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Abstract

Interest in photosynthesis continues to increase with a global focus on develop-
ing alternative fuel sources such as biofuels. It is the various forms of biomass
that provide the raw materials for the production of biofuels such as bioethanol
and biodiesel. The vast majority of these materials are grown by the photo-
synthesis process. Developing a mathematical model of the process allows for
a clearer understanding of what limits and propels the process, and what this
reaction might be capable of in terms of biomass growth on an industrial scale.

The primary driving force of photosynthesis, solar energy, is a crucial aspect
of this model. Relating the amount of light to organism growth is done by ex-
ploring the concept of quantum requirement, which is essentially the amount of
photons needed to drive the photosynthesis reaction. The theoretical quantum
requirement calculated is dependent on the wavelength of incoming photons in
the photosynthetically active radiation (PAR) spectrum, and varies between
9.94 moles of photons per mole of biomass (approximated as glucose) at 400nm,
and 17.8 moles of photons per mole of biomass at 700 nm. Measured, exper-
imental values of quantum requirement from the literature considered here
average a value of 61.7 moles of photons per mole of biomass required.

The conclusion is that the theoretical lower limit of operation, which is
therefore the absolute minimum quantum requirement, occurs when the pho-
tosynthesis process operates reversibly. It is suggested that the large difference
between theoretical and measured quantum requirement values may indicate
that the photosynthesis process is irreversible in nature. By the model devel-
oped, two other observations of interest are made: photon entropy has little
effect on the calculated quantum requirement; heat must be rejected from the
process, and increases in magnitude with increasing irreversibility.

In the final chapter, the theoretical model for quantum requirement is
utilised in conjunction with spectral irradiance data to obtain estimates of the-
oretical photosynthetic growth rates. With a reversible photosynthetic process,
a growth rate of 81.0 g/m?.hr of biomass would be possible if all light energy
in the PAR spectrum were absorbable. Applying the absorption capabilities of
a commonly-occurring pigment such as chlorophyll a, this theoretical growth
rate is reduced to 20.0g/m?.hr, to indicate the light saturation and absorption-
limited effect of a plant’s cell biology.

Both values are still largely above experimentally determined growth rates
from literature. These discrepancies are discussed with focus on relevant en-

zymes and proteins in the light-dependent and light-independent reactions of



photosynthesis that limit its kinetics and efficiency. The importance of calcu-
lating maximum possible biomass growth rates is that they, in essence, set the
upper limits on biomass production in our environment. With this knowledge,
large-scale estimates can be made, and improved efficiencies can be targeted

and measured against the ideal, theoretical case.
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Chapter 1

Introduction to Photosynthesis

1.1 Background and Motivation

1.1.1 The relation between photosynthesis and biofuels

The importance of the photosynthesis reaction in nature cannot be under-
stated; the usage of sunlight to form simple, organic compounds from water
and carbon dioxide, whilst releasing oxygen to the environment, is an essen-
tial life-supporting mechanism. Indeed, a co-dependent and cyclic relationship
between autotrophs and heterotrophs exists; this is directly facilitated by pho-
tosynthetic activity (Bryant and Frigaard, 2006).

Increased global awareness of the earth’s rapidly depleting fossil fuels has
led to a growing demand for reduced usage of these fuels. In turn, investiga-
tions have begun as to how the world’s energy requirements can be satisfacto-
rily supplied, and possibly replaced, by the implementation of alternative fuels.
Biofuels currently offer a viable opportunity to accommodate at least part of
this fuel usage shift. Biodiesel and bioethanol, in particular, have been identi-
fied as appealing substitutes to fulfill transportation fuel demands (Demirbas,
2009).

The raw materials utilised in the production of biofuels are varied; crops
(Ragauskas et al., 2007), algae (Chisti, 2007), and other organic matter, which
together constitute the term “biomass”, are all potential feedstocks in the con-
version of biomass to fuels. All forms of biomass must be grown and therefore
effectively produced from the photosynthesis process. The photosynthesis re-
action utilises the energy provided by the sun to convert carbon dioxide and
water into more complex organic substances and, in turn, trap or install the

energy received from the sun into these molecules.
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This energy is then later transferred to biofuels, which are evolved by appro-
priate chemical processes. So, not only is the photosynthesis process important
to the general functioning of our planet, but it forms an integral part in the
investigation and analysis of fuels production from biomass, since a very large
amount of carbon dioxide is converted to biomass each year by this process
(Field et al., 1998).

The benefit of solar energy is that it is technically “free” and long-lasting;
the energy of the sun is provided to the earth in the form of photons and is
received by land and sea areas. This will continue to occur with the lifespan
of the sun. However, the choice of utilising this seemingly unlimited energy,

with effective research and development, rests with society.

1.1.2 Atmospheric carbon dioxide mitigation

The issue of finding alternative fuel sources is not the only concern at stake.
The worries of global warming and the causative insulating effect of green-
house gases, such as carbon dioxide, on the earth’s atmosphere have developed
substantially in the last few years (Karnaukhov, 2001). The amount of carbon
dioxide present in the earth’s atmosphere has increased over recent centuries
as a result of increased fossil fuel burning and deforestation. A proportional
relationship with population growth is evident in this regard (Karube et al.,
1992).

Thus, it is necessary to investigate fuel production processes that involve
minimal carbon dioxide emissions, and even possibly to the extent of involving
or promoting carbon dioxide sequestration.

A direct advantage of photosynthesis is that of its ability to capture carbon
dioxide, and this is plainly apparent in the nature of the chemical reaction. The
uptake of carbon dioxide and release of oxygen by photosynthetic organisms
is one method of reducing the amount of carbon dioxide in the atmosphere.
A combination of lowering industry carbon dioxide outputs by taxation, bet-
ter industrial process designs, and maximising global photosynthetic processes
could assist in remedying the global warming problem.

In summary, the aforementioned problems, namely that of society’s cur-
rent dependence on non-renewable energy sources, and that of the excess,
atmospheric carbon dioxide’s global warming effect on the earth, are both ap-
proached and conceptually rectified with photosynthesis. In a world running
low on fossil fuels that cannot be quickly replenished, hope lies with usage of

the sun’s energy for the creation of biomass from photosynthesis, and the sub-
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sequent creation of biofuels to satisfy a portion of humanity’s energy demands.

The role of the engineer in this sphere, and indeed what this dissertation
intends to accomplish, is to explore and understand the fundamentals of pho-
tosynthesis from a thermodynamic standpoint. This type of understanding
allows a model to be developed, which can essentially provide the theoretical
constraints of how the reaction or process can proceed. On a macroscopic
scale, this model can be applied to estimating the generation of biomass. The
pursuit of this latter task is important, as these estimations can assist in pro-
viding the biofuels industry with information about the quantities of biomass

that can be produced as raw material feedstock for biofuels creation.

1.2 Aims and Objectives

The primary aim of this work is to be able to mathematically model the pho-
tosynthesis reaction as a function of photon input, or energy received from
the sun. This determination of how much photon energy is required to allow
the reaction to occur is an important one, as Govindjee (1999) suggests that
this allows an understanding of the efficiency of energy storage in photosyn-
thesis. Though this analysis is theoretical, there is an abundance of literature
measuring experimental values of photon requirements for the photosynthesis
reaction. With this literature available, comparisons can be made, and discus-
sion of any discrepancies initiated. This concept is referred to as the quantum
requirement of photosynthesis, and will be examined in greater detail in section
1.3.4.

Ogbonna et al. (1995) emphasises the point that mathematical modelling is
extremely useful and necessary in the consideration of bioprocesses and under-
standing them. This modelling shall involve thermodynamic examinations of
the photosynthesis process and definitions of the system at hand. In addition
to this, the effect and concept of photon wavelength will be investigated, as it
relates directly to energy input.

Petela (2008) discusses and highlights some important points about a ther-
modynamic analysis of a system. Of these, eventual optimisation of the process
is a primary goal, and this is achieved by understanding what variables and pri-
mary influences affect the functioning of it. Establishing the limits or bounds
of operations gives clear definition to the minimum and maximum values of
such variables. Likewise, in this analysis, it is the hope that the photosynthesis

process and system can be optimised.
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An additional or secondary objective is to consider the available solar en-
ergy from the sun, so that the model developed can be combined to calculate
the organic matter or biomass produced by photosynthesis per period of time
and land area. Essentially, if the photosynthesis process can be quantified,
then absolute theoretical estimates and limits regarding the conversion of light
energy into chemical energy and plant mass can be established (Beadle and
Long, 1985).

1.3 Literature Review

1.3.1 The basics of photosynthesis
1.3.1.1 The overall equation

Photosynthesis is the biological process of converting carbon dioxide and water
into oxygen and organic materials such as sugars and carbohydrates with the
usage of light energy. Different plant and algae species use similar or even
identical photosynthetic pathways that convert this light energy into a form
of chemical energy, retained by the plant or algae in its cells (Bjorkman and
Demmig, 1987). The generalised equation or mass balance for the physical

components of the photosynthesis reaction is shown here by equation 1.3.1:

Since the photosynthesis process is by its nature a chemical work-requiring
process, the light energy received from photons acts as a supply to this require-
ment. Without this input, the synthesis cannot occur; phototropic organisms
can only grow and exist if a supply of light energy is available to them.

Typically, in photosynthesis equation analysis, glucose is assigned as the
primary organic product to represent the growth of organic matter. Glucose
is a sugar molecule and an important source of energy in plants, which ulti-
mately contributes to the formation of other products including cellulose, a
main constituent in plant and alga cells. The photosynthesis reaction for the

production of glucose is provided here in equation 1.3.2:
6002 + GHQO — C6H1206 + 602 (132)

A thermodynamic analysis of any system requires the usage of mass, en-

thalpy and entropy balances. In turn, this requires enthalpy and Gibbs free
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energy formation data, or even entropy formation data, for each reactant and
product. The advantage of glucose as the chosen product for the synthesis
analysis is revealed in the availability of both its enthalpy and Gibbs free
energy formation data. It should be noted that this would be difficult to ac-
complish for an alternative product, such as cellulose or starch, where such
data is not available. This reasoning, coupled with glucose being a major and
common product of photosynthesis, justifies the selection of glucose as the
chosen photosynthesis product in the approaching analysis.

However, even with this data available, there is the issue of ambiguity
of phase of the organic product, glucose. On a microscopic scale, the glucose
formed in the reaction can either be formed as a solid product or as a dissolved
product in surrounding, excess water — the latter a possibility to consider due
to the high solubility of glucose in water. As a result, it is difficult to ascertain
exactly in which phase the glucose will be produced. Fortunately, with this
question of phase in mind, enthalpy of formation and Gibbs free energy of
formation data is available for both phases, and so comparisons between the
two phases can be drawn. The enthalpy of formation and Gibbs free energy
of formation values for glucose in the aqueous phase are sourced from Alberty
(1998):

AH{ = —1262.19 kJ /mol

f,C6H1206,aqueous

AG —915.90 kJ /mol

o _
f,C6H1206,aqueous —

These can be compared with enthalpy of formation and Gibbs free energy of
formation values for glucose in the solid phase, which are sourced from Brown
et al. (2002):

AHfO’CEmeO&SOlid = —1271 kJ/mol

AGE 411504 s0ia = —909 kJ /mol

It can be observed that the differences in values between the enthalpy of
formation and Gibbs free energy of formation for each phase are noticeably
small. This would imply that the enthalpy change and Gibbs free energy
change between these two phases — in essence, the process of solvation — will
both be very minor. Indeed, this may have bearing on the high solubility of
glucose in water. However, this is not the discussion at hand.

What is important, is that the choice of phase will have little impact on
thermodynamic calculations such as those performed in an energy balance,
considering that the enthalpy of formation of glucose in the solid phase is

approximately equal to the enthalpy of formation of glucose in the aqueous
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phase. The same can be said of the choice of phase and the Gibbs free energy
of formation of glucose, and hence its involvement in an entropy or Gibbs free
energy balance. Following this conclusion, it should be noted that the values
for the enthalpy of formation and Gibbs free energy of formation of glucose that

are used in all calculations of this dissertation are, by choice, those provided

by Alberty (1998).

1.3.1.2 Light-dependent reactions

Attention must now be drawn to the inner workings of the photosynthesis
process. Although the focus in this dissertation is the application of engineer-
ing principles to photosynthesis as an overall process, having knowledge of
some of its intricacies and many interlinked reactions may assist in discussing
and reconciling the results of the analysis with the results from experimental
literature.

The inner cell workings of the photosynthetic process are complex and
detailed, and there are several reactions that contribute and stem from one
another to eventually represent the overall reactions shown in equations 1.3.1
and 1.3.2. Division between two types or sets of reactions in the photosyn-
thesis process is usually made: light-dependent (photo) reactions, are directly
influenced by the light or photon input into the system; light-independent
(non-photo) reactions occur without the direct stimulation of light or photon
input (Petela, 2008).

The light-dependent reactions are to be explained first, as the products
of these reactions provide the light-independent reactions with energy-rich
molecules to proceed. Indeed, two of the most important of these molecules
are ATP (adenosine triphosphate) and NADPH (nicotinamide adenine dinu-
cleotide phosphate), which are formed within a cycle and utilised in the light-
independent reactions. The light-dependent reactions occur in specialised ar-
eas of a plant’s cells, called chloroplasts. In turn, these chloroplasts house
chlorophyll molecules, which are central to the photosynthetic process as pho-
toreceptors, absorbing light or photon energy, and indeed initiating a conse-
quent chain of events that will convert light energy to chemical energy (Beadle
and Long, 1985). Carotenoids perform a very similar role, and are available
depending on the plant type.

Each species of plant or algae tend to possess a variety and combination
of different types of chlorophyll molecules in the chloroplast organelles of their
cells. Chlorophyll a and chlorophyll b are two of the most common types of
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chlorophyll molecules — the former being the most common — found in plants
and algae (Nabors, 2004). The light that these molecules are capable of absorb-
ing corresponds to the spectrum of photosynthetically active radiation (PAR).
This spectrum encompasses photons from approximately 400 nm to 700 nm in
wavelength (Fragata and Viruvuru, 2008), which is a slightly shorter than the
range of visible light, 380 nm to 780 nm (Petela, 2008). Plants and algae tend
to be able to absorb light in the red and blue colour spectra particularly well,
thus defining their action spectra, as a result of the nature and function of
the chlorophyll molecules they contain in their chloroplasts. These absorption
peaks occur for chlorophyll a at about 430 nm and 680 nm (Berg et al., 2002).

Within these chloroplasts, a photosynthetic or thykaloid membrane is in
place, which contains the necessary proteins for the light-dependent reactions.
Moving outside of this membrane, but still within the chloroplast, other pro-
teins and enzymes are available for the carbon reduction or light-independent
reactions (Whitmarsh and Govindjee, 1999). This area is known as chloroplast
stroma, whereas the interior of the membrane is referred to as the thykaloid
lumen. Inside the membrane, two crucial reaction centres, or light-harvesting
complexes, operating in series are available: P680 and P700, also known as
Photosystem II and Photosystem I, respectively. Each protein complex is
surrounded by a collection of chlorophyll (or carotenoid) molecules that col-
lect photons. The starting point of the light-dependent reactions involves the
photoexcitation of electrons within P680 by received photons collected by the
chlorophyll molecules (Jones and Fyfe, 2004). With the heightened energy
state of these electrons, the P680 transfers the electrons on to another com-
plex, pheophytin. The transferred electrons from P680 are replaced by the
oxidation of surrounding water molecules (Shinkarev, 2003). In the process of

oxidising the water, oxygen molecules are released:
1 n _
HQO — 502 + 2H™ + 2e

This is a significant reaction, and the P680 protein complex is thus respon-
sible for the release of oxygen into the atmosphere. The electrons transferred
to the pheophytin continue down an electron transport chain — also known
as the Z-scheme — through various molecules, acting as vehicles, to the pro-
tein complex Cytochrome c6f, and then onto the second reaction centre, P700
(Govindjee and Govindjee, 2000). It is not the intention of this dissertation
to describe each and every event in this transport chain, as the process is ex-

tremely detailed and intricate. However, relevant points will be drawn into
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discussion when considering limited reactions and constrictions in the process,
as these will be relevant to theoretical and measured growth rate comparison.

One such point to be considered occurs at the protein complex Cytochrome
c6f. Plastoquinone, one of the aforementioned molecules that works as a vehicle
to transport electrons, moves cyclically between P680 and Cytochrome c6f
to transfer electrons in a reduced and oxidised state. The reduced form of
plastoquinone will bind to certain sites on the Cytochrome c6f complex, where
oxidation of it by a FeS molecule will occur in order to move the electron
along the electron transport chain, or Z-scheme. According to Govindjee and
Govindjee (2000), this process occurs in a matter of milliseconds, whereas
photoexcitation in the reaction centres P680 and P700 is in the rate region
of picoseconds. Thus, the overall rate of the light-dependent reactions could
be limited by this particular action. As further information of interest, the
oxidised form of plastoquinone would then return to the P680 site to continue
its cycle by receiving another electron and returning to its reduced form.

Continuing down the electron transport chain, the electron will reach P700.
Here the phenomenon of photoexcitation is again observed, with the reaction
centre receiving energy from incoming photons, and continuing the electron
gradient and transfer direction towards the enzyme ferrodoxin-NADP reduc-
tase. This enzyme allows the reduction of NADP molecules on the stroma
side of the membrane into NADPH molecules by combining protons within
the stroma with electrons from P700.

Whilst this accounts for the production of NADPH, the synthesis of ATP
must also be explained here. With the release of protons from the oxidisation of
water on the lumen side, as well as the drawing of protons across the thykaloid
membrane during the reduction and oxidation of plastoquinone between P680
and the Cytochrome c6f complex, a proton motive force or gradient is formed
across the thykaloid membrane (Whitmarsh and Govindjee, 1999). Once in
the lumen, these protons move towards the ATP-synthase enzyme. It is here
then where ADP (adenosine diphosphate) on the stroma side binds to a site on
the ATP-synthase enzyme to form ATP, in combination with the proton that
crosses the membrane from the lumen to the stroma side. The ATP is released
on the stroma side of the membrane, where it is used in the light-independent

reactions.
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1.3.1.3 Light-independent reactions

As can be seen, the production of ATP and NADPH in the stroma is directly
reliant on the functioning and creation of an electron transport chain by the
photosynthetic reaction centres P680 and P700 in the thykaloid lumen. Again,
as with the light-dependent reactions, the light-independent reactions are nu-
merous and complex, and will not be described here in their totality. However,
there are several focal points of interest. The basic functioning of the light-
independent reactions occurs on the stroma side of the thykaloid membrane.
The overall process of converting carbon dioxide from the atmosphere to car-
bohydrates in the organism is called the Calvin cycle.

Carbon dioxide is absorbed by the Ribulose 1,5-biphosphate molecule and
then broken into two 3-phosphoglycerate molecules. This process is catalyzed
by a key enzyme in the process, Rubisco, and the carbon dioxide must attach
or bind itself to appropriate sites on the Rubisco protein during this reac-
tion (Taiz and Zeiger, 2010). The ATP and NADPH molecules created from
the light-dependent reactions are oxidised back to their states of ADP and
NADP, respectively, at points during this cycle. However, in doing so, they
donate energy by reducing the 3-phosphoglycerate molecules along a pathway
to eventually form triosephosphate, which is essentially a building block to
greater sized carbon or sugar molecules such as glucose, starch, cellulose and
other sugars (Whitmarsh and Govindjee, 1999).

These sugars are utilised as structural materials for the plant, as well as for
cellular respiration, which is the mechanism that allows organisms to obtain
energy by effectively consuming them (Beadle and Long, 1985). In a sense,
cellular respiration is the reverse reaction of photosynthesis, but it does not
involve light input or output. The ADP and NADP molecules are returned
to the aforementioned Z-scheme electron transport chain where they will be
reduced again by the light-dependent reactions back to ATP and NADPH,
respectively.

It is not entirely true to say that the light-independent reactions are entirely
light-independent, as they would not be able to proceed without sufficient ATP
and NADPH, which are created by the light-dependent reactions. Indeed, at
night, when very little to no light is available, oxygen evolution from the light-
dependent reactions halts (Melis, 2009). Subsequently, so does production of
ATP and NADPH, without which the light-independent processes of carbon
fixation and carbohydrate formation cannot occur, thus explaining the lack

of nocturnal plant growth. What is true to say, however, is that the light
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intensity does not influence the rate of function of the some of the enzymes
of the carbon fixation and reduction processes, to which must attention must
now be drawn to.

A major consideration to be made is that of the enzyme Rubisco. As men-
tioned, Rubisco is essential as it binds carbon dioxide molecules with Ribulose
1,5-biphosphate molecules in the process of carbon reduction. One of the com-
plex aspects of Rubisco is the issue of specificity of reaction, since the enzyme
is capable of binding carbon dioxide molecules for the carbon reduction, as well
as oxygen molecules for photorespiration. Indeed, this reveals two competing
reactions. Photorespiration is viewed to be energy-wasting, and inhibits car-
bon fixation, which ultimately slows structural development and plant growth
(Tcherkez et al., 2006). Atmospheric environments with high carbon dioxide
concentration and low oxygen concentration will tend to promote carbon fixa-
tion (Parry et al., 2003), but increasing carbon dioxide concentration can only
be successful to a point, as further increasing it will result in the poisoning of
the organism, as observed in some species of algae (Myers, 1953).

The enzyme has also been targeted as a severely rate-limiting enzyme in
the overall photosynthetic process, decreasing its total efficiency, and thus
resulting in a call for genetic modification and alteration of the enzyme in
order to improve its performance (Parry et al., 2003; Andrews and Whitney,
2003; Whitney and Andrews, 2001). Aside from reaction specificity, the main
area of problem with Rubisco is in its slow rate of binding molecules to its
available sites in order to catalyse carbon fixation; the enzyme is able to handle
only a few interactions per second (Tcherkez et al., 2006). When compared
with the light-dependent reaction rates that range between one interaction per
picosecond to reaction per millisecond (Govindjee and Govindjee, 2000), this
is a large difference. To conclude, the light-dependent reactions and light-
independent reactions occur at different rates, but it is the light-independent

reactions that limit the overall rate of the photosynthesis process.

1.3.1.4 Light absorption

As mentioned, the evolution of oxygen is a direct consequence of the light-
dependent reaction. Melis (2009) offers insight into this relationship between
light intensity and the rate of oxygen evolution, as demonstrated in Figure
1.3.1. With zero light intensity, a negative rate of oxygen evolution can be
observed as a result of cellular respiration. Cellular respiration can be thought

of as the opposite process of photosynthesis; sugars are combusted (thus con-

23



Oxygen evolution in photosynthesis as a function of light intensity
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Figure 1.3.1: The relationship between oxygen evolution and light intensity, as
demonstrated by Melis (2009) for a species of microalgae. The rate of oxygen
evolution is given as the number of moles of oxygen produced per mole of
chlorophyll per second. The light intensity, or irradiance, is described as the
number of photons received per area per second.

suming oxygen) to provide energy to other areas of the cells of a plant or algae.
Returning to the graph, the rate of oxygen evolution increases with light in-
tensity. However, at higher intensity levels, the rate of oxygen evolution tends
to plateau and become constant, indicating saturation.

The significance of this plateau is that the maximum amount of photon
energy absorbed per time has been reached; all additional and unabsorbed
light received cannot be utilised, and is rejected as heat or reflected by the or-
ganism. To establish why this saturation effect occurs, the details of the light-
dependent and light-independent reactions from sections 1.3.1.2 and 1.3.1.3
must be considered.

The point made by Govindjee and Govindjee (2000) regarding the slow
binding plastoquinone to the Cytochrome c6f complex is a bottleneck of con-
cern. Examining the light-independent reactions, the primary bottleneck is
revealed to be the Rubisco enzyme, with its particularly slow enzyme rate
(Tcherkez et al., 2006). Melis (2009) confirms both these phenomena to be
causes of the light saturation effect. The relative rate of Rubisco when com-
pared to the activity of the Cytochrome c6f complex is slower, and so ultimately

this is the overall rate-limiting step.
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Figure 1.3.2: Percentage absorbance of incident light for chlorophyll a in
the photosynthetically active radiation spectrum (Whitmarsh and Govindjee,
1999). Absorption peaks are observed at approximately 440 nm and 680 nm,
which are the blue and red light regions, respectively. These areas are also
referred to as the action spectrum for the photosynthesis reaction.

While the absorption of light energy has been examined from a quantitative
viewpoint in terms of number of photons, the absorption ability of photosyn-
thetic organisms must be considered from a qualitative perspective too. This
refers to the concept that photons of every wavelength in the photosyntheti-
cally active radiation spectrum are not absorbed by light-reaction centres P680
and P700 equally. Whitmarsh and Govindjee (1999) provide a percentage ab-
sorbance curve in figure 1.3.2 for the chlorophyll a pigment.

Percentage absorbance can be defined in a simple manner as:

_ Total light absorbed for A

= x 100
* ™ Total light received for A

A pigment’s absorption capabilities dictate ultimately how much light en-
ergy can be converted to chemical energy. The usefulness of this percentage
absorbance curve will be revealed in the calculation of theoretical growth rates,
where one is able to compare such growth rates based on the total light an
organism might receive versus the realistically absorbable light. The latter is
expected to be less than the former, and the difference between the two will

be considered in chapter 3.
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1.3.2 The relevance of algae

The relevance and value of algae in contemporary industry and society is at
a highpoint with its potential in the biofuel and food markets. In the biofuel
industry it is possible to produce biodiesel, biobutanol, biogasoline and several
other fuels from algae. Biodiesel currently ranks as the most worthy of con-
sideration for replacing current automobile fuels, according to a report by the
US Department of Energy Aquatic Species Program (2006). It is noteworthy
that up to 60% of the biomass of algae grown can be extracted as oils for the
production of biodiesel, as stated by the Australian research group SARDI
Aquatic Sciences (2008).

With regard to use as a food source or supplement, algae are protein-rich,
easily digestible and highly nutritious, making them excellent foods for consid-
eration in developing countries or countries where low-cost food is in demand
(Burlew, 1953). The use of microalgae extends even to having potential in
pharmaceutical development (Melis, 2009).

The main reason, however, for including algae in this discussion is for ex-
amination of their promising capabilities in atmospheric carbon dioxide mit-
igation, a global need observed in section 1.1.2. An overview of industrial
processes and opportunities that incorporate this approach seems appropriate
to further promote this study and the objectives of it.

Algae possess simple and, quite often, uniform cellular structures, which
therefore allow estimation and monitoring of such growth to be more easily
modelled and controlled. Spoehr (1953) suggests that the composition of a
unicellular alga such as the Chlorella species can be varied by controlling the
growth conditions and nutrients available to yield a product of desired compo-
sition. Controlling growth conditions also allows algae to be grown through-
out the year if at the correct temperature range, unlike many seasonal crops
(Doucha et al., 2005). In addition, many algal species, with types of microal-
gae in particular, have the ability to grow biomass at higher photosynthesis
rates than other plant forms of increasing complexity. With these appeal-
ing growth rates, algae appear as a suitable candidate for large-scale biomass
growth (Karube et al., 1992).

Another advantage that microalgae have is that they are able to grow and
function under high carbon dioxide concentrations. Since this allows biomass
to be grown in gases of high carbon dioxide concentration, industrial oppor-
tunities are available for such utilisation; flue gases from factories and power

plants can be used as feed gases to microalgal growth facilities (Karube et al.,
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1992).

Indeed, it is such factories and power plants that are responsible for the
majority of annual carbon dioxide output into the atmosphere, and this is a
direct method of capturing that carbon dioxide. Doucha et al. (2005) mention
that an added benefit of this process is that it allows biomass to be grown
cheaply, since the feed consists of by-product flue gases from other operations,
and this eliminates the cost of purchasing carbon dioxide feed from a source.
Minerals, nutrients and water costs will, however, have to be funded and the
materials sourced.

Debate in regard to the procedure and equipment that algae should be
grown is apparent; algal ponds and photobioreactors currently represent two of
the main methods for large-scale algae growth (Doucha et al., 2005; Jeong et al.,
2003; Karube et al., 1992). Regardless of the advantages and disadvantages of
each growth technique, properly developed methods do exist to assist in the

mitigation of atmospheric carbon dioxide on a large-scale.

1.3.3 Characteristics of light
1.3.3.1 Energy

Photons are the units or constituent components of light that are produced
from a black body, such as the sun, and received by the earth. Photons exist
as both particles and waves, and therefore occupy space and have inherent
wavelength; the latter property allows the energy contained in light or photons
to be quantified. The energy of a photon, Ephoton, is inversely proportional to
its wavelength. Work published by Planck (1901) allows the calculation of the
energy of a photon from the sun as a function of its wavelength \:

- hc
Ephoton()\) = 7

Here, h represents Planck’s constant (6.626 x 1073 J.s), and ¢ represents
the speed of light (2.998 x 10® m/s). The energy of a number, Nphotons, Of

moles of photons of a certain wavelength can described by including Avogadro’s

constant, Ny:

Nphotons NA he

Ephotons()\) == \

(1.3.3)
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Figure 1.3.3: Spectral irradiance of the sun.

1.3.3.2 Spectral irradiance

The work of Planck (1901) extends to the development of a mathematical
model to estimate the amount of energy provided by a black body over a
spectrum of photon wavelength. This measure of energy can be defined as the
spectral irradiance of the black body, which is the amount of energy per unit
time per unit area per wavelength range produced by the body, shown often
in the unit form of W/m?nm. The spectral irradiance is dependent on two
variables: T, the blackbody temperature, and again, A, photon wavelength.

The equation for this correlation is given as:

2hc?

(1.3.4)

The only new constant introduced here is k, which is Boltzmann’s constant
(1.381x10723J /K). The usefulness of this relationship is evident in its applica-
tion to the sun (for which, the blackbody surface temperature is approximately
5800 K), and thus how much energy it provides to the earth. At each photon
wavelength, the equation reveals how much spectral irradiance or energy per
unit area is provided to the earth; this is demonstrated in figure 1.3.3. The
application of spectral irradiance to estimating biomass growth rates will be

more closely examined in chapter 3.
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1.3.3.3 Entropy

The issue of photon entropy and its application to a system analysis such as
photosynthesis is one of contention. In the past, the conceptual model of a
photon gas has been developed and taught (Leff, 2002). In this model, a group
of photons is thought to occupy a particular volume of physical space, a cavity,
at a certain pressure and temperature. As a result, the entropy of the photon

becomes a function of this volume V' and temperature T', with constant b:

A 4
Sphoton(‘/a T) = gbVTS

Considering a fixed volume of a black body such as the sun with a known
blackbody radiation temperature, this model appears effective. However, a
number of concerns arise with the variables of volume and temperature in
the application of this model to a natural process such as photosynthesis:
what volume does a photon gas entering a photosynthetic organism occupy?
What shape can one assume the particles to be? What can one consider the
temperature of these photons to be?

Indeed, criticism of this model for the application of a photon absorption
in a photosynthetic system by Kahn (1961) involves the discussion of the tem-
perature at which the photon entropy is considered. The author states that
the temperature of a single photon or group of photons is not easily definable,
and that it cannot be simply considered to be that of the atmospheric sur-
roundings, or that of the black body that the photons originate from. The
model, it seems, is fallible to the application being considered here.

Therefore, the alternative perspective to examine now is the consideration
of photons entering a photosynthetic system as a collection or group of indi-
vidual photons, rather than a photon gas of a certain volume and temperature.
Recent work by Kirwan (2004) suggests that photons carry an intrinsic or in-
herent entropy that is finite and constant, unlike a photon gas. The author
maintains that this entropy does not vary according to wavelength, which af-
fects particle size. Although the photons still occupy a region of physical space,
their entropy is unaffected by volume. Kirwan (2004) derives this entropy to
be:

A 4
Sphoton = gkAT

Again, k is Boltzmann’s constant (1.381x10723J/K). Ar is a dimensionless
constant between 0.75, for a single photon, and 3, for a group or collection of

photons. Since the analysis of the operation of photosynthesis involves the
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absorption of groups of photons or quanta, the value of A7 can be fixed as 3,

and thus the photon entropy definition reduces to:
Sphoton = 4k = 5.524 x 107 J/K (1.3.5)

Finally, there remains one last perspective or viewpoint to consider regard-
ing the photon entropy. Gudkov (1998) speculates that light from a blackbody
radiation source is of such high-grade energy that it does not possess any in-
herent entropy. This would, in terms of photon entropy as a value, mean
that:

Sphoton = 0 J/K (1.3.6)

To some extent, Lineweaver and Egan (2008) agree with this perspective,
in that the light received by the earth contains high-grade energy. However,
the authors contend that this light is both possessive of high-grade energy and
low-entropy, as opposed to having no entropy at all. The authors also make
the point that biological systems on earth would not be able to utilise this
energy if it were high-entropy.

The question at hand is thus: can photon entropy be neglected for the basis
of calculation if the light entering photosynthetic organisms is sufficiently low-
entropy? Since quantifiable amounts for photon entropy are expressed for the
perspective of Kirwan (2004) in equation 1.3.5, and for the viewpoint made
mention of by Gudkov (1998) in equation 1.3.6, a comparison will be able to
be drawn from these. Thus, the significance of the photon entropy term will be

revealed, and the answer to this question indicated in the forthcoming analysis.

1.3.4 Quantum requirement

As mentioned in section 1.2, the main objective of this dissertation is to be able
to model the photosynthesis reaction or process as a function of photon input.
Thus, it is required to establish some form of basis from literature to enable
comparisons to be made with the mathematical model that evolves from this
analysis.

Equation 1.3.2 shows the uptake of six moles of carbon dioxide, and the
subsequent production of six moles of oxygen, amongst the consumption of
water and production of glucose. From photosynthesis research standards, the
photon yield or quantum yield, commonly represented by the symbol ¢,, is
defined as the number of moles of carbon dioxide consumed or moles of oxygen

evolved per photon or quanta (Bjérkman and Demmig, 1987). The inverse of
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this, the quantum requirement (QR), is thus the number of moles of photons
or quanta required to allow the uptake of one mole of carbon dioxide or the

production of one mole of oxygen:

QRo, = é

It follows mathematically from this that six times this number or value
of QRp, would be the number of photons required to synthesise one mole of

glucose:
QRglucose =6 X QR’OQ

Experimental literature approaches the finding of the value of the quantum
requirement by determining and comparing the amount of photons absorbed
by the photosynthesis system (plants or algae) with the amount of carbon
dioxide reduced or the amount of oxygen released from the system (Zeinalov
and Maslenkova, 1999).

Bjorkman and Demmig (1987) report that although many different species
of plants and algae have been studied, the quantum requirement value in each
study varies little. This can be explained by the reasoning that the photosyn-
thetic pathway, or the general physiological mechanism in which photosynthe-
sis occurs, in each organism is similar. Schmid and Gaffron (1967) confirm
this by stating that differences in plant structure or chlorophyll content do not
alter the quantum requirement. The result of this perspective is beneficial; the
analysis being made in this dissertation is not limited to a specific species of
plant or algae, but rather to the photosynthesis reaction in general.

During the mid-twentieth century, a difference in opinion on what the value
of the quantum requirement should be emerged between two leading photosyn-
thesis scientists, Warburg and Emerson. Warburg was of the opinion that the
photosynthesis mechanism required 3 to 4 moles of photons for the evolution of
one mole of oxygen, whereas Emerson believed that the quantum requirement
was greater than this: in the region of 8 to 12 moles of photons (Govindjee,
1999).

In Warburg’s last paper (Warburg et al., 1969), Chlorophyll catalysis and
FEinstein’s law of photochemical equivalence in photosynthesis, Govindjee (1999)
makes the point that Warburg had in fact produced a result similar to that of
Emerson’s quantum requirement for oxygen production. Emerson’s perspec-
tive is now widely accepted as the correct one (Chain and Arnon, 1977), and

thus that a photon requirement for photosynthetic organisms in the region of
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8 to 12 moles of photons can be expected. Table 1.3.1 offers a fairly extensive

list of quantum requirement values from different experimental and theoretical

literature sources:

Author (Year) QR for Oxygen QR for Glucose
Evolution (QRo,) | Synthesis (QRgiucose)
Andriesse and Hollestelle (2001) 10 60
Beadle and Long (1985) 8 48
Bjorkman and Demmig (1987) 8.43 —10.43 50.6 — 62.6
Fragata and Viruvuru (2008) 8 —125 48 — 75
Govindjee et al. (1968) 8 48
Govindjee (1999) 8 —12 48 — 72
Ley and Mauzerall (1982) 9-—-11 54 — 66
Ley (1986) 8.6 —12.2 092 =173
Melis (2009) 9.5 57
Schmid and Gaffron (1967) 10 60
Warner and Berry (1987) 6—8 36 — 48
Average/Mean Value 10.3 61.7

Table 1.3.1: Comparative values of photosynthesis quantum requirements from
literature.

The issue at stake now is to determine which values should be used for
comparison with the analysis in this dissertation. In the forthcoming analysis,
quantum requirements will be modelled per mole of glucose produced by the
photosynthesis process. Since some of the tabulated values are expressed as
a range of values, both a minimum and a maximum photon requirement are
available for usage. From this, an average or mean value for the quantum
requirement of glucose synthesis is calculated as 61.7 moles of photons per mole
of glucose. In the forthcoming analysis the quantum requirement calculated

theoretically can be compared to this mean value.

1.3.5 Photosynthetic efficiency and growth rates

In addition to the goal of determining a theoretical quantum requirement of
photosynthesis, it is also an objective of this dissertation to further interest
in theoretical capabilities of the process by examining photosynthetic growth
rates. In chapter 3, theoretical growth rates will be calculated and compared
with experimental growth rates from literature. An important concept to

be utilised in this comparison is that of photosynthetic efficiency. Generally,
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photosynthetic efficiency, n, may be defined as:

Light energy used to produce biomass
’]7 =

Total light energy received

In order to correlate the ratio of these energies, the concept of flux becomes
a useful and necessary one. The quantity of total light energy received may be
quantified by spectral irradiance, which is given in energy per square metre per
second (energy flux). The energy used in the production of biomass (simplified
in this analysis as glucose) will require two aspects. The first is the energy re-
quired to synthesise one mole of glucose; this is the quantum requirement, and
the entire focus of chapter 2. The second aspect is a physical or mass measure
of biomass that is grown per metre square per second, which is therefore a
growth rate or mass flux.

Of interest, Andriesse and Hollestelle (2001) approach photosynthetic effi-
ciency in a somewhat different manner. By drawing a correlation between the
mass fluxes of incoming photons and the carbohydrate or glucose molecules
formed during the process, and then relating it to the transport phenomena
of a simplified glucose-water photosynthetic system, they are able to calcu-
late photosynthetic efficiencies. In their analysis, the thermal conductivity,
diffusion coefficient and atomic density are utilised to make this correlation,
with considerable discussion on how variations in the diffusion coefficient affect
the calculated efficiencies. In the work presented in this dissertation, though,
focus will kept on combining the aspects of spectral irradiance, absorbance
and quantum requirement as means of determining photosynthetic efficien-
cies and growth rates. The predicted and measured efficiencies by Andriesse
and Hollestelle (2001) will prove as interesting material for comparison and
discussion in chapter 3.

Comparable growth rates from literature will vary in the form that they are
presented in. Moss (1967) reports that some crops will consume a maximum
of approximately 6.0 g/m?.hr of carbon dioxide in direct sunlight. Doucha
et al. (2005) indicates a maximum oxygen evolution rate of 7.1 g/m%.hr for
the Chlorella species. From the exploration of light-dependent and light-
independent processes of photosynthesis in sections 1.3.1.2 and 1.3.1.3, it has
been implied that the rate of oxygen evolution and carbon dioxide are not
simply stoichiometrically related according to equation 1.3.2. Andriesse and
Hollestelle (2001) point to experimental results by Goudriaan and van Laar

(1994) that between 11 pg and 14 pg of carbon dioxide are absorbed in plants
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for every joule of incident light received. Thus, flux values for growth or energy
in per square metre per second units are not available.

However, this does not mean that these data cannot be reconciled or assim-
ilated into a comparable form, and chapter 3 will demonstrate this by utilising
the concepts of spectral irradiance and absorbance, as well as discussion on

the rates of carbon dioxide uptake and oxygen evolution.
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Chapter 2

Calculating the Quantum

Requirement

2.1 Method of Approach

As mentioned in the section 1.3.1.3, the photosynthesis process is a complex
bioprocess, with numerous activities and reactions occurring within cells of
the organism. The approach to be applied is thus a thermodynamic model by
means of overall balances, thus paying little attention to the intricacies of the
process. This approach has been termed as the “black-box” method by Patel
et al. (2005). In it, the inputs and outputs of the process are investigated and
remain the focus, but the inner workings (individual reactions and pathways)
and specifics are not considered. Figure 2.1.1 shows a basic example of how this

technique might be applied. By applying this approach to the photosynthesis

Energy Work
input or input or
output output

Inputs (Mass) Overall Process Outputs (Mass)

> (Inner workings

L are not revealed) J

Figure 2.1.1: Diagram of the “black-box” approach, which considers the overall
flows of mass, energy and entropy. The inner processes are not dealt with.

v
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Figure 2.1.2: The mass balance for the photosynthesis process, with phases of
the components indicated.

process, the mass, energy and entropy balances can be determined.

2.1.1 Mass and energy balances

The mass balance for the process is described in equation 1.3.2 and is illustrated
in figure 2.1.2. An important consideration in the analysis of the photosynthe-
sis process is the determination of the phases of the components. The energy,
entropy and Gibbs free energy balances will all be affected, noticeably in some
cases, from differences in thermodynamic properties between gas and liquid
phases in particular.

The carbon dioxide absorbed is generally received from the atmosphere, or
from an alternative gas mixture such as a flue gas, and therefore the carbon
dioxide is in the gas phase. The water entering the photosynthetic system is,
however, in the liquid phase, as this water is absorbed in such a state from soil
by a root system in the case of many plants, and from a solution in the cases
of hydroponic organisms such as algae.

With regard to the products, the phase of the sugar molecule glucose can
be either solid or aqueous, as discussed previously in section 1.3.1.1, with the
thermodynamic properties of enthalpy of formation and Gibbs free energy of
formation being approximately the same in either phase. The oxygen evolved
in the process is released to the atmosphere in the gaseous phase. Thus,
the phases of the reactants and products have been determined; figure 2.1.2
demonstrates the phases and mass flows of these components. The temperature
and pressure conditions of the photosynthesis process are ambient: 25 °C and
1 atm.

Traditionally, the energy balance for a system at constant pressure (in this
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Figure 2.1.3: The energy balance for the photosynthesis process.

case constant atmospheric pressure) can be described as:

A 2
AI—Iprocess + # + QAZ = Q + Wi

Since the photosynthetic organism is stationary, no changes in energy due
to kinetic energy (%“2)) or potential energy (gAz) are applicable. There is
also no addition or removal of shaft work (Wj) to the system, and this renders
this term as zero. The energy balance thus far indicates that a change in
enthalpy across the process will occur due to heat transfer. However, this heat
transfer, as mentioned earlier in section 1.3.1.3, is the excess photon energy
lost or rejected from the photosynthetic organism to the environment, since
the photosynthetic reaction itself is endothermic.

The conventional energy balance does not, therefore, make account for a
photon energy input term, and so this must be added to the energy balance in
order to account for the energy installed by the photons into the photosynthetic
system. The photon energy input term is a function of photon wavelength, as
indicated in equation 1.3.3. The energy balance is now complete, as shown in

figure 2.1.3, and can be mathematically represented as:
Hin + Ephotons()\> = Hout + Q
The enthalpy in (H;,) and enthalpy out (Hoy) terms constitute the en-
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thalpy owing to input and output of the reactants and products, respectively:
Hiy, = Hco, + Huyo

Hout == HC6H1206 + HO2

In order to determine a way of numerically representing the values of these
components, a enthalpy basis must be established. Formation data for all the
above substances is available at 25°C and 1atm, and considering these are the
actual temperature and pressure conditions of the system, it seems convenient
to set the basis as follows: the enthalpy of all elements at 25 °C and 1 atm is

equal to zero. By the definition of the enthalpy of formation:

o o o Iy°
A]_[f,subs‘cance - Hsubstance - § Vi Helements

Note that 1; is the stoichiometric coefficient of an element 7. Since the
summation of the enthalpies of elements becomes a zero term, this renders the

enthalpy of the compound equal to the enthalpy of formation of it:

: = A]—Ifo,substance (211)

substance

Therefore, the enthalpies of the input and output streams of the photosyn-

thetic system become:
Hin == 6AH§,COQ + 6AH;HQO

Hout = AH;CGH:{QOG + 6AH?,O2

The enthalpies of formation here are those for the phases of the components
determined at the beginning of this section. The enthalpy change across the

entire process is the difference between the input and output enthalpies:
AHPTOCGSS - AH?,C@HQOG + GAH;OQ - 6AH?,C02 - 6AH?,H20

The enthalpy change across the process thus resembles the enthalpy of
reaction at ambient conditions (per mole of glucose produced), and a numerical

value is obtained:

AH process = A, = 2807.8 kJ /mol

rxXn
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The photon energy can be expressed by Planck’s expression, as demon-
strated in section 1.3.3.1, and Nphotons Tepresents the number of moles of pho-
tons of a particular wavelength to equate the energy balance from equation

1.3.3:

N, hotonsNA he

Ephotons()\) = 2L = AH; + Q

)\ rxn

This can be rearranged as:

A

Nphotons = NAhC (AH:xn + Q)

Therefore, a relationship between the number of photons, Nphotons, and the
wavelength, A, has been established. However, the value of the heat rejected,
@, to the environment from the photosynthesis system is not known, and so the
next step is to analyse the entropy balance of the process, in order to determine
how this might affect the mathematical modelling developed thus far. As a
final point, it should be important to note that number of photons, Nphotonss
required to satisfy the enthalpy of reaction for a mole of glucose, corresponds

to the quantum requirement, QRygiycose, Of glucose production:

A

= — (AH? 2.1.2
QRglucose NAhC ( rxn + Q) ( )

2.1.2 Entropy balance

The entropy balance for the photosynthesis process is shown diagrammatically

in Figure 2.1.4 and can be represented in an equation as:

Sin + Sgen + Sphotons = Sout + % (213>

Several aspects of this balance require discussion and explanation. The
entropy flow terms, S;, and Sgyu, correspond to the entropy flows of the re-
actants and products, respectively. The heat rejected, @), to the surroundings
from the system is done so at a particular temperature, T, and this is the
temperature at which the process operates. In this case, temperature T is the
ambient temperature, T',.

Seen 1s the internal entropy that is generated during the process and is a
direct indication of irreversibility: higher values of S, will announce higher

irreversibilities in the process. The entropy contained by the incoming photons

39



Heat
(Q)

4 )

Photosynthesis

Sin Process Sout
(System at 25 °C
and 1 atm)

v
v

Photon
Entropy

(Sphotons)

Figure 2.1.4: The entropy balance for the photosynthesis process.

is represented by the term Sphotons, Which can expanded to:

Sphotons = <Vphotons NA gphoton (2 1 4)

Nphotons again represents the number of moles of photons required to equate
the entropy balance. S’phomn expresses the entropy of a single photon. Multi-
plying it with Avogadro’s number, N4, results in a value for the entropy of a
mole of photons. The value of Sphoton is an issue of debate, as demonstrated
earlier in section 1.3.3.3. However, as mentioned, two scenarios and values of
Sphomn will be dealt with for comparative purposes.

Returning to equation 2.1.3, it is possible, as with the enthalpy balance,
to expand the entropy in (Si,) and entropy out (Sou) terms to the sum of the

entropy of the reactants and products, respectively:
Sin - SCOQ + SHQO

Sout = SCﬁleos + SOQ

By the definition of the entropy of formation, the equation can be rear-
ranged so that the entropy of each substance is described as the sum of the

entropy of formation and the sum of the entropy of each element of the sub-
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stance:

o _ o Qo
substance ASf,substance + § :Vl elements

To eliminate the entropy of each element, an entropy basis is again set as:
the entropy of all elements at 25°C and 1 atm is equal to zero. With this basis
and the definition of entropy of formation, the summation of the entropy of
the elements becomes a zero term, and the entropy of the substance becomes
equal to the entropy of formation of it. Therefore, the entropy terms of the

input and output streams of the photosynthetic system become:
Sin - GASECOQ + 6AS?7H20

SOUt = AS;CﬁHlQOG + 6AS;O2

The entropy of formation of each substance here are those for the phases
of the components determined at the beginning of this section, and formation
data is available at 25 °C and 1 atm. The entropy change across the entire

process is thus difference between the input and output enthalpies:

ASproceSS - AS?,C@leos + 6AS?’O2 - 6ASfO"Coz — 6AS?7H20

The entropy change across the process therefore resembles the entropy of
reaction at ambient conditions (per mole of glucose produced), and a numerical
value is obtained:

AS process = ASp, = —0.252 kJ/mol

rxn

Interestingly, this negative value is the negative entropy of the photosyn-
thesis process or system, as confirmed by Yourgrau and van der Merwe (1968).
In order to adhere to the Second Law of Thermodynamics, there must be a
positive increase in the entropy of the surroundings (the region lying outside
of the system) equal to or greater than the absolute value of the change in
entropy of the system, so that overall entropy of the universe (combining the

system and its surroundings) is equal to or greater than zero:
ASuniverse Z 0

ASuniverse = ASsystem + ASsurroundings

ASsystem < 0
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" ASsurroundings >0

" ASsurroundings > ’ASsystem‘

2.1.3 Gibbs free energy definitions

The implementation of Gibbs free energy data and definitions is important at
this point, as it is capable of integrating and creating both energy and entropy
balances towards a common goal: in this case, determining the number of
moles of photons required to synthesise one mole of glucose. This ability of
combining the two types of balances is apparent from the very definition of

Gibbs free energy:
G=H-TS (2.1.5)

Again, before proceeding any further, it is necessary to establish a basis
for Gibbs free energy, as was done for the energy balance. The basis is set so
that the Gibbs free energy of all elements at 25 °C and 1 atm is equal to zero.

The input and output Gibbs free energies are:
Gin = Geoo, + Gu,0

Gout == GCGH12OG + GOQ

With this basis now in position, the Gibbs free energy of each substance
or compound reduces to its standard Gibbs free energy of formation for the
relevant component phase. This follows the same basic method and result as
with the enthalpy and entropy terms in sections 2.1.1 and 2.1.2. The overall
change in Gibbs free energy is thus the difference between the reactants and

products, with stoichiometric coefficients being applied:
AGprocess - AG;CGHIQOG + 6AGfO‘702 - 6AG?,COQ — 6AG;HQO

The Gibbs free energy change across the process thus resembles the Gibbs
free energy of reaction (per mole of glucose produced), and a numerical value
is obtained:

AGpmocess = AGE

rxXn

= 2883.0 kJ/mol

Now that the Gibbs free energy of the process can be described quantita-
tively, the issue of combining the energy and entropy balances must be properly
considered. The definition of Gibbs free energy, as shown in equation 2.1.5,

can be applied to the substance inputs and outputs of the photosynthesis pro-
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cess, and the difference between these terms is the change in Gibbs free energy

across the process:

Gin - Hin - ToSin
GOut = Hout - Tosout (216)
AC;’process = Gout - Gin (217)

Returning to the energy and entropy balances developed so far, the follow-

ing terms can be derived and rearranged from them:

Hin = Hout + Q - Ephotons()‘)

Sin - Sout + % - Sgen - Sphotons

Substituting these two expressions in the definition of Gibbs free energy for
the input stream obtains the following expression, which can then be simplified
to:

Gin = Hout — Epnotons(A) = T'o (Sout — Sgen — Sphotons) (2.1.8)

The major step now is to substitute equations 2.1.8 and 2.1.6 into expres-

sion 2.1.7 so that resulting expression may be reduced to:
AG(process = Ephotons()\) - To (Sgen + Sphotons) (219)

Further adjustment is applied by substituting the definition for energy of
photons, Ephotons(A), from equation 1.3.3, and the definition of the entropy of

photons, Sphotons, from equation 2.1.4:

Nphotons NA he

A Gpro cess — \

- To <Sgen + Nphotons NA gphoton)

In order to solve for the number of moles of photons, Nppetons must be made

the subject of the formula by rearranging the above expression:

AGjprocess + ToSgen
NA <hTC - Togphoton>

N, photons —

This is thus the main result of the method of analysis. Again, as explained
in section 2.1.1 with equation 2.1.2, it should be important to note that the
number of photons required to satisfy the Gibbs free energy of reaction for a

mole of glucose, Nphotons, corresponds to the quantum requirement of glucose
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production, QRygiycose:

AGS .+ T5Sgen
QRglucose - N 5
NA (% - ToSphoton>

(2.1.10)

How the derived quantum requirement values compare with quantum require-

ment values from literature remains to be seen in the following results section.

2.2 Results of the Analysis

2.2.1 Zero heat scenario

In examining the theoretical quantum requirement of the photosynthesis pro-
cess, attention must first be drawn to the relationship established from the
energy balance, as shown in equation 2.1.2 and derived in section 2.1.1. Here,
as suggested by the nature of the balance, entropy is not being considered, and
the focus is more on the correlation between quantum requirement, QRgiucoses
and (), the heat transferred by the photosynthetic system to or from the sur-
roundings. A primary limit of operation, and indeed a minimum one, of the
photosynthesis system is formed in the scenario where no energy transfer be-
tween the system and surroundings occurs, thus rendering the value of ) equal

to zero. This reduces equation 2.1.2 to:

Qe = - [AH)

In figure 2.2.1, the quantum requirement according to this equation in
the spectrum of photosynthetically active radiation (400 nm to 700 nm) is
shown. The gradient of the curve is linear, and the quantum requirement
value increases with wavelength. At 400nm, 9.39 moles of photons are required
for the photosynthesis of one mole of glucose, and at 700 nm, 16.4 moles of
photons are required. The average quantum requirement value calculated from
literature of 61.7 moles of photons is represented as a horizontal line, unvarying
with photon wavelength.

The theoretical quantum requirement values predicted by the above equa-
tion are much less, regardless of photon wavelength, than the average quantum
requirement from literature. By the very nature of the equation 2.1.2, any fur-
ther moles of photons of a certain wavelength added to the system will increase

the heat rejected to the surroundings by the system. As said, this scenario of
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Figure 2.2.1: Minimum quantum requirement for glucose synthesis from energy
balance corresponding with the scenario of zero heat (Q = 0), compared to the
average value quoted by literature.

zero heat rejected to the surroundings thus forms a minimum limit of operation
of the photosynthetic system; this is an absolute minimum number of moles
of photons, according to the energy balance, that can added to the system in

order to synthesise one mole of glucose.

2.2.2 Reversible, zero photon entropy scenario

With the quantum requirement from the energy balance derivation considered,
the more advanced approach of incorporating the concept of entropy and Gibbs
free energy, as shown in sections 2.1.2 and 2.1.3 and finalised in equation
2.1.10, can be examined. A limit of operation can be ascertained by applying
two limiting conditions. The first of these is that the photosynthesis system
is assumed to be perfectly reversible, with the term Sg, = 0. The second
of these is the suggested viewpoint of Gudkov (1998) in equation 1.3.6 that
photon entropy is zero (Sphoton = 0 J/K). Equation 2.1.10 simplifies to the
following with these conditions in place:
AG?

Ralucose = — o 2.2.1
e =50 ) o

Figure 2.2.2 demonstrates the quantum requirement according to this sim-
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Figure 2.2.2: Minimum quantum requirement for reversible glucose synthesis
with zero (Gudkov, 1998) and finite (Kirwan, 2004) values of photon entropy,
compared to the average quantum requirement from literature.

plified equation, as well as for the scenario in the forthcoming subsection. The
shape of this curve is again linear, with the quantum requirement increasing
proportionally with photon wavelength.

As can be seen, the theoretical number of moles of photons required are
far less than the average number predicted by literature. At the 400 nm mark,
the theoretical number of photons required is 9.64, and at the 700 nm, the
theoretical quantum requirement is 16.9 moles of photons. Again, this scenario
forms a limit of operation with regard to internal entropy generated; this is
absolute minimum number of photons required by the photosynthetic system,
by way of the entropy balance, for it to produce one mole of glucose in a

reversible manner.

2.2.3 Reversible, finite photon entropy scenario

In this section, the scenario where photon entropy is not zero, but rather finite,
is examined. The constant value of photon entropy Spheton = 5.524x 1072 J /K,
as given by Kirwan (2004) from equation 1.3.5 is applied to equation 2.1.10.
The resultant curve of quantum requirement is no longer linear, and possesses

a positively increasing gradient owing to addition of the constant Togphoton
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term: ACS
Rglucose = 2.2.2
Aty N[5 — (1.508 x 10-20 J)] (2232)

For comparative purposes, figure 2.2.2 displays both the zero entropy and finite
photon entropy curves, along with the average quantum requirement suggested
by literature. At any point along the PAR spectrum, the gradient of the finite
photon entropy curve is greater than the curve developed with zero photon
entropy.

It can be seen too that the number of moles of photons required for glucose
synthesis, where photon entropy is finite, is slightly greater than the number
of moles of photons required where photon entropy is considered to be zero.
At 400 nm, 9.94 moles of photons are required for the photosynthesis of one
mole of glucose, as opposed to 9.64 moles in the case of zero photon entropy.
At 700 nm 17.8 moles are required, as opposed to 16.9 moles in the case of
zero photon entropy. These amounts reiterate the non-linearity of the finite
entropy curve.

Regardless of these small increases in quantum requirement from the zero
photon entropy curve to the finite photon entropy curve, the number of moles
of photons required for the finite entropy calculation is still far below the
constant value averaged from literature. The effect made by including a finite
photon entropy, as opposed to neglecting it and considering it to be zero, is

thus a small one, as can be seen.

2.2.4 Increasing irreversibility

Since it has been established that photon entropy makes a slight difference to
quantum requirement, the next step is to examine the effect of irreversibility
on the quantum requirement. Thermodynamically, a value of Sge, = 0 for the
internal entropy generated by the process is an indication that the process is
completely reversible. However, with values of Sge, > 0, the process becomes
irreversible. Thus, the consequence of an increasingly irreversible photosyn-
thesis process on the quantum requirement can be evaluated by adjusting this
term. Increasing values (from zero) of the internal entropy generated in the
photosynthesis system, Sgen, are implemented. The scenario of finite photon
entropy is utilised, and the two non-zero values of Sge, are shown in figure
2.2.3, alongside the average literature quantum requirement.

By observation, it can deduced that a larger irreversibility in the process

increases the number of moles of photons required to satisfy the reaction. In
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Figure 2.2.3: Minimum quantum requirement values for different and increas-
ing values of internal entropy generated per mole of reaction (Sgen) of the
process, in comparison with the average quantum requirement from literature.

figure 2.2.3, it is possible to interpolate between quantum requirement lines to
estimate certain irreversibilities of the system. Depending on the wavelength of
the photons, as well as the irreversibility term, it is possible for the theoretical
quantum requirement to coincide with the average quantum requirement from
literature.

For example, at a chlorophyll a absorbance peak of 680 nm an internally-
generated entropy term of just greater than 26.3kJ/mol.K would have a quan-
tum requirement roughly on par with that of literature. For the limits of the
photosynthetically active radiation spectrum (PAR), the value of Sy, would
need to be 54.5 kJ/mol.K at 400 nm, and 25.8 kJ/mol.K at 700 nm, in or-
der to equate the theoretical quantum requirement with that of the literature
average.

o —

Considering that the entropy change across the process or reaction is AS? = =
—0.252 kJ/mol. K, the above amounts indicate that the process would have to
be greatly irreversible in order to agree with literature average quantum re-

quirement.
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Figure 2.2.4: Contour plot of the heat rejected by the system (Q) as a function
of internal entropy generated per mole of reaction (Sge,) for the finite photon
entropy scenario. The dashed line indicates the process at reversible conditions,
where Sge, = 0. Process irreversibility increases as one moves above this line.
The contours for heat rejection at reversible conditions for photons of 400 nm
and 700 nm occur and are shown with 166kJ/mol and 238kJ /mol, respectively.

2.2.5 Heat rejection and irreversibility

To further understand and ascertain what the limit of operation of the pho-
tosynthesis process is, the link between irreversibility and heat rejection must
be examined according to the model that has been developed. It is possible to
express the heat rejected by the system as a function of the internal entropy
generated by the system, which is an indication of how reversible or irreversible
the process is. A derivation of the following equation is not necessary here,

but is included in appendix A for interest:

ACTYprocess + ToSgen
<% - Togphoton>

Q = TSgen + Tgphoton + AGprocess - AI{process (223)

As before, the results of applying the two scenarios of zero entropy and
finite, constant photon entropy must be compared. Figure 2.2.4 shows a con-
tour graph of the situation of finite photon entropy. The necessity of using
a contour plot is put forth by the heat rejected, @), being dependent on two

variables, Sgen and A. The difference between AGprocess and AH process 15 2
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Figure 2.2.5: Contour plot of the heat rejected by the system (@) as a function
of internal entropy generated per mole of reaction (Sge,) for the finite photon
entropy scenario. The graph is an extended version of figure 2.2.4, showing
now the theoretical negative spectrum of photon wavelength. The dashed line
indicates the process at reversible conditions, where Sge, = 0. Process irre-
versibility increases as one moves above this line. The intersection of contour
Q) = 0 with Sgen, = 0 can be seen at a wavelength of —307 nm.

constant value, and the heat rejected, @, is therefore only sensitive to changes
in the two aforementioned variables, Sge,, and A.

The thermodynamically feasible region of operation is represented gener-
ally when Sgen, > 0. When S, = 0, the process is perfectly reversible, but
any positive values for this variable will indicate irreversibility in the process.
It follows that the internal entropy generated by the process cannot be a neg-
ative number. Increasing irreversibility and thus the value of Sge, produces
a relationship of increased heat rejection. The minimum heat rejected occurs
therefore when the process is perfectly reversible. This amount varies between
166 kJ/mol of reaction at 400 nm, and 238 kJ/mol of reaction at 700 nm.

An interesting occurrence is observed when one attempts to set the process
as both perfectly reversible (Sgen = 0) and adiabatic (@ = 0). Figure 2.2.5 is
an extended version of figure 2.2.4, showing the theoretical negative spectrum
of photon wavelength. An intersection of these curves is available at —307 nm,
satisfying these conditions.

If equation 2.2.3 is examined, the difference between AG rocess and AH process

will always be positive, as it has been set by the photosynthetic equation 1.3.2.
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Figure 2.2.6: Heat rejected by the system (@) as a function of internal entropy
generated per mole of reaction (Sge,) for the zero photon entropy scenario.
The dashed line indicates the process at reversible conditions, where Sgen = 0.
Process irreversibility increases as one moves right of this line.

If Sgen and @ are set as zero, then the only remaining term, must be nega-
tive in order to satisfy the equation. The only way to do this is to set the
photon wavelength. In reality, it is not possible to have photons of negative
wavelength. The significance of this observation is that it is therefore not
physically possible for the photosynthesis process to be both reversible and
adiabatic. In addition to this point, it can be concluded that the process must
reject heat, regardless of the degree of reversibility.

Attention is now turned to the situation where photon entropy is assumed

to be zero. Equation 2.2.3 is greatly simplified to:
Q = TSgen + ACTYproces.s - A[{process

Again, the difference between AGprocess and AH process 1S a constant value,
and the heat rejected, ), is now only dependent on and sensitive to changes
of one variable, which is the internal entropy generated within the process,
Seen- The heat rejected, @, is now independent of photon wavelength, A, in
this scenario. The linear relationship between @) and Sg,, is indicated by figure
2.2.6. Again, the feasible region of operation for the photosynthesis process
occurs when Sge, > 0. In this case, the minimum heat that can be rejected is

75.2kJ /mol of reaction, or glucose produced, when the process is considered to
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be reversible. Thus, as observed before, the process must reject heat, whether

it is reversible or irreversible.

2.3 Discussion and Conclusions

2.3.1 Photon entropy

Several points from the section of results require discussion. The first point of
discussion is the issue of the intrinsic photon entropy and whether to include
it or neglect it in the entropy balance. The results above have shown that the
differences in quantum requirement for the scenario of zero photon entropy
and for the scenario of finite, constant photon entropy are minor. Relative
deviations can help to quantify these differences: at 400 nm, the quantum
requirement where photon entropy is finite is 3.1% greater than that where
photon entropy is considered zero. At 700 nm, this difference is 5.3%, with
reference to the same relationship.

The effect of including photon entropy in calculations, therefore, is a small
and fairly insignificant one. The perspective of Lineweaver and Egan (2008)
that light is high-energy and low-entropy can be recalled and in some way
confirmed in this regard; the energy of the photons influences the quantum
requirement far more than the entropy of the photons.

For the purposes of simple estimations, it seems acceptable to neglect a
finite value of photon entropy, approximating photon entropy as zero for sim-
plicity. However, with that said, the truth and value of inherent photon entropy
remains obscure; the viewpoint of zero photon entropy is not necessarily con-
firmed. In fact, literature seems to side more with the inclusion of a finite
value for photon entropy. With the simplified and constant value proposed
by Kirwan (2004), including it in calculations is the recommended course of

action here.

2.3.2 Limits of operation

The second topic of discussion involves which limit of operation is to be selected
as the correct one for the theoretical model developed. To begin with, the
value of the limit of operation must be illustrated. The limit of operation is a
boundary, in this case a minimum boundary, which indicates what the absolute
minimum quantum requirement is in order to complete the photosynthesis

reaction. Once this has been established, other aspects of the process, such
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as the maximum biomass yield over a period of time, can be estimated. In
essence, the limit of operation of this analysis is the theoretical best or greatest
efficiency that the process can achieve.

The results displayed in this section put forward two prime candidates for
the limit of operation: the scenario involving zero heat, and the scenario of
a reversible process. In comparing the quantum requirement values of the
two situations, the scenario of zero heat transfer evokes the smallest number
for the quantum requirement, by use of the energy balance. However, if the
internal entropy generated, Sgen, for this scenario is calculated, it is revealed to
be a negative number. It is also a consistently negative number, regardless of
whether photon entropy is zero or finite, and regardless of photon wavelength.
This outcome is demonstrated in figures 2.2.4 and 2.2.6.

This is not a thermodynamically correct possibility. The overall change in
entropy of the system is allowed to be negative, provided that entropy of the
surroundings is increased. However, the actual internal entropy generated of a
system must be zero, indicating a reversible system, or positive, indicating an
irreversible system. This eliminates the possibility of the zero heat situation
being the limit of operation. The correct limit of operation is thus the reversible
system, in which heat must be rejected from the photosynthetic system to the
surroundings. This limit of operation is applied in conjunction with the above
decision to include a constant, finite value for photon entropy.

For approximate purposes, the correct limit of operation could also be the
simpler case where photon entropy is neglected and assumed to be zero. Until
there is a common consensus on the value and nature of photon entropy, the
exact limit of operation is unknown. However, with that said, what is known
is that the most defining aspect for the minimum quantum requirement or
limit of operation of the photosynthesis process is the system state of being
completely reversible.

The final point of discussion regards the actual differences between the
theoretical and literature quantum requirement values. By demonstration of
the thermodynamic analysis, the average literature quantum requirement is
several times larger than the quantum requirements predicted in the zero heat
and reversible scenarios. It would be daring to suggest that an entire collection
of experimental literature is incorrect. Although, it is perplexing that several
literature sources (Andriesse and Hollestelle, 2001; Beadle and Long, 1985;
Schmid and Gaffron, 1967) do not seem to account for fluctuating photon

energy due to the effect of wavelength, by only providing a single, constant
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quantum requirement.

If the quantum requirements from literature are indeed considered to be
correct, then the thermodynamic model has effectively indicated that the pho-
tosynthesis process in nature is a rather irreversible one, and does not utilise
photon energy effectively. One might argue that because of these differences
between theory and literature, opportunity exists in optimising the photosyn-
thetic process. In terms of improving its efficiency of utilising solar energy,
the advent of artificial photosynthesis (Listorti et al., 2009; Kalyanasundaram
and Graetzel, 2010) may offer opportunities for this work. The hope here is
that with improved efficiency, larger amounts of biomass can be grown artifi-
cially in comparison to amounts grown naturally, and thus accommodate the

requirements of the biofuels and various other industries.

2.4 Further Analysis: Heat Rejection Feasibility

2.4.1 Macroscopic heat rejection

A purpose of this work is to determine if the quantum requirement averaged
from literature is realistic, and what the implications of this are. According
to the mathematical model developed, there are large discrepancies between
the calculated quantum requirement for a reversible process and the average
literature quantum requirement. In turn, the quantum requirement for the
former (average from literature) will promote the rejection of different and
increased quantities of heat in comparison to the former (reversible process).

Comparing this heat rejection in terms of feasibility can assist in determin-
ing whether or not the quantum requirement values seem reasonable. Ulti-
mately, if the quantum requirement from literature produces amounts of heat
that are too large to reject, the value of the quantum requirement is put into
question.

Focus now shifts to the energy transfer from the photosynthesis system
to the surroundings, or the heat rejected to the surroundings. Returning to
and rearranging equation 2.1.2 to ensure heat, (), is made the subject of the

formula:

Nahe
Q = QRglucose (AT> - AI{roxn

The model is now employed to utilise quantum requirement data from lit-
erature (recall the average literature quantum requirement of 61.7 moles of

photons), in order to calculate the heat rejected by the system. This tech-
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Figure 2.4.1: Heat rejected by the photosynthesis system utilising the average
literature quantum requirement of 61.7 moles of photons at different wave-
lengths in the photosynthetically active radiation spectrum (PAR).

nique is applied in order to determine whether or not the amounts of energy
rejected as heat could be considered as feasible, and thus if by this aspect the
average quantum requirement from literature seems feasible. Figure 2.4.1 illus-
trates the non-linear curve resulting from this calculation. The set, unvarying
quantum requirement value from literature produces different energy amounts
that would be rejected as heat, depending on the wavelength of the incoming
photons.

It can seen that these values for the heat rejected are large quantities,
ranging from 15.6 M.J/mol at 400 nm, down to 7.7 MJ/mol at 700 nm, all per
mole of reaction or mole of glucose produced. For comparison, in the case of
utilising the quantum requirement for the reversible, finite-entropy scenario,
these heat amounts from figure 2.2.4 are much less: 166 kJ/mol of reaction, at
400 nm, and 238 kJ/mol of reaction, at 700 nm.

As can be seen, the amounts of heat rejected by the irreversible process
where average literature quantum requirement is utilised are far greater than
those for the reversible case. However, while the former energy values are
considerably bigger, they cannot provide sufficient insight on their own as to
whether or not they can be rejected feasibly over a period of time. The same
can be said of the heat amounts for the process using the reversible quantum

requirement. Thus, a model of the rate of heat rejection, or heat rejection per
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Outward

heat flow

Figure 2.4.2: Heat transfer over a simplified, spherical algal cell. Heat transfer
occurs in the direction outwards from the centre of the cell, as well as over the
surface of the cell to the bulk fluid (water) over a film of the fluid.

time, is required in order to further investigate this query.

2.4.2 Microscopic model of heat rejection per time

Applying Fourier’s law with a simple, steady-state heat transfer model for a
plant or algae allows for the observation of internal temperature gradients.
In all cases, the plant or algae is rejecting heat to its surroundings, implying
that internal temperature of the organism must be higher than the ambient
temperature for a gradient to exist. However, if this internal temperature is too
high, the issue of heat damage to the cell becomes significant and of concern.
One of the greatest obstacles in the way of developing such a model lies
in the difficulty of incorporating different plant geometries and inconsistent
structural elements. With that said, some microalgae species seem approach-
able for heat transfer modelling for several reasons. Firstly, a major species of
microalgae such Chlorella consists as a collection of consistently spherical cells
surrounded by a bulk water medium in which they grow, say at an ambient
water temperature of 25 °C (Graham and Wilcox, 2000). In addition to their
mathematically simple area and volume, such a species is unicellular, meaning
that one cell is an accurate representation of all the cells in the system.
Appendix B provides a full, comprehensive method detailing the deriva-
tion of the heat transfer model for a spherical microalgae species. It will not
be included here due to its length, but should be perused for complete under-
standing. The basic functioning and capability of it can, however, be explained

in brief, and the results of it can be shown.
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It is necessary before continuing here, to differentiate between specific forms
of heat loss or rejection. () is defined in this work is the heat rejected to the
surroundings per mole of reaction of glucose or biomass formed, and thus has
units of kJ/mol. In the case now of establishing a heat transfer model, the
rate of heat transfer or energy rejected per time will be applied as symbol ¢
and having units of W.

Over a period of time, one mole of algae, approximated as glucose and
therefore having a mass of 180.16 g, will be grown with a total heat rejection
rate of qiota. In order to determine what the rate of heat rejection across one
cell (geen) in that mass of algae is, the number of cells must be calculated.
This can be achieved by establishing a representative radius for these cells,
and hence the volume of each cell, and then approximating the density of the

algae as a weighted average of glucose and water (1270 kg/m3):

180.16 g

N, cells —
4
paverage ( 3 m R3 )

With this knowledge, the total rate of heat rejection can be divided by the

number of cells to determine the rate of heat rejection per cell:

Gtotal

N, cells

Geell =

Now, knowing what the rate of heat rejection per cell is, the model can
begin to be developed. The assumption of steady state heat transfer is made
in order to simplify the model. In essence, it can describe the temperature
profile across the cell as the algae grows and as heat from the excess incoming
photons is rejected from the cell to the surrounding water — figure 2.4.2 provides
a graphic representation of this mechanism.

The model is able to predict the inner core temperature of a spherical cell as
a function of its radius; the centre point of the cell is assumed to be the hottest
location in order to promote outward heat flow. To re-iterate, the primary aim
is to observe how the inner core temperature differs from the ambient, bulk
water temperature. If the cell is operating well above the ambient temperature,
then this is an indication that the cell would be likely to be damaged and not
able to reject heat at such a rate.

In order to describe the rate of heat released by the cell at any point in
the spherical cell, a generation term, o, must be introduced. « represents the
amount of energy per time generated per volume of the sphere (W/m?). It is

defined such that the rate of heat generated at the surface, where the sphere
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has a full radius of R, is equal to the rate of heat released by the cell:

Gcell
4. Dp3
3 TR

By applying Fourier’s law to determine the temperature differences over
the cell, as well as over the film of water surrounding the cell, a number of
combinable equations are formed. Again, Appendix B should be consulted
for the derivation of these equations. The final equation is able describe the
temperature difference between the inner core of the cell and the surrounding
bulk water as a function of the cell radius, R, the heat generation term, «, the

thermal conductivity of the cell material, k., and the film transfer coefficient,

aR R 1
ﬂ - Ta = 5
3 <2kcell * hwater)

2.4.3 Results and discussion

hwatcr :

Comparison between the heats rejected for the reversible case and the ir-
reversible case are made; the latter utilises the average literature quantum
requirement, while the former utilises the quantum requirement for the re-
versible, finite-entropy scenario. A set wavelength of 680 nm for the incoming
photons is used, as this is a common absorbance peak for chlorophyll a (Berg
et al., 2002). For the reversible process, the heat rejected is 233 kJ/mol of
glucose produced from figure 2.2.4, and for the irreversible process this heat
rejected is 8.05 MJ/mol of glucose produced, from figure 2.4.1.

To demonstrate the numerical value of «, consider the aforementioned heat
rejection per mole of glucose produced for the reversible and irreversible pro-
cesses using photons of wavelength 680 nm. Choosing a particle or radius size
for a cell, it is possible to determine the number of cells, N, and thus the
rate of heat rejection per cell, g.on. Therefore, for a cell of 6 microns in radius,
a will have a value of 1.65 x 10° W/m? and 5.67 x 10 W /m? for the reversible
and irreversible processes, respectively.

The results of this model are shown in figure 2.4.3 and indicate that internal
temperature of an algae cell will be much higher for the irreversible case where
more heat is rejected per time. This is to be expected, as the total heat
rejection for the average literature quantum requirement is much greater than
for the reversible quantum requirement. The results also reveal that larger
radii for spherical algae cells would possess higher inner core temperatures to

allow such rates of heat rejection per cell. This can be explained since larger
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Figure 2.4.3: Inner core temperature of a microalgal cell with increasing radius
size resulting from heat rejection. The ambient temperature is chosen to be
25 °C. Typical algae cells will range with radii between 1 and 6 microns
(Graham and Wilcox, 2000). The heat rejected is compared for case of the
average literature quantum requirement (the irreversible process) and for the
quantum requirement from the reversible process. The incoming photons to the
organism are of wavelength 680 nm, a common absorbance peak for chlorophyll
a.

radii will lead to a smaller number of cells per mass of bulk algae, and thus a
smaller number of cells to split the heat load amongst.

Graham and Wilcox (2000) assert that Chlorella cells exist with radii be-
tween 1 and 6 microns. For the reversible case, there is little temperature rise
along this range of radii, which seems a suitable indication that the amounts of
heat that need to be rejected by the algae cells can feasibly be done so, as the
algae cells are operating extremely close to ambient conditions. By contrast, in
the irreversible case where average literature quantum requirement is used, the
inner core temperatures approaches more noticeable temperature differences.
While a temperature of just less than 27 °C at a cell radius of 6 microns is not
unreasonable, species with larger cells might incur cell damage from higher
core temperatures, which would imply that the average literature quantum
requirement requires too large a rejection of heat, and thus that this quantum

requirement value may be too high.
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Chapter 3

Theoretical Biomass Growth Rates

3.1 Introduction and Approach

With the limit of operation for quantum requirement established, and a rel-
evant mathematical model developed, attention can now be turned to the
secondary objective of this dissertation. In determining the maximum theo-
retical amount of biomass that can be produced using energy from the sun,
the aforementioned model will be utilised in conjunction with a model describ-
ing solar energy availability. In this sense, the upper limit of operation for
biomass productivity can be set; this is the largest mass that, in theory, can
be produced from the available light energy received from the sun.

Biomass growth rates are often reported in the units of g/m?.day or g/m?.hr:
in other words, the mass grown per area per time. Thus for the purposes of
this analysis, the area rate will be denoted by a dot above the relevant sym-
bol. This notation is also relevant to energy flow of photons, Ephotons, which
essentially reduces to W/ m?, as well as incoming photon density, Nphotons, in
the units of mol photons/m?.s.

In the previous analysis, the change in Gibbs free energy over the process
was set to the Gibbs free energy of reaction, and thus the number of pho-
tons required to produce one mole of glucose was found. Here, the reverse
procedure must now be applied: the number of available incoming photons
must be utilised to determine the moles of glucose that can be produced. The
number of photons received from the sun must be determined from a relevant
and appropriate sources, and the issue raised in section 1.3.1.4 of percentage
absorbance of these photons must also be incorporated into the analysis.

Establishing these figures will allow the total number of moles of glucose per

area time to be calculated. Adjusting this to the conventional units of growth
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rate is thus a matter of multiplying the number by the molecular weight of
glucose; again, this serves to re-iterate the assumption of this dissertation
that biomass is approximated wholly as glucose. This method of calculating
theoretical biomass growth rates will be applied to two processes considered so
far: (a) the reversible photosynthesis process with finite photon entropy that
set the minimum limit of operation for quantum requirement, as concluded
in the discussion of chapter 2; (b) the photosynthesis process that utilises
the average literature quantum requirement, rejecting greater heat and being
thermodynamically irreversible. These molar growth rates are indicated below:

Netucosesrev = % (3.1.1)
Netucose,irrev = % (3.1.2)

The latter process is expected to result in a slower growth rate, since the
number of photons it utilises to produce one mole of glucose is greater than
that for the former process. It is also worth comparing these theoretical yields
with actual, reported yields from experimental data. This will give an idea of
how far the practical reality of growth by photosynthesis is from the theoretical

possibilities.

3.2 Reversible Process

3.2.1 Total incident light

The quantum requirement for the reversible photosynthesis process with finite
photon entropy is a function of wavelength, and ranges between 9.94 moles of
photons at 400 nm and 17.8 moles at 700 nm, as determined in section 2.2.3.
Thus, in addition to finding the number of photons received per area time,
Nphotons, it is also required that a wavelength A be set to establish a fixed value
for the reversible quantum requirement value, QRgiycoserev- Before determining
how to set A, the concepts and methods of finding the energy of the photons
received per area time, Ephotons, and the number of photons received per area
time, Nphomns, should be explored.

Both of these quantities can be related and obtained from the concept of
spectral irradiance. Recall from section 1.3.3.2, the work and determination

of spectral irradiance output, I, of a black body by Planck (1901). With
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this variable, the amount of energy that the earth receives from the sun per
area time can be approximated. Equation 1.3.4 quantifies the energy directly
distributed by the sun, and thus the energy before encountering the earth’s
exosphere, or any physical matter. Substantial absorption and decay of light
energy from atmospheric gas particles such as oxygen, nitrogen, water, carbon
dioxide, and numerous others is a factor that must be considered.

In essence, Planck’s equation, while being an effective approximation, does
not represent the actual energy that a portion of land or sea would receive in
reality. For a greater degree of accuracy, measured spectral irradiance should
be considered. The American Society for Testing and Materials (ASTM, 2003)
measures and provides the spectral irradiance at sea level, which is more useful
and relevant to the task at hand, considering the location of biomass growth.
This spectral irradiance is measured as an average of the quality of direct
sunlight over the period of a year, and so takes into account changes in angle
and amount of light received for a portion of land. Note that this data is
specifically relevant to North American land areas.

Figure 3.2.1a shows this spectral irradiance, with markers set for the pho-
tosynthetically active radiation range. If the area under the curve is calculated
by integrating between 400 nm and 700 nm, the amount of energy received per

unit area available to photosynthetic organisms can be found:

700 nm
Ephotons = / I.d\ (321)
4

00 nm

From the available data, this energy is found to be 376.1 W/m?. The
next issue is calculating the number of moles of photons received per area
time. Since the spectral irradiance data, I, essentially represents the energy
carried by incoming photons, this function can be divided by the definition
for photon energy as a function of wavelength from equation 1.3.3. The result
yields a curve describing the number of moles of photons per area time per
wavelength, shown in figure 3.2.1b. Integrating this curve allows the incoming

photon density to be calculated:

. 700 nm I\
Nihotons :/ dX 3.2.2
phot 400 nm NAhC ( )
The incoming photon density is found to be 150.9 mol photons/m?.day, or

1700 pmol photons/m?.s. Therefore, both the energy of the photons received

per area time, Ephotons, and the number of photons received per area time,
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sourced from the American Society for Testing
and Materials (ASTM, 2003).

Figure 3.2.1: Measured solar irradiance (W/m?nm), shown in figure 3.2.1a,
and equivalent incoming photon density (mol photons/m?.s.nm), shown in fig-
ure 3.2.1b, at sea level with the photosynthetically active radiation (PAR)
limits at 400 nm and 700 nm indicated by vertical dashed lines.

Nphotons, have been determined from data. This, however, does not resolve the
issue of setting a wavelength \ and subsequently a fixed value for the reversible
quantum requirement value, QRglucose rev-

A useful concept to introduce, therefore, is that of representative wave-
length, Asep, which serves to correlate the entire photon density with one wave-
length to match the energy flux. From the spectral irradiance data, both the
energy of the photons, Ephotons, and the number of photons, Nphotons, are avail-
able. If the former is divided by the latter, the average energy of a photon
can be estimated. Applying Planck’s correlation for the energy of a photon

(equation 1.3.3) allows calculation of the representative wavelength:

Nphotons NA he

)\rep =
E photons

(3.2.3)
The representative wavelength is calculated here to be 556nm. Thus, returning
to the results shown in figure 2.2.2 of section 2.2.3, the quantum requirement for
the reversible photosynthesis process with finite photon entropy can be given
as 13.98 mol photons/mol glucose. Dividing the incoming photon density by
this value, as demonstrated in equation 3.1.1, results in a theoretical growth

rate of 81.0 g/m?.hr of biomass, approximated as glucose.
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3.2.2 Total absorbable light

The above growth rate is based upon the total spectral irradiance received by
the earth within the photosynthetically active radiation spectrum. However,
in reality, photosynthetic organisms can only use a portion of this, as defined
by their action spectra. It makes sense to apply the light absorbance of each
wavelength in the PAR spectrum to arrive at the total light absorbed by an
organism and a more realistic calculated growth rate. Thus, recall figure 1.3.2

from section 1.3.1.4, and reconsider the definition of percentage absorbance:

_ Total light absorbed for A

= 100
* 7 Total light received for A %

Only a portion of the photons received, and therefore the energy flux, at
each wavelength A\ will be absorbed according to the value of Ay. It is simple

to apply this to equations 3.2.1and 3.2.2 to yield the following:

700 nm
Ephotons,abs = / A,\[d)\ (324)
400 nm
700 nm
. AT
N, otons,abs — / dA 3.2.5
photons,ab 400 nm NAhC ( )

Note that the percentage absorbance values utilised here from figure 1.3.2,
as provided by Whitmarsh and Govindjee (1999), are relevant only to chloro-
phyll a. The abundance of chlorophyll ¢ in natural organisms makes the usage
of this data appropriate. The calculated energy flux for the total absorbable
light, E'photons,abs, is thus calculated to be 92.67W /m?. The calculated absorbed
photon density, Nphotonwbs, is calculated to be 36.37 mol photons/m?.day, or
420.1 pmol photons/m?.s.

However, before dividing the absorbed photon density with the quantum
requirement for the reversible photosynthesis process with finite photon en-
tropy previously used for 556 nm, the above adjusted energy and photon flux
terms should be examined. The nature of the action spectrum of chlorophyll
a, and therefore the percentage absorbance of each wavelength, does not sim-
ply allow Ephotons and Nphotons to be scaled down to Ephotons,abs and Nphotons,abs
by a common constant. Chlorophyll a favours red and blue light absorption
in particular, and some wavelengths are hardly absorbed at all. Thus, a new

representative wavelength, Aiep abs, Will need to be calculated. Equation 3.2.3
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can be altered to obtain:

- Nphotons,abs NA he

)\rep,abs —

Elphotons,abs (325)

Thus, based on the percentage absorbance data for chlorophyll a, the repre-
sentative wavelength for the total absorbed light is 543nm. Again, returning to
the results shown in figure 2.2.2 of section 2.2.3, the quantum requirement for
the reversible photosynthesis process with finite photon entropy can be given
as 13.65 mol photons/mol glucose at this wavelength. Dividing the absorbable
incoming photon density by this value results in a theoretical growth rate of

20.0 g/m?.hr of biomass or glucose.

3.3 Irreversible Process

3.3.1 Total incident light

The next growth rate to be considered is the theoretical maximum if the aver-
age literature quantum requirement, QRgiucose irrev, 15 utilised. In this case, ac-
cording to the model developed, the process is not using the minimum amount
of photons to satisfy the reaction reversibly, but is instead using an excess
number of 61.7 mol photons/mol glucose to synthesise the reaction. With the
increased heat rejection and internal entropy generated, this makes this process
scenario an irreversible one.

The calculation of the theoretical biomass growth rate for the irreversible
process is far simpler as its quantum requirement has already been specified.
For the case of utilising the total spectral irradiance received at sea level, the
incoming photon density, Nphotons, is 150.9 mol photons/m?.day, as calculated
previously. Therefore, by way of equation 3.1.2, the theoretical maximum
growth rate for the average literature quantum requirement for this scenario
is calculated to be 18.4 g/m? hr.

3.3.2 Total absorbable light

As above, the average literature quantum requirement, QRglycose,irrev, T€Mains
as 61.7 mol photons/mol glucose. However, the incoming photon density is
reduced to a value of 36.37 mol photons/m?.day, according to the percentage
absorbance of light for chlorophyll a, as was calculated in section 3.3.2. The

theoretical maximum growth rate for the average literature quantum require-
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ment for the amount of absorbable light by chlorophyll a is calculated to be
4.42 ¢/m? hr.

3.4 Photosynthetic Efficiency

The concept of photosynthetic efficiency that was introduced in section 1.3.5
is now returned to, as it is of interest in comparing theoretical and measured
growth rates. In the case of the theoretical reversible and irreversible growth
rates, it is also interesting to examine how each differs when considering the
potential for growth from the total light energy in the photosynthetically active
radiation spectrum (400 nm to 700 nm), as well as the potential from the
absorbable light in this region.
Generally, the photosynthetic efficiency can be described as:

_ Light energy used to produce biomass

Total light energy received

This can be mathematically interpreted as:

rXn

- Nglucose x AGY
n= 0
Ephotons

Here, Nglucose is indeed the growth rate, specified as the number of moles of
is the Gibbs free

energy required to synthesise one mole of glucose from the reactants of carbon

glucose produced per area per time (mol glucose/m?.s). AG?

rxXn

dioxide and water, given as energy per mole (kJ/mol glucose). Eppotons is the
calculated total solar energy received by the photosynthetic system, derived
from the spectral irradiance curve provided above by the ASTM (2003), given
in units of energy per area per time (W/m?).

What is important to note is that this efficiency here is defined always with
regard to the total and complete light energy available to the organisms, not
merely the absorbable light. Therefore, because of the natural action spectra
of such pigments, the efficiency will always be substantially lower than 100%,
since a large majority of the light energy between 400 nm and 700 nm cannot

be absorbed by the organism.
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3.5 Results

The theoretical growth rates, both reversible and irreversible, estimated are all
calculated in the units of g/m?.hr using both the total spectral irradiance of
direct sunlight in the photosynthetically active radiation spectrum, as well as
the absorbable portion of light in this range, as has been described earlier. For
the sake of accurate comparison, rates of biomass growth from experimental
literature must be represented on a similar time-scale.

Fortunately, carbon dioxide uptake and oxygen evolution rates are often
measured as hourly rates in direct sunlight. Moss (1967) supplies the maximum
rate of carbon dioxide uptake per leaf area by crops in direct sunlight, and
Doucha et al. (2005) supply the rate of oxygen evolution by algae per area of
algal culture in direct sunlight. Both species are good examples of fast and
effective growing photosynthetic organisms. In a different manner, Goudriaan
and van Laar (1994) provide carbon dioxide uptake rates as a mass per joule
of light energy absorbed.

Where attention should be raised is that the total spectral irradiance values
given by the ASTM (2003) represent the average light received by a portion
of land over a year. This includes various conditions where less light energy
than that possessed by direct sunlight would be available: early mornings, late
afternoons, cloudy or rainy days etc. This is a point to be have in mind when
comparing theoretical growth rates, using an average hourly scale over a year,
to measured growth rates, where light conditions would be favourable: direct,
unobstructed sunlight.

The next concept to be discussed is that of reaction rate. In the simplified
analysis of carbon dioxide, oxygen, water and glucose, relevant information
from the literature review on light-dependent and light-independent reactions
(sections 1.3.1.2 and 1.3.1.3, respectively) can be brought into use. It is con-
clusive from this review that the reaction or production rates of oxygen, N02
(mol/m?hr), and glucose, Nyjueose (mol/m2.hr), cannot simply be related by
the stoichiometry of equation 1.3.2. The same can be said in the compari-
son of the oxygen evolution rate and the carbon dioxide uptake rate, Nc(32
(mol/m?.hr). This is because the light-dependent reactions, which produce
oxygen, occur at greater rates than the light-independent reactions, which
consume carbon dioxide and produce glucose. In addition to this, there are
the issues of cellular respiration and photorespiration, which hamper growth,

even though the light-dependent reactions continue to proceed.
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Representing this mathematically:

|N02‘ > ‘6Nglucose|

This is of importance for the measured growth rates provided. In the case
of Doucha et al. (2005), the rate of oxygen evolution is provided. However,
the molar rate of biomass production will not simply be one-sixth of this
rate. The molar rate of carbon dioxide uptake will also not equal the oxygen
evolution rate. In essence, it is possible to calculate a biomass growth rate and
carbon dioxide uptake rate for the data provided by Doucha et al. (2005) from
stoichiometry, but these would be the absolute maximums attainable based on
the oxygen evolution rate.

Doucha et al. (2005) state that oxygen can be evolved photosynthetically
at a rate of 7.1 g/m?.hr of algal culture area. Thus, the maximum possible car-
bon dioxide uptake would be 9.8 g/m?.hr, and the maximum possible biomass
growth rate would be 6.7 ¢/m?.hr. The assumption made here is that be-
cause carbon dioxide and glucose are directly related in the light-independent
reactions, the rates of carbon dioxide uptake and glucose production can be

stoichiometrically related as:
|NCO2‘ ~ |6Nglucose|

It would be safer to say that the glucose or biomass production rate is the
maximum achievable, in case the carbon dioxide uptake and glucose production
rates cannot be approximated by stoichiometry, though.

On the contrary, if a carbon dioxide uptake rate has been given, as in the
case of Moss (1967) and Goudriaan and van Laar (1994), then an equivalent
biomass production rate can be calculated, as well as the minimum oxygen evo-
lution rate. In reality, it is possible for the oxygen evolution rate to be greater
than the calculated one, owing to the faster kinetics of the light-dependent
reactions. Moss (1967) asserts that the maximum carbon dioxide uptake rate
in corn is approximately 6.0 g/m?.hr of leaf area. To illustrate the above, the
corresponding minimum oxygen evolution rate would be 4.4 g¢/m?.hr, and the
approximate maximum biomass growth rate would be about 4.1 g/m?.hr.

Goudriaan and van Laar (1994) state that between 11ug and 14ug of carbon
dioxide are absorbed in plants for every joule of light received. Thus, basing

the received light on the figure calculated for the absorbable light in section
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Model/Biomass type Carbon dioxide Oxygen Maximum
uptake rate evolution rate | biomass rate
(g/m?.hr) (g/m?*hr) (g/m? hr)
Total light, reversible 119 86.3 81.0
Absorbable light, reversible 29.3 21.3 20.0
Total light, irreversible 27.0 19.6 18.4
Absorbable light, 6.48 4.71 4.42
irreversible
Algae (Doucha et al., 2005) 9.8 7.1 6.7
(Maximum) (Given) (Maximum)
Crops (Moss, 1967) 6.0 44 4.1
(Given) (Minimum) (Maximum)
C-4 plants(Goudriaan and 6.8 5.0 4.7
van Laar, 1994) (Given) (Minimum) (Maximum)

Table 3.5.1: Summary of theoretical and literature-based rates of carbon diox-
ide uptake, oxygen evolution, and maximum biomass generation. The re-
versible rates utilise the theoretical quantum requirement in the minimum
limit of operation scenario, while the irreversible rates utilise the average liter-
ature quantum requirement. The measured rates are given for oxygen evolution
in the case of Doucha et al. (2005), and for carbon dioxide uptake by Moss
(1967) and Goudriaan and van Laar (1994). The stoichiometrically equiva-
lent biomass rates are the maximum possible, but not necessarily realistically
attainable, due to reaction kinetic differences and inefficiencies.

3.3.2,92.67W /m?, this yields a carbon dioxide uptake rate of 6.8 g/m?.hr. The
corresponding maximum rate of biomass production would be 4.7 g¢/m?.hr, and
the minimum rate of oxygen evolution would be 5.0 g/m? hr.

The theoretical calculations calculated in section 3.2.1 through to section
3.3.2 can now be compared with the measured experimental values. The values
of the growth rates are summarised and available in table 3.5.1. Note that for
the theoretically calculated biomass growth rates, the corresponding oxygen
evolution and carbon dioxide uptakes rates have been calculated by simple
stoichiometry. Of greatest importance is to compare the biomass growth rates;
it was therefore necessary to utilise oxygen and carbon dioxide rates from
literature to arrive at estimable biomass growth rates.

The first observation is that the theoretically calculated rates for the re-
versible and irreversible process utilising the full spectral irradiance in the PAR
spectrum are significantly higher than those calculated when applying the ab-
sorbance capabilities of chlorophyll a. In both the reversible and irreversible
processes, the biomass growth rate is approximately 4 times the absorbable

light value when using the entire energy available in the photosynthetically
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Model /Biomass type Photosynthetic
efficiency (%)
Total light, reversible 95.7
Absorbable light, reversible 23.6
Total light, irreversible 21.7
Absorbable light, irreversible 5.22
Algae (Doucha et al., 2005) 7.9
Crops (Moss, 1967) 4.8
C-4 plants (Goudriaan and van Laar, 5.6
1994)

Table 3.5.2: Photosynthetic efficiences calculated from the biomass growth
rates in table 3.5.1, and based upon the total amount of light received in the
photosynthetically active radiation spectrum of 400 nm to 700 nm.

active radiation spectrum. Interestingly, in the case of utilising only the ab-
sorbable amount of light, the absorbable photon density was calculated from
the data provided by the ASTM (2003) and Whitmarsh and Govindjee (1999)
to be 420.1 ymol photons/m?.s. This value corresponds well to the agreement
by Tsuyama et al. (2003) and Melis (2009) that light saturation of the photo-
synthetic process occurs at approximately 400 gmol photons/m?.s.

Examining the concept of photosynthetic efficiency, with a summary of all
the calculated efficiencies available in table 3.5.2, the reversible process utilising
all available light is able to achieve an efficiency of 95.7%. In essence, this
implies that 95.7% of the available light could be converted to chemical energy
in the form of biomass. As discussed in section 2.3.2, even the reversible process
must reject heat to the environment, thus accounting for the 4.3% efficiency
lost. If only the absorbable portion of light is used for calculation, then this
efficiency is dramatically lowered to 21.7%. Thus, the light saturation effect
can be considered a major factor in reducing the total potential for biomass
growth, as all the light energy available is simply not utilised.

In comparing the reversible and irreversible values of biomass growth cal-
culated, the reversible growth rate is greater than 4 times the irreversible
biomass growth rate. This can be explained by the greater quantum require-
ment of the irreversible process (61.7 mol photons/mol glucose) in comparison
to that of the reversible process (between 13.65 mol photons/mol glucose and
13.98 mol photons/mol glucose in the calculations of this chapter). In both the
total available light and absorbable light scenarios, this is the case. Noticeably,
the photosynthetic efficiency drops greatly when comparing the irreversible

cases to the reversible ones. This indicates the inefficiency of the irreversible
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process, as much of the input light energy is rejected as heat.

If the average literature quantum requirement is used to predict growth
rate for only the absorbable amount of light energy, then this results in an
average biomass growth rate of 4.42 ¢/m?.hr and a photosynthetic efficiency of
5.22%. An intriguing observation here is that the maximum calculated biomass
growth rates of Doucha et al. (2005) and Goudriaan and van Laar (1994) in
direct sunlight exceed this theoretical rate, which would initially imply that
the average literature quantum requirement is to be questioned.

However, three explanations can be offered here to resolve this point.
Firstly, as mentioned earlier, the theoretical rates are calculated on an av-
erage hourly rate from spectral irradiance data over a year, as opposed to
experimental rates, which would most likely use direct sunlight. Thus, the
theoretical growth rate may be larger if calculated with the irradiance from
one actual hour of direct, bright sunlight of favourable conditions. Secondly,
the maximum calculated biomass growth rates for Doucha et al. (2005) and
Goudriaan and van Laar (1994) are based on the oxygen evolution and the
carbon dioxide uptake rate, respectively. In reality, these rates would be faster
than the stoichiometrically-related carbon or biomass fixation rates.

This is particularly the case with the oxygen evolution rate of Doucha et al.
(2005), considering the superior kinetics of the light-dependent reactions to the
light-independent reactions, as well as any occurrences of cellular respiration
and photorespiration. It may be less so the case with the carbon dioxide uptake
rate of Goudriaan and van Laar (1994). However, there may still be factors in
the light-independent reactions that reduce the biomass production rate such
that it cannot be calculated to be the exact stoichiometrical equivalent of the
carbon dioxide uptake rate. Therefore the actual, as opposed to the maximum
possible, biomass growth rates for both measured sources are likely to be lower
than those calculated here.

A third explanation regards the quantum requirement value used in the
calculation for irreversible process. From the literature review in section 1.3.4,
measured quantum requirement values range between 36 and 75 moles of pho-
tons per mole of glucose, with an average value used in the growth rate cal-
culations here of 61.7 moles of photons per mole of glucose. It is possible
therefore that with a lower measured quantum requirement, the calculated
biomass growth rate for the irreversible process would exceed the maximum
biomass growth rates for Doucha et al. (2005) and Goudriaan and van Laar
(1994).
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For the results provided by Moss (1967), the maximum possible biomass
growth rate is lower than the reversible and irreversible theoretical ones. The
carbon dioxide uptake rate of Moss (1967) is used to calculate stoichiometri-
cally related biomass growth rate. Again, this is the maximum possible, not
necessarily the biomass growth rate obtained in reality.

The calculated photosynthetic efficiencies from experimental values vary
between 4.8% (Moss, 1967) and 7.9% (Doucha et al., 2005). These values cor-
respond well with the predicted efficiences by Andriesse and Hollestelle (2001).
Despite this, the efficiencies are still low, considering the total amount of so-
lar energy that is available to photosynthetic organisms. It is necessary now
to examine what may be causing discrepancies between theoretical and mea-
sured growth rates. This brings to relevance discussion of the inner workings
of the photosynthetic process, and more specifically the limiting factors in the

light-dependent and light-independent reactions.

3.6 Discussion

Of immediate concern, demonstrated by the above results, is the large dif-
ference between theoretical growth rates, regardless of quantum requirement,
from total available light and absorbable light. The unfortunate effect of this
is that so much potential growth, indicated by the severely lowered photosyn-
thetic efficiency, is lost because the oxygen evolution and ATP and NADPH
generation reactions reach a plateau as a result of light saturation. It is a
combination of limiting factors in both the light-dependent reactions and light-
independent reactions that causes this.

In the light-dependent reactions, it is the slow binding of plastoquinone to
appropriate sites on the Cytochrome c6f complex which causes a bottleneck
(Govindjee and Govindjee, 2000). The slowness of this binding is accountable
to the lack of availability of such sites (Whitmarsh and Govindjee, 1999). The
electrons that are rapidly delivered from photoexcited reaction centre P680
are therefore limited in their movement to the next reaction centre by this
restriction. In the light-independent reactions, the Rubisco enzyme possesses
a similar problem of only being able to bind carbon dioxide molecules to its
available sites at an even slower rate (Tcherkez et al., 2006). The uptake of
oxygen molecules by Rubisco instead of carbon dioxide molecules for photores-
piration further reduces its efficiency and rate of carbon fixation (Parry et al.,
2003).

72



In the combined effect of these bottlenecks, it is ultimately the Rubisco
enzyme which limits the photosynthetic rate from an overall perspective. The
Cytochrome c6f complex works slowly, but can deliver — along with the rest
of the electron transport chain — sufficient ATP and NADPH to the stroma
side of the thykaloid membrane. The Rubisco enzyme cannot, however, deliver
products at the rate at which it receives its necessary reactants.

The light saturation effect therefore provides adequate explanation as to
why there is such a large difference between the growth rates that could in
theory utilise all available light energy and those that could only use the ab-
sorbable amount of such energy. However, there are still discrepancies between
the theoretical values utilising only the absorbable light energy and measured
growth rates. Attention can now be turned to this discussion.

Relevant factors that limit physical biomass growth rates include cellular
respiration and photorespiration (Forrester et al., 1966), which directly under-
mine biomass growth by consuming the carbon-based products of photosynthe-
sis. The latter process favours high-oxygen, low-carbon dioxide environments,
making atmospheric conditions ideal for it to occur. Melis (2009) suggests that
these two factors may reduce the overall rate of biomass growth by about 30%.

An additional factor that may contribute to discrepancies between theo-
retical growth rates and the actual, realistic ones obtained experimentally in
literature is the issue of reactant availability. The point is made by van Hunnik
et al. (2000) that aquatic photosynthetic organisms, such as microalgae, whilst
having access to surplus amounts of water, can have their growth rates limited
by carbon dioxide availability. This may also be an issue for organisms secur-
ing carbon dioxide from the atmosphere, which encompasses a large variety
of plants, considering that the concentration of carbon dioxide in relation to
oxygen and nitrogen is low in air.

While this analysis simplifies the requirements of biomass growth to car-
bon dioxide and water, there are many other elements and nutrients necessary
to stimulate the growth process (Beadle and Long, 1985). For example, the
magnesium ion is a central component in chlorophyll molecules; without a sup-
ply of this element, chlorophyll cannot be formed and photosynthesis cannot
perpetuate.

The point of illustrating some of these factors is to indicate the wide num-
ber of factors that limit physical biomass growth. In this way, they can, to an
extent, account for differences between theoretically calculated and physically

possible growth rates. The benefit of having determined the maximum theo-
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retical growth rates lies in that the upper constraint on biomass production
from photosynthesis has been set.

Thus, with available solar energy, one can quantify biomass generation with
varying efficiencies in comparison to the absolute maximum that is possible:
the growth rate based on the perfectly reversible, theoretical process. With the
total light available in the PAR spectrum, this amount is therefore 81.0g/m?.hr

of biomass, approximated as glucose.
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Chapter 4

Conclusions and

Recommendations

The reversible quantum requirement for the photosynthetic process determined
in this work is substantially less than the quantum requirements provided by
literature, which are experimentally measured values. The usefulness of the
reversible quantum requirement is that it sets the limit of operation for a
potential photosynthetic process, natural or artificial. In essence, this is the
very best performance that a reversible process could produce in terms of solar
energy utilisation: it is the minimum number of photons required for glucose
synthesis, if the process operates with the greatest thermodynamic efficiency.

If the average literature quantum requirement is placed into the equations
of the thermodynamic model of this dissertation, then an internal entropy
generation term, Sgen, is necessary to satisfy these equations. This would im-
ply that the photosynthetic process is largely irreversible, and that natural
organisms do not utilise photon energy effectively. If these experimental quan-
tum requirement values are correct, then opportunity to improve and optimise
reversibility is available.

Another important conclusion from the thermodynamic model is that, re-
gardless of the degree of reversibility, the process must reject heat to the sur-
roundings. By considering a basic heat rejection model, the difference between
the amount of heat rejected by the reversible and irreversible processes can be
demonstrated. The results of this model are not compelling enough to conclude
which quantum requirement is the correct one, but is a useful tool nonetheless.

A major result of the comparison between theoretical and measured growth
rates of photosynthetic organisms is the demonstration that much potential for

growth is lost due to the fact that not all light in the photosynthetically active
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radiation spectrum can be utilised. Again, considering the reversible quantum
requirement and the total available light between 400nm and 700nm a limit of
operation has been set. This is the maximum amount of biomass that can be
grown with the light available by a thermodynamically efficient photosynthetic
process within in this wavelength range.

To improve the conversion efficiency of the solar energy available to pho-
tosynthetic organisms, improvements in the cell’s biology are required as to
remove bottlenecks, thus eliminating the light saturation effect. As indicated
by Whitmarsh and Govindjee (1999), the Cytochrome c6f complex has limited
binding sites for plastoquinone molecules. A recommendation here might be
to genetically alter the number of sites on such a protein, or to have more such
complexes per cell, so that the plastoquinone molecules are processed as fast
as they are received by the complex.

In the case of the Rubisco enzyme, a great deal of research has been directed
to similar methods of genetic modification. Increasing the amount of Rubisco
found in plant cells would improve the rate at which carbon dioxide could
be processed (Parry et al., 2003). Increasing the specificity of carbon dioxide
uptake to oxygen uptake by the enzyme would reduce photorespiration and
improve carbon fixation, growth rate and overall photosynthetic performance
(Andrews and Whitney, 2003). Interestingly, however, Rachmilevitch et al.
(2004) make the suggestion that photorespiration serves a valuable purpose
in the assimilation of nitrates, which are useful nutrients in the growth and
structuring of a various plants, and thus that such genetic alterations may be
harmful in this regard.

The above are only a few relevant points in the field of genetic modification
for photosynthetic organisms, which is wide and detailed, and deserves more
attention than can be summarised here. Ultimately, the hope with such modi-
fications is the improved efficiency of the photosynthetic process. By doing so,
larger amounts of biomass can be grown faster in comparison to amounts grown
currently, and thus accommodate the requirements of the biofuels, agricultural

and various other industries.
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Appendix A

Linking Irreversibility and Heat

Rejection

While the number of photons required to synthesise one mole of glucose (or one
mole of reaction) is described by equation 2.1.10, a link between the internal
entropy generated in the photosynthesis system, Sgen, and the heat rejected
by the system to the surroundings, (), is to be made here. Beginning with the

entropy balance derived in section 2.1.2:

Sin + Sgen + Sphotons = Sout + %

Rearranging this:
Q = T'Sgen + T'Sphotons + 1T'Sin — T'Sout
With the knowledge that:
ASprocess = Sout — Sin
The equation reduces to:

Q = TSgen + TSphotons - TASprocess

Now, if the entropy change over the process is defined with respect to
the enthalpy and Gibbs free energy changes over the process, the following is

obtained:
AG'(process = A]—Iprocess - TASprocess

Thus, by substituting this definition into the main equation:
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Q = TSgen + TSphotons + AG(process - A[_Iprocess

The entropy of photons term is now expanded by inserting equation 2.1.4:
Q = TSgcn +7T (NphotonsNAgphoton> + AGprocoss - AI{proccss

The aforementioned, primary equation to describe quantum requirement is

now substituted into this equation to replace the N hotons term:

ACTYprocess + ToSgen
(% - Togphoton)

Q = TSgen + Tgphoton + AC¥p1ro<:ess - A]{process

The above equation is therefore able to express the heat rejected from the
system as a function of variables Sy, and A, where photon entropy, S’photon,
is the finite value suggested by Kirwan (2004). A three-dimensional plot or a
contour plot can visually describe this relationship. In the case where photon

entropy is considered zero, the equation is greatly simplified to:
Q = TSgcn + AGprocess - AI_Iprocoss

In this case, the heat rejected from the system is a function only of the inter-
nal entropy generated by the photosynthetic system, and a linear relationship

can be observed.
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Appendix B

Heat Transfer Profile for a

Microalgae Species

B.1 Introduction

A heat transfer model for a microalgal species is approachable, due to its
uncomplicated geometry, as one reason. A major microalgal species such as
Chlorella exists as a collection of spherical cells of uniform composition sur-
rounded by a water medium (Graham and Wilcox, 2000). Thus, with the
knowledge that the species is unicellular, a model for one cell can be assumed
to represent all the cells in the system. Again, the ongoing assumption is in
place that biomass and algae cells in this case are approximated wholly as
glucose.

The objective of developing a heat transfer model here is to obtain a tem-
perature profile in order to observe whether or not the amount or rate of heat
rejection by a cell is reasonable. By Fourier’s law, a temperature gradient typ-
ically exists from one point to another where heat is rejected over an area in
a material with a set or variable thermal conductivity. Figure B.1.1 indicates
a proposed and simplified illustration of how the heat rejection over an algae
cell might occur, based on work by (Bird et al., 2002) regarding heat rejection
from a sphere in a stagnant fluid.

Heat transfer, in this case, happens in two concurrent stages. Firstly, heat
transfer through a section of glucose or cellulose occurs from the inner core
of the cell at temperature T; to the surface of the cell with temperature 7.
Then, heat transfer occurs across a film of water from the surface of the cell to
the bulk fluid of water. The cell has a radius R and the water has an ambient

temperature of T, = 25 °C, which is recognised as an effective temperature to
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Outward

heat flow

Figure B.1.1: Heat transfer over a simplified, spherical algal cell. Heat transfer
occurs in the direction outwards from the centre of the cell, as well as over the
surface of the cell to the bulk fluid (water) over a film of the fluid.

maximise algae growth (Burlew, 1953).

It is necessary before continuing here, to differentiate between specific forms
of heat loss or rejection. @) is defined in this work is the heat rejected to the
surroundings per mole of reaction of glucose or biomass formed, and thus has
units of kJ/mol. In the case now of establishing a heat transfer model, the
rate of heat transfer or energy rejected per time will be applied as symbol ¢
and having units of W.

Over a period of time, one mole of algae, approximated as glucose and
therefore having a mass of 180.16 g, will be grown with a total heat rejection
rate of qioa. In order to determine what the rate of heat rejection across one
cell (geen) in that mass of algae is, the number of cells must be calculated.
This can be achieved by establishing a representative radius for these cells,
and hence the volume of each cell, and then approximating the density of the

algae a weighted average of glucose and water (1270 kg/m3):

180.16 g

Neells =
4
Paverage ( 3 i3 )

With this knowledge, the total rate of heat rejection can be divided by the

number of cells to determine the rate of heat rejection per cell:

Gtotal

N, cells

Geell =

Now, knowing what the rate of heat rejection per cell is, the model can

begin to be developed. The assumption of steady state heat transfer is made
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in order to simplify the model. In essence, it can describe the temperature
profile across the cell as the algae grows and as heat from the excess incoming
photons is rejected from the cell to the surrounding water. The primary aim is
to observe how the inner core temperature differs from the ambient, bulk water
temperature. If the cell is operating well above the ambient temperature, then
this is an indication that the cell would be likely to be damaged and not able
to reject heat at such a rate.

Comparison between the rates of heat rejection for the reversible case and
the irreversible case will be made; the latter utilises the average literature
requirement, while the former utilises the minimum limit of operation in terms
of quantum requirement. Since heat rejected per mole of glucose formed by a
photosynthetic organism, (), is a function of incoming photon wavelength, A, a
set wavelength of 680nm will be used, as this is a common absorbance peak for
chlorophyll a (Berg et al., 2002). For the reversible process, the heat rejected
is 233 kJ/mol of glucose produced from figure 2.2.4, and for the irreversible
process this heat rejected is 8.05M.J /mol of glucose produced, from figure 2.4.1.

B.2 Heat transfer over the cell

In order to describe the rate of heat released by the cell at any point in the
spherical cell, a generation term, «, must be introduced. « represents the
amount of energy per time generated per volume of the sphere (W/m3). It is
defined such that the rate of heat generated at the surface, where the sphere
has a full radius of R, is equal to the rate of heat released by the cell:

Geell
= B.2.1
« §WR3 ( )

To demonstrate the numerical value of «, consider the aforementioned heat
rejection per mole of glucose produced for the reversible and irreversible pro-
cesses using photons of wavelength 680 nm. Choosing a particle or radius size
for a cell, it is possible to determine the number of cells, N, and thus the
heat rejected per cell, geen. Therefore, for a cell of 6 microns in radius, « will
have a value of 1.65 x 10° W/m? and 5.67 x 10 W/m? for the reversible and
irreversible processes, respectively.

To describe the temperature and heat transfer profiles over a section of the

cell, a steady state energy balance over a slice of the cell of thickness Ar can
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be considered and mathematically described as:

q |7'—|—A'r: q |'r + (aV |7’+A'r —aV ’7‘)

What is being described here is essentially the following: the rate of heat
transfer at r+ Ar is equal to the rate of heat transfer at  and the heat released

or generated during Ar. This expands to:

4
q |7"+Ar —q |r: §7TOZ [(7“ + AT)S - (7")3}

If the equation is further rearranged it arrives in this form, where the limit

of this equation can be determined as Ar — 0:

r r r . 4
lim M = lim -7« (3r2 + 3rAr + Ar2)
Ar—0 AT‘ Ar—0 3

The following differential equation is produced:

d
o _ 4 our?

dr

Rearranging and integrating;:

/dq:47ra/r2.dr

4
q= gwar?’ +

Here, C is an arbitrary constant from the integration. It can be solved by
considering the following condition: at the centre of the cell (r = 0), the rate
of heat transfer is equal to zero. This is the case as the rate of heat transfer is
a function of the heat generated, «, within the cell, which in turn is a function
of volume. At the centre of the cell, the volume is zero, and therefore the rate
of heat transfer is zero:

Atr=0,¢q=0

'.01:0

Returning to the main equation, the rate of heat transfer at any point in

the cell can thus be described as:

q= -mar
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The rate of heat transfer, ¢, is therefore a cubic expression dependent on
radius, with its maximum at the surface of the cell: g..;. With this established,
attention can now be turned to developing the temperature profile inside the

cell. Fourier’s law can be defined, for a sphere, as:

dr
q = —kcen (47TTQ) %

Here, ke is the thermal conductivity of the cell material, which can be
approximated as that of glucose, cellulose or a similar biomass component. A
thermal conductivity value of 0.4 W/m?.C for wood at 25°C was chosen as an
adequate approximation for this purpose. Equating this expression with the
one above produces:

i = é7ron”3

dr 3

This can be simplified, rearranged and then integrated from the inner core

— k’cen (471'7“2)

temperature, T3, at » = 0, to the surface cell temperature, T, at r = R:

Ts R
/ dl' = — a / r.dr
T 3kcell 0

The final result indicates the temperature difference between the inner core

and the surface of the spherical cell:

aR?
,—Ti - Ts =
6kcell

B.3 Heat transfer over the water film

With the temperature profile over the physical cell developed, attention must
now be paid to describing the heat transfer from the surface of the cell to the
surrounding water over a film of water. Applying Fourier’s law to the case of

a sphere with heat transfer from the surface to bulk fluid via a film:
Geell = hwater (47TR2)(TS - Ta)

Here, hyater is the film transfer coefficient for water. In order to determine
its value, a correlation between it and a known quantity such as its thermal
conductivity, kwater, which has a value of 0.611W /m?2.C at 25°C, must be made.

The Nusselt number allows this very correlation to be made as a function of
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cell radius R:
B 2hR

k
Bird et al. (2002) state that for heat transfer from a sphere to a stagnant

Nu

fluid, the Nusselt number has a value of 2:

_ kwater

hwater - R

Thus, the heat transfer across the film can be represented as a function of

4
§7TOKR3 = (47TR2)hwater(Ts - Ta)
aR
T,—-T,=
3hwater

If this equation is added to the resultant equation describing the tempera-
ture difference between the inner core of the cell and the surface, a full temper-

ature profile from the inner cell core to the bulk water or ambient surroundings

aR R 1
T‘i - Ta = 5
3 <2kcell * hwater)

The above equation is the final result of this section. It is capable of

can be determined:

describing the inner core temperature of spherical microalgal cells of different
radii, and with different rates of heats released to the surrounding water from
the correlation between « and qe. A graph showing this relationship for the
different rates of heat rejected by the aforementioned reversible and irreversible
processes with incoming photons at 680 nm is shown as figure 2.4.3 in section

2.4 as part of the main dissertation text, where it is discussed.
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