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Abstract: In view of ever increasing global demand for energy, there has been substantial interest in developing
renewable biologically produced fuel. Microalgae are one such emerging resource considered as an aternative
for biodiesel production. However itsrealistic potential is often either over estimated or underestimated. In view
of this, arigorous assessment is carried out to evaluate the realistic potential of micro algal biodiesel based on
photosynthesis, thermodynamics and physical assumptions. This paper identifies six best regions in each
continent for algal biomass cultivation considering both sunlight and local climatic conditions. The mean hourly
meteorological data, sunlight, ambient temperature and rainfall information for the identified potential site is
combined to estimate annual biomass production, lipid production and carbon mitigation potential. Maximum
possible algal biomass yield and oil productivity have been estimated for six global sites at three different
scenarios of photosynthetic efficiency 11.42, 6 and 3%. The upper optimistic biomass, oil yield and carbon
fixation potential was calculated to be 533 T/halyr, 1, 25, 333 L/halyr. and 95 Tons CO,/halyr. This study
provides a baseline data for theoretical maximum, minimum and best estimates of open pond microalgae

production systems.
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INTRODUCTION

Microalgae are one of the planet’s most promising
sources of renewable biomass [1]. Biomass derived
from seaweed and agae are gaining significance for
production of biodiesel [2]. Algae can grow in a wide
variety of conditions from freshwater to extreme
salinity [3-5]. They are more efficient converters of solar
energy than terrestrial plants and take carbon dioxide out
of the atmosphere as they grow [6]. Algae are the most
optimum organisms for sequestration of CO, because
of their ability to fix carbon by photosynthesis. The
cultivation of algae has been suggested for carbon
capture because of its ability to fix CO, into biomass
and thereby to produce carbon neutral fuels. The
prospects of CO, mitigation by microalgae is inhibited
because of lack of viable technologies at large scale
[7]. Macroalgae, on the other hand, such as seaweed,
are less preferred than microalgae. The preference
towards microalgae is due largely to its less complex

structure, fast growth rate and for high oil content. There
are many varieties of micro-algae; each species has a
different proportion of lipids, carbohydrates and proteins.
Very few species of microalgae namely Spirulina,
Dunaliella  saliina, Chlorella  wulgaris  and
Haematococcus pluvialis have been invariably exploited
commercialy [8]. Some agae strains may contain up to 80
percent lipids making them very suitable for the
production of liquid fuels[8, 9, 10]. Biodiesel derived from
microalgae were found to have similar properties to that of
astandard diesel [11].

The site selected for algae cultivation have to meet
the following criteria.

C Availability of sunlight throughout the year.

C Favourable climatic conditions, temperature, relative
humidity, precipitation and evaporation.

C Land topography.

C  Assessto nutrients, carbon sources and water [12].
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For the above reasons, microagae production will not
be possible in al regions of the world. Algae have the
potential to play a big role in green revolution but it is
essential to identify the true potential of algae. Suitable
locations meeting all the above criteria need to be
identified in each country. There are severa studies on
maximum theoretical efficiency of photosynthesis[13-15],
but they have not been applied specifically to agal
photosynthesis. Estimates of algal productivity based on
small-scale experiments were also reported in literature
[16, 17]. Maximum instantaneous efficiency and annual
algae biomass production yield was calculated based on
numerous assumptions without addressing lowest
possible yield [18]. Calculations by Weyer, et al., [19] is
the closest in methodology to this work, but they have
primarily focussed on maximum yields on random sites
and include complex terms and did not address minimum
possible estimates and carbon fixation potential. None of
the studies had done earlier have addressed the
theoretical minimum and maximum algae biomass, oil
productivity and carbon dioxide fixation potential. Hence,
in present study a conceptual photosynthetic open pond
microalgae system is proposed. The quantitatively
estimated biomass, oil productivity and photosynthetic
efficiency were 1142, 6 and 3%, respectively. The
objective of this paper is to determine the redistic
productivity of oil yield using weather data for six global
climates and in order to generate preliminary data under
optimum growing conditions. The optimistic, pessimistic
and most likely estimates of open pond microalgae
production could be used in agae biodiesel project
designing, planning and decision making. The study is

Fig. 1: Map showing the selected sites
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also done to evaluate the carbon fixation potential of
microalgae production systems. The results and literature
data in terms of dry biomass productivity have been
successfully compared; thus demonstrating the validity
of the proposed analysis.

M ethodology: Photosynthetic efficiency of microalgae
was derived using fundamental eguations. The algal
biomass productivity, lipid productivity and carbon
fixation potential are determined for the selected sites. The
calculation was done for three different scenarios of
photosynthetic efficiency which are described bel ow.

Site Selection: About 1367 W/m? of light energy reaches
the outer atmosphere of earth and on average only 240
W/m? reaches the earth surface [20]. Annual solar
radiation with in the world generally varies between 700
and 2500 kWh/m?. Site suitable for algal cultivation should
have a basic requirement of abundant sunlight. This is
undoubtedly an important consideration since insolation
is directly linked to biomass yield. Tropical countries
experiencing more intensive sunlight are ideally suited for
microalgae cultivation. However, to identify the variation
in productivity of each continent, the hypothetical algae
biodiesel production facility for this study is considered
to be located in six global climates as shown in Figure 1.

Weather Data: The sites selected for the study are based
on availability of adequate sunlight, optimum air
temperature, abundant rainfall and proximity to coastal
area. The sites having annua average horizontal solar
radiation greater than 1500 kWh/m? and temperature
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greater than 15 °C are selected for this study. The
metrological data such as solar radiation intensity and
ambient temperature of potentia sites are obtained from
NASA maps/RET screen software [21].

Photosynthetic Efficiency of Microalgae: Photosynthesis
uses light energy and CO,to make sugars like glucose [22,
23]. A genera equation for photosynthesis is given
below: [24].

6CO, + 12 H,0 + photons — GH,,O,+6 O, +6H,0 (1)

Algae convert solar energy into biomass by oxygenic
photosynthesis in a natural condition at a photosynthetic
efficiency of 4-6% [6]. Not al of the solar energy is
suitable for photosynthesis. Algae absorb sunlight in the
wavelength ranging from 400-700nm for photosynthesis
which is only 47% of total energy from the sun [25, 26].
Photosynthetically Active Radiation (PAR) varies with
latitude, seasonality and geographical factors. The two
maintain limitations of converting sunlight into energy lies
in the mechanism of photosynthesis and PAR.

Photosynthetic organisms use 8 photons to capture
or fix one molecule of CO, into carbohydrate (CH,0), [27-
31].

C Heating vaue of one mole of CH,0= 468 kJ[32, 33].

C  Meanenergy of amole of PAR photons=217.4kJ[34,
35].

C Maximum/ideal theoretical conversion efficiency of
PAR energy into carbohydrates is = 468kJ (8x
217.4kJ) = 27%.

The energy in the form of biomass that can be
obtained via photosynthesis thus depends on the level of
PAR, photosynthetic efficiency and other transmission
losses as given below:

PEMicroaIg&: PAR X 1'1 photosynthetic X 1] transmission (2)

Initidly, out of total solar spectrum only 47% is
available for photosynthetic applications [25, 26].
Furthermore, fixation of one CO, molecule during
photosynthesis necessitates a quantum requirement of
eight, which resultsin a maximum utilization of only 27%
of the PAR absorbed by the photosynthetic system [35].
An additional 10% lossisidentified as photo transmission
losses. On the basis of these limitations, the theoretical
maximum efficiency of solar energy conversion into
biomassis approximately 11.42% using equation (2) [36].
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Table 1: Various losses in algal photosynthesis

Environmental factor Reduction  Eficiency, %
Total solar irradiance - 100
Absorption spectrum 53 47

Photo synthetic efficiency 73 12.69
Photon transmission (scattering and reflection

properties of surface) light saturation 10 11.42

However, the magnitude of photosynthetic efficiency
observed in the field, is further decreased by factors such
as poor absorption, transmission, reflection, respiration
and photo-inhibition [37]. The net result being an overall
photosynthetic efficiency between 3-6% of total solar
radiation. Thus, it is shown that algae should obey the
law of thermodynamics. The various losses occurring in
algal photosynthesisis shownin Table 1.

Annual Biomass and Lipid Productivity:

Annual biomass productivity BM _ _ (T/halyr) = BM iy
(g/m?/day) x n (days) x10 2 3)

Annual lipid productivity Lipid ,.4 (L/halyr) = ¢ x BM
anua (T/halyr) x 10000/ p (kg/L) 4

C = lipid fraction of algae biomass

Lipid 4na = Annual average lipid productivity (L/halyr)
BM ..« = Annua average biomass productivity (T/halyr)
BM ., = Daily average biomass productivity (g/m*/day)
p = specific gravity (kg/L) [10]

n = Number of operating days of pond

Carbon Mitigation Potential: The microalgae have the
ability to fix carbon dioxide efficiently [6, 7]. Carbon
dioxide fixed through photosynthesis is converted to
carbohydrates, lipids, proteins and nucleic acids. The
carbon content varies with microalgae strains, media and
cultivation conditions. The CO, fixation rate can be
calculated by applying law of conservation of mass:

Biomass molecular formulaa CO._H.._N__ P

048" 183 011 001

[38].
Miiomass = 23.2 gram/mol: M CO, = 44 gram/mol
4CO,+nutrients+H,0+ v — 4CO, 45 Higs Noas Pt ¥3.5 G,
Rate constant K = MCO,/M omss = 44/23.2 = 1.809. ©

Total CO, fixation = K x biomass productivityx fixation
efficiency (6)
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Fig. 2: Variation in solar insolation across six selected
sites

The CO, fixation or removal efficiency varied from
16 to 58% for an experiment conducted in a semi
continuous photobioreactor [39].

Sunlight Data: Monthly average hourly global
radiations for the selected locations were obtained
from RETScreen database. The average solar radiation
received by all the sites is around 4.52 kWh/m?day.
The maximum and minimum intensities of solar
radiation for Ethiopia and Texas were 6.14 and
4.71 kWh/m/day, respectively. As the productivity
of algae is determined by the available solar
radiation levels, is important in assessing the potential
of agae growth. All the sites selected for this
analysis have high solar insolations, providing an
ideal combination for agae open pond -cultivation.
The variations in solar radiation for the selected sites are
shown in Figure 2.

Fig. 3: Variation in air temperature across six selected sites
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Weather Data: Monthly average hourly ambient
temperatures for the selected locations were obtained
from RET Screen database. The annual average air
temperature for Texas, Uruguay, Ethiopia, Madrid,
Chennai and Queens land were 21, 17.3, 22.3, 17.7,
277 and 26.7 °C, respectively. The temperature
required for optimum growth of agae is around 20 to
35 °C [10]. The maximum and minimum annual average
air temperatures for Texaswere 29 and 12 °C, respectively.
All the sites selected have ideal air temperature for
the growth of microalgae. Artificial heating of the
pond may be required in Texas and Uruguay
during winter months when temperature goes beyond
optimum conditions. Figure 3 compares the monthly
average ambient temperatures for the six selected
locations.

Assumptions: Annual average biomass productivity, oil
yield and carbon fixation potential were calculated by
using incoming solar radiation and photosynthetic
efficiency of algae. The maximum possible energy
production is estimated theoretically for the following
scenarios. The average conversion efficiency of sunlight
to organic biomass drops from theloretical value of 11.42
to 3% [36].

Scenario |: Optimistic /maximum yield (Theoretical
efficiency of 11.42%) [36].

The scenario of perfectly efficient algae and al the
efficiency components are close to maximum values.

Scenario I1: Most likely /probable yield (Theoretical
efficiency of 6%) [40].
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The scenario of moderately efficient algae and all the
efficiency components are considered to be reasonable.

Scenario I11: Pessimistic /minimum yield (Theoretical
efficiency of 3 %) [41].

The scenario of less efficient algae and all the
efficiency components are close to minimum values.

The following conservative values are assumed
based on literature datafor al the above cases.

C  Higher heating value of algal biomass =14.21 MJKg
[42].

C  Specific gravity of algae oil = 0.85 kg/l [11]

C CO,fixation efficiency = 10% (lowest value based on
reported data [39])

C  Algae biomass lipid fraction = 20% (lowest value
based on literatures[8, 9, 10])

C  No. of operating days of pond = 300

RESULTS

Daily Average Biomass Productivity for Each Scenario:
The optimistic maximum yield for the selected sites varies
between 177 to 136 g/m%day which closely match with
other reported cal culations [20]. The optimistic maximum
yield based on the solar energy available represents an
unattai nable maximum and cannot be realised practically.
Themost likely yields for Ethiopia and Texas ranged from
93 to 71 g/m?/day respectively. The minimum pessimistic
biomass productivity for the study areas varies between
35 to 46 g/m¥day. Daily biomass yield achieved in
practical conditions for the variety of location and those
reported in the published literature ranged from 10 to
58 g/m?/day [1, 35, 10]. Comparison of optimistic, most
likely and pessimistic yield for six selected sites showed

Table 2: Daily average Biomass productivity for different scenario

that productivity is directly dependent on solar radiation
intensity. The values obtained confirm the linear
relationship between the solar radiation and biomass
productivity. The optimistic biomass yield cannot be
exceeded thermodynamically in sunlight regardiess of
whether the algae are grown in open ponds or photo
bioreactors. The estimates of daily average biomass
productivity are summarized in Table 2.

Annual Average Biomass Productivity: The annual
average biomass productivity for the study area is
summarized in Figure 4. The calculation predicted the
optimistic annual average biomass yield ranging from 530
to 408 tong/halyr. The most likely possible productivity of
algal biomass is around 250 tong/ halyr. The minimum
theoretical yield is 107 tons/halyr of microalgal biomass
based on the solar insolation level at Texas. The estimated
algal biomass productivity is eventualy higher than other
terrestrial energy crops. Algae link, photo bioreactor
supplier claimed year round productivity of 365 tons/halyr
and green fuel technologies corporation, based in
Massachusetts, demonstrated dry weight productivities
between 250 to 292 tong/halyr in their sunlight-powered
algal bioreactors.

Annual Average Oil Productivity: The annua
average oil productivity for the study areais summarized
in Figure 5. The average potential oil yield for the three
different scenarios ranges from 1,08,000 L/halyr to
28,000 L/halyr. Under al three scenarios, the ail
productivity of algae could be significantly higher than
other energy crops like jatropha, pam, sunflower and
soya bean [43]. However, if alga lipid productivity
approaches even a fraction of the calculated minimum,
they will be extremely productive compared to first and
second generation bio fuels.

11.42% Efficiency

6% Efficiency 3% Efficiency

Energy from Output Energy Biomass Output Energy Biomass Output Energy Biomassprodudtivity
Site sun kwh/m?/day  kJm? /day productivity g/m?day kJ/m? /day productivity g/m?/day  kJm?/day g/m?/day
Texas, North America 471 1933 136.03 1015 71.42 508.68 35.79
Uruguay South America  5.29 2174 153.10 1141 80.29 571.32 40.20
EthiopiaAfrica 6.14 2523 177.55 1324 93.17 663.12 46.66
Madrid, Spain 4.75 1951 137.29 1026 72.20 513 36.10
Chennai India 5.23 2149 151.23 1126 79.23 564.84 39.74
Queensland Australia 5.90 2422 170.44 1274 89.65 637.2 44.84
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Selected site

Fig. 4: Annual average Biomass productivity for different scenario

Fig. 5: Annual average Oil productivity for different scenario

T col/halyr

Fig. 6: Carbon fixation potential for different scenario

Carbon Fixation Potential: The annua average carbon
fixation potential for the study area is summarized in
Figure 6. The maximum optimistic CO, fixation capacity by
algal biomassis 95Tons CO,/halyr. The lowest projection
in this paper was 19 Tons CO,/halyr for Texas and
Madrid. This estimate is drastically higher than carbon
fixation capacity of terrestrial plants [44]. Despite any
discrepancies among approaches, all estimates affirm the
productive potential of algae as a sustainable source of
carbon sequestration and energy production. Considering
the CO, fixation ability of microalgae, it would be ideal to
locate algae production plants next to stationary emitters
as acarbon capture and storage (CCS) option.

Selected site
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DISCUSSION

Algal biodiesel production is considered as an
emerging source. In this study we used reasonable
assumptions and tried to predict the potential based on
thermodynamic limit. The use of photosynthetic
microalgae for biomass can be expected to operate at an
optimistic efficiency of at most 11%. The most likely
practically achievable efficiency is very close to 6%.
Photosynthetic efficiency of 3-6% is possible under field
condition. This photosynthetic yield is comparatively
higher than other traditional C, and C, plants whose yield
is around 1-3%. Ninty percent of the inefficienciesis due
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to the biological limitations of sunlight utilisation.
The theoretical optimistic productivity represents an
unattainable limit despite improved cultivation techniques
and efficient algal strains. The production yield results
presented here confirms its realistic potential and it will
assist the bio fuel industry to target maximum oil
production. The main differences among approaches for
calculating theoretical maximum involve reduction factors,
thus presenting it as a true maximum optimum yield. A
sustainable biomass yield of 100-200 T/halyr can be
achieved in practical condition and even with a shortened
10 month growing season, the algal system could produce
25,000-65,000 L/halyear of oil yield. The most likely yield
under practical conditions ranges from 65,768 L/halyr to
50,415 L/halyr. The lowest possible yield was calcul ated
to range from 32,941 L/halyr to 25,269 L/halyr. The carbon
assimilation capacities of microalgae range from 20 to 50
tonnes CO,/halyr. Our optimistic, most likely and
pessimistic estimate of open pond microalgae production
provides baseline information to assess the redlistic
potential of microalgae in various climatic conditions of
the world. High productivity rates may require good solar
irradiance, sufficient land, suitable temperature and
adequate water. However, locations where all these
resources are available need to be identified. With agal
biomass for sustainable energy production is still in their
infancy, significant improvements in algal cultivation
technology is required to achieve the most likely
estimates of biomass and oil productivity. Future long-
term research should be focused on increasing biomass
productivity and lipid content during colder months.

CONCLUSIONS

An attempt was made to estimate algal biomass
productivity, lipid productivity and carbon fixation
potential based on readily available input data. The
assessment presented here based on photosynthetic light
efficiency can assist researchers to know the realistic
potential of alga biofuels. The use of microbial
photosynthesis for biofuel production can be expected to
operate with efficiencies of at most 6%. At very most,
optimistic biomass yield of 530 T/halyr and 1, 25,000
L/halyr of oil can be expected from microalgae under
optimum climatic conditions. The upper optimistic
biomass and oil yield can never be improved upon very
much in open pond cultivation system. Any production
numbers higher than the upper optimistic yield in a
particular region is definitely impossible and is often
questionable. Higher biomass yield closed to optimum
value can be achieved in closed photo-bioreactor.
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These values can be used to explore the importance of the
design features of large scale open pond cultivation
system. A systematic approach and strategy is required
to enhance the sustainability and productivity of algal
bioenergy. The study shows the redlistic potential of
algae biodiesel and agrees with other author’s work that
microalgae could contribute to meet a significant portion
of the renewable fuel targets. Although there are many
theories to support the use of algae biodiesel, further
research and development activities are needed in large
scaleto firmly assess the potential of algae cultivation for
biodiesel. The analysis is for assessing the global agal
biomass potential and not intended to disqualify any
locations for microalgae cultivation.
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