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Abstract
A solar power collector optimi-
zation design project has been 
developed for use in undergrad-
uate classrooms and/or labora-
tories. The design optimization 
depends on understanding the 
current-voltage characteristics 
of the starting photovoltaic cells 
as well as how the cell’s elec-
trical response changes with 
increased light illumination. Stu-
dents were given the assignment 
of building a small reflective con-
centrator to match with a single 
solar cell—and to maximize 
the total power output from the 
system. In addition to providing 
practical suggestions for how to 
assign and run this project, we 
describe the design and con-
struction of simple test equip-
ment to help students reach their 
optimum designs. Post-mortem 
assessment of the project was 
done with a 30-student class and 
improvements for future imple-
mentation of the project are sug-
gested, including different tasks 
and design constraint situations 
that can be assigned.
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Introduction
	 Solar energy is an attractive resource for the 
world’s ever-growing power needs. Offering a 
locally clean and endless source of electricity, 
solar cell technology has demonstrated its im-
portance for the future. In part because fossil 
fuels have remained cheap, the widespread 
adoption of solar power generation has not 
yet occurred. Broader adoption of solar energy 
depends on reducing costs in making high effi-
ciency cells, the result of many incremental ad-
vances in cell efficiency. To interest engineer-
ing students in solar and energy engineering, 
we have been working to provide a combination 
of solar-related research and curriculum experi-
ences (Birnie and Berman, 2003).
	 As one component of our solar program, we 
have created a solar cell design and process-
ing class, which has been very popular. To 
enhance this class we have created a solar-
collector design project appropriate for begin-
ning engineering students that utilizes a set of 
optical, thermal, and electrical trade-offs critical 
to understanding solar power generation in a 
broader context 1. It is similar in spirit to other 
solar-related engineering design projects that 
involve optimization and critical thinking to cap-
ture students’ attention and interest (Head, Ca-
nough and Ramachandran 2002; Gupta 2006; 
Pecen, Hall, Chalkiadakis and Zora, 2003; and 
Tester 2003) . 
	 This paper outlines our project as a start-
ing point for teachers interested in giving en-
gineering students hands-on experience with 
photovoltaic technology. We provide a detailed 
account of our procedures and materials, some 
necessary technical background information 
(see Appendix), and a description of the test 
equipment we designed that enabled the rapid 
measurement and testing of the solar concen-
trators under a variety of optical conditions. 
Because our design project is one of many 
variants that could be created within this area, 

   *  Corresponding Author (dunbar.birnie@rutgers.edu)
1  Although the technical content is suitable for beginning engineering students, the multifaceted nature of this project makes 	
    it also very challenging and rewarding for juniors or seniors. ABET accreditation emphasis on “design” units could be 
    easily connected to this project and related activities.

we conclude with some discussion of possible 
adaptations and enhancements. 

Solar Collector Design Project
	 Good design involves many facets: informa-
tion gathering, idea generation, narrowing of 
scope, implementation, testing, iteration, com-
munication, and many other things. This project 
has been constructed to exercise many of these 
facets. The design assignment was to build a 
reflective concentrator in association with a sili-
con photovoltaic cell and to tune the electrical 
load to optimize the power output. A significant 
part of the project grade was also tied to pre-
sentation of the final design in combination with 
careful analysis of the technical performance of 
their devices. Identical single-crystal silicon so-
lar cells were distributed to the students. They 
were required to design their concentrators to fit 
their cells and optimize the power output. The 
bare cells had an average open circuit voltage 
of 0.55 volts and an average short circuit cur-
rent of 0.86 amps. They were square with an 
edge dimension of 8cm. In the following sub-
sections we describe key parts of the project 
assignment and the testing apparatus, as well 
as practical considerations that an instructor 
may use in running this project effectively.

Reflector Construction
	 The challenges involved in designing the 
reflector are similar to those of building a solar 
oven (choosing angles of incidence and reflec-
tion, as well as reflector shape) (Johnson and 
Bailey, 2006). To provide for a reasonable con-
straint on their design, we limited the total area 
of reflective material in their final structures to 
1000 cm 2 (about 1 square foot). Larger reflec-
tors would present substantial difficulty because 
of the huge thermal consequences. The large 
amount of heating cannot be avoided because 
solar cells are typically only 10–15% efficient at 
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converting sunlight to electricity, meaning that 
the remaining 85% or more of incident power 
must be dissipated as heat.
	 Many students were attracted to designs 
drawn from their knowledge that parabolic re-
flectors provide for focusing of light to a single 
point. However, the solar design is more suit-
ably optimized by providing uniform illumina-
tion of the whole solar cell area. So, tilting of 
flat reflector areas works very nicely and is very 
amenable to simple geometric calculations and 
simple construction. Since the reflectance from 
surfaces is not 100%, and because the absorp-
tion into the silicon cell will also depend on in-
cidence angle, there are many more advanced 
technical measurements that upper-level class-
es may also be assigned. 

Resistive Load Optimization
	  In addition to maximizing the amount of 
sunlight hitting the cell, it was necessary to opti-
mize the resistive load to achieve the maximum 
power out of the system; this was the key metric 
that we used to scope the design competition 
aspect of this project. As described in more 
detail in the Appendix, the current and voltage 
that are generated are functionally interrelated 
in a predictable, but nonlinear, way. Generally 
speaking there will be some intermediate resis-
tive load where the product of current and volt-
age will be maximized. This operating point is 
the “peak power point.” For smaller resistances 
the current will be large but the voltage too 
small. For larger resistances the current will be 
limited but the voltage will be nearer its satura-
tion value. Determining this interplay between 
current and voltage is one of the key challenges 
we posed for our students. By adjusting the 
load resistance the students can map out the 
I-V curve for their cell-reflector system and look 
for the peak power point. This process of map-
ping out the I-V curve was simplified by having 
easily switchable resistor sets and simultane-
ous measurement of current and voltage. One 
useful assignment for the students is to have 
them convert their I-V curve into a power-ver-
sus-resistance plot (calculated from the known 
R values used and the measured I and V val-
ues). This is especially nice because it shows 
the students how quickly the power drops off if 
the resistance value is chosen poorly. Further 
description of the customized test equipment is 
given in a later subsection. 

Thermal Management
	 As noted above, a substantial majority of 
the incoming solar energy flux will be converted 
to heat and not electricity—even for extremely 
efficient photovoltaic devices. This could lead 
to significant (and possibly damaging) tem-
perature rise during use—at least in a reflec-
tive concentrator configuration. Unfortunately 
for photovoltaic devices, the temperature rise 
causes a measurable reduction in the key elec-
trical output constants. For example, typical 
cells like those we used have a fractional reduc-
tion in open circuit voltage of almost 0.4% per 
degree Celsius (Sharp, product literature). This 
reduction is rooted in key factors of the semi-
conductor’s electronic structure: the band gap, 
the structure of the conduction and valence 
bands, the electron and hole mobilities, and 
other factors (Sze, 1981); therefore, it provides 
a wonderful avenue for connecting the mac-
roscopic device performance to the material’s 
structure and bonding. Thus, at several levels 
the power reduction with temperature could be 
an important factor for students when optimiz-
ing their designs: with any specific temperature 
rise there will be a different peak power point, 
so students might want to seek this maximum 
after their reflectors have been constructed. 
	 Although we hadn’t envisioned it, some of 
our inventive students decided that they could 
reduce the temperature rise of their solar cells 
by using some kind of heat sink in close contact 
to the backside of the solar cells2. Then consid-
eration of airflow becomes important to allow for 
cooling of the heat sink’s fins. 

Design Competition
	 When running design projects, where stu-
dents or teams are each trying to optimize their 
designs, it is beneficial to construct the project 
as a design competition. This helps the stu-
dents focus their energies and reach higher effi-
ciencies and often builds a fun interactive class-
room spirit. To emphasize that several designs 
or devices may reach similar power scores, it is 
useful to design a grading system that rewards 
all high achievers, not just the absolute best 
project. (More discussion of scoring and grad-
ing is given below in another subsection.)

Technical Analysis
	 The current-voltage response trade-off 
when picking a system load, and the change 

2  The students scrounged heat sinks from microprocessor cooling systems in PC’s! These happened to be a similar size to 	  	
    the solar cells we were using.
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in that response with light intensity and tem-
perature are factors of critical importance for 
student understanding of photovoltaic optimiza-
tion in the real world. Therefore we made it a 
project requirement that the students trace out 
a current-voltage curve for their cell/device and 
include that graph in their final project report/
poster. This helped ensure that they worked 
through the steps of seeking out the peak pow-
er point for their design. We also required a self-
assessment of the reflective material area used 
in their projects. This helped keep students seri-
ous about their concentrator designs. Another 
key technical component of their final poster/
presentation was an analysis of the angles and 
shapes utilized in their reflector designs. 

Presentation
	 Students were required to present their de-
signs in a manner that would be visible and 
clear to passers-by who might happen across 
the combined set of solar collectors when we 
were having the class contest (it had to be out-
doors on a sunny day, of course!). This presen-
tation was specified to be a poster that could 
be lying on the ground next to their concentra-
tor and that would give the relevant technical 
description. It was required to have a current-
voltage response curve for the device as well as 
a basic description of particular “design innova-
tions” that the students had employed. 

Simple Test Equipment
	 It was important for the students to have a 
convenient method for testing their devices dur-
ing the design phase as well as in the final com-
petition. To facilitate rapid testing, it was neces-
sary to have easily switchable resistive loads 
and the ability to measure both current and 
voltage without reconnecting or rearranging the 
wires. Therefore, test equipment was designed 
to meet these constraints. Figure 1 shows a 
photograph of our testing apparatus. The fig-
ure illustrates the three key parts of the equip-
ment: one multimeter set to measure voltage, 
one multimeter set to measure current, and a 
switchable resistor network (in the small metal 
switchbox—note inset with wiring schematic). 
The clipboard allowed for easy attachment of 
a logging sheet for the current and voltage data 
that were measured. The wires were arranged 
so that both measurements are logged simulta-
neously after the two leads are attached to the 
solar collector leads using alligator clips. There 
were five resistors in each load box. Each resis-
tor could be placed in the circuit (and act as a 

load) or bypassed by toggling a switch (using 
SPDT switches). When creating test equipment 
for a project of this type, the range of resistor 
values used must be appropriate for the I-V 
responses of the cells or modules being used. 
For the solar cells that we used, Voc was just 
over 0.5 volts and Isc was almost 1 amp under 
noon-time illumination. With the reflective con-
centrator increasing the possible current out-
put, the optimum load was expected to be less 
than 0.5 ohm. Therefore these resistor values 
were chosen for creating the load boxes: 0.05, 
0.10, 0.15, 0.27, and 0.56 ohms. These were 
chosen to climb by approximately a factor of 2X 
each step with the constraint that they be able 
to withstand the current generated by the solar 
cell when illuminated. Using different combina-
tions of these resistors, the load could vary from 
zero (all bypassed) to 1.13 ohms (all included 
in series). Several sets of these test arrange-
ments were provided so that testing would not 
be a bottleneck. It is certainly possible for more 
sophisticated gear to be procured and more 
complete I-V curves to be traced, but for intro-
ductory projects they only needed equipment at 
this level of cost. 

Results
	 Figure 2 shows the final output results for 
the projects constructed in our first year’s com-

Figure 1: 	 Custom-built test equipment for solar design project assessment. 	
 	 Upper left inset shows the resistor network used to achieve easy 	
	 fine-tuning of the load resistance. Upper-right inset shows how 
	 the voltmeter and ammeter must be connected. Wires were pre-
	 arranged to clip easily to the solar-cell output leads.

 

 

Figure 1: Custom built test equipment for solar design project assessment. Upper left inset shows the 
resistor network used to achieve easy fine‐tuning of the load resistance. Upper‐right inset shows how 
the voltmeter and ammeter must be connected. Wires were pre‐arranged to clip easily to the solar‐cell 
output leads.  
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Figure 1: Logic Model For Engineering Cities REU

petition. Each student’s collector was measured 
three times with different load resistance values 
that they selected. They were measured with 
three different sets of the test equipment to al-
low for any slight variations in reading that might 
have come from the equipment or slight resis-
tor differences. Note that the current values are 
quite higher than the Isc value for a bare cell. 
The best currents represented around a factor 
of three in brightness enhancement using the 
reflectors that they built. The best power values 
were achieved with the two load resistance val-
ues indicated. Two red lines have been drawn 
in to highlight these load conditions. One other 
line has been superimposed that shows our es-
timation of the best IV values that could have 
been achieved. Data points that fell well below 
or to the left were representative of reflector de-
vices that didn’t point the light at their solar cells 
very effectively. The maximum power output 
was about 0.75 Watts.

Discussion
	 While a design project assignment must 
certainly include scoring/grading that would re-
ward all of the features described above (tech-
nical analysis, design presentation, and power 
output), we chose to give the largest weight to 
the power output generated. We assigned half 
of the possible points by scaling the student’s 

best power output (of the three specific mea-
surements of their device) in comparison to 
the best power achieved among all the data in 
class. Thus, the best performing device won 
full score on this attribute. Assignment of other 
scores should be based on a rubric that stu-
dents would know beforehand: value for the IV 
characterization of their cell, value for poster/
presentation quality and clarity, value for the 
geometric analysis of the reflectors, etc. We 
found, though, that with such a rubric defined, 
most students aced this part and major differ-
ences in their overall scores were really derived 
from the power output performance differences. 
For example, for the 30 students in the class, 
the standard deviation of the score value for 
“Presentation” was 3.2 points (of the 20 points 
possible in this category that included a poster 
with their IV and a description of their chosen 
design characteristics); and for “Creativity” their 
standard deviation was 1.3 points (of the 30 
possible in this category); on the other hand, 
the standard deviation of the score value for 
“Power Points” was 9.7 (of the 50 points pos-
sible here). Clearly the real, objective, current-
times-voltage performance of their devices was 
a much bigger decider of any student’s final 
project score.
	 Generally speaking, students in this class un-
derstood the design objectives quite well. This 
can be seen by the large cluster of points near 

Figure 2:  Final current and voltage output values from students’ solar collectors. Each 
device was measured with three different load resistance values—selected by 
the students as part of their design optimization. The best performances were 
logged with quite low resistance value (either 0.10 or 0.15 ohm), and for reflec-
tors that were well aligned. The best current values were up to about three 
times higher than the Isc measured for a bare cell.
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the peak power along the 0.10 and 0.15 ohm 
lines in Figure 2. Only a relatively few students 
chose substantially larger resistance value (re-
sulting in much lower currents, but slightly high-
er voltages). For example, the cluster of points 
at the far right come from resistance choices 
of about 1 ohm and resulted in total output 
power near 0.25 watts, only a third of the power 
achieved by the best devices. Note that most 
of the power reduction in this case is a result 
of poor resistive load choice rather than poor 
reflector construction—emphasizing the impor-
tance of optimizing all aspects of a design.
	 In the future, for those who field a solar col-
lector project of this style, here are a few rec-
ommendations and considerations for improve-
ment or enhancement. 
	 Heat management: While the discovery of 
the utility of a heat sink was fortuitous in our 
case, it would make more sense to simply pro-
vide students with some type of standardized 
heat sink—or prohibit them altogether 3. If the 
competition is to be conducted with regard to 
practical applicability of the students’ work, 
it ought to be done on a level playing field. If 
heat management is chosen as a design vari-
able then it might be useful to even measure the 
steady-state temperature rise of the cells and to 
coach students about airflow and heat-transfer 
considerations that would apply. 
	 Other geometries: Most of the projects 
that our students completed were upward fac-
ing cells with reflectors that steered more light 
onto the cells. It would be an interesting twist 
to require that the students mount the cells 
in a downward facing orientation and use the 
reflective area to bounce light up to the cells. 
This would put a much more difficult geometric 
constraint on their designs and force them to 
put more thought into optimizing the use of their 
reflective material.
	 Iterative design: One key aspect of “the en-
gineering design process” is assessment and 
iterative feedback to make improved designs. 
It would be worthwhile to include two design 
cycles in the semester and “allow” the students 
to learn from the mistakes they make during the 
first round. 
	 One suggestion mentioned by a student was 
that, to make things more exciting, the cells 
should be used to power some active device 
like a small electric motor, an LED display, or 

another kind of gadgetry. This could be includ-
ed as one of the deliverables (i.e., the students 
would have to bring in a device the cells could 
power). This would open up even more room 
for creativity and diversity among finished prod-
ucts—an added bonus if one is hoping to attract 
attention from onlookers. One challenge is find-
ing gizmos that actually run well on one half volt 
or less—or to provide each student or team with 
enough cells to string them in series to bring the 
voltage up to more useful levels.
	 One final practical note: Silicon wafers and 
solar cells are usually very brittle and fragile; 
many students needed replacement cells dur-
ing this project, so an abundant supply of cells 
is needed to start with. Alternatively, flexible, 
thin-film technology cells could be acquired, 
which would make it easier for students to build 
them into robust structures. 

Conclusion
	 Solar power is an important technology for 
the future. The present paper illustrates how 
photovoltaic devices can be used in fun and in-
formative hands-on student design projects that 
can spark the creativity and interest of students. 
Practical issues of the interplay between cur-
rent and voltage were discussed and integrated 
into the parameters that students needed to 
characterize and understand when optimizing 
their devices and systems. These hands-on 
projects are a fun way to emphasize the opti-
mization process and to provide ample room for 
students to develop creative design solutions.
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   3 	We found that the use of the heat sink was important, but since temperature values were not measured it is hard to know 
how effective they actually were. As a group, the student designs that incorporated a heat sink generated, on average, 
32% more power than those that did not use heat sinks. However, it might be argued that students who went beyond the 
normal design scope had probably also put more attention into the base design features.
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	 The basic electrical characteristics of 
most typical solar cells can be quantified 
with a current-voltage response when mea-
sured while illuminated at some fixed inten-
sity. Specific points in this response have 
names that are frequently used in the litera-
ture to rate or understand the performance 
of cells. Some important terms are: “open 
circuit voltage”, “short circuit current,” “fill 
factor,” “peak power point,” “optimum load,” 
and “efficiency.” These terms are defined 
briefly below and presented more complete-
ly in the literature (Sze, 1981).
	 The open circuit voltage, Voc, is defined 
as the voltage measured between the posi-
tive and negative terminals of the cell when 
no current is allowed to flow (typically by not 
touching the contacts to any electrical load 
and with nothing connecting the terminals—
i.e., “open” circuit). The open circuit voltage 
is measured under the direct illumination of 
light of a known intensity (e.g., if the light 
level matches what would be found after 
sunlight passes through 1.5 thicknesses 
of atmosphere, as would be found with a 
morning or afternoon sun inclination, then 
we designate the illumination conditions 
as having “air mass” of 1.5 or AM1.5). The 
open circuit voltage is the highest meaning-
ful voltage that would be associated with a 
particular cell, though typical operating con-
ditions would necessitate generating a volt-
age that is somewhat smaller than Voc, as 
discussed below.  
	 The short circuit current, Isc, is defined 
as the current passing through a perfectly 
conducting wire connecting the two termi-
nals under the same specified illumination 
conditions. This is the maximum current 
that the cell is capable of generating, but 
because the opposite terminals would be 
grounded to each other, the voltage gener-
ated in this case would be zero. For many 
well-optimized cells, the short circuit current 
will vary nearly linearly with the intensity of 
the illumination.
	 These two values place upper limits on 
power output for any given cell. However, 
neither of these values corresponds to what 
one might see in an operating cell; in both of 
these cases either the current is zero (open 
circuit) or the voltage is zero (short circuit), 
and hence the power output is zero. In fact, 
in real operating conditions the current, I, 
will be somewhat less than Isc and the volt-

age, V, will be somewhat less than Voc. The 
interplay between I and V provides an inter-
esting optimization problem since power is 
defined as the product of current and volt-
age: 

				               (A1)
And the effective load, Rload, of the external 
system governs how I and V adjust—and 
the ultimate power that is recovered. Cur-
rent and voltage will obey Ohm’s law:

				               (A2)
For various loads ranging from zero to infi-
nite ohms, the current passing through the 
load and the voltage across the load will 
vary. For small resistance values the volt-
age is low and the current approaches Isc, 
and for large resistances the current drops, 
kicking the voltage up close to Voc (but the 
current drops rapidly as the resistance ris-
es).
	 Somewhere in the middle of the I-V curve 
lies what is known as the peak power point 
(Vpp, Ipp). This is the point at which the prod-
uct of the voltage, Vpp, and the current, Ipp, 
results in a maximum power output. This 
point corresponds to the optimum load, and 
is found by rearranging Ohm’s Law: 

					      	
				               (A3)
This is also the inverse of the slope of the 
line connecting the origin and the peak 
power point. 
The fill factor “FF” is defined as the ratio of 
the peak power generated to a hypothetical 
power represented by the product of the 
open circuit voltage and the short circuit cur-
rent: 

				               (A4)
Typical values for fill factor might be in the 
neighborhood of 0.7 or so, but could be 
much lower for a poorly designed cell. 
	 The efficiency of a cell quantifies the 
portion of incident solar energy (often evalu-
ated at 1000 W/m2 illumination using AM1.5 
spectral variation) that is converted to elec-
trical energy. Cell efficiencies vary widely 
and depend on the kind of solar cell, but 

Appendix:  Background Information and Definition of Terms

VIP *=

loadRIV *=

they might range from 10–20% and work 
is progressing feverishly to improve this 
important metric. (Be careful: efficiency val-
ues quoted in the literature are sometimes 
misleading, especially if they are measured 
at only one wavelength or under unrealistic 
loading conditions.) 
	 Under more intense illumination, the I-V 
curves are shifted upwards, increasing Isc 

proportionally, but increasing Voc only slight-
ly. Similarly, under lesser illumination the 
value of Isc is pushed down almost linearly 
with reduced brightness. Hence, under dif-
fering illumination conditions, the peak pow-
er point (along with the optimum load) will 
change. This is a consideration especially 
in cloudy, unpredictable, or shady areas. It 
is also an especially crucial concept for this 
particular project where illumination is be-
ing deliberately enhanced with a reflector. 
So, the I-V curve that characterizes the un-
modified solar cells will not likely suffice to 
choose the optimum load. Instead students 
should try to optimize their reflectors to max 
out the Isc , but then seek resistive load that 
will achieve the peak power point for those 
illumination conditions.
	 Finally, temperature has a rather pro-
nounced effect on cell efficiency. As tem-
perature increases, the open circuit volt-
age diminishes, and the peak power point 
drops. This is an important issue with the 
solar concentrators—after all, approxi-
mately 85% of the incident light is being 
converted to heat. 
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