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Project Introduction

* Alternative energy
— Particular interest: Using RES on-site in real time
« Microgrid applications
« Commercial vs. residential
* The Playas application
— Unique situation: isolated town on its own branch (microgrid)

— Desire to connect renewable energy sources (RES) to microgrid
* Predict cost/benefit
« Evaluate size/quantity of RES (particular source in mind)

— Grid-connected building with high resolution data
« Decision support

— Existing options

— Custom solution



The Research Question

« How would a particular RES interact with the building’s
electrical load?
— Command & Control Center

« Diverse commercial load
* Line-to-line 208 Vgys 3P (120 Vxys line-to neutral)

— Emcore Concentrator Photovoltaic Array (CPV)
« Alternate solar panel design
« ~25 kW rating

* The key approach

— Use limited known data to forecast source production, load
consumption, and grid energy usage

— Analyze power balance by the minute over a full year



Characterizing the Components

 |Load

— Preparing the data
* Monthly billing history
* One week of detailed real time data
« Seasonal/weather considerations

— Generating the annual load profile

* Source
— Understanding the hardware
— Preparing the data

« One-day production test
» Site data

— Generating the annual source profile



Characterizing the Load

* Monthly billing history
— Three years of monthly bills (real power only)
* One week of detailed real time data

— Per-minute resolution

— Voltage, current, frequency, real power, reactive power, apparent
power, power factor, PF angle

— Measured with GE Sub meter
» Uses combination of voltage probes and current transformers

e Other related data

— Site usage
— Weather trends



Load Monthly Data

* Annual power usage

trends.

— Peak & decline in summer
2008

— Unsure if this is a trend or
not (more data needed)

— 3-year per-month average
used for analysis

Weather trends
— Seasonal impact

— No direct correlation with
year-to-year load
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Power Relationships

P = real power
— Electric utility meter measures P
— Resistive component of load

Q = reactive power
— Not measured on utility meter
— Inductive/capacitive component
S = complex power
- S=P+jQ
|S| = apparent power
* S| =sart(P2 + Q2)
— Represents magnitudes of real power
plus reactive power exchanged
0 = power factor angle

— Represents phase shift between
voltage and current
» Power factor = cos 6
 PFleading if 8 <0 (I leads V)
 PFlagging if 8 > 0 (I lags V)
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Load Weekly Per-Minute Data: S, P, Q

P Weekly Real Power by Phase
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3-phase Total Real & Reactive Power
One week starting Fri 1800

Total 3-phase powers: P, Q@
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« P and Q both peak during weekday daylight hours

« Real power very large compared to Reactive P >> Q
— Minimal power factor angle. 6=0  (Avg = 7.69°)
— Close to ideal power factor PF=1 (Avg =0.991)
— Apparent power plot mimics Reactive almost exactly



Generating the Annual Load Profile

« Weekly per-minute profile normalized
— Each minute’s percentage of full week calculated
— Week of minutes broken out into days

« Monthly profile generated for 2010
— Constructed each month out of proper sequence of days
— Averaged power bill into weekly portion
— Each daily minute percentage multiplied by weekly power
— Result is a minute-by-minute prediction of power usage for 2010



Characterizing the Source

Understanding the hardware e —
— CPV Specifications D"ei\gqmal-,
Characterizing the CPV -
— One-day performance test
— Mathematical model

Site Data for solar irradiation
— Choosing the site

— Preparing the data

Generating the annual source Y e s

Annual

p rofi |e NREL: http://www.nrel.gov/gis/images/map_csp_us_10km_annual_feb2009.jpg



Hardware Specifications
Emcore Concentrator Photovoltaic Array (CPV)

Specifications

— 60 x 26 feet 19,000 pounds ~10 tons

— Uses Fresnel lenses to concentrate light 500x

— Electric current leaving PV cell keeps material cool
— Rated for 25 kW, achieves ~22kW in test cond.

— Temp dependence: 1Temp = | Production
2% @ 122° F 1.2% @ 104° F 0.4% @ 50° F



Characterizing the CPV
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Characterizing the CPV

Power output in KW as a
function of solar irradiation

Rising/falling sun averaged

Least-squares polynomial fit

— 6% order MATLAB polyfit vs
Excel polynomial

— Problems with output < 0

Polyval used to re-construct
daily output prediction based
on test day solar data

Mathematical model success

Site solar data used for
predictions

Solar Electric Conversion for Emcore System
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Site data for Source Characterization

* Predicting solar irradiation
— Bird clear-sky model
— Other hourly/monthly data sources

 Historical Data

— Need high resolution
» Most databases use hourly or daily averages
» Prefer one-minute resolution

— Nearby collection sites

» Several sites offer close to required resolution

— Las Cruces
— El Paso

— Site map next slide



Playas Area Geography

New Mexico Bureau of Geology and Mineral Resources

 Total Distance

— Las Cruces: 108 mi El Paso: 125 mi Hachita: 12 mi
» Latitude: N/S displacement
— Las Cruces: 20 mi El Paso: - 8 mi Hachita: O mi

« Elevation (Playas: 4498’)
— Las Cruces: 3940’ El Paso: 3999’ Hachita: 4524’



Site data for Source Characterization

« Las Cruces site chosen
— Day length +/- 2 min on solstices, equal on equinoxes
— Extra data for possible future use

« Complete year 1999 available
— Daytime sun ~ 700-1000 W/m2

— Quantities close to Bird Clear Sky Model

» Slightly lower, as expected, accounting for clouds and other
atmospheric conditions

— Source files at 5-minute resolution, expanded to 1-minute
resolution using linear interpolation

— Stored in months of minutes, match file size of load data exactly
« Data contains per-minute direct solar irradiation values



Generating the Annual Source Profile

« MATLAB used

— Open monthly solar data file

— Plug each minute’s solar radiation value into
polynomial using polyval function

— Results are the expected CPV power output for each
minute

— Store resulting values into monthly production files

« Resulting files are the monthly predictions for
minute-by-minute electric production from CPV

— Negative values changed to zeros

* Source is not consuming power, these are anomalies from
polynomial error at low production



Analysis

Power balance

— Compare load demand vs source production
for every minute of a year

Results
Quantity of panels
Evaluation spreadsheet



Analysis Computation

« Power balance
— MATLAB used

* Open each month’s source and load data files

« Perform mathematical power sum for each minute of the
month.

(load power) — n(source power) = (balance)

« Store balance figure into new monthly per-minute power
balance file

« Repeat for each value of n (n = number of panels)

— Balance is a positive or negative number
» Positive result represents grid power used

* Negative result represents surplus power generated

— Can be net-metered back to grid, sent to microgrid, or stored
locally



Power Balance for Sample Day (1 CPV)

Sample Day Power for 1 CPV Panel
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Power Balance for Sample Day (Multiple CPV)

Sample Day Power for 1 CPV Panel

80,000
50,000
40,000
20,000 .u.»\ A nwﬂ.wn . A = ]
g AN AN o T Al WA AN Dl WW‘VWEWW e T AP AN ANl
o v #; .|
20,000 140 30 e T I e e e e 1480 1,260 1440
+40,000
460,000
TIME in minutes {gridiines denote 3-hour blocks)
— Load —CrY — Balance — Grid
Sample Day Power for 2 CPV Panels
80,000
50,000
40,000 -~ Ta O . T
i ‘ PO s T i Y 1
£ RIS e Al A MV Y T WWWW T RARAN A
E 0 !
S0000 180 380 ]ll‘ },5 0 { T20 800 j 1.480 1.280 1.440
20, WV s WA A e e o
-40,000 T
460,000 I
TIME in minutes {gridiines denote 3-hour blocks)
— Load — Source ~— Balance — Grid
Sample Day Power for 2 CPV Panels
80,000
50,000 o H'A / b f W
[ i X
o - N W | |
IR TV v ey TV Y W L S e VWY T T T G T i e s TR ANANANAN A
= 0 -
20500 180 380 \ Js 0 { \ 720 900 [ 1,080 1.280 1.440
v VLR /| /
W lL'vWlenJ(w WA VA b e
-50.000

TIME in minutes (gridiines denote 3-hour blocks)

—Load —CcPY

— Bslance —Gnd




Evaluation

Spreadsheet
— Display results and computations

Samples
Evaluation of results
Comparison to other RES options



Evaluation Spreadsheet

Excel used to evaluate power balance results

Retrieve data

— Power balance data
« Separate positive and negative power sum balances
» Sum separately for each month
» Provides surplus power and grid power usage figures

— Other existing data
 Original monthly power bills for comparison

Perform error checks

— Compare monthly summaries from results to original monthly
bills

Input user constants

— Power buy/sell/REC rates, maintenance costs, emissions,
financing options, project lifetime

Calculate financial & environmental quantities
Compute lifetime figures for cost, savings



valuation Spreadsheet
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Evaluation results

1 panel

— Can pay for itself with proper financing and advantageous
renewable energy credit programs

— Saves 50,000 kg of CO2 per year (55 tons)

2 panels
— Not likely to pay for itself unless load increases moderately
— Saves 100,000 kg of CO2 per year (110 tons)

3 panels

— Couldn’t possibly pay for itself unless load increases substantially
— Saves 150,000 kg of CO2 per year (165 tons)

In general, producing more power than can be used on-
site has limited payoff.



Source Comparison for Equal Footprint

3 CPV Panels

— 14 w/ft2 of panel, panel >> cell size

— 75 kW rating (.075 MW)

— ~66 kW actual output (.066 MW)

— $750,000 = $11.36 per watt
Traditional PV panels

— 468 100w panels @ 10w/ft2

— ~46.8 KW (.046 mW)

— $468,000 = $10.00 per watt
Utility Wind Turbine

— 1.6 MW rating

— ~1.0 MW actual output

— $1,500,000 = $1.50 per watt

For twice the money WTG provides
10x power capacity of CPV.




Conclusion / Future direction

Load predicted
— Satisfactory results
— More per-minute data will create better annual profile
Effective mathematical model for source
Means to evaluate lifetime cost/benefit
Analysis

— Automation would allow for simpler adaptation to new or alternate input
data

Evaluation

— Automation for data input

— Accommodating tiered rate structures
Confirmation

— Time will provide more data to evaluate how close the estimates came
to actual values



Contributions

Power quality analysis

High resolution power balance
— Per minute vs hourly or daily averages

Characterization of unusual source type
— CPV vs traditional PV

Additional revenue programs
— REC

Environmental analysis
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Q&A

* Thank you
* Questions from general audience

 Closed session with committee
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