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Sources of Energy for Electric Power
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Electricity generators and motors
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The bottom line re the calculations in the
lower left is that mechanical power input (FV)
for an ideal generator is equal to the electrical
power output (IEL).

If we reverse the process, i.e. electrical power
in = mechanical power out we have an electric
motor.

By changing the wiring we can produce (use)
either AC or DC current.

Wire moving in a magnetic field has a
restraining force F = IBL.

* | =current (ampere)

* B =magnetic field strength (tesla)
* L =length of wire (meter)

Also, wire moving at velocity (V) experiences an
electric field (E) in the opposite direction.
E = VB where E is in volts/meter

Combining these equations yields
P=FV=IBLV = IEL (Pisin J/s)

When electric current
passes through a coil in
a magnetic field, the
agnetic force

Magnetic force

F=ILB
acts perpendicular
to both wire and
magnetic field

Electric
current supplied I
externally through l
a commutator
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Color Key:

Red: Generation StEprDW” Subtransmission
Blue: Transmission Transformer . Customer
Green: Distribution Transmission lines 26kY and 69kv
Black: Customer 765, 500, 345, 230, and 138 kv

Substation

I.||

T2

Transmission Customer

Frimary Customer
13KV and 4kv

Secondary Customer

Generating 138KV or 230kV 120V and 240V
Step Up
Transformer
Transformers Power (W) = Voltage (V) x Current (I) =J/s
Prirmary winding Secondary winding
Ip Power Loss = I2R
— | [ l ?‘ l
- — R = Resistance in ohms
T =8 ™ 3 = current in amps
- Np N g V = voltage in volts

iron core
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N = number of windings on coil

R = resistivity x length/cross sectional area of wire

For Al resistivity = 2.65E-8 ohm-m

For a 500 kV 25mm diameter Al wire transmitting
electricity over 500 km —
= (2.65E-8)(500)(1000)/(4.9E-4) = 27 ohm

For a transmission line carrying 1000 MW the loss is 10.8%
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Left: Typical transmission pathway. Ignores three wire system used in NA for AC current

/ interconnection

Right: Interconnected grids. There are 3 for the US. Increase reliability. For each grid the AC current must be
synchronized. In order to send energy between grids DC is used. Current is synchronized when its converted back to
AC. Some renewable energy sources, for example solar cells, generate DC which must be converted to AC before it is

added to the grid.




Diurnal variations in electricity demand

Electricity generated Photovaoltaics, wind power
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Characteristics of

generation resource Oil, pumped|storage o
. N hydropower, etc. \

Peak load generator . W
High cost T——
| Easy to change power output :/ W
p
Middle load generator Natural gas, LP gas, etc.
High cost
Can change power output i
L. - _1_7 ) T
i R’ 1
Nuclear power, coal, conventional
 Lowcost hydroelectric power, gepthermal power
Lonstant power output R .
0 4 8 12 16 20 M7
_Hour]

Source: “Basic Energy Plan (April 2014)," Agency for Natural Resources and Energy

Base load — daily minimum electricity demand. Supplied by conventional power plants (coal-fired and nuclear
power) and renewables such as hydro. For maximum efficiency the output from these plants is maintained at a

constant level.

Middle and peak loads — additional electricity to meet immediate demands. Require systems that are easily
brought on and off line.

The requirement to purchase electricity from nonconventional sources places a stress on electricity management.

How do utilities manage the variations in supply and demand for electricity?
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How do we store energy to meet peak demands

e Electrostatic energy storage using a capacitor

* Magnetic energy storage

* Electrochemical energy storage, i.e. batteries (lead-acid and lithium-ion)
* Mechanical energy storage (pumped hydropower and flywheel)

Capacitor 4E7 4E4 95
Inductor 1E7 2E3 50 95
Pb-acid battery 3E7 2E5 15 75
Pumped hydro 1E3 1 25 70

Flywheel 2E8 2E5 80
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Voltmeter

Anode | Cathode
(Oxidation) (Reduction)

Zn

Zn—Zn?* + 2¢ Cu’* + 2e »Cu

Diagram of a Zn-Cu electrochemical cell. Zn and Cu metal electrodes are
immersed in a CuSO, solution. Electrons flow from left to right and a
potential is recorded by the voltmeter. With time, this potential
decreases to zero, the concentration of Zn2* increases in the left-hand
half of the cell, and the concentration of Cu?* decreases in the right-hand
half of the cell.



Nernst Equation for Pb-Acid Battery

Ecan/V

Pb +PbO, +2H" +2H,S0; < 2PbSO, +2H,0

Fully charged

Time to recycle

H,SO, Molality

Voltage of lead-acid electrochemical cell
vs. electrolyte concentration, as
predicted by Nernst equation

The chemical reaction (“half reaction”)

at the lead-dioxide electrode
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The chemical reaction (“half reaction”)
at the lead electrode

PbO2 + S0,2+ 4H* + 2e-
— PbSO, + 2H,0

This reaction releases net energy

aqueous

sobd

E° = 1.685 eV

Net charge of two electrons is transferred
from the electrode into the electrolyte

aqueous in conductor

Bquid

Both half reactions cause the electrodes
to become coated with lead sulfate (a poor
conductor) and reduce the concentration
of the acid electrolyte

Suliunc acid slsctraiyte
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salid aqueous
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This reaction releases net energy
B’ =0.356 eV

— the “Gibbs free energy”, under standard
conditions (7= 298K, concentration = 1
molar)

Units: Energy = (charge)(voltage)
Energy in eV = (charge of electron)(1 V)

So the charge of the aqueous sulfate ion is transferred to two conducting
electrons within the lead electrode, and energy is released.



Lithium ion storage battery
o
()
Half-cell reactions: 'l'{ LT

LiCoO, > Li* + e + CoO, A
Li* + e+ 6C = LiC, ) =

Total reaction:

LiCoO, + 6C - CoO, + LiCg

Cathode Anode

(Li Metal Oxide) (Carbon)
Lead-acid 40 250 130 80
Lithium-ion 150 250 200 85
Nickel-cadmium 50 110 300 75
Nickel-metal hydride 80 250 260 70

Sodium-sulfur 190 230 330 85



Lithium lon Batteries — Operation

D . :
Li,.C, ? C,+xLi +xe

D
Li, ,MO, + xe +xLi == LiMO,

C

Negative Blectrode  Electrolyte Positive Electrode
"Anode" "Cathode"
’3 Oxygen - Graphite — Discharge

D Metal @ Lithium -a— Charge

Presently: Anode: graphitic C; Electrolyte: LiPF¢ in organic carbonate solvents; Cathode: Co-based LiMO,



Anode and Cathode Materials:
- State-of-the-Art
Cathode materials: s Fai |
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Pumped Hydropower

High-level

reservoir
Flow of water during pumping

P.E.=mgh
(low electricity demand)

Low-level
reservoir

P.E. = mass x acceleration of gravity x height

Energy/unit volume = gh/p

For an elevation difference of 50 m
Energy/unit volume = (9.8)(50)/1000 = 0.49 J/kg

Storage capacity = 800,000 m3 x 1000 kg/m?3 x 0.49J)/kg
=392 x 10%) =392 MW

Typical efficiency = 70%

Assume volume = 40,000 m2 x 20 m =
800,000 m3



Mirrors
focus solar
rays on
collection
tower. Rays
heat salt.

Molten salt energy storage

Molten salt is
2 :

pumped into

storage tank.

Collection
tower

3 Hot salt pumped through
steam generator.

Hot

Salt
storage
tanks

Cold salt sent back
through cycle.

Steam
generator

Electric
turbine

Steam powers turbine,
generating electricity.



Hydrogen gas can be produced by various
processes. Two examples, coal gasification and
electrolysis are shown below.

Hydrogen gas is stored either as a compressed
gas or a liquid (cryogenic, must be stored at -
253°C or 20K).

Hydrogen is highly explosive.

Cathode Anode
Cooling Water Hydrogen = HI]:I
Fluidiged gm——o Power | __L
Bed Suppl
CaO & Ash Gasifier Cyclone I i = i
S
Heat Hydrogen
Exchanger geparator
L -_:r'_‘: GaCO, CalOHY, CO:z
=t =, Char, Ash
» >
T Steam
Ca0 & Ash «— CaCOs
l, T Caleination furnace o)
Hydrogen Xygen
CaO & Ash 0, or Air Bubbles Bubbles

Reactor:650°C
30~5H0atm i

CaCOgy

CaO 4H* +4e” = 2H, >0, +4H*+
COz Cathode Reaction Anode Reaction
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Fuel consumption as a function of type of transport

MOTOR VEHICLE FUEL CONSUMPTION AND TRAVEL
UNITED STATES, 1960 VS. 2011

‘ Vehicles registered (million)
Vehicle miles traveled (trillion)
' Fuel consumed (billion gallons)
Average miles traveled per vehicle
‘ Average miles traveled per gallon
Average fuel consumed per vehicle (gallons)
' Population (millions)

1960
74
0.7
58
9,700
12.4
784
180

2011 | Change

253 | 243%
2.9 | 310%
168 191%
11,600 20%
17.5  41%
666 | -15%
313 | 74%

Data Source: United States Department of Transportation, Research and
Innovative Technology Administration, Bureau of Transportation Statistics

Transportation sector energy use by vehicle type =

million barrels per day oil equivalent
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projections

Annual global transportation energy consumption by mode, 2012
quadrillion Btu
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Efficiency of air travel

Fuel efficiency jet aircraft
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Fuel Efficiency
Expected Seat MAX Seat
miles per Expected miles per

Vehicle Type Gallon MPG Seats Used Seats Gallon

VanHoo! Bus 360 8 45 54 432

Mercedes Sprinter Van 176 22 g 12 264

Toyota Prius Hybrid 100 50 2 4 200

Boeing 737-800 B8 0.66 133 148 98

Honda Odyssey 84 21 4 8 168

Toyota Camry 60 30 2 5 150

Harley Davidson Sportster 51 51 1 1 51

Boeing 767-300 51 0.25 203 225 56

Boeing 777-200ER 41 0.18 222 247 45

Ford F150 Supercab 36 18 2 6 108

Cessna 172 25 13 2 4 50

Gulfstream G550 6 0.81 8 16 13

1. All data is calculated from information available on manufacturers websites in 10 2012
2. Boeing mileage is calculated using IFR range information and published performance data
3. Expected seats used is a reasonable assumption made by the author




Comparison of Energy
Efficiency for Various Modes

of Transport

Freight Rail Fuel Efficiency

(ton-miles per gallon)

%o Increasa
1980-2013 101%

1990-2013 42%
2000-2013  19%

473

375
332
282
235 I
1980 1885 1990 19495
Source: Association of American Railroads

| '
2000 2005
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Energy Efficiency - Passenger

Passenger-kilometres carried per unit of energy (Tkwh = 0.086 kep)
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CHART 2: LIGHT-DUTY VEHICLE FUEL ECONOMY STANDARDS, 1978-2025

miles per gallon equivalent

70
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Measuring Fuel
Efficiency — EPA urban
and highway fuel
economy tests.

Urban test

Highway test

EPA Federal Test Procedure
Length 18374 seconds - Distance = 11.04 miles - Awverage Speed = 21.2 mph
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Improving Vehicle Fuel Economy

* Vehicle Performance
* Reduce vehicle mass
* Reduce aerodynamic resistance
* Reduce rolling resistance

* Engine Performance

* Reduce intake stroke losses in Sl (spark-ignition) engines

* Replacing Sl engines with Cl (compression-ignition) engines which are 25%
more efficient

e Supercharging — air compressor increases density of air leading to greater
oxygen content and more complete combustion of fuel

e Continuously variable transmission

* Engine idle off

Energy Requirements for Combined City/Highway Driving Select fuel economy-improving technologies available for light-duty vehicles
Click on blue text for more information. Engine technolog’es:
\ \ Engine friction reduction
Variable valve timing

Engine Losses: 68% - 72%
thermal, such as radiator,

exhaust heat, etc. (58% - 62%) /
combustion (3%)
pumping (4%)
friction (3%)

Variable valve lift

Cylinder deactivation

Stoichiometric gasoline direct injection
Turbocharging and downsizing

~ Exhaust gas recirculation

Electrification technologies:
Improved accessories

Parasitic Losses: 4% - 6% £ 3
Electric power steering

(e.g., water pump,
Micro hybridization
Mild hybridization

Transm_lssmn_t gies: - Vehicle technologies:
Aggressive shift T Tires w/10% rolling resistance reduction
Drivetrain Losses: 5% - 6% Early torque con ockup Tires w/20% roliing resistance reduction
Dual clutch automated manual Aerodynamics w/10% drag reduction
! . High efficiency gearbox 5 o Mass-reduction technologies: Aerodynamics w/20% drag reduction
idle Losses: 3% Continuously variable transmission 1 gor mass reduction Low drag brakes

In this figure, they are accounted for as part of the engine and parasitic losses. 6-,7-,8-speed transmissions 3.5% mass reduction



Mitsubishi MiEV
Nissan Leaf

Honda Fit Electric
Toyota Prius Plug-In
Chevy Volt

Ford Focus Electric
Tesla Model S 40 kWh
Tesla Model 5 60 kWh

Tesla Model 5§ 85 kWh

$21,625
$27,700
$29,125
$29,500
$31,645
$32,495
$49,900
$59,900

$69,900
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How fuel cell cars work

Fuel port
A fuel cell is a clean and efficient power plant that makes S The t:nks
electricity through a chemical reaction between S are refilled
hydrogen and oxygen. T}. at hydrogen
\ fueling
Power control unit stations.
Manages the fuel cell
Electric motor and the battery output
Propels the vehicle and input in
with little noise or accordance with
vibration. It can also  driving conditions..
recover energy S
during deceleration. N Battery
Power b Hydrogen
control unit . Tanks Battery

- Stores energy
recovered during
deceleration and
helps during
acceleration.

High-pressure hydrogen tanks
Provide hydrogen to the fuel

in cases of calls:

impact or leakage.

Inside the
fuel cell stack

Hundreds of individual
fuel cells — each
producing less than one
volt — are assembled
inside the stack to
produce enough voltage
for the motor.

Inside each cell, hydrogen passes
through a negative electrode
where a catalyst strips electrons
from the atoms. The electrons
flow from the negative to the
positive electrode, generating
electricity. Electrons and
hydrogen atoms travel through an
Water electrolyte membrane to reach

Negative
elgtrode
catalyst

‘ the positive side, where they join
Polymer electrolyte Z%Sd'tr“ége with oxygen to become water.
membrane catalyst

Source: Toyota Motor Corp.

JAVIER ZARRACINA Los Angeles Times



Efficiency (%)
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Energy efficiency of cars

Electric Electric Petrol Ethanol
(wind source) (fossil source) (efficient

engine)




Vehicle Emissions

Annual vehicle emissions by fuel type (12,000 miles)

N T

EV charged on grid EV charged with renewables

p=

a1

'Ga__s,o’line vehicle
(compact/mid-size car)

1.11bs

| | 1 —— Ol Olos 3 10s

CO2e NOx PM CO2e NOx PM CO2e NOx PM



TABLE 9.5 U.S. Vehicle Exhaust Emission Standards

Tier 12
Veh. type NMHCP coO NO, PM
(g/mile) (g/mile) (g/mile) (g/mile)

LDV 0.25 34 0.4 0.08
LDT1 0.25 34 0.4 0.08
LDT2 0.32 44 0.7 0.08
LDT3 0.32 44 0.7

LDT4 0.39 5.0 1.1

Tier 2¢

Veh.type NMOGY  CO NOx PM  HCHO®
(g/mile) (g/mile) (g/mile) (g/mile) (g/mile)

All 0.09 4.2 0.07 0.01 0.018
Bin 7 0.125 4.2 0.20 0.02 0.018
Bin 6 0.090 4.2 0.15 0.02 0.018
Bin 5 0.090 4.2 0.07 0.01 0.018
Bin 4 0.055 2.1 0.07 0.01 0.011
Bin 3 0.070 2.1 0.04 0.01 0.011
Bin 2 0.010 2:1 0.02 0.01 0.004
Bin 1 0.000 0.00 0.00 0.00 0.000

% Model years 1996-2007. Five years, 50,000 miles.

b Nonmethane hydrocarbons.

¢ Model years 2004 and beyond, except 2008, for LDT3, LDT4. Full useful life
(120,000 miles).

4 Nonmethane organic gases.

¢Formaldehyde.




Table 1

Diesel Passenger Car Emissions Standards
EU vs. U.S. (Light Blue, Current Standards)

_g/km | Year | PM | NOx | CO

Euro 1l Jul 1992 0.14 - 2.72
Euro 2 Jan 1996 0.08 - 1.00
Euro 3 Jan 2000 | 0.05 | 0.50 | 0.64

Euro 4 Jan 2005 | 0.025| 0.25 | 0.50
Euro 5a Sept 2009 | 0.005 | 0.18 | 0.50
Euro 5b Sept 2011 | 0.005 | 0.18 | 0.50
Euro 6 Sept 2014 | 0.005 | 0.08 | 0.50
U.S. Tier 1{1994-1997*| 0.050 | 0.62 | 2.11
U.S. Tier 2(2004-2009*| 0.006 | 0.04 | 1.30
*Phased-in Over This Period
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Stoichiometric

| / Rich

_____________________ cm—l

Emissions concentration (not to scale)

— -

0.9 1.0 1.1
Fuel/air equivalence ratio (:1)

A 'Stoichiometric' AFR has the correct amount
of air and fuel to produce a chemically
complete combustion event. For gasoline
engines, the stoichiometric, A/F ratio is 14.7:1,
which means 14.7 parts of air to one part of
fuel. The stoichiometric AFR depends on fuel
type-- for alcohol it is 6.4:1 and 14.5:1 for
diesel.

1.3

Automobile emissions as a function
of the air/fuel ratio (AFR)

Diagram to left normalized to a
1:1 equivalence ratio.

Bottom diagram shows
stoichiometric AFR

There is no “right answer”
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Gasoline AFR versus Typical Emissions
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Misfire
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Air/Fuel Ratio ©2007 Bowding and Grippo




Controlling emissions from road-vehicle exhaust streams

* Reduce concentration in exhaust gases

* Precise control of AFR
* Mix input air with exhaust gases in cylinder and recombust

e Exhaust gas system between engine and tail-pipe — catalytic converter
e Platinum or rhodium are used for the catalytic surfaces
 Temperature must be 250°C
* CO and HC oxidized by NO formed by combining N, and O,
* Must have the right AFR. Very small rangeT

Effect of air/fuel ratio on the operation
of a catalytic converter

00 3
r : ® - —— Carbon Monoxics
N /’40—0—4
= Hydrocarbens

Creides of Nitrogon

Conversion Efficiancy %

Alr/Fuel Ratio
' . ! ' — [Lambdah
R r.c] 0Aa60 0.876 1.0:0 1.025 1.050 1.075

RICH LEAN

——
STOCHIOMETRIC



