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SOLAR POWER 
(19WSP033) 

January 2020 3 Hours 

Answer ALL FOUR questions. 

All questions carry 25 marks. 

Use a SEPARATE answer book for EACH question. 

Any University-approved calculator is permitted. 

1. 

a) Solar radiation at the Earth’s surface consists of three primary
components.

i. What are these three components? [3 marks] 

ii. On a clear day, which one of these components is responsible
for the blue colour of the sky? [1 mark] 

b) A client from Granada (Lat. 37.18°N, Long. 3.59°W) is looking for
advice for installing a photovoltaic array.

i. If the global horizontal irradiance is 643 W/m2 on the 7th of
October (DoY 280) at 3pm (15:00) solar time, calculate the
total irradiance incident on a South-facing plane at a tilt angle
of 48.5°. [8 marks] 

ii. Explain how you could expand this calculation to identify the
collector tilt angle which would give the maximum yearly
average yield. [2 marks] 

iii. In addition to the longitude and latitude, what other information
about the geographical location of the site might you need in
order to carry out a more comprehensive analysis? [3 marks] 

c) What are the two types of sensor most commonly used to monitor
broadband solar irradiance? Give an advantage and a disadvantage
of each. [6 marks] 

d) The elliptical nature of the Earth’s orbit results in a yearly sinusoidal
variation in the solar constant. The solar constant also exhibits slight
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variations across a range of other timescales in addition to this 
annual cycle. What might cause these additional fluctuations? [2 marks] 

Formulæ you might find helpful: 

δ(°) = 23.45 sin�
360
365

× (DoY + 284)� 

𝜔𝜔 = 15 × (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 12) 

sinℎ = sin 𝛿𝛿 sinΦ+cos𝛿𝛿 cosΦ cos𝜔𝜔 

cos 𝛾𝛾𝑆𝑆 =
sin ℎ sinΦ−sin 𝛿𝛿

cos ℎ cosΦ
 

cos 𝜃𝜃 = sin 𝛿𝛿 sinΦ cos𝛼𝛼 − sin 𝛿𝛿 cosΦ sin𝛼𝛼 cos𝛽𝛽 + cos 𝛿𝛿 cosΦ cos𝛼𝛼 cos𝜔𝜔
+ cos 𝛿𝛿 sinΦ sin𝛼𝛼 cos𝛽𝛽 cos𝜔𝜔 + cos 𝛿𝛿 sin𝛼𝛼 sin𝜔𝜔 sin𝛽𝛽 

𝐺𝐺𝐸𝐸𝐸𝐸,ℎ = 1367 × �1 + 0.033 cos
360 × 𝐷𝐷𝐷𝐷𝐷𝐷

365
� × sinℎ 

𝑘𝑘𝐸𝐸 =
𝐺𝐺ℎ
𝐺𝐺𝐸𝐸𝐸𝐸,ℎ

 

Ψ = �
1 − 0.09𝑘𝑘𝐸𝐸  𝑓𝑓𝐷𝐷𝑓𝑓 𝑘𝑘𝐸𝐸 ≤ 0.22

0.9511 − 0.1604𝑘𝑘𝐸𝐸 + 4.388𝑘𝑘𝐸𝐸2 − 16.638𝑘𝑘𝐸𝐸3 + 12.336𝑘𝑘𝐸𝐸4  𝑓𝑓𝐷𝐷𝑓𝑓 0.22 < 𝑘𝑘𝐸𝐸 < 0.8
0.165 𝑓𝑓𝐷𝐷𝑓𝑓 𝑘𝑘𝐸𝐸 ≥ 0.8

 

𝐺𝐺𝑏𝑏,ℎ = 𝐺𝐺ℎ(1 −Ψ), 𝐺𝐺𝑑𝑑,ℎ = 𝐺𝐺ℎ−𝐺𝐺𝑏𝑏,ℎ 

𝐺𝐺𝑏𝑏,𝑖𝑖 = 𝐺𝐺𝑏𝑏,ℎ
cos𝜃𝜃
sinℎ

, 𝐺𝐺𝑑𝑑,𝑖𝑖 = 1
2
𝐺𝐺𝑑𝑑,ℎ(1 + cos𝛼𝛼) 

2.  

a) At 300K, a silicon wafer has a relative Fermi level position 0.3 eV 
above the valence band. The density of states in the conduction 
band is 2.86x1019/cm3, and the density of states in the valence band 
is 2.66x1019/cm3 

i. What element could be used as a dopant to obtain this Fermi 
level position. [1 mark] 

ii. Calculate the acceptor impurity concentration required to 
obtain this Fermi level position. [2 marks] 

iii. Assuming complete ionisation at 300K, where will the relative 
Fermi level position lie if 8x1015 phosphorus atoms are added 
to the wafer. [6 marks] 
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b) Draw a diagram of a direct and an in-direct semi-conductor, 
highlighting the differences between the two. Give an example of 
each and indicate the band gap of each. [6 marks] 

c) What four processes can occur when a photon is incident on a 
semi-conductor. [4 marks] 

d) Show that the Voc of an ideal solar cell is given by the expression 
𝑉𝑉𝑠𝑠𝑜𝑜 = 𝑘𝑘𝐸𝐸

𝑞𝑞
𝑙𝑙𝑙𝑙 �𝐼𝐼𝐿𝐿

𝐼𝐼𝑜𝑜
+ 1�. If the open circuit voltage is 600mV and IL is 

35mA, calculate the reverse saturation current. Assume the 
temperature is 300K. [6 marks] 

 

The following equations and constants are provided for you: 

𝑙𝑙𝑖𝑖2 = 𝑁𝑁𝐶𝐶𝑁𝑁𝑉𝑉𝑒𝑒
�
−𝐸𝐸𝑔𝑔
𝑘𝑘𝐸𝐸 �,   𝑙𝑙 = 𝑁𝑁𝐶𝐶𝑒𝑒

�−𝐸𝐸𝐶𝐶−𝐸𝐸𝐹𝐹𝑘𝑘𝐸𝐸 �,    𝑝𝑝 = 𝑁𝑁𝑉𝑉𝑒𝑒
�−𝐸𝐸𝐹𝐹−𝐸𝐸𝑉𝑉𝑘𝑘𝐸𝐸 �,   

𝑉𝑉𝑏𝑏𝑖𝑖 =  
𝑘𝑘𝑇𝑇
𝑞𝑞
𝑙𝑙𝑙𝑙 �

𝑁𝑁𝐷𝐷𝑁𝑁𝐴𝐴
𝑙𝑙𝑖𝑖2

� ,   𝐼𝐼 = 𝐼𝐼𝐿𝐿 − 𝐼𝐼0 �𝑒𝑒
�𝑞𝑞𝑉𝑉𝑘𝑘𝐸𝐸� − 1�   

k = 1.38x10-23J/K or 8.62x10-5 eV/K 

q = 1.60x10-19 C 

3. A factory owner commissions you to advise on and design a solar PV 
system to be installed on the roof. The factory currently uses 65 MWh 
electricity per year. The client’s goal is to reduce the electricity bill cost. 
There is no possibility to be paid income for exported excess electricity. 

a) You have obtained the following long-term average solar resource 
data (translated to a suitable installation tilt angle):  

  

Month In-plane solar irradiation [kWh/m2]
Jan 31
Feb 58
Mar 69
Apr 95
May 177
Jun 170
Jul 188

Aug 135
Sep 106
Oct 78
Nov 36
Dec 24

Year Total 1169
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Assuming you also already have price information for PV system 
components, what additional information will you require about the 
client and the building to determine the technical and economic 
feasibility of installing a PV system? [5 marks] 

b) You and the client decide to proceed with the design. You have a 
good price on a module with the following specifications: 

  

You expect a module operating temperature range of 20 to 60 °C at 
the site and are using an inverter with an operational voltage 
window of 500 to 750 V. There is space on the roof for up to 176 
modules. 

Describe the electrical configuration of the DC array, giving reasons 
for the decisions taken. [10 marks] 

c) You build the system and after the first year of operation have the 
following data: 

 

Calculate the missing value of Performance Ratio (for December). [3 marks]  

d) If the total installed system cost was £0.80 per WP and the client’s 
grid electricity price is £0.10 per kWh:  

i. Calculate an estimate for the payback time of the system. [3 marks] 

ii. What assumptions did you have to make and what additional 
factors need to be considered to make a more accurate 
evaluation? [4 marks] 

STC Pmax 300 W
STC Vmpp 32 V
Voltage temperature coefficient -128 mV/deg.C
Area 1.64 m2

Month In-plane irradiation [kWh/m2] Electricity output [kWh] Performance Ratio
Jan 29 1277 0.85
Feb 44 1963 0.84
Mar 96 4195 0.83
Apr 133 5785 0.82
May 154 6474 0.80
Jun 145 6084 0.79
Jul 150 6296 0.80

Aug 141 5946 0.80
Sep 102 4391 0.82
Oct 64 2782 0.83
Nov 47 2122 0.85
Dec 36 1601

Year Total 1140 48916
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4. A flat plate solar collector sits on a house roof at an angle of 30 degrees 
from the horizontal as shown below in A. The simplified thermal 
resistance network of the collector is shown below in B.  

 

a) Write down expressions for the R2 and R3 in terms of the following 
heat transfer coefficients: 

ℎ𝑜𝑜2 – the convective heat transfer coefficient from plate to 
cover 

ℎ𝑤𝑤 – the wind-driven heat loss coefficient from plate to ambient 

ℎ𝑠𝑠2 – the radiative heat transfer coefficient from plate to cover 

ℎ𝑠𝑠3 – the radiative heat transfer coefficient from cover to 
ambient [2 marks] 

 

b) Given the following information and assuming the plate temperature 
is 90oC, the cover temperature is 20oC and the ambient temperature 
is 1oC, calculate the top loss coefficient 𝑈𝑈𝑡𝑡. You may find the 
following assumptions useful; thermal conductivity of air is 0.028 
Wm-1K-1, kinematic viscosity of air 1.9X10-5 m2s-1, emissivity of 
cover = 92%, emissivity of plate = 4%. 

Convective heat transfer coefficient between two parallel plates: 

ℎ𝑜𝑜 = �0.06 − 0.017 � 𝑠𝑠
90
�� 𝜆𝜆𝑠𝑠𝑖𝑖𝑠𝑠 �

𝑔𝑔∆𝐸𝐸
𝐸𝐸�𝑣𝑣2

�
1
3. 

Radiative heat transfer coefficient between two parallel plates: 

ℎ𝑠𝑠 = 𝜎𝜎(𝐸𝐸1+𝐸𝐸2)�𝐸𝐸12+𝐸𝐸22�
1
𝜖𝜖𝑝𝑝
+ 1
𝜖𝜖𝑔𝑔
−1
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Wind driven convection heat transfer coefficient:  

ℎ𝑤𝑤 = 7 Wm-2K-1 

Radiative heat transfer from small object to the sky, referenced to 

the ambient temperature: ℎ𝑠𝑠 =
𝜖𝜖𝑔𝑔𝜎𝜎�𝐸𝐸1+𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠��𝐸𝐸12+𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠

2 ��𝐸𝐸1−𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠�

𝐸𝐸1−𝐸𝐸𝑎𝑎
 [7 marks] 

c) Using 𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑜𝑜 = 𝑈𝑈𝑡𝑡�𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑠𝑠�𝑅𝑅2, estimate the cover temperature. Is 
your estimate different from your guess? Describe what process you 
would use to accurately calculate the top loss coefficient.  [3 marks] 

d) The actual top loss coefficient is 2.55 Wm-2K-1 and the back has 
15cm thick insulation and thermal conductivity of 0.1 Wm-1K-1. 
Calculate the overall heat loss coefficient. You may neglect side 
losses. [2 marks] 

e) The collector supplies energy to a house. The house contains a 
corner room with floor area (5mX6m) and height 3m. Two adjacent 
walls are external, and all the other walls, ceiling and floor contact 
rooms at the same temperature. The room is kept at 25oC, the walls 
have U-value 0.3 Wm-2K-1 and the room has a window with area 
5m2 and U-value 3 Wm-2K-1. There are 1.2 air changes per hour 
which lead to a heat loss rate of 0.33𝑁𝑁𝑉𝑉WK-1. Neglect any internal 
gains. The ambient is the same as above. 

i. Calculate the design heat loss for the room. [4 marks] 

ii. If there are 5 other rooms, 3 with 10% less heat loss and 1 
with 25% more, what is the total design heat loss from the 
house? [2 marks] 

f) The house has a DHW load equivalent to the design heat loss. 
Given that the useful energy supplied from the collector is 
expressed by 𝑄𝑄𝑢𝑢 = (𝜏𝜏𝛼𝛼)𝐼𝐼𝐼𝐼 − 𝑄𝑄𝐿𝐿, the incident radiation is 600Wm-2 
and (𝜏𝜏𝛼𝛼) = 0.75, what area of collector would be required to supply 
the DHW load for the house. [3 marks] 

g) Give two methods by which the top loss coefficient of this collector 
may be improved. [2 marks] 

J W Bowers 
E R Barbour 

T R Betts 
P J M Isherwood 
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