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An Examination of the Current Efficiency of Renewable Energy Technologies 
 

ABSTRACT 
 

Since the industrial revolution, humans have depended primarily on fossil fuels for energy.  

Abundant availability and low cost of fossil fuels hampered growth of alternative energy 

technologies.  With continued wide-spread use, however, the environmental effects and depleted 

supply of fossil fuels has renewed interest in finding renewable technologies. 

Solar technology is a viable option to replace fossil fuels because energy from the sun is 

widely available and cost free.  Solar technology has existed since the 19th century and has been 

used to bring energy to remote places. (Wang, 2005)  Current solar technologies are not very 

efficient.  A single solar cell can only capture a small fraction of the energy it receives from the 

sun. (Jiangbin Xia, 2009) (Fanis, 1998)  As people transition away from fossil fuels to alternative 

energy, it is important to understand under which conditions solar cells can create the most 

energy. 

The most common form of solar cell uses silicon to take advantage of the photovoltaic effect 

and produce electricity.  A single molecule of silicon will absorbs light and separates electrical 

charges at the same time.  The silicon in these cells must be highly pure and is expensive to 

refine.  The high price of silicon solar cells has made them cost prohibitive for electricity 

generation. 

Nanocrystalline dye-sensitized solar cells work on a different principle than silicon solar 

cells.  The processes of light absorption and electrical charge separation are themselves 

separated.  Light absorption occurs on a layer of dye attached to a conductive plate coated with a 

layer of titanium dioxide.  Electrical charges are separated by iodine and transferred back to the 

TiO2 to begin the process again.  This new type of solar cell mimics the process of 
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photosynthesis and is much less expensive to produce than traditional silicon solar cells.  With 

increased efficiency, the nanocrystalline solar cell could make a transition to solar energy more 

feasible.  (Fanis, 1998) 

Keywords:  Alternative Energy, Green Technology, Proton Exchange Membrane, Dye-
Sensitized Solar Cell, Titanium Dioxide 
 
I. INTRODUCTION 
 

Given the recent interest in finding more renewable energy systems to replace fossil fuel use 

in America, solar energy seems to be a new and emerging technology.  Solar technology, 

however, is not a new technology at all.   Beginning in the 1860’s when August Mouchet was 

able to create a steam engine powered by the sun, scientists were looking to solar power our 

world.  (Fanis, 1998)  The availability and inexpensive price, however, of fossil fuels pushed 

societies toward nonrenewable energy and away from solar energy.   

The majority of solar cells used today are based on silicon as a semiconductor.  These cells 

were invented in the 1950’s by scientists at Bell Laboratories. (Solarhome, 2010) These cells 

function well, but are expensive to produce and maintain.  Our research focused on the emerging 

field of using dye-sensitized nanocrystalline solar cells to bring the cost of solar energy down.  

These cells are based on plastic plates which are much less expensive to produce.  However, 

their efficiency is still much lower, in the range of 5-10 %, than that of traditional silicon solar 

cells. (Wang, 2005)  Further research needs to focus on ways to improve the efficiency of the 

nanocrystalline solar cells, while keeping the cost low. 

Our research looked specifically at using different dyes on the nanocrystalline cells.  We 

used organic dyes that would be less expensive to produce and compared our results to a 

synthetic dye known to improve efficiency but be expensive to produce.    
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II. LITERATURE  REVIEW 

Fuel Cell Overview: 

A fuel cell is a device that converts stored chemical energy directly into electrical energy. A 

fuel cell has two electrodes.  The positive electrode is called an anode and the negative electrode 

is called a cathode. All fuel cells also have an electrolyte and a catalyst.  The electrolyte carries 

the charged particles from the cathode to the anode. The catalyst increases the speed to the 

reaction between the electrodes. Since a single fuel cell creates a very small amount of current, 

multiple cells are a usually connected together in a row  known as a stack to create the amount of 

current needed to power a certain device. 

Fuel Cell Types: 

Polymer Exchange Membrane Fuel Cell (PEMFC)  

The PEMFC has a high power density and a relatively low operating temperature (ranging 

from 60 to 80 degrees Celsius, or 140 to 176 degrees Fahrenheit). The low operating temperature 

means that it doesn't take very long for the fuel cell to warm up and begin generating electricity.  

Efficiency is about 40 to 50 percent, and the cell outputs generally range from 50 to 250 kW.  

This electrolyte is solid and flexible, so it will not leak or crack.  These cells operate at a low 

enough temperature to make them suitable for homes and cars. A platinum catalyst is used on 

both sides of the membrane, increasing its costs.  

Solid Oxide Fuel Cell (SOFC) 

These fuel cells are best suited for large-scale stationary power generators that could provide 

electricity for factories or towns. This type of fuel cell operates at very high temperatures 

(between 700 and 1,000 degrees Celsius). This high temperature makes reliability a problem, 

because parts of the fuel cell can break down after cycling on and off repeatedly. Efficiency is 
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about 60 percent, and the cells output is up to 100 kW. While solid electrolytes cannot leak, they 

can crack. 

Alkaline Fuel Cell (AFC)  

This is one of the oldest designs for fuel cells; the United States space program has used 

them since the 1960s. The AFC is very susceptible to contamination, so it requires pure 

hydrogen and oxygen. Alkali fuel cells operate on compressed hydrogen and oxygen. They 

generally use a solution of potassium hydroxide (chemically, KOH) in water as their electrolyte. 

Efficiency is about 70 percent, and operating temperature is 150 to 200 degrees C, (about 300 to 

400 degrees F). Cell output ranges from 300 watts (W) to 5 kilowatts (kW). Alkali cells were 

used in Apollo spacecraft to provide both electricity and drinking water. They require pure 

hydrogen fuel, however, and their platinum electrode catalysts are expensive. And like any 

container filled with liquid, they can leak. 

Molten-Carbonate Fuel Cell (MCFC)  

Like the SOFC, these fuel cells are also best suited for large stationary power generators. 

They operate at 600 degrees Celsius, so they can generate steam that can be used to generate 

more power. They have a lower operating temperature than solid oxide fuel cells, which means 

they don't need such exotic materials. This makes the design a little less expensive.  Efficiency 

ranges from 60 to 80 percent, and units with output up to 2  megawatts (MW) have been 

constructed, and designs exist for units up to 100 MW. Their nickel electrode-catalysts are 

inexpensive compared to the platinum used in other cells.  

Phosphoric-Acid Fuel Cell (PAFC) 

The phosphoric-acid fuel cell has potential for use in small stationary power-generation 

systems.  Phosphoric Acid fuel cells (PAFC) use phosphoric acid as the electrolyte. Efficiency 
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ranges from 40 to 80 percent, and operating temperature is between 150 to 200 degrees C (about 

300 to 400 degrees F). Existing phosphoric acid cells have outputs up to 200 kW, and 11 MW 

units have been tested.  

Direct-Methanol Fuel Cell (DMFC)  

Methanol fuel cells are comparable to a PEMFC in regards to operating temperature, but are 

not as efficient. Also, the DMFC requires a relatively large amount of platinum to act as a 

catalyst, which makes these fuel cells expensive.  

III. GOALS  AND  OBJECTIVES 

Our objective was to understand how dye-sensitized nanocrystalline solar cells function by 

making them ourselves and testing their efficiency.  We assembled nanocrystalline solar cells 

and compared the voltage-current and power output of the cells to other solar technologies as 

well as photosynthesis.  Various dyes used to create the nanocrystalline solar cells were tested to 

determine how to make the cells most efficient. 

IV. MATERIALS  AND  METHODS 

 
Materials List 

 Alligator clips 
 Baking Tile 
 Binder clips 
 Blackberries 
 Blank sheets of copier paper 
 Buckner flask 
 Drying oven 
 Ethanol 
 Filter paper 
 Glass stirring rod 
 Graphite pencil 
 Iodine electrolyte solution 
 Methanol 
 Mortar and pestle 
 Multimeter connection wires 

 Multimeters (2) 
 Non-latex gloves 
 Petri dish 
 Resistance decade box (1 Ohm – 

1.11 Mega ohms) 
 Single-sided conductive glass plates 
 Small air compressor 
 Spinach leaves 
 Strainer 
 Tissue paper 
 Titanium Dioxide suspension 
 Transparent Tape 
 Aluminum foil 
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Solar Cell Creation Procedures 

1. We cleaned two conductive glass plates for each solar cell we needed to create using 

ethanol to rinse off any contaminates.  An absorbent tissue paper was use for drying the 

plates. 

2. The multimeter was used to discover which side of the glass plates was conductive.  This 

was required in order to determine which side to apply the coating.  

3. The glass plates were then taped to a sheet of copier paper as seen in the picture below.  

The top glass plate was taped down with the conductive side up.  The bottom plate was 

only used to aid in the coating process and is placed with the conductive side taped facing 

down.  The tape was placed such that the strip was no more that 1 to 3 mm wide on the 

edges of the glass. 

 

4. Using the glass stirring rod, we spread a 40 to 50 micron layer of TiO2
 suspension on 

each plate as shown above.   The thickness of the tape aided in controling the amount and 

uniformity of suspension that was being applied.  The tape also served as a mask for the 

areas that do not require coating. 

5. The glass plates were carefully removed from the paper.  The bottom plate is set aside.  

The top glass plate is placed on to a baking tile (as pictured below) prior to going into the 
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drying oven.  The suspension is dried on to the plates in a 450 degree oven heated for 30 

minutes.  After the drying time is complete the glass plates are allowed to cool down to 

room temperature. 

 

6. While the Titanium Dioxide coated glass plates are in the drying process, we prepared 

our natural dye. Using the mortar and pestle, spinach or blackberries were ground with a 

mixture of water and methanol.   

7. The dye was separated from this thick solution using a filtered strainer attached to a 

Buckner flask.  An air compressor/vacuum was also attached to the flask to expedite the 

separation process.  Once enough was created, the natural dye was poured into Petri 

dishes.  The necessary amount synthetic dye was prepared earlier by our graduate 

assistant.  

8. The cooled Titanium Dioxide coated plates were inspected for flaws or cracks prior to 

being placed face down in a selected dye.  The Petri dishes containing glass plates with 

dye were covered with aluminum foil and left to soak overnight.   

9. A layer of carbon was applied to the conductive side of more plates with a graphite 

pencil.  
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10. Plates were removed from the dyes, given a methanol rinse and allowed to dry.   

11. Cells were assembled by placing a dyed plate on top of a carbon coated plate in a 

staggered position.  Plates are held together using two small binder clips.  

12. Drops of iodine were placed along the edge of the combined plates as a catalyst.  

13. Assembled solar cells were ready for efficiency testing.   

 

V. RESEARCH  STUDY  RESULTS 

Comparison of Methods Used to Fabricate Fuel Cells 

For this study, a new method for Titanium Dioxide coating was used in hope of giving us a 

more evenly coated layer.  The glass plates were attached to a rotating device with a few drops of 

the Titanium Dioxide solution placed in the center.  The device rotated at an initial speed of 1000 

rpm for thirty seconds and then increase to 4000 rpm for an additional two minutes.  After 

comparing the results of both methods, the spin process produced a more consistent coating and 

was used for the testing purposes of this report. 

This research will focus on the comparison of the following three dye choice: 

• Synthetic Dye 
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o This is an expensive solution that was purchased for this experiment.  It 

served as the benchmark for the other solutions. 

o There were three synthetic solar cells created for the final testing. 

• Blackberry Dye 

o This dye is an anthocyanin dye solution made from frozen blackberries.   

o There were three blackberry solar cells created for the final testing. 

• Spinach Dye 

o This is a chlorophyll based dye.  The spinach plant was chosen for this project 

due to its high level of chlorophyll.  

o Along with the comparisons of the synthetic dye, blackberry dye, and the 

spinach dye, there was a comparison between fresh (or unfrozen) and frozen 

spinach.   

o There were seven spinach solar cells created for the final testing. 

 Two cells created with frozen spinach 

 Three cells created with fresh spinach 

 Two cells created by being soaked overnight in fresh spinach dye 

twice. 

Once the creation of the cells was complete, the testing process was completed by the 

graduate assistant.  The cells were tested with the use of a solar simulator and automated 

multimeter with graphing capabilities.  Once the testing was complete, the data was imported 

into spreadsheet software for analysis. 

Analysis of Results 

The data from the testing gave the current and voltage for each cell in the raw format shown 
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below: 

[0, 0, 0]   
Voltage  Current 
0.01540832  0.00000782 
0.02514630  0.00000793 
0.03520902  0.00000938 
0.04450905  0.00001057 
0.05443295  0.00001575 

(sample of raw data format) 
 

The voltage exported data measuring Volts and the current was in Amps.  For the purpose 

of analysis, we converted the data to millivolts and milliamps.  A sample of the converted 

data format is shown here: 

[0, 0, 0]       
Voltage  Current  Millivolts  Milliamps 

0.01540832  0.00000782 15.40832 0.00781635 
0.02514630  0.00000793 25.1463 0.007931875 
0.03520902  0.00000938 35.20902 0.00938493 
0.04450905  0.00001057 44.50905 0.01057147 
0.05443295  0.00001575 54.43295 0.01575311 
(Sample of data in millivolt and millamp format) 

Before the data can be graphed for comparison, another conversion was needed.  Since each 

cell was made by hand, the surfaced area masked off by the tape is different for each plate.  With 

some areas larger and some smaller, the only way to get a fair comparison was to find the current 

density.  This was found by calculating the area of each individual coated surface area and 

dividing it into the current data.  By finding the current density, a fair comparison can be made 

the amount of current per square centimeter.   

[0, 0, 0]       
Voltage  Current  Millivolts  Milliamps  Current Density 

0.01540832  0.00000782 15.40832 0.00781635 0.00197382576 
0.02514630  0.00000793 25.1463 0.007931875 0.00200299874 
0.03520902  0.00000938 35.20902 0.00938493 0.00236993182 
0.04450905  0.00001057 44.50905 0.01057147 0.00266956313 
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0.05443295  0.00001575 54.43295 0.01575311 0.00397805808 
 

The current density and the volts were graphed to find the short circuit current and the open 

circuit voltage.  These are represented by the y-intercept and the x-intercept, respectively.  For 

the purpose of this report, after graphing the data for all of the cells was complete, we compared 

the cell with the best results for each dye type.  The graphs are shown below: 

   

Spinach (Green Line)        Blackberry (Blue Line) 

 

Synthetic (Black Line) 

By plotting the line on a combined chart, the difference could be seen easier with all the lines 

on the same scale. 
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The difference was even more noticable in the next graph which was plotted to get a better 

idea of the x and y intercepts. 

 

Dye Type Short Circuit Current Open Circuit Voltage 
Synthetic .55 mA/cm2 215 mV 
Blackberry .27 mA/cm2 45 mV 
Spinach .30 mA/cm2 305 mV 
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The maximum power was also found after recording the short circuit current and open circuit 

voltage.  The highest power density value between the current and the voltage recorded above 

gave us this value.  By comparing the max power values with the sun’s typical output of 

approximately 80-100 mW/cm2, the cell efficiency was calculated.   

Dye Type Maximum Power Cell Efficiency Range 
Synthetic .0299 mW/cm2 .029% to .037% 
Blackberry .0029 mW/cm2 .003% to .004% 
Spinach .0317 mW/cm2 .031% to .039% 

 

Other Observations 

During creating of the nanocrystalline cell, the process of double soaking was used in as a 

method to increase the current produced.  After testing, the data showed that increased time 

soaking time did not create greater current flow.  This can be seen the graphs below. 

   

Spinach (single soak)         Spinach (double soak) 
 

There was also the theory of fresh spinach as opposed to frozen spinach.  The fresh spinach 

gave a deep dark green dye while the frozen spinach produced a pale lighter green dye.  As can 

be seen the chart below, the current for the fresh spinach surpasses the frozen. 
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There were two other observerations during testing.  There appeared to an increase of current 

and voltage the longer the cell was under a light source.  Although it took a “warming” period,  

after some time the levels approach the same as that of the synthetic.  On the same note, the 

spinach cells seem to have some degradation when tested multiple days in a row. 

VI. CONCLUSION 

 The choice of spinach as a dye for nanocrystalline solar cell at initial review would not 

appear to match up to the benchmark set by the synthetic dye.  The result difference would seem 

to be too great to be relevant.  However, once you factor in the cost and availability of the 

synthetic dye, you begin to see the benefits of the spinach dye.  For pennies on the dollar 

compared to synthetic, you can have a closer result to with spinach than with the prior research 

done with blackberry dye.  Also, if a method to seal the spinach dye cell and minimize the 

degradation is discovered, these cells could be produced commercially at a lower cost for 

consumers and businesses.  The “warming” period phenomenon we experience may even allow 

these cells to one day exceed the benchmark levels set by the synthetic dye.  You also notice the 

efficiency of our best spinach cell slightly exceeded the level of our best synthetic cell.  
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Although the power levels are extremely low compared to silicon based or other current 

technology, more research could lead to more productive spinach dye cells. 

VII. RECOMMENDATIONS 

We suggest that the research for our project be continued by our graduate assistance, Feng 

Wang.  We are optimistic that more experimentation with spinach dye will lead to major 

breakthrough in the area of dye-sensitized solar cells.  We believe the focus should be on better, 

more even coating method to increase the concentration of dye extracted from the spinach. 

Other recommendations include using better materials: 

• Platinum (for counter electrode) 

o We used carbon, while other researchers normally use platinum, which gives 

larger energy gap and higher voltage. 

• Uniform Titanium dioxide suspension 

o Our suspension was not very uniform.  A uniform suspension could improve 

further the coating method. 

• Thinner glass plates 

o The plates used during our testing were too thick for the clips to make good 

contact with the plates.  Thinner plates may lead to more accuracy. 
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