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Photovoltaics (PV)
or Solar Electric

• Direct conversion of sunlight into dc electricity.
• Solid-state electronics, no-moving parts.
• High reliability, warranties of 20 years or more.
• PV modules are series- and parallel-

interconnected to meet the voltage and current 
requirements.

• Energy storage (battery) is needed for nighttime 
operation.



Basic Electricity Terms
• Ampere (Amp, A) – Basic unit of electric current, like 

the flow of water in a pipe.
• Volt (V) – Basic unit of electric voltage (potential), 

like the pressure of water in a pipe.
• Watt (W) – Basic unit of electric power. 

1 Volt X 1 Amp = 1 Watt
• Watt-Hour – Basic unit of electric energy.

1 Watt for 1 hour = 1 Watt-hour (Wh)
100 Watts for 10 hours = 1 kiloWatt-hour (kWh)
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A typical solar cell (10cm x 10cm) 
generates about 1W at about 0.5V. 



Individual cells are connected in 
series (increases the voltage) and in 

parallel (increases the current) 
into a module.



World PV Cell/Module Production (MW)World PV Cell/Module Production (MW)
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Learning or Experience Curve for PVLearning or Experience Curve for PV
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Grid Interactive

Remote

CommunicationsConsumer 
Goods

Transportation

Water Pumping

Cells/Modules 
To OEM

Health

Other

Industrial

Residential

Commercial

Transportation

Utility
GovernmentOther

PV Markets

• Most Cost Effective:
– Small Loads

• Emergency Call 
Boxes

• Irrigation 
Controls

• Sign lighting
– Avoided Line 

Extensions ($20k to 
$100k/mile)

• Water Pumping
• Residential

– Remote Diesel 
Generators ($0.19 
to $1.68/kWh)

2001 EIA data



Cost Effective PV Applications

Diffusion Model:As the cost of PV comes down, and the cost of alternatives go up,  
PV applications grow from high-value niche applications to widespread use.

Small, Remote Loads

Hybrid and Village Power 
Peaking and high value utility connects

Bulk Power

You Are 
Here
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Simple Direct Drive PV System
What determines the system design?

The amount of sun?
The size of the solar array?

The characteristics of the pump?

The cow?
Evaporation from the tank?



Simple Direct Drive PV System
Where do you start in a system design?

With the Load
Evaporation from the tank 
And the cow.



Simple Direct Drive PV System
Simplified Design Process

The Load determines 
the size of the pump 
(power & flow)

The sun & weather 
determine the 
energy available

The solar array is sized to 
deliver the needed energy 
in the time available.



Simple Direct Drive PV System
What is the PV array size?

1000 W/m2 for 6 hours

10% array efficiency 
= 100W/m2

1200 gal/day

200 gal/hr, from 
50ft, for 100W

1200 gal/day
6 hours/day = 200 gal/hour



Load Determination 1st Step in  
Dedicated System Design

• Identify all energy 
needs, then diversify

• Chose high efficiency 
appliances

• Add up all power and 
calculate energy 
needed per day

• Determine what loads 
are right for Solar

• Chose structures and 
enclosures

• Use maximum power to 
size wire, switchgear, & 
inverter

• Use energy 
requirements and 
environment to size 
batteries 

• Use distances & 
specific  appliances to 
determine phase & 
voltage 



Design Basics 
• dc motors make simplest systems; PV 

modules heart of the system.
• Non-grid remote systems like lights, 

communications, etc. require energy storage 
(batteries); batteries are the heart of the 
system.

• Complex loads like remote homes may 
require other generators and inverter; inverter 
is the heart of the system.

• All designs start with the electrical (load) 
requirements.



Design Basics
• Total daily (use cycle) energy must be known 

or best estimate in kWh/cycle.
• Largest power level must be known to 

determine wire size, safety gear, inverter 
specifications, etc.

• Required system availability must be 
established.

• Site specific resources must be 
determined.......resource maps and the like 
are not usable for design.



Design Procedure
• Determine loads—both kWh and ac or 

dc kW
• Determine energy storage requirements
• Set System availability 
• Size PV and other generation to meet 

load directly or charge the energy 
storage subsystem

• Chose voltage, wiring, inverter, controls 
to match ampacity (Max current plus)
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The Photovoltaic Effect

P

Si

B

Phosphorous: 5 valence 
electrons

Silicon: 4 valence 
electrons

Boron: 3  valence 
electrons

P-N

Junction

No material is consumed and the process could continue indefinitNo material is consumed and the process could continue indefinitelyely







““CzochralskiCzochralski”” TechnologyTechnology



Crystalline Silicon (Ingot-Based) PV

• Efficiency Status Cells Modules
Float-zone 24.7 22.7
Czochralski 22.0 13–15
Cast poly 19.8 10–13

• Key companies: BP Solar, Siemens Solar, Kyocera Solar, Sanyo, 
Sharp, Bayer, Sumitomo

• ~85% of today's market
• Proven products, 20-year warranties
•Well-developed technology base

02679603



Cast Polycrystalline TechnologyCast Polycrystalline Technology



““SheetSheet”” TechnologiesTechnologies

“Thin film” Silicon
Edge-defined

Film-fed
Growth 
(EFG)



• Efficiency Status Cells Modules
EFG 14–15 10–12
String ribbon 14–15 10–12
Thick Si/substrate 16.6 >10
Dendritic web 16–17 14
Thin Si/substrate up to 11    n/a

Crystalline Silicon (NonCrystalline Silicon (Non--IngotIngot--Based) PVBased) PV

•Key companies: ASE Americas, Evergreen Solar, AstroPower, Ebara 
Solar, Bayer, Pacific Solar, Kaneka

• Status varies from prototype modules to pilot production to 
commercial products

• Proven products (~ 3% of market)
• Capacity increases underway—few tens of MW in near term



PV Cells

and in parallel to increase 
current

PV Cells are wired in 
series to increase voltage...



PV is Modular

Cells are assembled into modules, and modules into arrays.



Thin Film Technologies On GlassThin Film Technologies On Glass



Thin Film TechnologiesThin Film Technologies
On Flexible SubstratesOn Flexible Substrates



ThinThin--Film Amorphous Silicon PVFilm Amorphous Silicon PV

Efficiency status: Cell 12.7
(stabilized) Submodule 10.4

Module 7–8 
Commercial 5–7

Key companies: United Solar/ ECD, EPV, Iowa Thin Films, Sanyo, Canon, 
Phototronics, DunaSolar

• Multi-MW/year in consumer products
• 5 and 10 MW plants operational; few tens of MW in near term
• Unique products for building integration (e.g., roofing, cladding)



ThinThin--Film Cadmium Telluride PVFilm Cadmium Telluride PV
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• Efficiency status: Cell 15.8
Submodule 10
Module 9.2
Commercial 5–8

• Many approaches for >10% efficiency

• Key companies: First Solar, BP Solar, Matsushita, Antec
• ~1 MW/year in consumer products
• Manufacturing expansions underway:

– High-rate vapor transport (vacuum)
– Electrodeposition (non-vacuum)
– Few tens of MW in near term

• Field testing of modules shows promise



ThinThin--Film Copper Indium Film Copper Indium DiselenideDiselenide (CIS) PV(CIS) PV

Efficiency status: Cell 18.8
Submodule 14.7
Module 12.1
Commercial >10

Others:
Stainless steel substrate 17.5
Electrodeposition 15.4
With ZnO (no buffer) 15.0

Key companies: Siemens Solar, Global Solar/ITN, ISET, EPV, Wurth Solar, 
Showa/Shell
•Prototype production started in 1998:

– First commercial products (5–10 W)
– Efficient, large modules (>11%)
– Expansion to multi-MW in near term

•Field testing of modules shows promise; >10 years outdoors, no degradation



Building-Integrated PV (BIPV)



Concentrating PV SystemsConcentrating PV Systems

Line
Focus
30-50X

Point
Focus

100-1000X



HighHigh--Efficiency and Concentrator PVEfficiency and Concentrator PV

Efficiencies: Si (up to 400X) 27
GaAs (up to 1000X) 28
GaAs/GaSb (100X)    32.6
GaInP2/GaAs (1X) 30.3
GaInP2/GaAs (180X) 30.2

• Module efficiencies: 15-17% (Si); 
• best prototypes: >20% (Si), >24% (GaAs)

Key companies: PV International, Entech, Amonix, Midway Labs, Tecstar, 
Spectrolab, Honda, BP Solar

• Manufacturability demonstrated
– Low-concentration, line focus
– High-concentration, point focus
– High efficiency cells (Si, GaAs, multijunctions) in production

• Limited applications in today's markets
• Large space markets drive GaInP2/GaAs commercial cell production
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More Sun = More Current



The shading of one cell can bring down 
the current of the entire module



Higher Temperatures mean Lower Voltage







36 cells in Series About 18 Volts



Series connection increases voltage

Parallel connection increases current



Modules are connected in series and 
parallel to achieve the voltage and current 

needed for the system



Collector Technology Considerations

• Flat plate, single crystal and 
polycrystalline Si most common and 
high acceptance

• Higher efficiencies usually mean less 
cost for wiring and structure

• Tracking can provide more power and 
energy in less space but fixed costs 
must be compared

• Long term performance essential.
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Simple Direct Drive PV System



Water 
Pumping 
Designs



Rural Electrification: Classics

Historically, the primary means of 
providing power have been through grid 
extension and diesel generators.

– Grid Extension: Very high initial cost, poor cost 
recovery, time intensive (generation, transmission, 
distribution) and usually must be subsidized. Most 
often used.

– Diesel Generators: Inexpensive installation but 
expensive to operate, environmental 
damage/pollution, and subject to volatile fuel costs 
and availability.



Solar Water Pumping 
Ute Mt. Ute Tribe , CO

Inadequate Wind & High 
Maintenance Costs





Simple DC PV System with 
Battery Storage





Charge Controller 
protects the Batteries 
From: Overcharge, 

Over-Discharge





Battery life is sensitive to depth-of-discharge



All batteries are not created equal



Battery voltage changes during 
discharging & charging

~12V

~10.8V

~15.6V



Charge Controllers
• Basic purpose to prevent overcharging
• Secondary purposes to prevent over-

discharging (low-voltage) or complete 
charging (equalization) 

• Charge controls are matched to system 
voltage and limit maximum system 
current

• Maximum and minimum voltages are 
programs into controllers

• May have temperature compensation 



Energy Storage 
• Deep cycle storage batteries are 

common
• Batteries require a temperature 

moderated enclosure and maintenance
• Storage size tied to electrical usage
• Technical issues are temperature, 

temperature, and temperature-I’ll 
explain

• Most systems with batteries use a 
charge control device



Just like solar cells, batteries are connected in series 
and parallel to achieve the storage requirements







12 volt PV-Battery System



Typical PV Typical PV -- Battery SystemsBattery Systems



DC PV System Example:
PJKK Federal Building, HI

• 2 solar panels per 
lamp with peak 
output of 96 watts

• 39 Watt fluorescent 
lamps, 2500 lumens

• 90 amp-hour battery 
powers 12 hours per 
night

• ~$2500 per light



Department of 
Interior

National Park Service



Military Field 
Applications



USDA Forest Service



Wedding Day!!!

In Xinjiang,  China, the groom 
bought 2-40 watt PV panels for 
the bride as a wedding present.



AC PV System with InverterAC PV System with Inverter



Inverter
5kW

Converts Direct Current (DC) to Alternating Current (AC)



Direct Current to Alternating Current 
through electronic switching



Power semiconductors are switched on 
and off to manufacture wave form



50 kW Inverter



AC System Controls 
• Inverters convert dc to ac
• Inverters require an enclosure and may 

be placed with switchgear and 
controllers

• Inverters are matched to system voltage 
and  maximum aggregate load

• System controls represent the least 
reliable components in a PV system



System Efficiency
Efficiency = power out / power in

Array 10% 
Efficiency

Battery 80% 
Round-trip 
Efficiency

Inverter 90% 
Efficiency

100 Watts from sun > 10 Watts     >8 Watts    > 7.2 AC Watts to load

Overall system efficiency is product of component efficiencies. 
Example 0.10*0.80*0.90=0.072

...exacerbated by “mismatch” losses,  typical system efficiency = 0.06
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UtilityUtility--Connected (LineConnected (Line--Tie) Tie) 
PV SystemPV System



Grid-connected Metering Requirements 
Depend on the Local Electric Utility



Jicarilla, Apache, AZ
2.4 kW Grid Connected

Dulce High School



Building-Integrated PV (BIPV)



Utility-Connected PV Example: 
Presidio Thoreau Center 

• Building-Integrated 
Photovoltaics

• 1.25 kW PV Array
• Spacing between 

cells admits daylight 
into entry atrium 
below
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Hybrid PV/Generator SystemHybrid PV/Generator System



Manzanita Activity Center
Hybrid Power System

10 kW Wind, 1.2 kW PV



Hybrid Power System Examples:
“Communications”

Carol Spring Mtn., AZ Mt. Home AFB, ID

Test Ban Treaty Monitoring, 
Antarctica McMurdo Station, Antarctica



Hybrid Power Systems

• Hybrid power systems use local renewable 
resource to provide power.

• Village hybrid power systems can range in size 
from small household systems (100 Wh/day) to 
ones supplying a whole area (10’s MWh/day).

• They combine many technologies to provide 
reliable power that is tailored to the local 
resources and community.

• Potential components include: PV, wind, micro-
hydro, river-run hydro, biomass, batteries and 
conventional generators.



Agricultural Water Pumping

• Livestock watering at the Bledsoe Ranch Colorado, USA

• PV, Mechanical 
wind and diesel 
backup solves 
problems with 
seasonal 
variations in 
resource

NEOS Corporation



Inner Mongolia, Wind/PV Home Systems



NTUA Home-Scale Hybrid



Energy Flow for all-Renewable Hybrid
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Micro-grid System Architecture

Turbine Disconnect

Guyed Lattice Tower

Inverter (bi-directional optional)

Turbine Controller

DC Source Center

Battery Bank DC Loads AC Loads

PV Charge 
Controller

Wind Turbine

Generator
(optional)

PV Array



Micro-Grid Power Systems

• Small systems with demands up to 
~100kWh/day load (15 kW peak load)

• Components of wind, PV, batteries and 
conventional generators

• Provide AC and potentially DC power
• Use of batteries to store renewable energy for 

use at night or low renewable times
• Generator used as backup power supply
• Mature market



Energy Flow for Small Hybrid
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Sunwize Power System

• Whisper 3000 wind turbine
• 1.8 kW PV (Siemens)
• 5.8 kW diesel generator
• 25.6kWh battery bank
• 2-SW4048 4kW inverters



Santa Cruz Island, California, USA

• Remote Telecommunications station
• Power System

– PV array
– Two wind 

turbines
– No Backup 

generator
• Vary costly 

access/site visits
• Remote operation 

and monitoring of 
system

Northern Power Systems



Mini-Grid Power Systems

• Larger systems with demands up to 
~700kWh/day load (100 kW peak load)

• Same components used as in Micro-Grids, just 
more of them and larger

• Use of batteries to store renewable energy for 
use at times of light loading

• Generator used to supply large loads
• Mature market though fewer examples
• Provide AC power



Parallel System - Smaller Diesel

Both diesel 
and inverter 
needed to 
cover the 
maximum 
load.
Both units 
run together.0
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Switched System - Larger Diesel
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Hybrid Power System Examples:
“Parks”

Sleeping Bear Dunes Nat. 
Lakeshore, MI (11 kW)

Farallon Island, CA, 
US Fish & Wildlife Svc. (9 kW)

Dangling Rope Marina, Lake Powell, UT (160 kW PV/Propane)



Hybrid Power System Examples:
Xcalac, Mexico

60 kW Wind, 12 kW PV, 40 kW Inverter

Now Running on Diesel Only



Hybrid Power System Examples:
Campinas, Brazil

50 kW PV
50 kVA Inverter
300 kWh Batteries



San Juanico, Mexico
Remote fishing & tourism community of 400 people

San Juanico

 

 

Power System
• 17 kW PV
• 70 kW wind
• 80 kW diesel generator
• 100 kW power converter/controller
• Advanced monitoring system



Village Power Hybrids 
Simulation Models for Options Analysis
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PV System Components
(depending on type of system)

• PV Array to convert sunlight to electricity
• Array support structure and enclosure to protect other equipment
• Maximum Power Point Tracker to match load to optimal array 

voltage
• Batteries to store charge for when it is needed
• Charge controller to protect battery from over-charging and from 

over-discharging
• Inverter to convert direct current (DC) to alternating current (AC)
• Wiring, combiner boxes, fuses and disconnects
• Automatic generator start/stop to start a generator when battery

is too low.



Design Basics 
• dc motors make simplest systems; PV 

modules heart of the system.
• Non-grid remote systems like lights, 

communications, etc. require energy storage 
(batteries); batteries are the heart of the 
system.

• Complex loads like remote homes may 
require other generators and inverter; inverter 
is the heart of the system.

• All designs start with the electrical (load) 
requirements.



Design Basics
• Total daily (use cycle) energy must be known 

or best estimate in kWh/cycle.
• Largest power level must be known to 

determine wire size, safety gear, inverter 
specifications, etc.

• Required system availability must be 
established.

• Site specific resources must be 
determined.......resource maps and the like 
are not usable for design.



Design Procedure

• Determine loads—both kWh and ac or dc
• Determine energy storage requirements
• Set System availability 
• Size PV and other generation to meet load 

directly or charge the energy storage 
subsystem

• Chose voltage, wiring, inverter, controls to 
match ampacity (Max current plus)



Cost Expectations
• Cost of PV hardware will decrease with 

production expansion, but do not delay.
• Lead Acid battery technology still most 

economic for most applications.  Not likely to 
see substantial reductions.

• Labor costs only go up, but experienced 
installation helps.

• Best to minimize structure if possible.
• Expect about 20-25 cents per kWh for grid 

tied, and more for grid independent 
depending primarily on system availablility.



Who You Gonna Call?
• Once you are at this point, you should know 

what can be done, what components you will 
need, an idea of loads, and the questions to 
ask. You can now can make informed 
decisions.

• A qualified system designer/installer  should 
have a portfolio of systems and be able to 
provide a cost estimate. 

• Make certain that any contract is performance 
based, not design based.

• The DOE program through the national labs 
can help assess the bids you receive and 
RUS has assistance in terms of qualified 
hardware 
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Design Procedure

• Collect information:
– Estimate or measure load
– Get best solar resource (weather) data

• Inverter capacity (kW)
• Photovoltaic capacity (kWrated or m2)
• Battery capacity (kWh)



PV Design Tools

Available Software
– PVSYST
– PV DESIGN PRO
– WATSUN PV
– PV CAD 
– PV FORM
– BLCC
– HOMER
– ENERGY-10 
– AWNSHADE

System Sizing 
System Configuration
On grid vs. Off grid 
Est. Power Output
Building Simulations
Shading 
Temperature & Thermal 
Performance 
Economic Analysis
Avoided Emissions
Building Energy Load Analysis
Meteorological Data
Library of Modules, Batteries 
& Inverters



PV Design Tools

• PV Watts
http://rredc.nrel.gov/solar/codes_algs/PVWATTS/

– Google: PVWATTS

• RETScreen – PV
– Google: RETScreen

http://rredc.nrel.gov/solar/codes_algs/PVWATTS/
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