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Electricity
Consumption

by Sector

Electricity Consumption by Sector (2013):
Commercial, Industrial, and Residential
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https://www.epa.gov/energy/electricity-customers

A Sample of a Daily Load Profile

VCR
Television 2
Television 1
electric heater
Standard printer
Multifunction printer
u Clock radio
Hair dryer
m DVD player
¥ Washing machine
® Dishwasher
® Hi-fi
| Alarm system
m Microvawe oven
m Oven
W iron
M set-top box 2
B set-top box 1
M games console
W Internet connection
mPC
W Vacuum cleaner
® Lighting (living room)
W Lighting (kitchen)
W Lighting (bedrooms)
B Lighting (bathroom)
¥ Water heater
B Freezer
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Maggiore, Simone. (2013). Evaluation of the effects of a tariff change on the Italian residential customers subject tateryrtand-of-use tariff.



Representative Weekly Load profile
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The Electric Utility Network
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https://ucahelps.alberta.ca/electricity-energy-market.aspx

GENERATION

Electricity is generated at
variows kinds of power plants
by utilities and independent
power producers.

TRANSMISSION ‘
Electric transmission

is the vital link between
power production and
power usage, Transmission

lines carry electricity at high
voltages over long distances 1
from power plants to communities. SUBSTATION

DISTRIBUTION

Electricity from transmission
lines is reduced to lower
valtages at substations, and
distribution companies then
bring the power to your home
and workplace.

http://www.incontext.indiana.edu/



http://www.incontext.indiana.edu/2010/july-aug/article3.asp
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Some of these
technologies are

environment
friendly and some

of them are not
as they produce
greenhouse
gases, chieflg v

Life cycle CO,
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Some of these
technologies are I W
environment i ol N
friendly and some
of them are not
as they produce
greenhouse
gases, chieflg v
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The main technologies that are used to generate
electricity are Thermal Power Plants

FosstHfuel power plant (coal, natural gas or oil)
Nuclear Power Plant

i

FossHFuel Power Plant Nuclear Power Plant
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Solar Panels

Wind Turbines
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Utilities usually own a
fleet that consists of a
mix of different
generation
technologies

How does the utility decide which
units to dispatch to meet the demand
of electricity?




International Renewable Energy Agency

Electricity consumption In end-use sectors Electricity generation Total Installed power capacity
(TWh) (TWh/yr) (GW)
2016 2050 Reference Case
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How do solar
panels work?

sunlight

n-type semiconductor negative electrode

p-type semiconductor

to regulator

positive electrode

Cross section of a solar cell

electric current
https://solarmagazine.com/solapanels/
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Reservoir

Intake

Penstock

Hydroelectric Dam

Powerhouse
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Long Distance
Power Lines

i Howhydroplant
work?

River

thinglink.com




What is the cheapest way to meet the demand reliably?
Economic Dispatch (ED)
Unit Commitment (UC)

Optimal Power Flow (OPF)

D
http://wiw. steamenginerevolutig

26



Economic Dispatch




Assumption: Single Bus System

600 - 1700 MW

Coal Plant
Extra

Nuclear Plant

High Voltage

265 to 275 kV
(mostly AC, some HVDC)

o
o,

Medium Sized
=30 MW
Industrial Power Plant 30 ﬁ Power Plant
110kV and up

Low Voltage |

Distribution Grid

up to
=150 MW

City
Power Plant
=2 MW

| ® o
I

= 400 kW

Industrial
k™

——il i

Solar Farm
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Wind Farm

https://en.wikipedia.org/wiki/Electrical_grid

Generators Load

Ignore the limits of the network




Load

Generators

A Given: load and a set of units that are-lime

ECOn0m|C DlspatCh A Consider the limits of the generating units
PrObIem Deﬂann A How much should each unit generate to meet this load at

minimum cost?

29



Balancing the Greed and the Fear




Economic AObjective:

AMinimum cost to meet the

Dispatch: dermand

Problem ASuch that:

Definition AThe total load = total generation
AThe output of each unit does

not exceed its upper and lower
limits.

Generators Load Profile

31
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What are types of
costs of generation?

Fixed cost:
Capital cost.
Maintenance and
Operation (M&O)
Personal
Land

Variable Cost:
Fuel Cost
Startup cost
Maintenance Cost
CQtax




What are the types of Fixedéost_:t -
costs to be considered apital cos

Maintenance and

In the economic Operation (M&O)

. C |
dispatch problem? Persona

Variable Cost:
Fuel Cos
Startup cost
Maintenance Cos
catax f

f




Calculating
the
Running
Cost of
Thermal
Plant

Consider the running costs only
Input / Output curve

— Fuel vs. electric power
Fuel consumption measured by its energy content
Upper and lower limit on output of the generating unit

J/h
£
Fuel Electric Power
(Input) (Output) P| P
Thermal generating units m";)utput

» MW

© 2015 D. Kirschen and University of Washington
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* Multiply fuel input by fuel cost
* No-load cost

— Cost of keeping the unit running if it could produce zero MW

$/h

Cost Curve

Cost

No-load cost —

© 2015 D. Kirschen and University of Washington




Incremental
Cost Curve

Incremental cost curve

AFuelCost
A Povor vs Power

Derivative of the cost curve
In S/MWh
Cost of the next MWh

© 2015 D. Kirschen and University of Washington

+ Cost [$/h]

AF

AP
MW

+ Incremental Cost

[$/MWh]

_/
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Practical Economic Dispatch




IfP,.,= 210 MW, and the Unit Lambda

systems consists of two A&B min

generating units (A and B). 0.1
What is the optimal economic 0.3
dispatch, if the incremental or 05
marginal cost curves are as '
shown below? 0.6
Only consider the minimum and 0.7
maximum generation 0.8
constraints and Ignore the other
constraints.
dC, dCg
dPA 4 dPB 4
— 0.8
P,= 120MW 07 o
P.= 90 MW 05
0.3
< I-I N 0.1 5
> - >
30 80 120 150 p 20 70 110 140 p

© 2015 D. Kirschen and University of Washington ‘
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Unit Commitment




Generators Load Profile

A Given Loadprofile (e.g. values of the load for each hour of a day)

Un|t Commitment- A Given: Set of available units
e A Consider the limits of the generating units
Problem Definition

A When should each unit be started, stopped and how much should it
generate to meet the load at minimum cost?

42



Cooling demand

Heating demand

Examples
of Dalily

Load
Profile

12:00 16:00 20:00

d University of Washington




Unit AObjective:

AMinimum cost to meet the

Commitment: cerp_land considering the load
profile
Pro!ol_e_m ASuch that:
Definition AThe total load = total generation
AThe unit's constraints are not

violatAed. o §
ACKS aeaidsyoqQa 02
violated.

Generators Load Profile
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What are types of
costs of generation?

Fixed cost:
Capital cost.
Maintenance and
Operation (M&O)
Personal
Land

Variable Cost:
Fuel Cost
Startup cost
Maintenance Cost

[14 (14

0 L tax




What are the types of Fixed cost:

Capital cost

costs to be considered | Maintenance and
the unit commitment Operation (M&O)

P I
problem? orsona

Variable Cost:
Fuel Cos
Startup cost \(
Maintenance Cos
cetax f




* Thermal generating units:
— Coal, gas, oil, biomass

Cal cu Iatl N g * These units must be “warmedup” before they can
StarPU p be brought on-line

* Warming up a unit requires fuel and therefore

COSt costsmoney

* Incurred only during the first period when the unit
is turned on

48



Calculating
StartUp
Cost

A Startup cost depends on the time the unit has been
off:
e If the unit has not been off for a long time, the
water will still be warm
e Hot start vs. cold start

T ‘S‘(‘i(’l(')l.l‘)=ai+/3i(l_(’ Ti )

a; + B; /,,’A

a;
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[l Notations -

u(i,t): Status of unii at periodt
u(i,t) =1: unitiis on during period
u(i,t) =0 unitiis off during period

h 0 Power produced by unitduring periodt




Il Unit Constraints

A Maximum generating capacity

A Minimum stable generation
AaAyAYdzy adzLd GAYSE
AaAyAYdzY aR26YyY UAYSE
A Minimum ramp up rate

A Minimum ramp down rate




Il Unit Constraints

* Minimum up time
— Once a unit is running it may not be shut down
immediately:
Ifu(i,t)=1and /¥ < "™ then u(i,t +1)=1

* Minimum down time

— Once a unit is shut down, it may not be started
immediately

Ifu(i, )= 0 and £ < £ then u(i,t +1)=0




I Unit Constraints

* Maximumramp rates

— To avoid damaging the turbine, the electrical output of a unit
cannot change by more than a certain amountover a period of
time:

Maximum ramp up rate constraint:
e p(i.r+1)-p(ir) sAPT™
Maximum ramp down rate constraint:

I.# ]J(I,F) - ]J(I,I + l) < AP".(!”“I”'max

v J)’
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ANt LE

A Constraints that affect more than one unit

System A Load/generation balance
. A Reserve generation capacity
COnStraI ntS A Emission constraints

A Network constraints

54
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Total Generation=Total Demand

System

Constraints SCEN(E) O o

Load/Generation Balance Constraint where: _ _
N: set of available units

55
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A The total capacity of the available units is equal or larger than the sum of
the total load and the reserve

System
Constraints SCD 0 Yo

Reserve Capacity Constraint
where:

R(t): Reserve requirement at time t
56



Why Reserve

IS Needed?

AUnanticipated loss of a generating unit or an
Interconnection causes unacceptable change
frequency if not corrected

ANeed to increase or lower production from othe
units to keep frequency drop within acceptable
limits

ARapid increase in production only possible if

committed units are not all operating at their
maximum capacity

Bus A Bus B

G1

G2
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http://visualoop.com/infographics/combined-cycle-technology

All Generators Must Run at the Same Electric
Frequency

Lines of o
Flux Y
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FORCE SPINS SPINS SPINS ELECTRICAL YOUR

Such as TURBINE SHAFT GENERATOR QUTPUT HOMES

* moving water magnets spinning travels through the Schools

* pressurised steam past copper wire coils network system to... and local

s forceful wind generate electricty businesses
in your

community



Upholding the delicate
balance between the
generation and the
consumption

Mechanical Power Electric Power

-

Mechanical Power Electric Power
Mechanical Power Electric Power

-

Why Reserve
IS Needed?

Cause/effect/Required action

The Steady state condition
Frequency is not changing
No action is required

A fault in the lines that causes a
sudden drop in the demand of
electricity.

Increase in the frequency.

Negative reserve: decrease outp
when generation > load

Loss of one of the generating
units.

Decrease in the frequency

Positive reserve Increase output
when generation < load



Type of
Reserve?

ASpinning reserve
A Primary
A Quick response for a short time
A Secondary
A Slower response for a longer time

ATertiary reserve

A Replace primary and secondary reserve to
protect against another outage

A Provided by units that can start quickly
(e.g. gas turbines)

A Also called scheduled or dffie reserve

AReserve must be spread around the
network

A Must be able to deploy reserve even if the
network is congested



AProtect the system againstredible
outages

ADeterministic criteria;
A Capacity of largest unit or

How to

: interconnection
Determine APercentage of peak load
the Needed AProbabilistic criteria:

ATakes into account the number and size
of the committed units as well as their
outage rate

Reserve?



Cost of
Reserve?

AReserve has a cost even when it is not
called

AMore units scheduled than required

A Units not operated at their maximum
efficiency

A Extra start up costs

AMust build units capable of rapid
response

A Cost of reserve proportionally larger in
small systems

A Important driver for the creation of
iInterconnections between systems



System
Constraints

Network Constraint Cheap generators More expensive generator
May be —constrained off° May be —constrained on°

13
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System ATransmission network may have an effect on the commitment of
units

COnStraJ ntS A Some units must run to provide voltage support

_ A The output of some units may be limited because their output would excee
Network Constraint the transmission capacity of the network




System
Constraints

Emission Constraint

4
' ]
-/ ‘ %’1-
s ¥ ¢ .-y‘. N .J \ .:'i'?z#h&ti«

-

NRRND LR

A Amount of pollutants that generating units can emit may be limited

A Pollutants:
A SQ, NOx

A Various forms:
A Limit on each plant at each hour
A Limit on plant over a year
A Limit on a group of plants over a year
A9 i OX

* , »
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0 @:  Status of unii at periodt
' 1 Unitiis on during period
6 ‘@ =0 Unitiis off during period

N @ : Power produced by unit
during periodt

Notation

68



Solving the
Unit

Commitment
Problem

ADecision variables:
A Status of each unit at each period:

u(i,t) 1 {0,1} "Lt
AOutput of each unit at each period:
h.ﬁb I’{O’épimin;Pimaxd " |,t

ACombination of integer and continuous
variables

69



How many
combinations

are there?

111

110

101

100

011

010

001

000

Examples
A3 units: 8 possible states
AN units: 2 possible states

70



A Optimization over a
time horizon divided
Into Intervals

A A solution is a path

linking one

combination at each

Interval

How many such paths

are there?

B

90000

How many
solutions are

;

there
anyway?

- 0000

>~ ® 00O

“©« ® ® 0 0

" 90000
To

—
I
IS
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How many
solutions are

there
anyway?

43

N

9@

Optimization over a
time horizon divided
Into Intervals

A solution is a path
linking one
combination at each
Interval

How many such path
are there?

Answer:

(@)2") (24)=(2)

72



The Curse of
Dimensionality

AExample: 5 units, 24 hours
NYT 5\% 35 L
(2") =(2°)" =6.210" combinations
AProcessing f&ombinations/second, this

would take 1.9 1&years to solve

ACKSNBE | NB mMmnnQa 27F dzy}
systems...

AMany of these combinations do not satisfy the
constraints
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