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4. Renewable Energy Sources
Part B1: Solar Electricity

Charles Kim, “Lecture Note on Analysis and Practice for Renewable Energy Micro Grid Configuration,” 2013. www.mwftr.com

1

Brief on Solar Energy
Solar Energy: Radiant energy from the sun that travels to Earth in
electromagnetic waves of rays.
Solar energy is produced in the sun’s core when hydrogen atoms
combine [“fusion” process] to produce helium. During the fusion,
radiant energy is emitted.

We capture solar energy with solar collectors [Photovoltaic Cells]
that turn radiant energy into electricity
Clean and renewable energy source
Solar Radiation Information Critical
Intermittent source
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Solar Energy Resources
http://eosweb.larc.nansa.org/cgibin/sse/sse.cgi
NASA’s Surface Meteorology and Solar Energy

SWERA
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Solar Spectrum
UV (2%); Visible (47%); IR (51%)
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Solar Declination
Fixed Earth and Sun Moving Up
and Down View
Solar Declination: Angle
between the sun and the
equator

Solar declination: “angle between
the sun's rays and the earth's equatorial plane,
the latitude at which the sun is directly overhead
at midday. Declination values are positive when the
sun is north of the equator (March 21 to September
23) and negative when the sun is south of the
equator. Maximum and minimum values are +0.409
radians (+23.45 degrees) and -0.409 radians (-23.45
degrees).”

A good rule of thumb of
solar panel
Face it south
Tilt it up at an angle equal to the
local latitude
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Solar Declination Angle
Angle between the sun's rays and the earth's equatorial plane
The latitude at which the sun is directly overhead at midday.
Declination values are positive when the sun is north of the equator (March 21 to
September 23) and negative when the sun is south of the equator. Maximum and
minimum values are +0.409 radians (+23.45 degrees) and -0.409 radians (-23.45
degrees).”

EXCEL

MathCAD
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Solar Radiation in Space and on Earth Surface
Space
Units:
kWh per square
meter (preferred)
British Thermal
Units
Kilocalories
Langleys

Earth Surface - 3
components:
Beam Radiation: IB
Diffuse Radiation: ID
Reflected Radiation: IR
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Clear Sky Beam Radiation
Extraterrestrial Solar Insolation (Io)

SC: Solar constant
n: day number

Portion of the beam reaching the
earth surface (IB)
A: Apparent extraterrestrial flux

k : optical depth
m: air mass ratio
β: altitude angle of the sun
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Beam on Earth Surface [Example Calculation]
Question: Find the direct beam solar radiation normal to the sun’s
rays at solar noon on a clear day in Atlanta (latitude 33.7 degrees)
on May 21. (solar declination table)
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Solution
Find the direct beam solar radiation normal to the sun’s rays at solar noon
on a clear day in Atlanta (latitude 33.7 degrees) on May 21.
SOLUTION
n=141 for May 21

Altitude angle of the sun at solar noon
Air mass ratio:
Clear Sky Beam Radiation at the earth surface
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Excel Solution
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Solution by MathCad
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Solar Radiation Measurement Stations
239 National Solar Radiation Database Stations
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Pyranometer and Pyrheliometer
Pyranometer: measures total radiation arriving from all directions,
direct and diffuse compoenst
Pyrheliometer: measures only direct radiation

18

Radiation on collector
Collector Surface:
Beam radiation: IBC
Diffuse radiation: IDC
Reflected radiation: IRC
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Beam Radiation on Collector

Solar altitude: β
Normal to vertical surface: φc
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Diffuse Radiation on Collector
Sky diffuse factor (C)

n: day number
Diffuse insolation on a Horizontal
surface is proportional to the direct
radiation

Diffuse Radiation on collector
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IDC
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Reflected Radiation on Collector
Reflection from ground
with reflectance

Combination of all three:
Radiation striking a
collector on a clear day
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Average Monthly Insolation

Estimate of average insolation that strikes
a tilted collector under real conditions at a
particular site
IC=IBC+IDC+IRC (direct + Diffuse + reflection) on

collector surface
Working on horizontal insolation first (since
primary measurement data is on horizontal
insolation IH)
IH = IDH + IBH (Horizontal Insolation = Horizontal Diffuse + Horizontal Beam)
IDC

IDH & IRC

IH (already discussed)

Question is how to get IBC from IH
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Decomposition of Total Horizontal Insolation (IH)
Clearness index (KT): Ratio of average horizontal insolation at a
site (IH) to the extraterrestrial insolation on a horizontal surface
above the site and just outside the atmosphere (Io)

Average value of Io: averaging the product of normal
radiation and the SIN of the solar hour angle from sunrise
and sunset:

Correlation between Clearness Index and Diffuse Radiation:

Diffuse and Reflected Radiation on a tilted collector surface
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Conversion to Beam Radiation on Collector
The average beam radiation on a horizontal surface (IBH) can be
found by subtracting the diffuse portion (IDH) from the total (IH):

Conversion of horizontal beam radiation (IBH) to the beam radiation
on collector (IBC):

Average value of Beam Tilt Factor (RB):
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Average value of Beam Tilt Factor (RB)
For South-Facing Collectors:

Final Equation for Insolation striking a collector
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Example Calculation
Average Monthly Insolation on
a Tilted Collector
Average horizontal insolation
(IH) in Oakland, California
(latitude 37.73◦N) in July is
7.32 kWh/m2-day. Assume
ground reflectivity of 0.2.
Question: Estimate the
insolation on a south-facing
collector at a tilt angle of 30◦
with respect to the horizontal.
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Solution Approach
0. Target
1. Sun declination (δ) for July 16 (n=197)
2. Sunrise Hour Angle (HSR) using L=37.73o
3. Extraterrestrial Insolation (Io) (with SC=1.37 kW/m2)
4. Clearness Index (KT)
5. Horizontal Diffuse Radiation (IDH)
6. Diffuse Radiation on the Collector (IDC)
7. Reflected Radiation on the Collector (IRC)
8. Horizontal Beam Radiation (IBH)
9. Sunrise Hour Angle on the Collector (HSRC)
10. Beam Tilt Factor (RB)
11. Beam Radiation on the Collator (IBC)
12. Total Insolation on the Collector (IC)
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Solution - Details
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Solution- Details (Continued)
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Spreadsheet
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MathCad Solution
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MathCad
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MathCad
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MathCad
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Calculation is complex, so we need
Spreadsheet or Computer Analysis
Pre-computed Data such as Solar Radiation Data Manual for Flat-Place and
Concentrating Collectors (NREL, 1994)
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Daily Total Radiation incident on a tilted surface [kWh/m2/day]
U. S. Solar Radiation
Resource Maps:
http://rredc.nrel.gov/solar/
old_data/nsrdb/19611990/redbook/atlas/Table.
html
Data Types
Average
Minimum
Maximum

Month Selection
Orientation
Flat latitude
Flat latitude-15
Flat latitude+15
Etc

View Map
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Average Solar Radiation, Jan/July, Flat, South Facing, Tilted Latitude
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Daily Total Radiation incident on a tilted surface [kWh/m2/day]
Spring
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Daily Total Radiation incident on a tilted surface [kWh/m2/day]
Summer
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Daily Total Radiation incident on a tilted surface [kWh/m2/day]
Winter
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Solar Insolation Map - January
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Solar Insolation Map - April
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Peak Sun Hours
Much simpler approach for PV
“Peak Sun Hours”: Total number of hours per
day in which solar irradiance averages 1 kW/m2
in worst month.
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Peak Sun Hour Map
http://www.oynot.com
/solar-insolationmap.html
The amount of solar
energy in hours
(“peak sun” hours)
received each day on
an optimally tilted
surface during the
worst month
(“design month”) of
the year at 1 kW/m2.
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Effect of adjusting the tilt angle
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Photo-Electricity

Silicon wafer
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Photovoltaic Material and Electrical Characteristics
Photovoltaic (PV): a device that is capable of converting the energy
contained in photons of light into an electrical voltage or current
A photon (short wavelength and high energy) break free electrons from the
atoms in the photovoltaic material.
“The surface of the earth receives 6000 times as much solar energy as
our total energy demand”
PV Cell Efficiency
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PV History
1829: Edmund Becquerel – voltage development on an metal electrode under
illumination
1876: Adams and Day - PV effect on solid – built a cell made of Selenium with 1- 2
% efficiency
1904: Albert Einstein – Theoretical explanation of PV effect
1904: Czochralski (Polish Scientist) developed a method to grow perfect crystals of
silicon which later in 1940s and 1950s were adopted to make the first generation
of single-crystal silicon PV cells, which continues to dominate the PV industry today
Before 1958: Cost prohibitive
1958: Practical PV, used is space for Vanguard I satellite
1970s: Oil shock spurred the commercial PV development
1980s: High efficiency and low cost PV emerged
2002: Worldwide PV production
⌧ 600MW/year and increasing by 40% per year
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PV Semiconductor Physics
For Si PV cells, photons with wavelength above 1.11 um don’t have the 1.12
eV needed to excite an electron, and this energy is lost. Photons with
shorter wavelengths have more than enough energy, but any energy above
1.12 eV is wasted any way – since one photon can excite only one electron.

h – Planck’s constant = 6.626^(-34) [J-s]
v – frequency [Hertz[
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Solar Spectrum

AM (Air Mass) Ratio
AM0: Sun in space (no atmosphere0
AM1: Sun is directly overhead
AM1.5: Sun is 42 degrees above the horizon (standard condition)
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AM Ratio and PV plate
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PV Cell Circuit
Electron flow

Equivalent Circuit
Current source driven by sunlight in parallel with a real diode
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I-V Curve
Isc: Short Circuit Current
Voc: Open Circuit Voltage
“Full Sun”: Peak Sun ---- solar intensity equal to 1 kW/m2.
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PV Cells, Modules, and Arrays
Individual cell: 0.5V
Module:
36 cells in series
– 12V module
72 cells in series
– 24V module
Parallel – increase
current
Series- increase
voltage
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I-V Curve and Power Output
Maximum Power Point (MPP)
IR: Rated Current
VR: Rated Voltage
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MPP and FF
The biggest possible rectangle – the area is power
Fill Factor (FF): performance measure: ratio of the power at MPP to
the product of Voc and Isc. (solid_rectangle/dotted_rectangle)
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PV Module Performance Examples
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Insolation and Temperature Effect
Decrease in insolation, decrease in short-circuit current
Increase in cell temperature, substantial decrease in open-circuit voltage,
and slight decrease in short-circuit current
Kyocera 120-W multicrystal-Si module example
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Solar Cell Cooling
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Floating Solar Cells
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Shading Effect and Bypass Diode
Output of a PV module can be reduced
dramatically when even a small portion of it is
shaded.
Even a single cell under shade in a long string
of cells can easily cut output power by more
than half.
External diodes mitigate the impacts of shading
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Physics of Shading
All cells under sun
The same current flows through each cell

Top cell under shade
The current source is reduced to zero for the cell
Now the current from other cells must flow through Rp, which drop the voltage, instead of
adding voltage.
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Impact of Bypass Diode
For a 5 PV modules in series delivering 65V to a battery bank – one
module has 2 shaded cells.
Charging current drops to 2.2A from 3.3A
With a bypass diode, the current is recovered to 3,2 A
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Mitigation by Bypass Diode
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Partial Cell under Performance – Blocking Diode
In Parallel Combination of strings of cells: Separate the
malfunctioning or shaded string of cells by blocking (or “Isolation”)
diode at the top of each string
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PV System Configurations
Utility connected PV System: Feed/get power directly
from/to the utility grid and PV

Stand-alone system: Charge batteries (with or without
Generator backup) and serves load
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Grid-Connected PV System
Combined Inversion system

Separate Small Inversion System
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Example Stand-Alone PV System
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Operating Point
PV Cell’s I-V Curve
Load’s I-V Curve
The intersection point is the operating point.

Changes in Operating Points by the changes in resistance
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Operating Point Change over Insolation
With fixed resistance, the operating point moves down off the MPP
as the Insolation condition changes and the PV is less efficient
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Battery I-V Curve
Ideal: Voltage remains constant no matter how much current is
drawn
I-V Curve: Straight up-and-down line
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Battery I-V Curve

Real Battery
Real battery has internal resistance: V = VB + Ri *I
Charging: Applied voltage must be bigger than VB
Discharging: Output Voltage is less than VB.
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Charging and Discharging
Charging moves I-V curve toward the right during the
day (from PV)
So current lowers and prevents
overcharging
Discharging moves I-V curve toward left during late
afternoon (from PV)
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Voltage Control
Benefit of operating PV near the knee (MPP) of the I-V Curve
throughout the ever-changing daily conditions
Conversion of DC voltages
Switched mode dc-to-dc converter
{on-off switch to allow current to pass or block}
Boost Converter: Step-up
Buck Converter: Step-Down
Buck-Booster Converter: Combination
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Circuit Operational Principle
When the switch is closed, the input voltage Vi is applied across the inductor, driving current IL
through the inductor. All of the source current goes through the inductor since the diode blocks
any flow to the rest of the circuit. During this portion of the cycle, energy is being added to the
magnetic field in the inductor as current builds up. If the switch stayed closed, the inductor would
eventually act like a short-circuit and the PVs would deliver short-circuit current at zero volts.
When the switch is opened, current in the inductor continues to flow as the magnetic field begins
to collapse (remember that current through an inductor cannot be changed instantaneously—to
do so would require infinite power). Inductor current now flows through the capacitor, the load,
and the diode. Inductor current charging the capacitor provides a voltage (with a polarity reversal)
across the load that will help keep the load powered after the switch closes again.
If the switch is cycled quickly enough, the current through the inductor doesn’t have a chance to
drop much while the switch is open before the next jolt of current from the source. With a fast
enough switch and a large enough inductor, the circuit can be designed to have nearly constant
inductor current. That’s our first important insight into how this circuit works: Inductor current is
essentially constant.
If the switch is cycled quickly enough, the voltage across the capacitor doesn’t have a chance to
drop much while the switch is closed before the next jolt of current from the inductor charges it
back up again. Capacitors, recall, can’t have their voltage change instantaneously so if the switch
is cycling fast enough and the capacitor is sized large enough, the output voltage across the
capacitor and load is nearly constant. We now have our second insight into this circuit: Output
voltage Vo is essentially constant (and opposite in sign to Vi ).
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Input – Output Voltage by Duty Cycle
The duty cycle of the switch itself controls the relationship between the
input and output voltages of the converter.
The duty cycle D (0 < D < 1) is the fraction of the time that the switch is
closed. This variation in the fraction of time the switch is in one state or the
other is referred to as pulse-width modulation (PWM).
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MPPT and PV I-V with Duty Cycle
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Estimation of PV Performance
“1-sun” (“peak sun hour”)of insolation is defined as 1 kW/m2
(EX)5.6 kWh/m2-day = 5.6 h/day of 1-sun = 5.6 h of “peak sun”
Pac =AC power delivered by an array under 1-sun insolation.
Daily kWh delivered = [rated AC power]*[number of hours of peak sun]

80

REMINDER ---- Peak Sun Map
http://www.oynot.com
/solar-insolationmap.html
The amount of solar
energy in hours
(“peak sun” hours)
received each day on
an optimally tilted
surface during the
worst month
(“design month”) of
the year.
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Home PV – Experience

Tom Murphy, “Home Photovoltaic systems for physicists” Physics Today, July 2008

.

82

HOME PV
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A HOME PV
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A Home PV
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A Home PV
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PV Energy Delivery Calculation
Estimate the annual energy delivered by the 1kW (dc, STC) array in Madison, WI, which
south-facing, and has a tilt angle equal to its
latitude minus 15◦. Assume the dc-to-ac
conversion efficiency at 72%.
Insolation Table for Madison
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Solution

From 72% Conversion efficiency
Pac=1.kW*0.72 = 0.72kW

From the Insolation Table, the annual
average insolation is 4.5 kWh/m2-day
Same as 4.5 h “peak sun”/day

Energy Calculation
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MathCad Solution
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Detailed Monthly Analysis
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SWERA
Solar and Wind Energy Resource Assessment
http://en.openei.org/apps/SWERA/
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Getting data for Insolation and Wind speed

Select Korea
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Layers of Data
Solar
DNI: Direct
Normal
Irradiance
GHI: Global
Horizontal
Irradiance
TLT: Tilted
Flat Plate
Collector

Wind
Hub height:
50m
Speed in m/s
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Getting data for Insolation and Wind speed
1 Click HOMER
2 Input: Latitude and Longitude
3 Click GET Homer Data
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Data for Homer
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Import XLM File from SWERA

SWERA
Lat & Longs
Get Homer
From the XLM data screen
⌧CTRL+S (save to a xlm file)

Now with HOMER
File>”Import XLM”
Wind Resources are automatically filled
Solar Resources are automatically filled
⌧Lat N, Long E
marking error
⌧But kWh/m2 is kept the same.
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Capacity Factor
Capacitor Factor (CF): Ratio with Rated Power
CF of 0.4 means:
the system delivers full-rated power 40% of the time
and no power at all the rest of the time, or
the system deliver 40% of rated power all of the time.

CF for Grid-Connected PV:
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CFs for a number of U.S. cities
CF: 0.16 – 0.26 for fixed south-facing panel at tilt L-15
CF: 0.20 – 0.36 for single axis polar mount tracker
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PV System Sizing
Questions
How many kWh/yr are required?
How many peak watts of dc PV power are needed to provide that amount?
How much area will that system require?
What real components are available ?

Example
An energy efficient house in Fresno (Latitude at 22o) is to be
fitted with a rooftop PV array that will annually displace all of the
3600 kWh/yr of electricity that the home uses.
Question: How many kW (dc, STC) of panels will be
required and what area will be needed?
Assumptions:
⌧Roof is south-facing with a moderate tilt angle
⌧Annual insolation for L-15 is 5.7kWh/m2-day
⌧Dc-to-ac conversion efficiency at 75%
⌧Solar system average 1-sun efficiency at 12.5%
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Sizing Solution
Roof is south-facing with a moderate tilt angle
Annual insolation for L-15 is 5.7kWh/m2-day
DC-to-AC conversion efficiency at 75%
Solar Cell efficiency at 12.5%
1. Annual Energy Equation

2. AC Power
3. DC Power
4. Area Calculation
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PV and Inverter Modules
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Sizing Solution -- Continued
PV Module selection
Kyocera KC158G 158-W module: 23.2V
Number of modules?
From DC Power = 2300W 2300/158=14.6
⌧ 2-string: 23.2x2=46.4V
⌧ 3-string: 23.2x3=69.6V --- Pick this. Open
Circuit voltage (28.9x3=86.7V) is still below
120V max of the STXR2500 inverter

3x5 (15 modules)

Inverter Module
Xantrex STXR2500 Inverter:
⌧ MPPT Input voltage 44-85V
⌧ Max input voltage: 120V

Check if the energy requirement is met
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Excel Solution
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MathCad Solution
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MathCad
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MathCad
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MathCad
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Final Design
Other requirements
NEC – 600V max voltage limit
Fuse and disconnect switch: withstand 125% of expected dc voltage
Consider potential exceeded solar insolation: give 125%
Combiner fuse rating: (7.58 PV short circuit current)x(1.25)x(1.25) =11.8A
Array disconnect switch rating: 11.8Ax 5 = 59.2A
Inverter fuse rating (125%): 1.25x[2500W/240V]=13A
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NEC Article 690

Article 690, which consists of nine parts,
provides electrical requirements for photovoltaic
(PV) systems.
PV source circuits [690.4(B)(1)].
PV output and inverter circuits [690.4(B)(2)].
Multiple systems. Conductor of each system
where multiple systems are present
[690.4(B)(3)].
Module connection. Arrange module
connections so the removal of a module doesn’t
interrupt the grounded conductor to other PV
source circuits [690.4(C)].
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NEC Article 690
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Grid-Connected PV System Economics
Estimation of the cost of electricity generated by PV
Amortizing cost of Principal (P $) over a period (n year) with interest
rate of i for Loan payment.
Annual Payment (A $/yr) divided by Annual kWh
$/kWh

CRF (Capital Recovery Factor):
Annual Loan Payment (A):
Example: A PV system costs $16,850 to deliver 4000 kWh/yr. If the
system is paid for with a 6% 30-year loan, what would be the cost of
electricity, ignoring income tax benefit, loan tax deduction, etc?
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Excel Solution
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MathCad Solution
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