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Actual windpower is less than rated power
(and rated power is itself less than power in wind)
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Betz' law: 59%, or ~ 50% in practice recoverable (this is rated power)

.... Then capacity factor ~ 30% (of rated power)
—>Total recoverable from wind kinetic power ~ 15%

(Image from Partnerships for Renewables)



Electrical transmission is not where wind is
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* Depicted lines are 500 KV-95G KV ana DC. Source: Platts PowerMap



“Wind belt” runs through the middle of the U.S.
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United States - Annual Average Wind Speed at 80 m

Source: Wind resource estimates developed by AWS Truewind,
LLC for windNavigator ®. Web: http://navigator.awstruewind.com |
www.awstruewind.com. Spatial resolution of wind resource

data: 2.5 km. Projection: Albers Equal Area WGS84.
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What’ s driving wind power growth in U.S.?
Wind is biggest installation type, but not always in obvious locations
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Note: Numbers within states represent cumulative installed wind capacity and, in brackets, annual additions in 2012.



Wind power levelized costs differ by location
(Note: these costs include effect of federal subsidies)
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Source: Berkeley Lab



Wind is better offshore than onshore

NREL Updated Maps:
Arizona (2003)
Califomia (2002)
Colorado (2004)
Connecticut (2001)
Delaware (2002)
Hawaii (2004)

Idaho (2002)

lllinois (2001)

Indiana (2004)

Maine (2001)
Maryland (2002)
Massachusetts (2001)
Michigan (2004)
Missouri (2005)
Montana (2002)
Nebraska (2005)
Nevada (2003)

New Jersey (2002)
New Hampshire (2001)
New Mexico (2003)
North Carolina (2002)
North Dakota (2000)
Chio (2004)

Oregon (2002)
Pennsylvania (2002)
Rhode Island (2001)
South Dakota (2001)
Texas mesas (2000)
Utah (2003)

Vermont (2001)
Virginia (2002)
Washington (2002)
West Virginia (2002)
Wyoming (2002)
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Wind Resources and Transmission Lines
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The remaining states use data from the 1987 -

“Wind Energy Atlas of the United States".
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Wind Power Classification
Wind  Resource Wind Power Wind Speed ® Wind Speed ?
Power Potential Density at 50 m at50 m at50 m
Class Wim? m/s mph
2 Marginal 200 - 300 56- 64 125-14.3
3 Fair 300 - 400 64- 7.0 143-157
4 Good 400 - 500 70-75 15.7-16.8
5 Excellent 500 - 600 75- 80 16.8-17.9
6 Outstanding  600- 800 80- 88 179-197
7 Superb 800 - 1600 88-11.1 19.7-248
®Wind speeds are based on a Weibull k value of 2.0

Transmission Lines
Voltage (kV)
/\/ 345-499
/\/ 500 -699

700 - 799

//\V/ 1000 (DC)

Source: POWERmap,

U.S. Department of Energy
National Renewable Energy Laboratory

19-APR-2007 1.59




Even relatively bad on-shore wind is more cost-
effective than almost all offshore wind
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Electrical grid operation: basic questions
* How big is the grid?

Total U.S. network: ~ 300,000 km

Most of this is high-voltage
(> 250,000 km are > 230 kV)

Cost of high-voltage on average S1M/km

Total value of the transmission part of the
grid is of order 5300 billion dollars.



Electrical grid: Who owns and manages what?

Color Key: Substation

Black: Generation Step Down Subtransmission

Blue: Transmission la\nsformer —eoass Customer

Green: Distribution Transmission lines ‘FP 26kV and 69kV
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Image: Wikipedia
For most of 20t century, one entity owned all components in chain
Now typically owned by 2 or 3 diff. entities, managed by another, and
market can be managed by outside broker — up to 5 players in game

» Generator « Utility for distribution (local wires)
» Transmitter (long-dist. wires) « Load-serving entity

 Grid operator (wires operator) (seller to consumer)



Electrical grid organization and management: basic questions

* Who owns what? (generation, transmission, distribution)

RTOs as of 2010 (1S0/RTO Council)

Alberta Electric

System Operator Midwest ISO
Ontario Independent
Electricity System Operator
Note: Chicago New Brunswick
. System Operator
area is part of
PJM, not of
MISO
ISO New

O England
'x New York ISO

Calif ﬁ 0 ' :rp,M
alifornia R Interconnection

Electric Reliability Southwest

Council Of Texas power pOOI ISORTO Council



Electrical grid organization and management: basic questions

* Who sets the amounts that people pay?

In the old days

The utilities owned everything, and would charge customers
enough to recover their costs. The state utilities commission
would approve the rates.

Nowadays
Generator price set by the day-ahead market: Sets the hour by

hour price that generators receive for power or for capacity.

Wholesale price set by market and by FERC: Sets the markup that
the RTO can charge over market. Sets the transmission rates.

Retail price set by state utilities commissions: Determines the
rates that the utilities can charge their customers. Flat rates — no
hourly changes.



Usefulness of electricity market driven by
1) diurnal demand curve
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Image: World Nuclear Org.



Usefulness of electricity market driven by
2) different operating cost for different generation technologies

Market clearing
means that everyone
receives the price bid
by the last (most
expensive) generator
whose bid is
accepted. (Hourly
bids).

Nuclear will bid zero
because it wants to
be on always and its
operating costs are
tiny. Qil is expensive
so will bid high — will
only turn on if price >
operating costs.

Incremental Production Costs ($/Megawartt-Hour)
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Pre-fracking-era supply stack: coal cheaper than gas



But, supply stack is changing dramatically

Southeast historical supply curve, summer 2010-2012
dollars per megawatthour
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What happens when gas becomes cheaper than non-dispatchable coal?

When coal plants shut down?

If bring on must-take no-marginal cost wind?
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Old system: expensive peakers on only during max load

Baseload power
stays on all the time.
High-marginal-cost
power is purchased
only during times of
day when demand is
highest.

But how to manage
now if marginal
generation is coal,
not easily
dispatchable?
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Figure 11: Generation source for a typical daily demand profile. Courtesy of NGC 2007

(CCGT: Combined Cycle Gas Turbines). ]
(figure from the U.K.?)



Electricity strategies driven by the diurnal cycle

Peakers: buy high cost but fast turn-on generation that
can come on just for the peak energy demand period.
(Big complications now that relative costs are flipped.)

Peak-shaving: buy electricity when it’s cheap and store it,
then sell it back to the grid when it’s expensive

Demand-side management: sign contracts with customers
forcing them to turn off if demand is too high

Demand-side management: introduce time-variable
pricing for customers to incentivize less use at peak
periods, more off-peak

Load-dumping: since baseload power can’t turn off,
sometimes just have to dump it if have too much



Oil is now 1/3 of U.S. primary energy use

U.S. enerav use. 2005

Estimated Future U.S. Energy Requirements ~ 96.8 Quads) = 3*1072 W/ 300M people = 10,000 W/person
Energy Distribution Year 2005
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Why are liquid fuels so important?

Why are they the primary transportation fuel ?

1. Allow internal combustion engine which is intrinsically
lighter than external combustion engine (W/kg)

2. Fuel has high mass energy density so range is high (J/kg)

3. Fuel has high volume energy density so again, easy to
bring enough to get high range (J/m3)



Reciprocating internal combustion engines

.... Power nearly everything that runs on liquid fuel
.... Consume nearly all oil used
.... Make up 1/3 of U.S. primary energy consumption

Automobiles and trucks
Motorcycles

Locomotives

Boat engines

Propeller airplanes

Diesel generators

Riding lawnmowers

Outboard motors

Chainsaws (the non-electric kind)
Weed-whackers

Uses: things that need to be mobile, where power-to-mass matters



Transportation: early attempts with steam

Nicolas Cugnot, steam-powered automobile

First car (1769), military tractor for carrying artillery, 2.5 mph

First car accident (1771) (First fatal accident 1869, also steam)




19th century: steam used mainly for locomotives

First full-scale steam rail locomotive in Britain in 1804
wgg First U.S. railroad in 1829

Adjust power via valve that changes steam intake to piston

Stephenson’s
Rocket, 1829,
winner of Rainhill
Trials race between
Liverpool and
Manchester..
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Desire to get away from steam and external combustion
But what fuel to use? What is available?

* Gunpowder
* Coal gas (made by heating and gasifying coal)
* Hydrogen (made chemically)

.. and only later...

* Liquid petroleum distillates



Obstacles to liquid fuel
e Availability

(little petroleum refining before mid-1800s, even by
1888 petrol purchasable only in drugstores as medicine)

e Mixing liquid fuel into gaseous air
(required invention of carburetor, later fuel injection)

Idel speed =screw Idel mixture screw

Choke plate

Throttle plate

 Clean air
enters throat

Y \.,, S Js= ' o ....s A ’[,?:4’
If:p» — Fuel line ‘
Float bowl - LRI
15

5 i E i Fuel filter
Jet =

Pedestal Fuel enters fuel
line from fuel
tanks and pump

Fuel-/air mixture h‘bug
flows to engine )

Float

Carburetor and Fuel System



Internal combustion engine history: early history

1680: Christian Huygens (Holland) designs (but doesn’t build) an internal
combustion engine driven by gunpowder

1690: Denis Papin (France) designs (but doesn’t build) an internal combustion
engine driven by gunpowder. Gives up and invents steam engine instead
(against design but no build, later built by Newcomen).

Early-mid 1800’s: experiments with modifying steam engines to run on coal
gas (i.e. natural gas).

1858: Jean Joseph Etienne Lenoir (France) patents spark-ignition 2-stroke ICE
running on coal gas. In 1863 drives hydrogen-powered vehicle 9 km in 3
hours (1.8 mph). Also drives vehicle with engine modified

to run on liquid petroleum : 7 miles at 4.5 mph. : R
TR |

1862: Alphonse Eugene Beau de Rochas (France) ; £l
designs and patents (but doesn’t build) a &
four-stroke engine with compression cycle

1872: George Brayton (U.S.) develops 2-stroke
gas/kerosene engine, ct. pressure combust.

H/ppomobl/e ~400 so/d



The birthplace of the internal combustion engine was not France



Internal combustion engine

President Obama, State of the Union speech,
Feb. 2009, on bailing out Detroit automakers:

“The nation that invented the automobile
cannot walk away from it.”



Internal combustion engine

Edmunds Inside Line, 2009:

“In what will surely be seen as a provocative move by the
new administration, President Barack Obama
announced last night in a televised address to the U.S.
Congress that all inventions of note from at least the
last 200 years will now be credited to Americans.

The president revealed last evening that credit for the
invention of the automobile will be transferred from
one Karl Benz of Germany to an unspecified American.”



Internal combustion engine history:
development in German-speaking countries

1876: Nicolaus Otto builds workable, commercial version of 4-stroke gas
(not gasoline!) engine, patents it (again). Now known as “Otto cycle”.

1879: Karl Benz gets patent on 2-stroke version of gas-fueled Otto engine.

1885: Karl Benz builds 3-wheeled automobile with 4-stroke engine, 2/3 hp

patent 1886. also patents: spark ignition, sparkplug, carburetor, clutch, gear shift, radiator

Benz Patent Motorwagen 1885 Bertha Benz. 1888 first test drive, 65 Karl Benz
—gas or petrol use miles Mannheim-Pforzheim and back




Internal combustion engine history:

Bertha Benz’s bold drive
‘Bertha was a wife, but also an investor, and a shrewd marketer. She understood that in
order for this to be a success, people had to actually see the cars run and drive, and she

knew her husband would never attempt anything more than the short test runs he'd been
driving. Bertha knew something more dramatic was needed.

And so, one of history's greatest “f--- it, I'm doing this” moments was born.

Bertha took the three-wheeler to see her mom. This doesn't sound like a big deal now, but
then it was like saying “I'm gonna go visit my mom who lives on an orbiting platform, and

to get there I'm going to take this experimental anti-gravity pod that runs on niobium,

'” I

which I'll just figure out how to find along the way. See ya

----- Jason Torchinsky, Jalopnik

Image: Bertha Benz on the Patent
Motorwagen, date unknown. On the
actual ride she took her 14- and 15-

year old sons. image from Ca. Automotive
Museum.




Internal combustion engine history:
multiple developments in German-speaking countries

1885: Daimler & Maybach (having
quit Otto’s company) develop
advanced 4-stroke engine,
attach it to motorcycle

Daimler-Maybach grandfather-clock engine Daimler-Maybach motorcycle, 1885

(1885, horizontal cylinder. Image: Daimler.com) (replica. Image: Daimler.com)




Internal combustion engine history:
multiple developments in German-speaking countries
1885: Daimler & Maybach develop

advanced 4-stroke engine,
attach it to motorcycle

1886-1889: Daimler & Maybach
Daimler-Maybach engine, 1887 makes 4-wheeled automobile

(at Deutsches Museum)

4-cylinder engine, 10 mph top spd, first
sale in 1892

Daimler-Maybach automobile, 1886 (vintageWeb)




Internal combustion engine history:
multiple developments in German-speaking countries

1891: Benz forms Benz & Cie co. 1885: Daimler & Maybach develop
1899: 430 workers, 572 cars sold advanced 4-stroke engine,
world’s largest auto company, but attach it to motorcycle

production is not fast

1886-1889: Daimler & Maybach

makes 4-wheeled automobile
4-cylinder engine, 10 mph top spd, first

Benz & Cie Vikoria automobile, 1894 sale in 1892

(Karl and Bertha onboard, image: Wikipedia)

& : Daimler-Maybach automobile, 1886 (vintageWeb)




Internal combustion engine history:
--> production improvements in U.S.

1893: First auto manufacturing in U.S. (Duryea Co., MA), flowering of
many small companies
1896: Henry Ford starts company, Detroit

1908: Mass production of Ford Model Ts

Ford Model T assembly line, 1924. Ford Model T, 1908. (repainted, howstuffworks.com)
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Two-stroke engine
Simple, cheap

First stroke:
Piston rises, compresses fuel/air mix

Meanwhile, unburnt fuel is drawn
into crankcase

Second stroke:
Fuel/air is ignited

Piston driven down
Exhaust gas leaves cylinder

Fuel/air mixture enters cylinder

Fuel is
compressed
and ignited.

Transfer port ®
is covered.

Fuel mixture
is drawn into
crankcase.

Transfer port is
uncovered and
fuel mixture
forced into
cylinder.

rdll
ankcase /

Intake port
is covered and
valve forced closed.

downstroke

Burned fuel

is pushed out
by compressed
fuel mixture.




Two-stroke engine
Simple, cheap

Advantages:

Disadvantages:

Copyright 2000, Kevaney.com



Two-stroke engine
Simple, cheap

Advantages: TN
Higher power-to-mass since is ( O )
never “off —each stroke is power | —
stroke. Smoother power in one- i 5
cylinder engine / o N E—

Therefore: engine of choice for ° o
cheap or hand-carried applications : - ¢

Disadvantages:
Some unburned fuel escapes
— very polluting

Since fuel fills crankcase, lubricating
oil must be mixed into fuel mixture
— even more polluting

Copyright 2000, Ksvaney.com



Four-stroke engine: Otto cycle

driver of most transportation g e
One preparation cycle and one
power cycle (down/up/down/up)
Ignition
1.Intake
2.Compression
3.Combustion Copyright 1998

by Marshall Erain

4 .Expansion (Exhaust)

Note use of spark plug to set off
combustion (same for 2-stroke)




Four-stroke engine: Otto cycle

driver of most transportation g e
F‘gzl)’air- Exhanst
Advantages: e o
Produces heated, compressed, very
dense fuel/air mixture
Ignition

Separation of unburnt fuel/air from
combustion cycle

Copyright 1998
Disadvantages: by Marshal B

“off” half the time — half the
power-to-mass ratio that it might
have

Generally have at least two
cylinders, so that when one is “off”
the other can provide the push to
keep rotating the shaft




