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Personal Energy Audit

The goal of this project is for students to get a full
picture of the supply and demand of energy used in
their daily life. While working on this report, students will
identify all energy services and their energy sources,
obtain records of their energy usage, determine the
energy consumptfion for each service, analyze the
information, compare, draw conclusions and make
recommendations.

Two parts:
report (due in class)
on-line questionnaire (completed on campus)



Report Format

o Absfract
o Introduction (should include information about the student)
o Calculations
o List of energy services and sources
o Transportation
o Hot water consumption
o Eleciricity usage (Wh/week)
o Calculated frem labels
o Measured with “Kill a Wait” meter
o When appliances are cn
o When appliances are off
o Analysis
o If student has access to their PG&E bill and Smart Meter

o Look for peaks of energy consumpficon, what do they consist of2 What apgliances
were on during those particular hours.

o How does your home compare to cthers
o How does your energy consumption vary with weather
o Ifstudent does not have access to their PGAE bill
o Make a plot of energy consumed throughout the week
o Make a plot of peak cutside temperatures throughout the week
o Compare the two plots for similarties

o Conclusion (should include qualitative and quantitative analysis summary from previous
section). It has to answer specific list of questions.



Calculations and Analysis
List of energy services and sources

Services B



Calculations and Analysis
List of energy services and sources

Water Heating Natural gas
Space Heating Natural gas

Lighting Electricity



Calculations and Analysis
Transportation

Driving
5 mi daily Scotts Valley to Santa Cruz
10 mi * 4 days/week = 40 mi / week
Car: 30 miles / gallon
1.33 gallons = 5 L of gas / week
35 MJ/L energy content 86 Octane gas
SSMIJ/L*S5L=175MJ
Carpool: 175 MJ /2=87.5MJ

Busses, Trains
1.6 MJ / km for each passenger



Hot Water Consumption

Heat Energy
© Q=mxcyx(T;-Ty
o c, : specific heat constant, 4190 J/kg C
o T, : temperature of the hot water
o T, : temperature of the cold water

Example

James uses 50 L of hot water per day from an
electric hot water system. The water is heated from
18C 1o 60C.

The heat energy contained in the water,
Q=mxcyx(T)-Ty)

Efficiency of Electric Water Heateris 0.7 10 0.8

Efficiency of Gas Water Heateris 0.6 10 0.75



HOT Water Consumption

Heat Energy
© Q=mxcyx(T;-T,
o c_ : specific heat constant, 4190 J/kgC
o T, : temperature of the hot water
o T, : temperature of the cold water

Example

James uses 50 L of hot water per day from an
electric hot water system. The water is heated from
18C to 60C.

The heat energy contained in the water,
Q=mxcyx (T;-Ty

Q=50kgx4190x (60 C - 18C)

Q =8.8 MJ / day

Q = 61.6 MJ/ week

Efficiency of Electric Water Heateris 0.7 10 0.8
61.6 MJ /0.8=77 MJ

Efficiencv of Gas Water Heateris 0.6 10 0.75



Flectricity Usage

Appliance

Computer

Vacuum
Cleaner

Electric
Drill
Total

1 120

1 1000

1 600

0.14

0.07

Energy (Wh) Exgsl;l {J
~%p 2590 2.07 M
40 140 O5M
45 49 0.15M
T 92.72 M\J



-lectricity Usage

~onfirmed with “Kill a Watt” meter
o When appliances are on
o When appliances are off




Jlectricity Usage | I
As seen on PG&E Web-site
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Conclusion

Should include qualitative and quantitative analysis
summary from previous sections

Should answer the following|set of questions:

o Which energy services are the biggest energy users?

o How would you expect energy use for each service to
change though out the year?

o Any surprises or noteworthy pointse

o From working on this project, would you now consider
alternative energy sources for particular services?

o From the calculations above, suggest a replacement for
one of the high energy appliances¢ How much would it off
set your energy consumption by?¢

o Would you now consider a habit or lifestyle change?

o Compare your results to the data collected by David
MacKay.




Conclusion

o Compare your results to the data shown below.

Average Power Consumption (UK)

Other Sobd hasks
Elecyioky 14N 1%%
184N

Trawresport
s
125 kWh/day (Europe)
250 kWh/day (USA)
Petrokam
san 435%
A ot iy
26% (Not including embodied energy in imports
2004 nor solar energy used by agriculture)
.1;“‘::_’ ani;;&ar
o R o P
e e For CO2 pollution, divide by 10:
i 100 kWh /day ~ 10 tonnes COa/y
Ol
18%

Cites nal
Transgest

BN 13%




Part |l

Complete an online

questionnaire on
campus (~45 questions).

http://classes.soe.ucsc.edu/e
e080i/Springl 1/Labs/Question

naire/forms.hfml

QUESTIONNAIRE

' Danotes a2 raquired Nald

1 Name*

2 StwdentID Number *

3 VWAL IS your maga? -
« O Engineerryg
s ) Economics
» O Environ Sdies
« O Undodva: wi
s \’_] Other

4. Do you bave a minor 74
s O Yes
e One

5 Uo you have a doubile major? *
s O ves
« Ono

O \¥hat s your 2ge? *
» O Balow 18
e O 1920
¢« 02122
e Q232
v Oosamaw



* Due Dates:

e April 27, in class



Photovoltaics:

Direct conversion of solar
radiation to electricity



Average Daily Solar Radiation Per Month

APRIL

Horizontal Flat Plate

This map shows the general trends in the amount of solar radiation received in the
United States and its tenitories. Itis a spatial interpolation of solar radiation values
derived from the 1961-1990 National Solar Radiation Data Base (NSRDE). The dots
oh the map represent the 239 sites of the NSRDE.

Maps of average values are produced by averaging all 30 years of data for each site.

Maps of maximum and minimum values are composites of specific months and years
for which each site achieved its maximum or minimum amounts of solar radiation.

Though useful for identifying general trends, this map should be used with caution for
site-spedific resource evaluations because varations in solar radiation not reflected in
the maps cah exist, introducing uncertainty into resource estmates.

Maps are not drawn to scale.

P
% ¢ ||

National Renewable Energy Laboratory
Resource Assessment Program

kWh/m%day

o o

FTODAO4-316

http://rredc.nrel.gov/solar/old_data/nsrdb/1961-1990/redbook/atlas/Table.html




Average Daily Solar Radiation Per Month

JANUARY

Horizontal Flat Plate

This map shows the general trends in the amount of solar radiation received in the
United States and its tenitories. Itis a spatial interpolation of solar radiation values kWh 2fd
derived from the 1961-1990 National Solar Radiation Data Base (NSRDE). The dots m/caay
oh the map represent the 239 sites of the NSRDE. . 10 to 14
Maps of average values are produced by averaging all 30 years of data for each site.
Maps of maximum and minimum values are composites of specific months and years I:I 8 to 10
for which each site achieved its maximum or minimum amounts of solar radiation. D 7to 8
Though useful for identifying general trends, this map should be used with caution for D 6to 7
site-spedfic resource evaluatons because vanations in solar radiation not reflected in 5t 6
the maps can exist, introducing uncertainty into resource estmates. D o
Maps are not drawn to scale. I:I 4to 5
@’@‘ [] 3to 4
- 2to 3
« »NRE! =
Q‘@ — — [l Oto 2
[l none
National Renewahle Energy Laboratory
Resource Assessment Program FT00A01-313




Figure 3.10
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Groen, M. (1982) Solar Cells, Prentice-Hall

Pure silicon

N type silicon
( Phosphorus doping)

P type silicon
(Boron doping)



Figure 3.12
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Solar Spectrum

1 nm = 10 Angstroms

Copynight © The Open University 2012



Figure 3.
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Solar Cell

back contact

» Light absorption
» Electron/hole separation
» Charge transport

Ken Pedrotti, UCSC A. Shakouri, Purdue Univ. 4/17/2012; p.3



Intrinsic
Semiconductor

N-type
Semiconductor

P-type
Semiconductor

(a)

(b)

(c)

A Shakouri, Purdue Univ. 41772012 p 4



Solal; Photovoltaic

antireflection
coating

front metal
contacts

! ) electrons
antireflection drift to
coating _~Nn-region

P (front
n-type contacts)
crystal

4 current
p-typeI flows in
crysta external

circuit
rear metal

S } ammeter

V4 holes drift current
electron-hole to p-region  cqllector
(d) pairs formed  (back contact)
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Silicon Solar cells

Cell Type Efficiency
Commercial Production :
Mono-crystalline 12-16 %
Poly-crystalline 10-12 %
Amorphous 6-7%
Triple Junction Amorphous 9%
Laboratory cells:
Mono-crystalline >23%
Poly-crystalline 18%
Multi layer Amorphous Up to16%




Efficiency (%)

: ’  Soectolt |Frarhobr ISE Bos
Multijunction Concentrators Best Research-Cell Efficiencies  (mmmops, (memghe  Spect
| v Thvoejunction (24eming, mondithic) A
A Two-prnction { 2-4eminal. monclthic) Ooeﬂtzmub »
| Sinple-Junction GaAs - ) : S
VI Asngecyss Multijunction :
A Concentrater Concentrators ]

36 L OThnfim (mrried, ﬁﬂum)
Crystalline | Colls e o <«
= Sioglo cystal o WRELY

R omacystalioe Crystalline Si e, Frawholy €€
* Thick Sifim V) 15U (232x core )

28 1= Thin-Film Technologles lziﬁxgﬂtl (% - == (92x conz | .
® Cufin,Ga)Se; ool e e .

o Cdle (1402 0. UHaw FhiG.SE

24| o Amarphous SiH (statidond) Som WEL v
& Nano- meto-, poly-S Outin

gpl- @Mulicton ooiycrystaiine
Emerging PV NAEL
ODye-sersitized m

16  cels _ " -
0043::;: ols State Ui uf_».gmﬂms NREL (eSincS rch

12+ wchnologens - O

[Metsushta Wised Stemp Solame
ot ne
81 WLt o
Lnw Linz =

4 — w N\ Hkl\n" s ~

RG -
0 A i i ¥ g -y ) &
1975 1980 1985 1980 1995 2000 2005 2010



Revolutionary Photovoltaics: goal of 50% Efficient Solar Cell

present technology: 32% limit for Gy
* single junction s
* one exciton per photon
* relaxation to band edge

multiple junctions  multiple gaps multiple excitons hol curriers
per photon

rich variety of new physical phenomena
challenge: to understand and implement

Millie Dresselhaus, MIT



Multijunction Solar Cells
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Zhores Alferov, “Global Sustainability: A Nobel Cause”

Potsdam, Germany, 8-10 Oct 2007

A. Shakouri, Purdue Univ. 4/17/2012; p.12



Nanorod/Nanowire Solar Cells

Fig. 3. Arrays of nanorods, illustrating an approach to orthogonalzation of the directions of light Nate Lewis
absorption (down the length of the rods) and charge carrer collection (radially outward to the surface Nature, 2007
of the rods). [Adapted from (2}]



Why Nanowire Solar Cells?

Mn
1/a
5T
: p— A =
Traditional Idealized rudial junction H ~L

single Junctlon solar cell nanorod solar cell

I'raditional device design requires expensive, long diffusion length
materials

Nanowire device decouples light absorprion and carmer extraction mto
orthogonal spatial directions

Radhal geomerry allows for high quantum efficiency with short mmornity
carrier diffusion lengths (Le. mnexpensive materals and processes)
Radial or axial pn junction geometries envisioned

Hetero- and multi-junction devices possible E DI AN



Large Area Au-Catalyzed Si Arrays

3 pm aay, 500 nm Aw, T, 0 = 1000°C, P g = 760 Torr, 30 min growth, 2 mole %6 SiClL, in H,

Nearly 100% vertically aligned, 75 pm length microwire arrays
H. Atwater, Caltech over areas > 1 cm?,



Dye- Sensitized Solar Cell

Fig. 4. Dye-sensitized solar cell, in which a nanoparticulate
natwork. provide: colladtion of charga carcers njectad nte 4 ac
a result of absorption of sunlight by the adsorbed dye molecule.
The oppositely charged carrier moves through the contacting
liguid or polymeric phase to the counterelectrode, completing
the electrical cirasit in the solar cell. [Adapted from (2)]

From N. Lewis, 2007



Printing of Plastic Electronics

Yinks” === with
electronic functionality!

a Plastic Substrate
\

Solar Cells

—>

Funectional
Ink

Alan Heeger, “Global Sustainability: A Nobel Cause”
Potsdam, Germany, 8-10 Oct 2007



“Plastic” Solar Cells

Ultrafast charge separation with quantum
efficiency approaching Unity !

Electrical Contact

o~ : 1992
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P i @ Flectrical Contact
' i

S
b
—

)
A

ade
*

r.-l —a—PCFOTDT single ced
-WE ~a—FIHT single cet
—o—Tandem cell
00 02 04 06 08 10 12
Bias (V)

& & b

-
=)

Current Density (mA/em’)

-
N

Open circuit voltage doubled; Efficiency 6.5%




The tendency in concentrator PV:

from large to small concentrators at high concentration ratio!
R I St 3|

Zhores Alferov

“Global Sustainability:
A Nobel Cause”

in Potsdam, Germany,
8-10 Oct 2007

Cost {S"W )

=
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@ Cell cost
@ Module cost

_—

10 100
Concentration ratio

1000



Semprius’ micro PV cells

Microcell:

600 um diameter GaAs
multi junction cell

+ High-power optics

* 1000x concentration
* No cooling



*Semprius’ micro printing technology

(b)

(c) (d)

No dicing (material waste)

— Use chemical etching and sacrificial layer
Use only a thin surface layer

— Wafer back to the foundry to be reused.



Cost/Efficiency of Photovoltaic Technology

00 US?OJOIW US$(,).20/W US$0.50/wW
Z_|Thermodynamic
limit
2
>
%)
S US$1.00W
[3)
b=
w
Present limit
US$3.50W
500

Cost, US$/m?
Costs are modules per peak W installed 1s $5-10/W: $0.35-$1.5/kW-hr

A. Shakouri, Purdue Univ. 4/17/2012; p.20



Among Conventional Thin Films (Culn,Ga,_Se,,,
CdTe, Si) Only Si Abundant Enough
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« Captures the energy in the solar radiation
that reaches the Earth

» Electricity production

— Photovoltaic (PV) cells are semiconductors
that convert sunlight directly into electricity

« R&D Focus

— Fundamental science of materials,
advanced solar cells and processes, scale-
up, lower cost

Sacramento Municipal
Utility District

Generating Capacity

— Gnd-connected P\C\?enerating capacity
in the U.S. ~ 25 MW (fraction of off-grid
PV capacity)

Power System Size Range

— 1 W (single cell) — 400 kW (PV array)
\ Electricity Generation Costs
PV panels - 25¢ - $1/kWh

Sources: EIA Renewable Energy Annual 2003, EERE State Energy Alternatives Keith Wipke, NREL 2008
Website and DOE’s Choices for a Brighter Future brochure (1999)



Table 3: TOP TEN STATES Table 4: TOPTEN STATES

Ranked by Grid-Connected PV Cumulative Installed Ranked by Cumulative Installed PV Capacity per Capita
Capacity through 2009 (W, /person) through 2009
MW, “;;;'::' t::::::\”g;gg 2009 Installations
: . W X (W, /person)

1. Calfornia 768 B1% o/person)

2. New Jersey 128 10% 1. California 20.8 57

3, Colorado 59 5% 2. heval 20.2 9.8

4. Arizona 48 4% 3. New Jersey 14.6 6E

5. Florida 39 3% 4. Nevada 13.8 1.0

6. Nevada 36 3% 5. Colorado 11.8 47

7. Naw York 34 3% 6. Arizona 70 32

8. Hawaii 26 2%, 7. Conneclicut 5.6 25

9. Connecticut 20 2% 8. Delaware 37 16

10. Massachusetts 18 1% 8. Oregon 37 17

All Other Statas 83 7% 10. Vermont 27 1.0

Total 1,256 - National Average 4.2 1.4

IREC's 2009 edition of U.S. Solar Market Trends



Table 2: TOP TEN STATES
Ranked by Grid-Connected PV Capacity Installed in 2009

2009 Rank 2009 2008 08-09 2009 Market 2008
by State (MW,.) MW,.) % change Share Rank
1. California 2121 197.6 7% 49% 1
d New Jersey | 57.3 22.5 i 155% i 13% | 2
3. Florda 35.7 09 3668% 8% 16
4, Colorado 23.4 21.7 8% 5% 4
5. Arizona 211 6.2 243% 5% 8
6. Hawaii 12.7 8.6 48% 3% 5
7. New York 12.1 7.0 72% 3% 7
8. Massachusetts 9.5 3.5 174% 2% 11
9. Connecticut 8.7 R 16% 2% 6
10. North Carolina 7.8 4.0 06% 2% 10
All Other States 34.2 24.6 41% 7%
Total 434.6 3113 40% - -

ZULAS ana 2004 cOIUMNS INCILUae INSIANANoNS complered In IN0Se years
“2009 Market Share™ means share of 2009 instaliations. “2008 Rank" is the state
ranking for installations completed in 2008. IREC's 2009 edition of U.S. Solar Market Trends



Photovoltaic Solar Resource : United States and Germany
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California Solar Initiative

The program is funded at $3.35 billion
over 11 years.

10 percent of the program is set aside for
low income homes.

Expands the net metering cap to 2.5 percent,
allowing approximately 500,000 new solar
systems into the net metering program.
Mandates that solar systems are a stan-
dard option for all new homeowners.
Requires the state’s municipal utilities to
create their own solar rebate programs,
totaling $800 million in rebates.

Directs the California State Licensing
Board to review current licensing require-
ments for solar installers.



Germany leads world
In Solar Power Generation
~ Solar Generation
(GWh)
Spain 234
US. 1871

Japan 2978
Gemany 4450

SRR REREERE
- § 88 :

Spain us.

Germany

Souwrce: IEA PVPS; La Generacion del Sol
* Numbers caicuated using capacity factors of 20% for PV and 25% for CS#2

Keith Wipke, NREL 2008 (2006 Data)



Solar Powered Satellites

Pictere cred it Space Stud



Photonic design principles
for ultrahigh-efficiency
photovoltaics

Albert Polman and Harry A. Atwater

For decades, solar-cell efficiencies have remained below the thermodynamic limits, However, new
approaches to light management that systematically minimize thermodynamic losses will enable
ultrahigh efficiencies previously considered impossible.

NATURE MATERIALS | VOL 11 | MARCH 2012 | www.nature.com/naturematerials
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Figure 2 | Light-management architectures for reaching ultrahigh efficiency. a, Three-dimensional
parabolic light reflectors direct spontaneous emission back to the disk of the Sun. b, Planar metamaterial
light-director structures. ¢, Mie-scattering surface nanostructure for light trapping. d, Metal-dielectric-
metal waveguide or semiconductar-dielectric-semiconductar slot waveguide with enhanced optical
density of states to increase the spontaneous emission rate.




Figure 3 | Multi-junction solar cells. a, Multi-unction
energy diagram. Semiconductors with different
bandgaps convert different portions of the solar
spectrum to reduce thermalization losses, The
quasi-Fermi levels defining the cpen-circuit voltage
are indicated by the horizontal blue dashed lines,
The yellow dots represent the electrons, b, Parallel-
comnectad architecturs that can be realized using
epitaxial liftoff and printing techniques of the
sermiconductor layers, followed by printing of &
micre- or nwwpholonic speclmm spllling lepsr
Each semiconductor layer can ba combinad with
one of the structuras in Fig. 2 to reduce entropy
losses and these structures can be separately
optimized for each semiconductor.




Effciency (%)

Problem Solution

Energy lossin Carnot cycle
Entropy loss in absarption or emission ibrinsic uss
Entropy loss due to nen-reciprocity

Multi-junction
Energy loss due to thermalization solar cell
or lackofabeorption

Surface light
Entropy loss due to lack of angle restriction directars
Entropy loss to incomplete light trapping _ ;
and reduced QE o Light-trapping

ctrirtures, dancity
of states engineering

Conventional single-junction solar cell



