrrrrrr

* Generation capacity must be greater than load

* Transmission must not be overloaded

* Voltages must be within limits

* Must be able to withstand loss of generator

* Must be able to withstand loss of transmission line

°* Must not lose stability during short-circuit

* Poullikkas A., 2016, Fundamentals of Energy Regulation, ISBN: 978-9963-7355-8-7

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 22



Intermittent energy source* .Y
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°* Any source of energy that is not

continuously available
°* May be quite predictable

* Cannot be dispatched to meet the demand

of a power system

* For dispatching need storage

* Poullikkas A., 2013, Renewable Energy: Economics, Emerging Technologies and Global Practices,

ISBN: 978-1-62618-231-8
Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 23




Daily load curve (the ‘camel curve’)*
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* Poullikkas A., 2016, “From the ‘camel curve’ to the ‘duck curve’ on electric systems with increasing solar power”,

Accountancy
Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019
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Effect of PV generation on load ! ?
curve (the ‘duck curve’)*
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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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Gas is a pillar of renewable T
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* H.V. Rogers, 2011, The Impact of Import Dependence and Wind Generation on UK Gas Demand and Security of
Supply to 2025, The Oxford Institute For Energy Studies
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Power-to-Gas (P2G) ¥

* energy storage technology linking the
electricity and gas infrastructure
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Wi

T Power-to-Gas Unit -
Curtailed Electricity
renewable energy generation
H,
ﬁ H —_—
, Synthetic
Methanation methane
Electricity network Gas system
KN tezzs
Other gas uses
Imbalances in o S .
electricity system v B Output: hydrogen or synthetic methane
r& Commercial deployment: used for
. absorbing curtailed renewable energy
Hydrogenfiling  and acting as a balancing tool by
station electricity TSOs
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Storage is the missing link  °.Y

High Temp Storage
(HTS)

Ahead
Market

Advantage HTS:

Very large storage -

« 80% DOD

» Electricity, heat
and AC generation

* Lowest Cost

* Minimum space

+ 50years LT

Disadvantage:

No fast response
E-Efficiency 40%
H-Efficiency 40%

Size: 3 - 50MWh
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Redox Flow (RF) Lithium Lithium
Lead Carbon (LC) Lithium-lron-Phosphate

Advantage RF: Advantage LC:
Large storage « Large storage

« 50-70% DOD « 50-70% DOD

* High Power * High power

* Lower cost * Lower cost

*« No memory effect+ Efficiency > 85%
« 15to20yearsLT « 10-15yearsLT
Disadvantage: Disadvantage:

Low Energy Density Medium Energy Density
No fast response High Weight
Efficiency < 80% Efficiency 80%

Size: 1 - 10MWh Size: 0,1 - 10MWh

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019

Advantage Lithium:
Fast response
Quick Service
80% DOD

High Power
Efficiency > 95%
No Memory effect
Highest energy
density

« 15to 20 years LT

Disadvantage:
High Cost

Size: 0,1 -10MWh

28



PUOHICTIKA apxn
EVEpPYEIAg KUMPOU
cyprus energy
regulatory authority

Energy cost

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 29



EU reference scenario 2016 .\
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B Excise tax and VAT on electricity

@ Estimation of RES supporting

;160 | costs passed on to consumers
V140 . B Transmission, distribution and
=t sales costs
120 -
mTax on fuels and ETS auction
) ] payments
] ® Fuel cost
: | B Variable non fuel cost
® Fixed O&M cost
0 “ T T T T T T T T T .Annual capihl COSt

2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

—_
o
o

(o]
o

Electricity generation
& 8

N
o

Source: PRIMES
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EU reference scenario 2016 .7
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Power generation cost (year 2010)* - }
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B CO2 trading cost
O&M cost

M Fuel cost

W Capital cost
B .- : I_ N -
J T \

Combined cycle with Wind Photovoltaics Concentrated solar
natural gas power

Power generation cost (€c/kWh)

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

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 32



Power generation cost (year 2020-30)* - }

PUOHICTIKA apxn
EVEPYEIAC KUTIPOU
cyprus energy
regulatory authority

B CO2 trading cost
~ O&M cost [| Fully developed RES
é = Fuel promotion mechanisms
= uel cost
S MW Capital cost
A2
% Fully developed CCS
7]
S systems and/or CO, A
5 trading scheme / \
= —
o
| -
Q
s
Q
m ] . ] ] | | ] ] || | ] ] ] ] |
| 9
Q
: J I
o
a
Combined cycle with Wind Photovoltaics Concentrated solar
natural gas power

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

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 33



Power generation cost (year 2040-50)* . }
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Increased
environmental W CO2 trading cost
cost
O&M cost

Fully developed energy ® Fuel cost

storage systems M Capital cost

4 N

Power generation cost (€c/kWh)

Combined cycle with Wind Photovoltaics Concentrated solar
natural gas power

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

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 34



Future energy cost* (for EU only) L

W
: Action after
2 -

'3 Action after 030-40
: 2020 \
-]
S
‘= Action today
=5 = (2010)
©
O
>
(®))
C
Q
-
w

0

Today 2020 2030 2040 2050

* Poullikkas A., 2010, “The cost of integration of renewable energy sources”, Accountancy
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Modeling for optimum large
scale integration of RES

Advanced simulation tools

36
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The need

* Large scale integration of RES

— e.g., EU RES targets by 2020, 2030

Main objective

» Assessment of the increase (or benefit) in the
cost of electricity of a given power generation

system at different RES-E penetration levels

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 37



Model capabilities Ly
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* Use of unit commitment algorithms

* Energy mix and include storage

* Cost or benefit in the cost of electricity
e Price of FiT, FiP, etc

e Green tax (if necessary)

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 38



Objective function*®

 Minimizing total cost

» satisfy constraints

Load demand
Unit capacity
Available capacity
Reserve margin
Spinning reserve

Fuel constraints

Environmental constraints

Power transmission constraints, etc

* *
*
*
* %
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minC = mianl- (cl-)

i=l1

Pogy = 2 6P

Femin(t) = Hir)

g,min

< e max(i)

— © g,max

g, , 1f unit i 1s OFF

RO(Z‘) S Zro(i,t)](iat) ro(i,t) -

ZZ Cei [P(i,t)] (i)

rs(i,l) , 1f unit 7 1s ON

RS(t) < er(i,z)l(i,t) rs(i,t) = minI.IOMSRi’Pg,max(i) - 1)(i,t)J

e(i N max

P < Py = f

_B(t)’¢(t)]S P];nnax

* Poullikkas A., 2009, “A decouple optimization method for power technology selection in competitive
markets”, Energy Sources

Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019
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Typical shape of objective function* ¥
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30

28

26 - o
—_ local minimum
= 24
E 22 global minimum Existing system
~~
& 20 ‘ +
= 13- Candidate plants:
@ *  Nuclear
S 16
= 14 Coal
g Natural gas
> 127 etc.
b=
2 107
o
S 84
—
= 6

4

2 A =

0 T T T T T T T

0 1 10 100 1,000 10,000 100,000 1,000,000 10,000,000
Scenario

* Poullikkas A., 2009, “A decouple optimization method for power technology selection in competitive markets”,

Energy Sources
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Optimizati del*** !
ptimization model™ .

Price foreda °'"‘"x?-.1’.§2u
Global dalAa and LeaSt-COSt y
E——— optimization

Pmodel I ~~7 777777777777\ "7 HE Pmodel G "~ """ 7777777 e i Jitiiitettteii Electricity price forecastiNng ----- '

» Input data
(dates and prices)

Input data and
scenarios

Input data and
scenarios

CO:2 emissiogs
r v

Historic prices
(min/max/mean values)

Forecasting horizon

Generate technol. Generate generation

f f

H '

variables system variables

H H h

i : : .

v L H MATLAB

. IPP model 1 H IPP model G : “Simulating electricity prices with mean-
: simulations : simulations : reversion and jump-diffusion™
H H H

: Electricity unit cost : Generation system

H financial indicators H electricity unit cos

E (including externalities E (excluding externalitigh), Monte Carlo

E E simulation

H :

Forecasted electricity
price risk

______________________________________ . N ______i.(..'()g,cmissi s

Number of
trials = 1000 ?

No

Generate
Viable technologies externalities cost

ranking i .
g Optimum generation
syNem electricity unit ggft
) e T Forecasted prices for
RES purchase RES fund ;-_:«-("nc forecasting horizon
price scenarios

New forecasting

horizon ?

Candidate RES
technologies

Thermeo-economic

"

Historic and

Eligible feed-in tariffs or H
feed-in-premiums :

Forecasted prices
for all forecasting
horizons

forecasted priglts
plottin

N Conver;

“

erall results

Optimum feed-in tariffs or
feed-in-premiums

Forecasted prices
E (Mg/max/mean values)

optimization

'
'
'
'
'
'
'

cecccle@----- 0
e - x

B ey RES fund

* Poullikkas A., Kourtis G., Hadjipaschalis I., 2011, “A hybrid model for the optimum integration of renewable
technologies in power generation systems”, Energy Policy
** Poullikkas A., 2018, “An adaptive longterm electricity price risk modelling using Monte Carlo simulation”,

Journal of Power Technologies
Global Summit on Power & Energy Engineering, Dubai, UAE, Feb 18-20, 2019 41




Example

of thermo-economic optimization* ¥

Input

Ty, Pyrer, Ts, CparCpgr T, AP,

LHV, er , Ners Nees Yai Vg

/|
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P3 = Po(1 = AFy)
Py=Ps=P

_ra
T‘cr—P—
2

3

Ty=T;

Yot
L (rcTyg - 1)]

Yg—l
- g
Wer = Cpg Ta et (rﬂ - 1)

4

o

c
Condition = 2L (1 +
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e I e Tr)l
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A 4

Input
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NO_’

C
Tg=T,+|1+-EZ
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(T3—T,) - Cpa(TZ - Tr)] [CPH(T4 -
Nee LHV = ¢,4(T; = T,)

| MFRRc,

Ts)]

H . . . . authority
Input LMTD (T, —Tg) — (Ts — T5) Whet = (g Wer — Mar Wer) + (Map Wep — ap Wep)
ax = ——— = e !
c,CRF, @,N In =] ¢ g = et
(717 Wy LHV
y
\ 4
4 39.5 7.7 Mgy : :
5 2 =—gg oy, Intrer) o Ttar Sy (Ts = T,) ~ ar Ga T, = T,)
Crotat = 1y ¢ LHV + Y ZLERE @ < 39.5 o5 Map ! Nee LAV = ¢, (Ty = T,)
Total f “f 3600N < Zop = LB MaB 1y c . :
- soezm " o AR,
.31 Map = m,
Zup = WIH (Tn-)[l + e(u.nst3—54.4)] aB (ar)
- T
2663 m ) 1
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__256 Mar (0.0187T,-26.4) mar :
= poy [1+ e 00187 m264)] Wipge[1ee LHV = ¢,y (T3 = T,)]
0995 - (32) =
2/ T~y Wer |6y (Ty = T)=6,, (T, = T,)| + (W, s MFRR + w, .. )[n, LHV = c, (T, = T,)]
m,c -T
YES Zanx = 2290 [L
AHX 0.018 LMTD,,, Y
Cmin = Crotal
MFRR,,: = MFRR
°pt Wnetr = Wer — Wer)
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Ya-1
Ty=Tg [1 + Ms (Twy“ - 1>l
razi
Wip = Cpq T3t (rt;a - 1)
Tg=T,— ATpinch
— — | Nee LHV — ¢, (T; — T,) | [MFRR cpﬂ(rs—r,)] 1
s ¢ l':zm(T3 -T)- Cuu(Tz —=T,) +n. LHV — Cpg(T3 = Tr)l Cpa

A 4

Pg = P7(1 — APapx)

Py = Ps
Py
TzB=E

* Saghafifar M., Poullikkas A., 2017, “Comparative analysis of power augmentation in air

bottoming cycles”, International Journal of Sustainable Energy.
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Decoupled objective function* i ¥
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* Poullikkas A., IPP algorithm version 2.1, User manual, © 2000-2006
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Total electricity generation for 3 ;

*

* PUOHICTIKA apxn
EVEPYEIAC KUTIPOU
cyprus energy
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* Poullikkas A., Gadalla M., 2013, “Assessment of solar electricity production in United Arab Emirates”,

International Journal of Sustainable Energy
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Annual CO2 avoided emissions* :.Y
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* Poullikkas A., Gadalla M., 2013, “Assessment of solar electricity production in United Arab Emirates”,
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LCOE parametric curves* Ly
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* Poullikkas A., Zueter A.F., Dirar M.H., 2014, “Prospective scenarios for the adoption of sustainable power generation
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Cost of reserves with RES production* f}
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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*
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* Nicolaidis P., Chatzis S., Poullikkas A., 2018, “Renewable energy integration through optimal unit commitment and
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