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Rule-to-Build-By: 
To maximize efficiency of energy capture, structures increase their surface area.  
 
 
What: 
The biological structure that upholds this rule is the chloroplast, and the human-built structures 
are solar cells. 
 
 
How: 

Chloroplasts are the organelles found in organisms that conduct photosynthesis, (Plopper, 
2016) namely plants. In order to capture energy, chloroplasts undergo light reactions, which 
require sunlight to proceed. Chloroplasts also undergo dark reactions, which do not require 
sunlight. Sunlight is both a wave and a particle which moves at light speed; therefore, it is a form 
of kinetic energy (Plopper, 2016). Chloroplasts contain thylakoids which are composed of 
chlorophyll; a pigment effective in capturing the kinetic energy of photons (Plopper, 2016). If the 
photons pass one thylakoid, the one underneath may capture it, since they are stacked on top of 
each other in the chloroplast to form grana (Figure 1) (Chow et al, 2005). This stacking of 
thylakoids increases surface area three-dimensionally, allowing for energy to be captured most 
efficiently.  

 
Once captured in the thylakoids, the energy is transferred to the reaction center (Figure 

1). This begins photosystem II, which creates cellular potential energy from the kinetic energy 
from the photons (Plopper, 2016). In order to create the cellular potential energy, the reaction 
center pulls off electrons from water and attaches them to proteins (Plopper, 2016). The proteins 
then pass the electrons along the electron-transport chain. Each of these polypeptides has a 
different redox potential (Plopper, 2016). This potential allows the flow of electrons down the 
chain; a higher redox potential decreases the chances of the molecule giving up the electrons 
(Plopper, 2016). When the potential is high, more energy is needed to move those electrons. This 
additional energy comes from the kinetic energy from the reaction center and ends up stored into 
the electrons making them high energy electrons (Plopper, 2016). The first polypeptide has a 
very low redox potential, meaning it will give the electron to the next polypeptide in the 
sequence as the redox potential gradually becomes less negative. This sequence, the electron-
transport chain, facilitates electrons in one direction (Plopper, 2016). The purpose of this chain is 
to extract as much energy as possible from the high energy electrons, since all of the energy 
would be lost if it were a single step process (Plopper, 2016).  
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All of the polypeptides in the electron-transport chain undergo a shape change. When a 

membrane protein called plastoquinol (QB) receives the high energy electrons, it is then reduced 
and acquires two protons from the chloroplast stroma, now becoming QBH2 (Plopper, 2016). 
Once this occurs, QBH2  undergoes a shape change causing it to donate electrons which triggers 
the release of the protons (Plopper, 2016). This is a forced movement of protons from the stroma 
(the fluid of the chloroplasts surrounding the thylakoids) to the lumen (the internal aqueous space 
of the thylakoid), creating a proton pump (Chow et al, 2005). The energy generated by this pump 
gets transferred to an ATP molecule by CF1/CF0 ATP synthase, a transmembrane protein that 
allows the protons to run down the gradient back into the lumen (Plopper, 2016, Chow et al, 
2005).  

 
 Photosystem I functions in a similar manner as Photosystem II with a few key differences 
in order to reduce the energy carrier NADP+ (Nelson and Yocum, 2006). When high energy 
electrons leave this system, they are passed to proteins which reduces NADP+ and creates 
NADPH. ATP and NADPH are used by another set of proteins in the Calvin cycle (Plopper, 
2016). ATP and NADPH are oxidized and used as energy for the entire cycle (Nelson and 
Yocum, 2006) and become recycled after the cycle to create more (Plopper, 2016). The product 
G3P is converted to glucose and sent into the cytosol to combine with another phosphate to 
create fructose-6-phosphate, which becomes glucose-6-phosphate (Plopper, 2016). Glucose can 
be used by the plant to synthesize amino acids, fatty acids, other sugars and amino acids 
(Keegstra, 1989). This entire process of generating glucose to synthesize all the necessary 
components of growth and development relies on the efficiency of thylakoids capturing photons, 
which in turn is dependent upon the maximum surface area possible. Not only does the surface 
area increase within the grana, but leaves themselves are an extension of surface area, increasing 
the efficiency of energy capture.  
 

Solar cells generally absorb photons within their layers, which causes cascades of generation, 
separation and transportation of electrons (Edri et al. 2014). In this sense, solar cells are similar 
to chloroplasts in the way they utilize photons for energy. There are two layers, known as p-type 
and n-type (Figure 2). These layers are composed of silicon crystals which are used for their 
semiconductive properties that enables an electric current (Battaglia et al. 2016). The p-type 
layer stands for positively charged, because the silicon crystals are in conjunction with boron 
which bond together and facilitate that positive charge (Union of Concerned Scientists, 2019). 
Boron has one less electron needed to bond with the silicon, a “hole” or electron vacancy is 
created (American Chemical Society, 2020). This p-type layer is on the bottom of the solar cell 
(Figure 2) (Union of Concerned Scientists, 2019). 
 

The n-type layer consists of the silicon crystals bonded to phosphorus creating the negative 
charge. Phosphorus has five electrons instead of four, therefore one moves freely in the layer 
(American Chemical Society, 2020). The space between these two layers is known as the P-N 
junction (Figure 2) (Nelson, 2003) and the function of this region to ensure electrons only flow 
from the p-type layer to the n-type layer (Nelson, 2003). Since there is an abundance of electrons 
on one side of the junction and holes on the other side, this creates an opportunity for the 
electrons to move into these vacancies (American Chemical Society, 2020). This movement 
creates negatively charged ions on the p-type layer where the holes were initially, and positively 
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charged ions in the n-type later, creating an electric field preventing electrons to move from the 
n-type layer to the p-type layer (Union of Concerned Scientists, 2019).  

 
Once sunlight hits the cell, the photons strike both layers and the electrons begin to move and 

vibrate, trying to move from the n-type to the p-type layer, but the junction prevents that from 
occurring (Union of Concerned Scientists, 2019). The way these electrons are captured are via 
thin wires running on the surface of the n-type layer (Union of Concerned Scientists, 2019). Each 
individual solar cell generates a small amount of power, so multiple must be installed. This solar 
cell is a unit the gets repeated to increase surface area and maximize the amount of energy 
generated (Figure 3). Once grouped into larger units, solar cells form large solar panels, which 
are able to harness more energy from capturing more photons. This method of energy capture in 
solar cells resembles that of plants. Both of these structures, the chloroplast and solar cells, 
capture photons, derive energy from electrons and increase efficiency by maximizing surface 
area.  

 
 

Why: 
Without these evolutionary advantages of thylakoid stacking and leaf expansion to 

harness energy, plants would not be able to flourish, produce fruit, or disperse their seeds, 
ultimately leading to the extinction of plant species. The increase in surface area is dire to these 
processes of plants. Utilizing the evolutionary advantages of increasing surface area two-
dimensionally by the growth of leaves, and three-dimensionally within the chloroplasts 
themselves by stacking thylakoids (Plopper, 2016) provides these organisms with the potential to 
maximize efficiency of energy capture. All plants use this strategy of layering of membranes in 
thylakoids to expand the amount of space chlorophyll can be present in their leaves, providing 
more opportunities to obtain energy, used by the plant to grow and reproduce.  
 
 Solar cells collect energy in a similar fashion as chloroplasts; both obtain energy from the 
sun. This method of energy capture is revolutionary when taking into account the changing 
climate and ways to potentially mitigate climate change. Solar panels are an alternative way for 
humans to generate energy (electricity), instead of relying on fossil fuels. These fossil fuels are 
not only dangerous to the global climate by accelerating the rate of climate change, but they are 
one of the top leading sources of air pollution (Union of Concerned Scientists, 2008). The 
burning of these fossil fuels is one aspect of the negative effects on the environment yet mining 
and drilling for this resource also destroys ecosystems, causes disasters such as mudslides and 
floods, and releases more greenhouse gases such as methane. Methane is the most potent 
greenhouse gas further accelerating climate change (Union of Concerned Scientists, 2008).  
Utilizing solar energy is an option for those wanting to protect local ecosystems that would be 
put at risk due to mining and drilling, and the global climate as a whole (Tallis et al. 2018). 
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Figures: 
 

 
Figure 1: Photon Interaction with Chloroplasts. This image is a cross section of a thylakoid 
showing the grana, how photons react with chlorophyll molecules within the thylakoids, and the 
path the energy takes to the reaction center (Figure from George Plopper, Principles of Cell 
Biology, Chapter 10 Cellular Metabolism and Energy Storage).  
 

 
Figure 2: Solar Cell Layers and Electron Movement. This image shows the distinct n-type 
and p-type layers of a solar cell and the path of electron movement once excited by photons 
(Figure from American Chemical Society, 2020. 
https://www.acs.org/content/acs/en/education/resources/highschool/chemmatters/past-issues/archive-
2013-2014/how-a-solar-cell-works.html).  
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Figure 3: Average Solar Panel Size and Energy Produced. This image shows how increasing 
the size of a solar panel increases the amount of energy, in watts, will be produced. The solar 
panel shown here, 65 inches by 39 inches, is the average size panel used (Figure from Ben 
Zientara, How much energy does a solar panel produce? Solar Basics, 2012.  
https://www.solarpowerrocks.com/solar-basics/how-much-electricity-does-a-solar-panel-
produce/) 
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