
CHAPTER 1

OVERVIEW: THE SUN, EARTH, AND THE
SOLAR CELL

1.1 Introduction: a self-driven nuclear reactor fueling the solar system

Any story of solar cells must begin with the sun and the intensity and the wave-
length of photons it showers across the solar system. The sun is a gas sphere
of radius rs ∼ 7 × 108 m, composed mostly of hydrogen (∼ 75%) and helium
(∼ 25%). The enormous gravity at the center of the sun creates a plasma 100 times
denser than water (∼ 105 kg/m3). The pressure ignites a thermo-nuclear reaction
that converts the hydrogen into helium, with temperature exceeding 10 million
degrees. The gamma rays generated in the core begins a long random walk in-
volving repeated absorption and isotropic emission by the molecules in the outer
layer until they reach the surface of the sun a million years later. By the time, the
temperature (Ts) has reduced to 5777 K [1]. Given the temperature, the radiation
intensity (Isun) from the sun can be calculated by the Stefan-Boltzmann Law:

IS = σT 4
s , (1.1)

where σ = 5.67 × 10−8 W m−2 K−4. Since Ts=5777K, therefore IS = 63.15 × 106

W/m2.

1.1.1 Extraterrestrial solar intensity is easily calculated

Once the photons are emitted from the sun, they move in the free space at the
velocity of light (c). They will reach earth in less than 10 minutes, and Neptune in
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2 OVERVIEW: THE SUN, EARTH, AND THE SOLAR CELL

a few hours. At the distance R from the sun, the intensity of sunlight decays by
1/R2, so that

I0(R) = σT 4
s × (rs/R)2. (1.2)

Given the distances of various planets from the sun (rp), Fig. 1.1 and Table 1.1
summarize the intensity of the sunlight incident on the planet. For example, The
irradiance above earth’s atmosphere is ∼ 1380W/m2. By the time the photons
have reached Jupiter, the intensity reduces to ∼ 50W/m2. With this 25-fold re-
duction in intensity, no wonder the Juno space-craft had to use a complex triple
junction solar cells to produce just a few watts of power.
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Figure 1.1 (a) Average orbit of a planet around the sun. (b) Solar intensity as a function
of distance away from the sun’s surface.

Table 1.1 Extraterrestrial intensities on planets calculated from Stefan-Boltzmann Law.

Planet R(×109) m I0(R) W/m2

Venus 108.2 2643.22
Earth 149.6 1382.69
Mars 227.9 595.8
Jupiter 778.3 51.1
Saturn 1427 15.2

Homework 1.1: Remote measurement of solar properties

You do not need to travel to the sun with a thermometer to measure its surface
temperature (Ts). Show that you can determine Ts by measuring the intensity
of the sunlight just outside earth’s atmosphere (i.e., I0 = 1382.69 W/m2 from
Table 1.1, and knowing the angular diameter of the sun measured from earth
is θ = 9.3×10−3 radians, and the earth-to-sun distance is (R = 1.496×1011 m).
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Solution: First, let us calculate the radius of the sun, rs. For a disk of diameter
2rs placed at a distance RB θ = 2rs/R by definition. Given θ and R, we find
rs = 6.97 × 108 m. The flux emitted by the sun is given Is × 4πr2

s must equal
the flux that crosses the imaginary sphere containing the earth on its surface,
i.e. I0 × 4πR2. Also, Is = σT 4

s by Eq. 1.1. Putting these relationships together,
we find Ts = 5777◦ K.

1.1.2 A planet’s temperature and light transmitted through the atmosphere

Let us first derive the heat balance equation to calculate the average temperature
of a planet (Tp) orbiting the sun. If Tp is known, show that one can calculate the
amount of light reaching the surface of the planet.

The energy emitted from the sun is

Ps,emit = As × σT 4
S = 4πr2

s × σT 4
s .

Here, As ≡ 4πr2
s is the surface area of the sun. The fraction of solar radiation

reaching the surface of a planet is

Pp,inc = Ap

(
Ps,emit
4πR2

)
(1.3)

Here, Ap ≡ πr2
p is the cross-sectional area of the planet (with radius rp that inter-

cepts the light from the sun. Now a planet is not a black-hole, it reflects a fraction
of energy incident onto it, defined by its albedo, or RA. Therefore, the total energy
absorbed by the planet actually is

Pabs = (1−RA)Pp,inc (1.4)

= (1−RA)×Ap
(
Ps,emit
4πR2

)
(1.5)

Let us consider the planet as a imperfect blackbody defined by its emissivity, ε,
relative to that of a perfect blackbody with ε = 1. If the planet is maintained at a
constant temperature (Tp), then the power emitted by the planet is given by

Pemi = ε(σT 4
p )× 4πr2

p.

Balancing the fluxes: Pabs = Pemi, we find

Tp = Ts

√
rs

2 R

√
1−RA

ε
(1.6)

With measured ε and Tp, we can calculate the fraction of light transmitted through
the atmosphere, τ ∼ (1 − RA). Interestingly, the absorption and emission fluxes
are both proportional to r2

p, therefore the radius of the planet does not play an
important role in determining its temperature. One of the important factors that
determines the temperature of the planet is its distance R from the sun.
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Homework 1.2: Planet’s temperature as a measure of its albedo

Eq. 1.6 can be used to calculate the light transmitted through the atmosphere
around earth. Compare the energy density with that of a gallon of gasoline.

Solution. Let us first use Eq. 1.6 to determine the albedo (α) of Earth, given
the following parameters: Ts = 5777 K, rs = 6.96× 108m, R = 1.496× 1011m.
The average temperature on earth is Tp = 288◦K. Assuming, ε = 0.612, Eq.
1.6 predicts RA = 0.30, or

τ = 1−RA = 0.70.

Therefore, the average intensity of light reaching the earth’s surface is
approximately 1382.62× 0.7 ∼ 967 W/m2.

Solar energy is very dilute. A gallon of gasoline has 120 million Joules of
energy. Even if we could harvest all the solar energy on the ground fully, we
would sill need 120× 106/967 = 124095 m2 area to produce power equivalent
to burning a gallon of gasoline every second. The area of a football field is
48.5 × 109.1 m2. With typical energy conversion efficiency of efficiency of
20%, the energy density of sunlight is so dilute that one would need almost
10 football fields to generate energy equivalent to burning a gallon of gasoline
every second.

The ground-intensity calculated above is based on the integrated absorption
and emission fluxes over the entire planet. Obviously, local irradiance at the equa-
tor differs significantly from that at the north pole. Therefore, local temperatures
would differ significantly from the planet-averaged temperature obtained above.
We will calculate the local irradiance in the next section.

1.2 Intensity of sunlight depends on the geographical location, the season,
and the hour of the day.

1.2.1 Seasonal variations depends on the distance from the sun

The orbit of earth around the sun is elliptical—this means the earth is closest to the
sun in January, and furthest in July as shown in Fig. 1.2(a). Therefore, we expect
a seasonal variation in the extraterrestrial and terrestrial insolation on earth with
highest and lowest intensities in January and July respectively, see Fig. 1.2(b).
The extraterrestrial normally incident radiation on the dn-th day of the year is
approximately given by [1, 2]:

I0(dn) = I0(R)

(
1 + ∆ cos

2πdn
D

)
. (1.7)

Here, I0(R) is the irradiance for the planet at a distance R from the sun, D is the
number of days in a year for that planet, and ∆ ≡ 2(Rmax −Rmin)/R. F is related



INTENSITY OF SUNLIGHT DEPENDS ON THE GEOGRAPHICAL LOCATION, THE SEASON, AND THE HOUR OF THE DAY. 5

(a) (b)

0

100

200

300

400
1300

1350

1400

1450

J F M A M J J A S O N D

M
o
n
th

ly
 

(k
W

-h
r/
m

2
)

𝐼 0
(W

/m
2
)

Extra-

terrestrial

Monthly GHI

21 June 21 Dec.

3 Jan.21 March

23 Sep.

3 July

Solstice

23.45°

Figure 1.2 (a) Earth’s orbit around the sun is elliptical. Earth’s axis is tilted 23.45◦ from its
plane of orbit. The maximum distance is: Rmax = 152× 109), while the minimum distance
is Rmin = 152 × 109 m. (b) Extraterrestrial solar intensity (top), and monthly integrated
solar energy (bottom).

to the maximum and minimum distances from the sun, as shown in Fig. 1.2. For
earth, ∆ ∼ 0.04, and I0 = 1382 W/m2

1.2.2 Extra-terrestrial intensity is reduced as sunlight travels through the
atmosphere

We have already seen in Sec. 1.1.2 that approximately 70% of the light transmits
through the atmosphere. The earth is surrounded by a thin layer (∼15 km) of
atmosphere composed of nitrogen (∼80%), oxygen (∼21%) and trace amount of
argon, carbon-dioxide, and moisture. Also, as we know from the colors of the
rainbow that the sunlight consists of photons of different wavelengths (or energy).

Among these elements, oxygen, nitrogen, and argon absorb very little sun-
light, but they do scatter the high energy photons strongly. This energy-dependent
Rayleigh scattering makes the sky blue, and the sunset orange. In addition, car-
bon dioxide, and moisture absorb low-energy photons. As a result, the global (i.e.,
total) illumination on earth’s surface is reduced by 30% (or more) compared to the
extraterrestrial irradiance.

The transmission of light T (θZ) through the atmosphere will determine the
amount of extraterrestrial sunlight reaching the earth’s surface. The direct illu-
mination normal to the sun can be approximated by [2]

IDNI(dn, θZ(t)) = I0(dn)T (θZ) ∼ I0(dn) c1τ
AM(t)c2 . (1.8)

We have already seen that τ = 1 − RA ∼ 0.7 is the average transmittance of the
atmosphere with normal incidence and c2 = 0.678 is an empirical parameter that
depends on the composition of the atmosphere. The term

AM(t) = (1/ cos θZ(t))

represents the air mass the sunlight travels through during the day. The air mass
depends only on the zenith angle θZ determined by the latitude- and time-dependent
trajectory of the sun (i.e., sunpath.) The prefactor c1 = 1.0 for clear cloudless days.
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As shown in Fig. 1.3(a), the sun-path is tilted at an angle. The tilt of the path
depends on the latitude on earth—at latitude L◦N, on an average, the path is tilted
L◦ towards the south. Figure 1.3(a) shows the sun-paths for different latitude for
the month of July. Fig. 1.3(b) shows the sun path at latitude 30◦N for different
months. These are essentially circular paths on a sphere. The path will start from
east and end at west on equinox (September or March).

1.2.3 Hourly irradiance depends on the time of the day and the latitude

Due to earth’s rotation along its axis, the sun follows a circular path as seen from
any location on earth. As the day progresses from sunrise till sunset, the angle
of incidence θZ(t) continuously changes with time. Therefore, the intensity at a
horizontal plane on the ground is given by

Ib(dn, θZ) ∼ IDNI(dn, θZ(t)) cos θZ(t), (1.9)

i.e., intensity is zero at sunrise and sunset and peaks at noon. Note that θZ(t) is
defined by the arc of the sun (i.e. sun-path) defined by the location (latitude), and
the day of the year.

Homework 1.3: Irradiance depends on the zenith angle of the sun

When the sun rises in the morning or sets in the evening, θZ = 90◦. As the
sun reaches the peak, it reaches minimum θZ . Use Eq. 1.8 to calculate the
terrestrial solar power when the sun is located at the following Zenith angles:
θz = 0◦, 30◦, 48.2◦, 60◦, 75◦and 90◦. Make an intensity vs. time sketch to
explain how the intensity is varying throughout the day.

Homework 1.4: Sunpath from NOAA database

Find the longitude and latitude of the city you were born in. Find the sun-
path on your birthday by using the excel calculator provided by NOAA (Na-
tional Oceanic and Atmospheric Administration). The excel datasheet can be
downloaded from: http://www.esrl.noaa.gov/gmd/grad/solcalc/
calcdetails.html under (NOAA Solar Calculations day.xls)
Solar Path calculator from PV-LightHouse https://goo.gl/MxwEc7

1.2.4 Global irradiance also contained contributions from diffused light

The total irradiance on the horizontal plane is called Global Horizontal Illumi-
nation (GHI), IGHI . The GHI has two components: (i) direct normal irradiance
(DNI) has already been calculated by Eq. 1.8, and (ii) diffused horizontal irra-
diance (DHI) which we will calculate in this section. Direct normal illumination

http://www.esrl.noaa.gov/gmd/grad/solcalc/calcdetails.html
http://www.esrl.noaa.gov/gmd/grad/solcalc/calcdetails.html
https://goo.gl/MxwEc7
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Figure 1.3 (a) Variation in sun path with latitude in July. (b) Seasonal variation in sun
path at 30◦N. (c) Various angles to define sun’s position.

(DNI, Ib) is defined as the illumination traveling along sun’s radiation and inci-
dent on a surface normal to it, as in Eq. 1.9. The diffused horizontal illumination
(DHI, IDHI ), as the name suggests, is the scattered component of the sunlight in-
cident on a horizontal surface. The net illumination on a horizontal surface (i.e.,
GHI) when the sun is at zenith θZ , can be written as follows,

IGHI = IDNI cos θZ + IDHI . (1.10)

The diffused component is determined by the empirical sky clearness index, i.e.,

kt =
IGHI

I0cos(θZ)
(1.11)

where IGHI is measured on the ground, and I0 is the extra-terrestrial intensity. If
kt is known, so is the diffused component of light IDHI , see Homework 1.5.

One can calculate the clearness index theoretically as well. Typical models be-
gin by decomposing the GHI into direct and diffused components by assuming
that the diffused light from the sky radiance is isotropic. In practice, the dif-
fused light is somewhat anisotropic, because it includes a circumsolar component
aligned with the direct component, as explained by Hay and Davis [3]. In addi-
tion, with θz ∼ 90◦, refraction and multiple scattering of light brightens the hori-
zon. (see C.G. Bohren, Colors of Sky, The Physics Teacher, p. 267, 1985). Therefore,
Perez model [4] considers all three components of the diffused light: (i) circumso-
lar, (ii) horizontal, and (iii) isotropic. Figure 1.4 provides an illustrative example
of various components of the sunlight. For example Fig. 1.4(b) shows the GHI for
Washington DC (latitude ∼ 38◦N) on the month of June (2014) on a clear and a
cloudy day [5].

Homework 1.5: Relationship between Clearness index and the Diffused
Light

A particularly simple form of clearness index is described by the empirical
relationship,

kt = τAM + β(1− τAM ), (1.12)

where the first term denotes the direct light transmission through the atmo-
sphere. The second term explains that scattered light (1 − τAM ) is not lost
completely: a fraction (β ∼ 0.3) returns to the ground as diffused light.
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Given the expression and definition of kt, show that

IDHI = β(1− τAM )I0cos(θZ) (1.13)

For normal incidence (AM=1), show that an additional 9% of the light is scat-
tered back to surface. calculate the fraction of the diffused light for various
times of the day with θz = 0◦, 30◦, 48.2◦, 60◦, 75◦and 90◦.

Irradiance is an instantaneous measure of solar power per unit area; while in-
solation is a measure of the cumulative energy measured over some area for a
defined period of time (e.g., daily, monthly, or annually), expressed in kW-h per
square meter, for example. When we wish to calculate the total energy output from
a solar farm, it is sufficient to focus on integrated insolation, rather than instanta-
neous irradiance. As we will see later in the book that the insolation components
related to DHI, DNI, and GHI play important roles in determining the efficiency
of solar farms based on monofacial, bifacial, and concentrator solar cell.

4 8 12 16 20
0

0.2

0.4

0.6

0.8

1

4 8 12 16 20
0

0.2

0.4

0.6

0.8

1

(a)

Time (h) Time (h)

In
so

la
ti
o
n
 (

k
W

/m
2
)

G
H

I 
(k

W
/m

2
)

Cloudy day

Clear 

day

DHI

DNI

GHI

(b)

Figure 1.4 (a) Insolation components on a clear day (June 15th, 2014) in Washington DC.
(b) GHI for clear (June 15th, 2014) and cloudy (June 19th, 2014) day in Washington DC are
compared. The data are obtained from the PSM database, NREL.

Homework 1.6: Meteorological data can be obtained from NASA Database

Go to the website https://eosweb.larc.nasa.gov/cgi-bin/sse/
grid.cgi . Enter the longitude and latitude for your city you are currently
at. Click the Submit button. Study the list of parameters to see the types of
information available. Let us choose a few for illustrative purposes.

1. Parameter for Sizing and Pointing Solar Panels: Midday insolation (kW/m2)

2. Solar Geometry: Hourly solar angle relative to the horizon.

3. Parameters for Tilted Solar Panels: Radiation on Equator-tilted surfaces.

4. Diurnal Cloud Information: Cloud amount 3 hourly intervals

https://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi
https://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi
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5. Metrology (Temperature): Air temperature at 10m

6. Metrology (Wind): Wind speed at 50m

7. Metrology (Wind): Wind speed for several vegetation and surface tyepes

8. Metrology (other): Relative Humidity

Copy and paste the data in excel or any other software, and plot the data.

1.3 Solar Spectrum

Sunlight is composed of photons of different energies or wavelengths. The effi-
ciency of a solar cell depends not only on the number of photons received, but
also their spectrum, or energy distribution.

1.3.1 The Extraterrestrial radiation carries the imprint of the solar emission

The (quasi) detailed balance between emission and absorption during this long
random walk within the sun makes the solar spectrum appear as if they came out
of a blackbody radiator, with a peak temperature of ∼ 5777 K. These free ballistic
photons will now travel to the planets carrying the imprint of the Ts = 5777 K
blackbody spectrum:

UBB(E)dE =
E3dE

4π2~2c3
1

eE/kBTs − 1
(1.14)

where UBB(E)dE is amount of energy per unit volume carried by photons with
energy between E and E + dE, ~ is the reduced Plank’s constant, E is the photon
energy, and c is the velocity of light.

Homework 1.7: Photon number, flux, and Energy

Using Eq. 1.14, show that the number and flux associated with the photons
with energy E and E + dE are given by:

NBB(E)dE =
E2dE

4π2~2c3
1

eE/kBTs − 1
(1.15)

FBB(E)dE =
E2dE

4π2~2c2
1

eE/kBTs − 1
(1.16)

Also show that the peak and average photon energy associated with Eq. 1.14
are given by

Epeak ≈ 2.82kBTs (1.17)
Eavg ≈ 2.7kBTs (1.18)
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Show that the average energy of the photons in the solar spectrum is 1.34 eV.
You will not be surprised to know that the highest efficiency solar cells have
bandgaps that match the average energy of the photons.

Finally, calculate the power radiated by IBB =
∫∞

0
E FBB(E)dE ≡ σT 4

s . If all
the photons were to have the average energy, Eavg , then show that

Navg =
π2(kBTs)

3

2.7~3c2
.

Based on Eq. 1.14, the “5777 K solar blackbody spectrum” is plotted as the black
dashed line in Fig. 1.5(a). One expects to measure this spectrum just outside the
earth’s atmosphere. The actual extraterrestrial solar spectrum is shown as the red
solid line marked ‘AM0’ in Fig . 1.5(a). This spectrum is measured before the
light goes through the atmosphere or ‘air mass’—hence the name Air Mass-0 or
AM0. The solar spectrum remains unchanged as it travels through space without
scattering with other molecules. Therefore, the solar spectrum is the scaled version
of AM0 everywhere in space, with the peak being defined by the distance from the
sun. For example, close to Mars, the solar intensity is ∼ 43% of that seen close to
earth (see Table 1.1); thus the extraterrestrial spectrum seen on Mars is 0.43×AM0.

1.3.2 The spectrum changes significantly as it passes through the atmo-
sphere

Equation 1.8 explained that the the intensity of sunlight is attenuated as the pho-
tons travel through the atmosphere. The actual reduction depends on the wave-
length, therefore the spectrum of the sunlight at the ground level is very different
compared to that of extraterrestrial spectrum, see Fig. 1.5 marked as AM1.5G. The
sunlight is partially absorbed and scattered by the atmosphere, which reduces the
amplitude of the spectrum received on the earth’s surface. There are a few strong
attenuation in the spectrum at specific wavelengths. These are due to absorption
by atmospheric water (H2O), oxygen (O2), and carbon-dioxide (CO2). Many plan-
ets have very thin atmosphere, and the solar spectrum on those planetary surfaces
retains the AM0-like spectral-shape. For example, Fig. 1.5(b) shows the extrater-
restrial and surface-received solar spectrum on Mars. The slight attenuation is due
to dust particles close to the Mar’s surface [6].

Homework 1.8: Accumulation of CO2 and global warming

Based on Eq. 1.6, derive the sensitivity of Tp to the emissivity ε. If the ac-
cumulation of CO2 change the emissivity by 0.02, then calculate the increase
in greenhouse temperature. [Ref. S. Arrhenius, On the influence of Carbonic
Acid in the air upon the temperature of the ground, Phil. Mag. April, 1896]
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Figure 1.5 Comparison of solar spectrum. (a) AM0 and blackbody (at 5777K) on earth’s
surface. (b) Extraterrestrial and terrestrial solar spectrum on Mars. (c) Extraterrestrial
(AM0), global terrestrial (AM1.5G), direct terrestrial (AM1.5D) solar spectrum on earth.

1.3.3 Standardized spectrum are used comparing various solar cell tech-
nologies

We have discussed earlier that the frequency-integrated intensity under AM0 spec-
trum is I0 = 1366.8 W/m2 (or, 1367 W/m2 as per World Meteorological Organiza-
tion, WMO), called the solar constant. The solar constant is slightly lower than
that calculated using the Stefan-Boltzmann Law for an ideal blackbody at 5777K
(I0 = 1382.69 W/m2, Table 1.1), because the actual spectrum differs slightly com-
pared to the blackbody radiation, as shown in Fig. 1.4. We have also seen that the
the sunlight is scattered and attenuated by the earth’s atmosphere before reaching
the ground. Therefore, the intensity of sunlight depends on the location, hour of
the day, and the season, making comparison of different PV technologies difficult.

Therefore, the PV industry along with American Society for Testing and Materi-
als (ASTM) and various government research and development laboratories have
defined two specific standard terrestrial spectrum. These are:

AM1.5G is the global, hemispherical irradiance (2π steradian view) on the speci-
fied surface. The net intensity of AM1.5G is 1000 W/m2.

AM1.5D is the direct (i.e., beam) irradiance normal to the specified surface. The
integrated intensity of AM1.5D is 900 W/m2. This is lower than AM1.5G as
the diffused insolation is excluded in AM1.5D. The direct insolation is used
for calculation of concentrator PV systems.

These standards consider: (i) atmospheric condition, and (ii) the receiving sur-
face. Among various atmospheric conditions, it is assumed that the sun’s zenith
is θZ = 48.19◦—which yields in the effective light path of 1/ cos θZ = 1.5 times the
atmospheric depth. Hence the name AM1.5 or air mass-1.5. The receiving surface
is assumed to be 37◦ tilted towards the equator to face the sun. This tilt is chosen
to represent the average latitude of the 48 contiguous United States.

Homework 1.9: Approximate Intensities of AM1.5D and AM1.5G Spectrum
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Use Eq. 1.8 and 1.13 to show that we can predicted approximate intensities
specified in the standard reasonably well. Also, show that the total power
incident on the land area on earth is 147 petaWatts (PW). (Ans. 1000 × 4π ×
(6.37× 106)2 × 0.29.)

1.4 Harvesting solar energy

Given such a large amount of energy available from the sun, there are several
methods to harvest it for various applications.

Photovoltaics or solar cells are widely used for terrestrial as well as extrater-
restrial applications to convert sunlight directly to electricity.

Solar thermal technology uses mirrors to concentrate solar irradiance onto a
small area for heating water, salt, or phase change materials. High concentra-
tion systems evaporate water to run turbines, or melt salt for energy storage.

Crops store sunlight through photosynthesis. Chemically extracted bio-fuels
from crops may have high enough energy density for several applications.
However, the inherently low efficiency of natural photosynthesis is a major
hurdle towards bio-fuel generation.

Solar illumination can be used to initiate and accelerate certain chemical re-
actions for generating end products (e.g., Aluminum), or intermediate chem-
icals for energy storage. This process is called ‘artificial Photosynthesis’.

1.5 Technology, energy-yield, and cost of solar cells

1.5.1 A technology spanning over magnitudes of length scales

Consider a simple 2-energy level system where only photons of specific energy
are absorbed to generate electron-hole pair. The flow of these carriers can produce
current and then run chemical reactions or perform other work. This is the sim-
plest picture of a solar cell in molecular level, seen for example in photosynthesis.

A solar cell is essentially a p-n junction diode operating under solar illumina-
tion. The ‘active’-layer is a semiconductor that absorbs incident photons with en-
ergies higher than its bandgap. Each absorbed photon generates an electron-hole
pair. The generated electrons and holes are swept towards the respective contacts
by the built-in electric field to produce current. The detailed physics of generation,
recombination, and carrier transport lies in nm to µm scale. A typical cell may be
several cm long.

Several solar cells are connected in series to form a module, and several mod-
ules are connected in series make a panel. The beautiful pictures we see of solar
farms consists of rows of panels spanning over kilometers of land. Therefore, from
analyzing material quality (∼nm) to establishing a solar farm (∼km), this technol-
ogy, unlike any other, demands research and understandings over a length-scale
of 12-14 orders of magnitudes.
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Figure 1.6 Length scale of PV physics—from nm to km.

1.5.2 How much energy output should we expect?

Of the 1000 W/m2 (or, 1 kW/m2) AM1.5G power incident on earth, only a fraction
can be converted to electricity. Currently, commercially available solar panels are
upto 20-22% efficient. Assume 0.5 kW/m2 average insolation for a mean 8-hr day
(typical for 40-60◦ latitudes) on a panel tilted towards the sun. The daily mean
output from a 1m2 20% panel is therefore 0.5kW/m2 × 8hr×20% = 0.8kW-hr. In a
solar farm, panels are tilted towards the sun and arranged in rows. To avoid row-
to-row shading, there is always a row spacing resulting in ∼10% of the sunlight
lost on the ground. This means about 9/10 of the land area is utilized on average.
We can now estimate the annual electricity production of this farm: 0.5kW/m2 ×
8hr×20%×365×9/10 = 262.8kW-hr per farm area. This is not the net energy added
to the grid—there are some added losses due to elevated operating temperature
(∼ 10%), soiling (∼5-20%, depending on location), inverter (∼4-6%), etc. In several
PV-systems, the solar panel array is connected to a storage for uniform power
delivery throughout the days and nights. The coupling between the panels and
the storage also adds ∼ 5− 10% loss even in an optimized system.

Homework 1.10: Purdue Solar Installation: Seeing A Solar Cell In Action

Purdue University is located at West Lafayette, IN, USA (longi-
tude: 40.4259◦N; latitude: 86.9081◦W). The university runs an ex-
perimental PV installation that allows students to learn various
aspects of solar cell technology. For a background about the in-
stallation, see https://polytechnic.purdue.edu/newsroom/
knoy-hall-first-campus-use-solar-power

1. Monitor the system-level performance as well as irradiance and temper-
ature (both ambient and module) as a function of time using the below
link.

https://polytechnic.purdue.edu/newsroom/knoy-hall-first-campus-use-solar-power
https://polytechnic.purdue.edu/newsroom/knoy-hall-first-campus-use-solar-power
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https://easyview.auroravision.net/easyview/index.
html?entityId=1986490&lang=en

2. How does the results compare between actual measurement from the
weather station at Purdue vs. the NASA web-calculator discussed in
homework 1.6.

Homework 1.11: Area needed to supply US energy need by PV alone

What is the size of a solar farm needed to produce 3 TW of power to supply
the energy demand of the USA population (300 million people, each consum-
ing 10kW on average)? The area of the USA is 9.86 million km2. (Taken from
an talk by P. Littlewood)

Solution. By the end of 2017, USA has installed 50 GW solar power. This
is the nameplate capacity basesd on 1 kW/m2 peak insolation. The average
insolation is only 20-30% of the peak. Therefore, these solar farms produce
50GW × 0.3 = 15GW of energy. This is approximately 0.5% of the total 3 TW
power needed.

In a solar farm, if one installs 20% efficient modules, then the area needed
to supply US energy demand is (3 × 1012/(1000 × 0.3 × 0.2)/106 = 50, 000
km2. Since the modules must be spaced by a factor of 2, we need 100,000
km2 of solar farm, roughly the size of Indiana. This is approximately,
105/9.86× 106 ∼ 1 % of the US Area.

The total silicon wafer produced in 2017 for logic transistors is approximately
1.5 km2. If we envision a future based on silicon solar cells, the wafer produc-
tion has to increase dramatically!

1.5.3 How much does an unit of solar energy cost?

At the end, the viability of a PV project or solar farm is driven by economics, more
specifically by levelized cost of energy (LCOE). LCOE is the average cost of unit
energy (kW-hr) over the operation life of the panels. Therefore, we want the PV-
system to be more efficient, less costly, and to have a long lifetime. Device design
and optimized manufacturing helps with efficiency and costs. The reliability is
equally important. Currently, the best panels have lifetimes of 20-25 years. The
degradation with time can be electrically induced, and photo-induced. Variation
in temperature throughout the day also exerts mechanical stress. Understanding
and analyzing the reliability physics will enable design of panels with longer life-

https://easyview.auroravision.net/easyview/index.html?entityId=1986490&lang=en
https://easyview.auroravision.net/easyview/index.html?entityId=1986490&lang=en
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time. Imagine that the lifetime is increased from 25 years to 50 years—immediately
the LCOE would reduce by a factor of 2!

Homework 1.12: LECOE can be calculated by a web-calculator, such as
https://www.nrel.gov/pv/lcoe-calculator/

Click Preset to define the system parameters: mono-Si, glass polymer back-
sheet, fixed tilt utility-scale system for Indiananapolis, USA. Determine the
LCOE of the region. If you reduce the cell cost to zero, would the LCOE re-
duce by a factor of 2? Why or why not?

Homework 1.13: LCOE is determined by a web-calculator, e.g.,
http://www.solar-repository.sg/lcoe-calculator

1. Use the standard parameters to exercise the code.

2. There is no parameter for the efficiency of the solar cell. Also, the results
do not change even if you change geography-specific “Solar irradiance”.
How do these parameters enter the calculation?

Solution: The system size (kWp) is the expected output. Different man-
ufactures, depending on their technology cost and efficiency of the mod-
ule, will charge different module prices. Moreover, the number of mod-
ules needed to supply a given kWp will depend on the local solar ir-
radiance. Both these consideration are included in the System Price
(SGD/kWp). Therefore, module efficiency as well as local irradiance are
hidden in the system price.

3. A given geographic location may have different humidity and tempera-
ture, affecting the projected lifetime of a system. Which parameters are
affected by these considerations?

Solution: System degradation rate. Note that the calculator only reports
1st year energy output. A more reliable system will have more energy
output, but it is not explicitly accounted for. Soiling and temperature
related losses are accounted for in “Performance Ratio”.

https://www.nrel.gov/pv/lcoe-calculator/
http://www.solar-repository.sg/lcoe-calculator
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Homework 1.14: The cost of solar energy can be calculated by the nanoHUB
LCOE calculator as well

Log on to nanohub.org to find the LCOE (Levelized cost of energy) posted
at https://nanohub.org/resources/lcoe. This Levelized Cost of Energy
(LCOE) calculator calculates the minimum base cost of energy supplied by
a facility or system which must be charged to its customers (i.e. break even
before profit). The formula takes the following parameters into account

Capital cost of the facility/system ($/kW) [From the NUS calculator, you
can get this number from the ratio of System Size(kWp) to System Price
(#/kWp)].

maintenance costs($/kWh) [NUS Calculator: Operating and Mainte-
nance Cost; other costs, such as warranty and insurance may not be ex-
plicitly accounted for]

Yearly capacity factor (%) [The net capacity factor of a power plant is the
ratio of its actual output over a period of time, to its potential output if
it were possible for it to operate at full nameplate capacity continuously
over the same period of time.]

Fuel costs ($/MMBtu)

Supply rate (Btu/kWh)

Interest rate (%), also referred to as “discount rate”

Operational period of the facility (years) [NUS Calculator: Lifetime]

The program takes the user input specifications and returns a number of plots
for theLevelized Cost of Energy, andCapital Recovery Factor (CRF). Then, a single
parameter can be changed incrementally (i.e., parameter sweep) and the num-
ber plot will graph all simulation results and display them together forLCOE
orCRF as a function of that particular variable. This will graphically represent
to what extent that swept variable dictates the price of energy. Such sweeping
of variables not only show what areas can be used to make energy cheaper,
but also to show where R&D can be used to optimize cost in the most effective
way.

1.6 Overview of the book

In this book we will begin with by explaining how a photon generates electron-
hole pair in an idealized two-level solar cell. We will discuss the thermodynamic
limits of energy conversion, as well as the energy conversion efficiency of practical
devices. Then we will show how the physics evolves as the cells are combined into
modules and panels, and panels into a solar farm. We will conclude the book by
exploring the reliability of the solar cells. The book is organized as follows:

nanohub.org
https://nanohub.org/resources/lcoe
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Part 1: Thermodynamic Limits of Energy Conversion. We qualitatively depict a
solar cell as an ideal 2-level energy harvesting system. This will present an in-
tuitive and qualitative understanding of photovoltaic operation and its limits.
Of course, the device cannot absorb all the sunlight incident on it—therefore,
we explain the absorption limit in a finite sized solar cell. Next, we move
from the 2-level picture to a 3D-world scenario to explain the thermodynamic
limit of a solar cell—this will derive and explain the well-known ‘Shockley-
Queisser’ limit. Understanding the relevant and conventional assumptions
allows us to figure out schemes to overcome these limits and redefine the up-
per performance bound of the device. All these analysis, however, assume
that the cell is operating at ambient 300K temperature. In practice, the cells
operate ∼ 40◦C above the surroundings, thereby restricting the output. We
will explain in details, the effects and possible suppression techniques of self-
heating in solar cells.

Part 2: Physics of Solar Cells. In the next part of the book, we focus on practical
solar cell devices. We will discuss the physics and derive the J − V for p-i-n,
p-n, heterojunction based cells, and organic photovoltaics. A common non-
ideality and issue in a practical device is the formation of shunts. We will
explain the characteristics, physics, and universality of shunts across various
PV technologies.

Part 3: Solar Modules and Solar Farms. Cells are connected in series and encap-
sulated to form a module or panel. We will analyze the physics behind the
grid pattern on a cell and architecture for cell to panel connection. Rows
of panel arrays are used to structure a solar farm—we will discuss the basic
physics, and present a global perspective of various solar farm configurations.
These panels, either used individually, or in a farm, degrade with time. We
will discuss the degradation mechanisms and possible directions for solving
the problems. We will also discuss on the effect of soiling, cleaning cycle of
solar panels, and possible self-cleaning methodologies.

Part 4: Reliability Physics of Solar Cells. Long-lived, reliable modules make PV
technology an economically viable source of renewable energy. In the fi-
nal part of the book, we will discuss different degradation modes determine
the lifetime of the modules. These degradation modes include corrosion of
the metal grids, potential-induced degradation, yellowing of the encapsulant,
and so on. We will explain how the modules are tested for reliability and its
degradation monitored in the field.

Finally, the book aims towards providing deep and intuitive understanding of
a PV system, starting from the ideal limits, practical device, to panels. It provides
insights to explain as well as characterize the behavior starting from device all the
way to the system level.
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