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Facllifies for electric energy production*

Energy Sources

Reciprocating
engines

200-1500MW 250—15OOMWI 50kW-1MW 1.2—250MW‘ 15-1500MW 15—1500MW] 25-500kW 5-400MW l 10kW-10MW

‘ 15-40% H 35-45% H 40-60% H 80% H 12% H 12% ] 20-32% 35-40% ‘ 30-45%

1,38808/kW | [ 1,477S/kW | [ 1,5008/kW | [ 2,700$/kW | [ 2,9598/kW | [ 1,535%/kW
0,08%/kWh | | 0,068/kWh | | 0,558/kWh | | 0,0428/kWh | | 0,048/kWh | | 0,05%/kWh

Average No emission

PV cell Wind turbine| | Fuel Cell Tidal power | | Geothermal | | Hydro power Microturbine| | Gas turbine

| 0,058 /KkWh 0,045$/kWh] 0,045$ /kWh

Extremely high| [Extremely high| |Extremely high

No emission | | No emission Highly low No emission

*Generally In use
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Facllifies for electric energy production*

Energy Sources

Reciprocating

PV cell Fuel Cell Tidal power Hydro power Microturbine Gas turbine —
200-1500MW 50kW-1MW | | 1.2-250MW l 15-1500MW ] 25-500kW 5-400MW l 10kW-10MW

‘ 15-40% | ‘ 40-60% H 80% ] ‘ 12% ] 20-32% 35-40% ] 30-45%
1,3889$ /KW 1,5008/kW | [ 2,7008/kW 1,535%/kW

0,058 /kWh 0,045$/kWh] 0,045$ /kWh

0,08%/kWh 0,55%/kWh | | 0,0428/kWh 0,053/kWh

Extremely high| [Extremely high| |Extremely high

No emission Average No emission No emission

*Generdlly in use In industrial facilities
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Energy Sources CREATORS
PV cell Fuel Cell Tidal power Hydro power Microturbine Gas turbine Rec;ﬁ;?;::ing
200-1500MW 50KkW-1MW 1.2-250MW] 15-1500MW] 25-500kW 5-400MW ] 10kW-10MW
Chemical __I |
2012
‘ 15-40% | ‘ 40-60% | ‘ 80% ] ‘ 12% ] 20-32% 35-40% ] 30-45% Iron and steel —2040
Refining —
1,33898 /KW 1,5008/kW | [ 2,7008/kW 1,535% /KW | |
0,08%/kWh 0,558/kWh | | 0,0428/kWh 0,058 /KWh 0,058/kWh 0,045$/kWh] 0,0458 /KWh Mineral 5
Food [,
.~ GHGEmissions | GHGEmissions | (oo™

Extremely high| [Extremely high| |Extremely high

No emission Average No emission No emission

0 5 10 15 20

/

*Generally In use In industrial facilities Percent of the 7x 1010 liters (daily)
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. CopacityRamge | Capacity Range
200-1500M'W 50kW-1MW 1.2—250MW’ 15—1500MW’ 25-500kW 5-400MW ‘10kW 10MW
. Efideny | Bffidency
8 15-40% 40-60% ‘ 80% ’ 12% ’ 20-32% 35-40% ‘ 30-45% ’
O
Q . InstallationCost | Installation Cost
9 G080 e s ooss/awn | [958/ | [00t58cwn] [0.0458 ko
S _ ~ GHG Emissions
LLI
w [ [ No emissio n] i o [No emissio u|  [Extremely high| [Extremely high| [Extremely high
Tidal storage system
Tidal energy systems
Energy islands:
% Tidal + PV
< Offshore wind + PV
L
& Wave + PV
6

*Novel energy sources for industrial applications Offshore wind + Wind
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Energy Sources

PV cell Fuel Cell Tidal power ’ Hydro power
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Reciprocating

Microturbine Gas turbine e

200-1500MW 50kW-1MW | | 1.2-250MW ’ 15-1500MW ’ 25-500kW 5-400MW 10kW-10MW
15-40% 40-60% ‘ 80% ’ 12% ’ 20-32% 35-40% 30-45%

EE production

~ CREATORS

1,3889% /KW 1,5008/KW | [ 2,7008/KW 1,535% /KW
0,085 /kWh 0,558 /KWh ‘0,042$/kWh 0,058 /kWh R | 00458/ KWh |
_ _ Oil Solar energy Pipelines Oil refining
No emission Average ‘ No emission ’ No emission ’ Extremely high| |Extremely high| [Extremely high Na, tural gas WlIld energy (Efeeglgoroll;;l{i rI‘rU.CkS Ammonia pI‘Od.
Coal Tidal energy... & Steel production.
Bio-mass Pipelines Power generation
Organic wastes Rails Buildings
Trucks Transport
Shipping Other industries

*Novel energy sources for industrial applications
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Energy Storage Technologies CREATORS
, Flow , : Pressure : .
Batteries , Hydrogen Electric | | Magnetic Pressure Heat Gravity Kinetic
Batteries | | | + Heat |
Lead Acid Vanadium | | Electrolyser Adiabatic Thermo - Pumped -
NiCd ZnBr + Fuel Cells Supercaps SMES CAES + CAES Electric Hydro Flywheels
NN Doy | | J | J J |
NaS L
NaNiCl
Li-Ion
Metal Air

PbSb Liquid

*Generdlly in use
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Energy Storage Technologies CREATORS
Batteries FIOW. Hydrogen Electric FESETIE Heat Gravity Kinetic
Batteries | | + Heat |
Lead Acid Vanadium | | Electrolyser Adiabatic Thermo - Pumped -
NiCd /mBr + Fuel Cells Supercaps + CAES Electric Hydro Flywheels
NiMh PSBr | | ‘ ‘ |
NaS L
NaNiCl
Li-Ion
Metal Air
PbSh Liquid

*Generally In use In industrial facillities



Facllifies for energy storage*

‘ Energy Storage Technologies ’

Batteries FIOW. Hydrogen Electric Pressure Heat Gravity | Kinetic
Batteries + Heat
Lead Acid Vanadium | | Electrolyser Supercaps Adiabatic Thermo - Pumped - Flywheels
NiCd ZnBr + Fuel Cells + CAES Electric Hydro
NiMh PSBr
NaS
NaNiCl
Li-Ton

Metal Air
PbSb Liquid

Energy storage

-
o % y
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*Novel energy storage systems for industrial applications
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Small-scale pumped-hydro systems
(Energy hill)

Other gravity-based storage systems:

Lagoon storage
Deep shaft
Arfificial basin
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Facillifies for energy storage

Applications of ESS

Minimum

Minimum Discharge

Response Time Duration
Generation
Uninterrupted and stable power flow S 10min-=2h
Peak shaving min — h s—10h
Black-start S—min lh-6h
Mobile applications ms —s s—h
Transmission
Postponement of infrastructure upgrades min lh-6h
Voltage regulation ms —s 6min—-1h

Distribution and
end-user services

Power quality

Reliability

Voltage support

Postponement of infrastructure upgrades
Ride-through support

Transportation applications

<5ms
SmMs—5S
<5ms
min
<5ms
ms —=5

ms — 1.2 min
S5min—-5h
15 min
2h-8h
10s— 15 min
s—h
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Facillifies for energy storage

Timescale for operation [sec]

A
UPS T&D Grid Support

8 Power Quality Load Shifting Bulk Power Management
10 Ly
10° ” 1w

Time-shifting | | d
TSO support
10* .
Bill managment
102 Primary response 1 m
DNO support 1s

10°

10 10 10° 10° 10* 10° 10° 10 10°

Power rating [kW]|

Timescale for operation [sec]
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A
UPS T&D Grid Support
g Power Quality Lasdl Sk Bulk Power Management
10 1y
Compressed air ES
10° 1w
Hydrogen ES
s Gravity ES lTherma‘l 5 PHES and Tidal ES 1 d
A Lithium-ion
10 1h
— v = J o
|
10%| I m
Supercap.
. Flywheel 1s
10 I
10° 10! 10° 10° 10° 10° 107 10®

Power rating [kW]|
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Energy Management Schemes

Dynamic programming Genetic algorithm Neural networks-based approaches Game theory-based
Linear programming Particle swarm optimization algorithm Fuzzy-logic controllers-based algorithms Deep learning-based
Nonlinear programming Differential evolution algorithm Model predictive algorithms Deep reinforcement-learning-based
Mixed-integer linear programming Adaptive differential evolution algorithm Multi-agent systems schemes
Mixed-integer nonlinear programming Whale optimization algorithm
Mixed integer quadratic programming Grey wolf optimization algorithm
Adaptive multi-clustering alghorithm Evolutionary algorithm
Stochastic programming Non-dominated sorting genetic algorithm
Rule-based alghorithm Artificial bee colony
Pareto concavity elimination transformation

Energy Management Schemes

Equivalent consumption minimization strategy Multiagent systems
Model predictive control Distributed model predictive control
Sequential function method Alternating direction method of multipliers

Hierarchical control
Sensitivity function method
Recursive searching algorithm
Artificial intelligence algorithm
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Energy management schemes

Optimization methods goals*

Optimal storage management
Demand response program
Vehicle-to-grid system (V2G)

Cost minimization
Energy scheduling
Operating time
Reliability of operation
Losses minimization
Generate energy with lower emissions
Uninterrupted power flows
Stable power flows
Peak shaving

Load shedding
Black-start

Postponement of infrastructure
upgrades

Maintenance costs
Voltage regulation
Power quality
Reliability
Voltage support
Frequency regulation
Ride-through support

Transportation applications

16
14

Price (¢/kWh)
S

S N = Oy
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B Purchasing
Selling

Iy

0O 1 2 3 4 5 6 7 &8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time Interval (h)

*With even more constraints...



EM schemes

CREATORS

Energy management schemes

. Scalability
. Applicabillity

. Standardization

. Development

. Testing
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Energy management schemes

. Scalability
. Applicabillity

. Standardization

. Development

. Testing

o

—

Scientific problem

Technical problem
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r I — Decentralized hycropower I — ‘ 0
Typhoon HIL / inspired by nature b ——
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