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***From the November 2008 Edition of Boston Magazine****

Q to the Rescue!
By Tom Matlack

Bostonians know the Quabbin Reservoir as the source of their city's water supply.
Thanks to a tenacious UMass researcher and a zealous entrepreneur, the world may
soon know it as the home of a microbe that could fuel a clean-energy revolution.

By Tom Matlack

Seventy-five miles west of the State House, between Worcester and Springfield, a huge
reservoir built in the 1930s holds the water that ultimately gushes from Boston's
showerheads every morning. On the western shore of this 39-square-mile lake, the
Quabbin, near the town of Pelham, there stands a forest of hemlocks and beeches.
Running through the forest is a small tributary that feeds into a stream that empties into
the Quabbin. And at the bottom of that tributary is a muck of partially decayed leaves
and sticks. In 1996, UMass Amherst microbiologist Thomas Warnick waded into the
muck, leaned down, and dug up a tablespoonful. He scooped the black slop into a jar
and sealed the lid tightly. He was holding what just might be the Holy Grail of
microbiology.

At the time, of course, Warnick didn't know that. He simply climbed out of the water and
an hour later was back in the Amherst lab of his colleague, professor Susan Leschine,
where he stuck the jar in a pile of containers holding the finest soil from Brazil, Mexico,
France, and Hawaii. Leschine was researching microbes that break down plant waste—
and within the Quabbin sample, she soon isolated an unusual bug. When she looked
through her microscope, she saw a single-celled microbe that wasn't round and fat like
the ones collected from around the globe, but slender, with a circular spore at one end,
which made it resemble a tiny lollipop. She came to call this microbe "Q," a nod to its
reservoir home.

Over time Leschine discovered that Q not only looked different from any microbe she
had seen, but also acted like no other microbe. It had the ability to home in on many
compounds—particularly cellulose (the fibrous, insoluble molecules that form a plant's
cell walls), and turn it into sugars, and then, even more surprising, transform the sugars
into pure ethanol. This was huge: Currently, plant waste has to be run through machines
(which consume energy of their own) in order to make ethanol, a process that carries a
steep price tag. But Q could make ethanol on its own—in one step, with no machinery
involved. Its ethanol would be nearly as clean a power source as solar or wind. All of
which meant Q could probably make someone a lot of money, too.

Susan Leschine is 62, with blond hair and freckles. She's known around campus as
much for her warmth as her intelligence; in her lab, she greets visitors with a smile and





a touch on the arm. Leschine has the ability to explain very complicated things very
easily, a useful skill for someone whose research deals with the physiology, ecology,
and diversity of polymer-decomposing members of microbial communities.

Leschine has spent 30-plus years identifying new species of anaerobic bacteria—the
kind that don't need oxygen to grow—and figuring out how they work. She's always
been interested in microscopic bugs that eat big stuff without the benefit of a mouth. The
small number of microbes that can find and feed on much larger plant material
underwater actually turn themselves inside out to accomplish the trick. "Sticks and
leaves obviously do break down at the bottom of a pond," Leschine says. "But how is a
mystery," since the cellulose they contain won't break down on its own.

In 1996, she tested the Quabbin soil for its ability to consume plant cellulose by putting
a small sample on a piece of filter paper and pouring water over it. Then she waited a
few days to see whether the paper disappeared. It did. The Quabbin muck ate the
paper. Intrigued, she examined the zoology in the soil in an attempt to isolate the
individual microbe doing the work. It took Leschine several months of comparing
microbes against textbooks and then peering back at the soil to single out Q.

She noticed that Q, trying to locate its food, released dozens of enzymes into the water;
she'd never seen a microbe release so many. These enzymes attacked almost any
plant cellulose, breaking it down into sugar. The microbe then "smelled" the sugar in the
water, swam toward the plant, and gorged itself.

Leschine initially focused on Q's adaptability, its ability to eat any waste, as its unique
trait; it didn't occur to her to think about the importance of its ethanol-generating
prowess. Then, in 2005, she conducted an experiment, feeding Q more plant material to
see if ethanol production would jump. While Leschine had discovered other bugs that
consumed sugar and made trace amounts of ethanol, there was never a 1:1 ratio of
increased food intake and increased ethanol production. In fact, with other bugs, the
ethanol production had hardly budged at all. But with Q, the more sugar she fed it, the
more ethanol it put out. "That was the moment that the light bulb went on."

Leschine loved being a professor, and had never dreamed of starting a company. Yet
as UMass faculty, she had a contract with the state requiring her to divulge any
discovery made in her lab that might have commercial application. "In the end, | felt
obligated to disclose what | had found," she says. "I thought, ‘Wow, this could actually
be really useful to humans.' As opposed to much of microbiology."

Parviz Tayebati grew up around oil fields. Today the 48-year-old entrepreneur lives in
the Ritz towers in Downtown Crossing with his wife and two small children. Though he
looks like a Harley rider—shaved head, dark eyes, closely cropped goatee—he is also a
farmer, with a second home in Sherborn where he raises chickens and goats. But he's





not much for the slowed-down life. Tayebati speaks so quickly and with such
enthusiasm that it's sometimes tough to follow him.

The man has always known energy. He was born in 1960 in Azna, Iran, along the
Zagros Mountains, halfway between Tehran and the Iraqi border. The town existed to
produce oil; his father was an oil field technician. Though Tayebati didn't come from a
particularly academic family, he loved mathematics and physics. They kept his mind
from the speeches of Muslim insurrectionists beyond his window.

Tayebati went to college in Great Britain at the University of Birmingham, leaving Iran
just months before the shah was overthrown in January 1979. He never returned home.
Tayebati received a Ph.D. in quantum electronics from the University of Southern
California in 1989, and four years later founded a company called CoreTek that
developed technology to help phone companies switch calls across fiber-optic cables. In
2000, just after becoming a U.S. citizen, Tayebati caught the peak of the Internet boom,
selling his business to Nortel for $1.43 billion. After the tech bubble burst, he searched
for something new to invest in. He chose what he knew, but with a twist: green energy.

Tayebati quickly sized up the problem. Though energy independence has become a
national goal, 70 percent of America's gasoline is imported. The alternative thus far has
been corn ethanol, which in theory burns cleaner than oil. Last year, 6.5 billion gallons
of the stuff were produced in the U.S. But using corn to make ethanol means it is not
being used to feed people or livestock, which, according to some research, has driven
up food prices. Worse, the conversion of corn to fuel burns more energy than it
produces.

Plant waste would be an ideal substitute for corn. The Energy Independence and
Security Act of 2007 mandates as much: 16 billion gallons of renewable fuel must come
from cellulosic ethanol by 2022. The problem with cellulosic ethanol at this point is that
you need two factories to produce the stuff: one to break down the waste into sugar,
and another to turn the sugar into ethanol. That's not efficient. Or cheap. But Tayebati
would learn that a new entry to the market could be both.

In October 2006, Tayebati attended a CleanTech conference in Boston, where he met
Jef Sharp, an entrepreneur from Northampton. Just days before, Sharp and Leschine—
who were introduced by a mutual friend—had launched SunEthanol, with Sharp as CEO
and Leschine as chief scientist.

As he talked with Sharp, Tayebati immediately understood the importance of what
Sharp was describing. If Q could break down plant waste on its own, it meant there now
existed a one-step process for producing cellulosic ethanol. But Tayebati wanted to see
it for himself. So he drove to Amherst to meet with Leschine a week later. "When |
walked into her lab, | smelled gas," he recalls. "l looked around to see if they had been





using ethanol to clean instruments or something. Sue said it was just her bug. | thought,
‘Oh, my God!"

Since Q was a newly discovered species, exclusive to the Quabbin Reservoir, the
chances of market duplication, in mogul-speak, were nil. As soon as Tayebati got back
into his car, he called his friends at Battery Ventures, a large Boston venture capital
firm, to tell them what he'd found. Soon Battery was spending days meeting with
Leschine. After that, two more companies wanted in: a small western Massachusetts
VC firm named Long River; and South Dakota—based Verasun, the largest corn ethanol
producer in the world. In May 2007, they all poured $4 million into SunEthanol. They're
now in the process of raising $20 million more.

The Department of Energy sees Q as a crucial technology, and it has already given
SunEthanol four research grants. The ultimate goal is to produce energy in a manner
that is truly carbon-neutral: Cars will burn ethanol, emitting the carbon dioxide that
plants will absorb through photosynthesis. Then Q will eat plant waste to create more
ethanol.

SunEthanol's first pilot plant is scheduled to start production in 2009, likely in
Springfield, and currently awaits approval of $2.8 million in federal funding. The
company is negotiating with paper and cardboard plants to use their paper remnants,
with the hope that the ethanol produced at the facility will power factories now using
coal.

Q has another booster in Governor Deval Patrick, who called it a "transformational
breakthrough" while speaking to the Greater Boston Chamber of Commerce in May. He
is also proposing the state exempt the gas tax on SunEthanol to help the company bring
its products to market quickly. "If Massachusetts gets clean energy right," he said, "the
whole world will be our customer."

For all the talk of how Q improves on the model of corn ethanol, it still has to borrow
some of its language. Ethanol yield is similar to a commaodity's yield: How much product
can you glean from an area of land? Take corn. The bushels you get from an acre are
the corn's yield. The same holds true for Q: The ethanol you get from a microbe is the
bug's yield.

The original microbe found at Quabbin produced a yield of just under 1 percent ethanol.
Six months after forming SunEthanol, Leschine and her team had Q tripling the yield.
They have since kept at the task, preserving only the most potent strains of the microbe
so that each successive generation puts out more ethanol than the last.





Five percent is the tipping point at which distilling becomes commercially viable.
SunEthanol says Q will be there, and beyond, within the next three fiscal quarters. The
superbug just keeps getting more super.
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Energy Workshop — Week 2 for 7.013 @ ESG

Two main hindrances to using ethanol as an everyday, clean fuel are cost and resource efficiencies.
The main source of ethanol currently is corn. The sugars in corn are broken does by assorted
enzymes and reactions to produce the desired product. However, so much corn is needed that
food prices are increased, which is an obvious drawback. Along the same path, so much corn is
used that in terms of resources (land, actual corn, etc), ethanol production is inefficient.

However, the Q bacteria may hold the answer to efficient, cheaper ethanol production. It is one of
the few bacteria that convert cellulose directly into ethanol. As the article from the Boston
Magazine pointed out, this process usually takes two steps: breaking down cellulose into sugars
then the sugars into ethanol.

1) How can enzymes be used to facilitate direct conversion from cellulose to ethanol? What
mechanisms could Q’s enzymes use to promote the conversion?

2) Whatis cellulose? Where is it located in a plant’s cell? Why is it a good starting point for
ethanol formation?

3) What are the 2 main linkages glucose molecules have with each other and other sugars?
Could Q possibly be able to break down more than just cellulose? Explain.
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4) The article points out that Q releases dozens of enzymes into water. Thus, Q can
dissolve/eat many forms of cellulose or other types of biological material. Could Q be able
to produce more other useful alcohol-based fuels? What applications would these have?

5) A key part of the research on Q is being able to optimize its ethanol production. Bacterial
harvesting is a popular method for such a purpose. If one Q produces more ethanol than
another Q, it can be isolated so it can produce more optimal Q bacteria for ethanol
production. What traits of Q can be altered to optimize ethanol production? What
techniques may be used to separate Q bacteria from each other?





3
Solutions to Energy Workshop — Week 2 for 7.013 @ ESG

1) How can enzymes be used to facilitate direct conversion from cellulose to ethanol? What
mechanisms could Q’s enzymes use to promote the conversion?
Answer:
Enzymes are used as catalysts to promote the conversion. Catalysts lower the activation
energy of a given reaction, enabling it to proceed at a much faster rate. Enzymes can use
one of 3 mechanisms for the conversions: 1) They can orient the substrates needed for
reaction in such a way that reaction can proceed with ease; 2) They can strain the substrate
bonds by stretching them, causing an unstable state, allowing the substrate to react with
compounds different than originally intended and 3) They can add different chemical
groups to substrates, making the substrates more reactive towards different species.

2) What is cellulose? Where is it located in a plant’s cell? Why is it a good starting point for
ethanol formation?
Answer:

Cellulose is an unbranched polymer of glucose with B-1,4-glycosidic linkages that are very
stable. It is located in plant cell walls, giving the cells great strength. The bond formed is
quite strong. It is a good starting point for ethanol formation because if the linkage is
broken, glucose molecules are formed. Ethanol is formed from sugars biologically and
glucose is a wonderful starting sugar for this purpose. Glycolysis helps with this
transformation, as you will see at a later time.

3) What are the 2 main linkages glucose molecules have with each other and other sugars?
Could Q possibly be able to break down more than just cellulose? Explain.
Answer:
Glucose molecules for two main linkages: alpha linkages and beta linkages. The two
examples below provide fine examples of these linkages, both 1,4-glycosidic linkages
between two glucose molecules:

o-1,4 glycosidic linkage
CH,0H

CH,OH

o-D-Glucose B-D-Glucose Maltose

This is a condensation reaction.
Water is lost when both OH
groups react with each other.

The alpha linkage is made when the OH group
on carbon 1 (in the alpha down position) reacts
with the OH group on carbon 4.

B-1,4 glycosidic linkage

CH,OH CH,OH

B-D-Glucose B-D-Glucose Cellobiose

The beta linkage is made when the OH group
on carbon 1 (in the beta up position) reacts
with the OH group on carbon 4.

Glucose molecules can form these linkages with a wide variety of different sugars at
different bonding points. Basically, the alpha linkage will result in the hydrogen atoms





4)

5)

4
connected to the carbons in the reaction being in the cis plane, directly across from each
other, while in the beta position, these hydrogens are trans, or diagonally opposite from
each other. Q has the ability to break these linkages in cellulose and should be able to do
the same with any glucose-sugar interaction if the enzymes are suited for the breakdown.

The article points out that Q releases dozens of enzymes into water. Thus, Q can
dissolve/eat many forms of cellulose or other types of biological material. Could Q be
able to produce more other useful alcohol-based fuels? What applications would these
have?

Answer:

Q may possible be able to produce other fuels/alcohols, like methanol, propanol, etc.
Methanol has a use in direct methanol fuel cells, which use liquid methanol as the fuel
source, much like ethanol is used as the fuel source for cars as above. However, the DMFCs
are much more suited for smaller applications in the handheld regime.

A key part of the research on Q is being able to optimize its ethanol production. Bacterial
harvesting is a popular method for such a purpose. If one Q produces more ethanol than
another Q, it can be isolated so it can produce more optimal Q bacteria for ethanol
production. What traits of Q can be altered to optimize ethanol production? What
techniques may be used to separate Q bacteria from each other?

Answer:

The main trait of Q in this case is ethanol production and having the enzymes to do so.
Based on ethanol production/enzyme count, one can separate the greater producing Q
bacteria out of a group and use it to reproduce more ethanol-friendly Q. This separation
can go on and on until a maximum is hit. Techniques that may be used for separation are
streak plating, where the bacteria will move on a plate “dosed” with a compound that will
facilitate its movement. Another technique used is if you know what compounds can
interact with a certain bacteria only, you can “dissolve” the bacteria in this compound and
then separate it out using a centrifuge.
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Energy Workshop: Chapter 6: Kinetics
Nicotinamide adenine dinucleotide (NAD) is a coenzyme that acts as an electron carrier in redox
reactions. One of its forms is the reduced form, NADH, formed when a hydride ion, H, reacts
with the oxidized form, NAD*. This coenzyme helps dehydrogenase enzymes do their job. One
“job” of alcohol dehydrogenase is to make ethanol from acetaldehyde in fermentation reactions
performed by the cell in the absence of oxygen. The reaction is shown below:

O H H

Ll NADH + H*-----> NAD* ; \C/
CH3/ ~y CH3/ Som
Acetaldehyde Ethanol

***The bold H atom and OH group designate where the 2 H atoms in
the reaction showed on the arrow (intermediate reaction) go***

1) Kinetics experiments show that in the presence of dehydrogenase, the rate of reduction of
acetaldehyde to ethanol increases as you increase the concentration of the substrate,
acetaldehyde. Eventually, the rate of the reaction reaches a maximum, where further
increases in the concentration of the substrate have no affect on the reaction rate. Why is
this the case?

2) Provide a graph of the rate increase of ethanol production vs. NAD" concentration with
continuous addition of acetaldehyde (i.e. acetaldehyde concentration is constantly
increasing.) What do you find?
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3) On the same graph, provide the relationship of reaction rate vs. acetaldehyde concentration
for both the enzyme catalyzed reaction, and the reaction without a catalyst, assuming that it
is a first order reaction? Assume that the concentration of acetaldehyde is greater than
NADH for the enzyme catalyzed reaction.

4) You are in your lab and want to increase the temperature of the enzyme-catalyzed reaction
to produce more ethanol. What should you take into account before heating your system
up?

5) If you just need the NADH for this reaction to proceed, why does it have to be a coenzyme
for dehydrogenase, an enzyme consisting of a very large amount of amino acids, for the
reaction to proceed catalytically?
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Solutions to Energy Workshop: Chapter 6: Kinetics

1)

2)

3)

Kinetics experiments show that in the presence of dehydrogenase, the rate of reduction
of acetaldehyde to ethanol increases as you increase the concentration of the substrate,
acetaldehyde. Eventually, the rate of the reaction reaches a maximum, where further
increases in the concentration of the substrate have no affect on the reaction rate. Why is
this the case?

Answer:

This is the case because at the maximum, enough acetaldehyde is added such that all the
dehydrogenase is in use catalyzing the reaction. So, the reaction remains constant because
once an acetaldehyde molecule is converted to ethanol, the dehydrogenase used is available
once again for catalysis. This saturation of reactants is very common in enzyme-catalyzed
reactions.

Provide a graph of the rate increase of ethanol production vs. NAD" concentration with
continuous addition of acetaldehyde (i.e. acetaldehyde concentration is constantly
increasing.) What do you find?

Answer:

In this problem, we assume that the reaction begins with all NADH as the catalyst (i.e.
when no dehydrogenase is being used) and goes all the way to NAD". The rate increase will
attain a maximum at the very beginning of the reaction because all the NADH is not yet
converted to NAD". However, the rate increase will go to zero because all the NADH is
being used and NAD" is at its maximum. With no catalyst, there is no more rate increase.

Rate Increase of Ethanol Production

NAD+ Concentration

On the same graph, provide the relationship of reaction rate vs. acetaldehyde
concentration for both the enzyme catalyzed reaction, and the reaction without a catalyst,
assuming that it is a first order reaction? Assume that the concentration of acetaldehyde
is greater than NADH for the enzyme catalyzed reaction.

Answer:

Here, the dotted line is the uncatalyzed reaction and the solid line is with a catalyst.
Without a catalyst, ethanol production linearly increases with the more acetaldehyde
added. However, the slope of the line is quite small, because the rate constant is very small
(i.e. the reaction rate is quite slow.) For the enzyme-catalyzed reaction, the rate of ethanol
production increases quickly with NADH added. However, a maximum rate is attained.
This rate is where all the enzymes in the reaction vessel is currently occupied by
acetaldehyde molecules. After this point, ethanol production is constant, assuming the





4)

5)

Page 4 of 4
catalyst can regenerate itself instantly after reaction. As an aside, one would say to just
increase acetaldehyde concentration in the non-catalyzed reaction and the rate of
production will eventually surpass the maximum of the catalyzed reaction. This would be
foolish because the reaction rate is SO MUCH higher in the first place with an enzyme that
it would not be feasible to use that much reactant for the same reaction rate. You can find
the amount of ethanol produced by merely finding the area under the curve (intergration.)
The area is much greater for the enzyme-catalyzed reaction than the non-catalyzed reaction.

Rate of Ethanol Production

Acetaldehyde Concentration

You are in your lab and want to increase the temperature of the enzyme-catalyzed
reaction to produce more ethanol. What should you take into account before heating
your system up?

Answer:

First, you have to make sure the dehydrogenase enzyme can survive intact at the
temperature you choose. Temperature changes can weaken some of the intramolecular
interactions (van der Waals, hydrogen bonds, etc.), which would change the conformation
of the enzyme, which makes it unable to host the NADH that helps catalyze the reaction.
Also, you have to make sure the acetaldehyde can react at this temperature (i.e. you choose
a temperature below the boiling points of the reactants (and products, too).) Lastly, you
should look up to see if at higher temperatures, the acetaldehyde will not react with itself to
produce non-ethanol products (i.e. polymers, larger alcohols, branched molecules, etc.)

If you just need the NADH for this reaction to proceed, why does it have to be a
coenzyme for dehydrogenase, an enzyme consisting of a very large amount of amino
acids, for the reaction to proceed catalytically?

Answer:

NADH has to be a coenzyme because it needs the dehydrogenase enzyme as a host to
conform it to the correct molecular arrangement. NADH alone will not be able to catalyze
the reaction because its structure is unfavorable for reaction with acetaldehyde. With the
help of the large dehydrogenase molecule, the various interactions (stretched covalent
bonds, increased hydrogen bonding with non-needed areas of the molecule, etc) make the
NADH position itself ideally for the reaction.






Week 1 Energy workshop: 7.013 @ ESG, Spring 2009

In the introduction to Chapter 8 of your textbook, the authors point out:

“Powered by sunlight, green plants use the reactions of photosynthesis to convert simple
chemicals in the environment - carbon dioxide and water — into carbohydrates. The emergence of
photosynthesis was a key event in the evolution of life, integrating an external energy source — the

energy of sunlight — into the living world. Photosynthesizing organisms using solar energy to
make their own food provide an entry point to the biosphere for chemical energy. Most other
organisms depend on photosynthesizers for the raw materials of metabolism, such as glucose, as
well as for atmospheric oxygen.”

In this problem, we will find out the efficiency of photosynthesis in terms of energy flow from
producers through tertiary consumers. Then, this efficiency is compared to the efficiency of
laboratory researched artificial photosynthesis, which is being researched as a possible source of
H, for fuel cells.

To start, the sunlight has to arrive at the photosynthetic organisms (plants.) In one year, an
average of 2.8 x 10**J of energy from the sun arrives at the earth’s surface.

1) Assume that all photons coming from the sun have a wavelength of 590. nm, how many
photons of sunlight make it to the Earth’s surface in one year?

2) Since light must be absorbed for photosynthesis to begin, one might wonder if all the light
from the sun is absorbed. This is not the case. Why not? Also what colors in the visible
spectrum may be the most absorbed in most plants? Why?

3) According to the article you were given, most people associate the efficiency of
photosynthesis with biomass and food production. This efficiency is around one percent.
This number seems very low. However, the actual efficiency of photosynthesis is around
40-50%. Why is that?
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4) Some studies show that only around 30 percent of the light from the sun is absorbed by
plants. How many photons of sunlight are used in a year by plants to produce our food and
biomass? Use the 590. nm assumption from above to alleviate confusion.

5) There is a model of energy flow from the primary producers (plants) = primary consumers
- secondary consumers > tertiary consumers that states the energy transfer from one level
to the next is about ten percent. This can be shown as an ecological pyramid shown below:

Ecological Pyramid

0.1% energy Energy of tertiary consumers

1% energy Energy of secondary consumers

10% energy
Energy of primary consumers

100% energy Energy of producers

What is the overall efficiency of the sunlight becoming our food? That is, what percentage
of sunlight that reaches the Earth is finally used by tertiary consumers?

Experiments show that one of the main steps in photosynthesis is the production of hydrogen
atoms by Photosystem I~ Very detailed info on Photosystem II can be found at
http:/ /www.bio.ic.ac.uk/research/barber/psllimages/PSILhtml. These hydrogen atoms
combine with electrons to produce hydrogen gas. This hydrogen gas, in turn, can be used in fuel
cells to produce energy.
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6) What is the maximum efficiency of artificial photosynthesis (i.e. mimicking Photosystem II
to produce hydrogen atoms)?

7) The actual estimated efficiency of artificial photosynthesis is around 15%. What factors
limit the overall efficiency of these cells?
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Solutions to week 1 workshop:

1)

2)

3)

Assume that all photons coming from the sun have a wavelength of 590. nm, how many
photons of sunlight make it to the Earth’s surface in one year?
Answer:

First, you have to calculate the energy of one photon at 590. Using E=h—;f, this is a plug and
chug:
6.626 x 10™J-5)(2.998 x 10° 11}
phomn:( )( - A) — 337 X 10-19 yh
590 x 10"m photon

Since you are given the energy of the sun arriving at the Earth’s surface, solve for the
number of photons:

E

2.8-10% J
# photons= E = A Car g3y 10° photons
P o year

107
Epoon  3.37-10 Ahoton

Since light must be absorbed for photosynthesis to begin, one might wonder if all the
light from the sun is absorbed. This is not the case. Why not? Also what colors in the
visible spectrum may be the most absorbed in most plants? Why?

Answer:

If all the light from the sun were to be absorbed by plants, every plant would act as a mini-
black hole, taking in all the light and not reflecting anything. Most plants are green, so they
absorb either red-orange or blue-violet light, reflecting green light. One can view the action
spectrum of green plants/chlorophyll in photosynthesis to explain this further:
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In an action spectrum, the maxima are at wavelengths of light most absorbed by green
plants. The rate, or action, of photosynthesis is at its maximum in red-orange and bluish
light.

According to the article you were given, most people associate the efficiency of
photosynthesis with biomass and food production. This efficiency is around one
percent. This number seems very low. However, the actual efficiency of photosynthesis
is around 40-50%. Why is that?

Answer:

The actual efficiency of photosynthesis given is the efficiency of plants using light to create
energy. The efficiency based on biomass/food production is only part of the 40-50% of the
light energy efficiency. There are many dark reactions in photosynthesis where the energy





4)

5)

6)

7)
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made with the help of light goes towards plant growth, reproduction, etc. So the key in
production of useful energy for humans is to take advantage of the light reactions with high
efficiency, avoiding the dark reactions that plants need to sustain life, but humans do not.
Some studies show that only around 30 percent of the light from the sun is absorbed by
plants. How many photons of sunlight are used in a year by plants to produce our food
and biomass? Use the 590. nm assumption from above to alleviate confusion.
Answer:
Here, we are going to solve for the number of photons that are used to produce a final
product of biomass and food. Assuming one percent food and biomass production
efficiency for photosynthesis, along with plants absorbing around 30 percent of sunlight, we
find that 0.3% of the sunlight that reaches the earth’s surface produces biomass and food, or

0.003 x 2.8-10**J = 8.4x10*' photons in one year.

What is the overall efficiency of the sunlight becoming our food? That is, what
percentage of sunlight that reaches the Earth is finally used by tertiary consumers?
Answer:

Here, 100% energy corresponds to the 30 percent of sunlight that is used by the plants for
photosynthesis. So, 1/1000 the energy absorbed by plants eventually makes it to the
tertiary consumers, or around 0.03 percent efficiency. If we take into account the 40-50
percent efficiency of light photosynthesis, this number decreases to around 0.015%.

What is the maximum efficiency of artificial photosynthesis (i.e. mimicking Photosystem
IT to produce hydrogen atoms)?

Answer:

The maximum efficiency is dictated by the maximum efficiency of light photosynthesis in
plants, or around 40-50%. The intent of artificial photosynthesis is to mimic as much as
possible light photosynthesis in plants to produce hydrogen atoms and molecule for use in
fuels. The large ruthenium and molybdenum-based complexes explained in the artificial
photosynthesis articles are based on the molecules found in photosystem II that enable the
hydrogen producing reactions to occur.

The actual estimated efficiency of artificial photosynthesis is around 15%. What factors
limit the overall efficiency of these cells?

Answer:

The first, and most major, limitation currently is obtaining the technical know-how for
setting up the new cells to work. Artificial photosynthetic cells have been found to be quite
efficient, but not in a use-to-power-your home way. Another limitation is the molecule
used for artificial photosynthesis. It is not an exact duplicate of the molecules/complexes
involved in Photosystem II. The current systems are not yet ideal. The catalyst used to
convert the hydrogen atoms and protons into hydrogen molecule has not yet been
perfected. This leads to efficiency loss. Also, the actual hydrogen fuel cell itself limits
efficiency because after the hydrogen is made, the process of the fuel cell is not 100%
efficient.





