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The increasing pursuit of green technology and renewable
resource products has fostered a dramatic interest in biofuels
and bioproducts globally. Primarily, this is due to the poten-
tials displayed by biofuels and bioproducts in curbing current
global warming issues through sustainable conversions of
biomass into valuable consumer products. The development
of biofuels and bioproducts creates pathways independent
on petroleum but towards a more secure transport and
manufacturing future with a lower greenhouse gas signature.
In particular, biofuels and bioproducts have demonstrated
the capacity to support the growth of agriculture, forestry,
and rural economies and to foster major new domestic
industries such as biorefineries to make a variety of fuels,
chemicals, and other products. Examples of these products
include bioethanol, biodiesel, biohydrogen for biofuels, and
a range of bioproducts from low volume high value products
to high volume low value products such as biopolymers
and renewable chemicals including propanediol and lactic
acid. Of course, the selected topics and papers are not
an exhaustive representation of the area of bioprocess
development for biofuels and bioproducts. Nonetheless, they
represent the rich and many-faceted knowledge that we have
the pleasure of sharing with the readers. We would like
to thank the authors for their excellent contributions and
patience in assisting us. Finally, the fundamental work of all
reviewers on these papers is also very warmly acknowledged.

This special issue contains five papers, where two papers
are related to energy and the environment, two papers cover
algal resources, and the last one covers conventional biodiesel
production and optimization.

In the first paper, Luo et al. present “Energy and
environmental performance of bioethanol from different
lignocelluloses.” The paper deals with the use of cellulosic
processing technologies to convert different lignocellulosic
biomass to fuel ethanol. Seven different studies were con-
ducted to permit a direct comparison of fuel ethanol
from different lignocelluloses in terms of energy use and
environmental impact and are summarized in this paper.
The work provides an overview on the energy efficiency and
environmental performance of using fuel ethanol derived
from different biomass feedstocks in comparison with
gasoline.

In the second paper, Irvine et al. present “Energy from
waste: reuse of compost heat as a source of renewable energy.”
An in-vessel tunnel composting facility in Scotland was
used to investigate the potential for collection and reuse of
compost heat as a source of renewable energy. The amount
of energy offered by the compost was calculated and seasonal
variations analysed. From the report, using the heat of the
compost was found to provide the most reliable level of
supply at a similar price to competing sources.

In the third paper, Baliga and Powers present “Sus-
tainable algae biodiesel production in cold climates.” The
paper employs life cycle assessment to determine the most
suitable operating conditions for algae biodiesel production
in cold climates to minimize energy consumption and envi-
ronmental impacts. Two hypothetical algae photobioreactor
production and biodiesel plants located in Upstate New York
(USA) were utilized for the analysis. The results obtained
were compared with that of soy biodiesel.
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In the fourth paper, Hosikian et al. present “Chloro-
phyll extraction from microalgae: a review on the process
engineering aspects.” This review discusses the process
engineering of chlorophyll extraction from microalgae. It
presents an upstream scenario where microalgal cultiva-
tion is used for capturing CO2 and wastewater treatment
and some downstream extraction technologies. Different
chlorophyll extraction methods and chlorophyll purification
techniques are evaluated. The report suggests supercritical
fluid extraction as a promising technology for chlorophyll
extraction and high-performance liquid chromatography as
a power spectroscopic technique for accurate analysis of
chlorophyll molecules.

In the fifth paper, Boulifi et al. present “Process opti-
mization for biodiesel production from corn oil and its
oxidative stability.” They used response surface methodology
(RSM) based on central composite design (CCD) to optimize
biodiesel production from corn oil. The process variables,
temperature, and catalyst concentration were found to
have significant influence on biodiesel yield amongst other
variables.

Michael K. Danquah
Ravichandra Potumarthi

Pogaku Ravindra
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Climate change and the wish to reduce the dependence on oil are the incentives for the development of alternative energy sources.
The use of lignocellulosic biomass together with cellulosic processing technology provides opportunities to produce fuel ethanol
with less competition with food and nature. Many studies on energy analysis and life cycle assessment of second-generation
bioethanol have been conducted. However, due to the different methodology used and different system boundary definition, it is
difficult to compare their results. To permit a direct comparison of fuel ethanol from different lignocelluloses in terms of energy use
and environmental impact, seven studies conducted in our group were summarized in this paper, where the same technologies were
used to convert biomass to ethanol, the same system boundaries were defined, and the same allocation procedures were followed.
A complete set of environmental impacts ranging from global warming potential to toxicity aspects is used. The results provide
an overview on the energy efficiency and environmental performance of using fuel ethanol derived from different feedstocks in
comparison with gasoline.

1. Introduction

Climate change and the wish to reduce the dependence on
oil are the incentives for the development of alternative
energy sources. In view of the carbon dioxide reduction
target agreed upon in the Kyoto protocol, a shift from fossil
fuels to renewable resources is ongoing, also to secure the
long-term energy supply at both national and international
level. The European Commission demonstrated in 2007 that
a 20% target for the overall share of energy from renewable
sources and a 10% target for energy from renewable sources
in transport would be appropriate and achievable objectives
[1], though both targets have become subject of dispute
since then. In the near term, liquid biofuels will still largely
contribute to the target in transport sector due to the limited
available technologies for fuels from other renewable sources.
Especially bioethanol with its biorenewable nature, opti-
mized production technology, and potential of greenhouse
gas (GHG) mitigation already proved itself as an attractive
alternative fuel.

Most of the current practice only concerns first-gen-
eration ethanol from conventional crops like corn, wheat,

sorghum, potato, sugarcane, sugar beet, and so forth.
Criticism is expressed on the first-generation bioethanol with
regard to land use requirement and competition with food
and nature. These issues have become the driving forces
for the technology innovation towards second-generation
ethanol from lignocellulosic feedstocks, both as agricultural
coproducts and wastes and dedicated crops. EC Directive
2009 addressed the importance of commercializing second-
generation biofuels [2]. The United States, as one of the lead-
ing nations in promoting biofuels, proposed that cellulosic
ethanol must achieve 44% of the total biofuel production by
2020 [3].

With the development of the cellulosic technology being
able to convert agricultural coproducts of often lower
value to ethanol, two major questions are raised when
comparing second-generation bioethanol to fossil fuel and
first-generation bioethanol. (1) Is second-generation ethanol
a better option for energy conservation? (2) What are the
environmental benefits of second-generation ethanol? In
order to answer the first question efforts were exerted on
energy analysis of ethanol from corn stover [4, 5], switchgrass
[6–9], and woodchip [7, 10]. Most of these studies yield
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a positive net energy value (NEV), which indicates that lig-
nocelluloses are more favourable feedstocks than dedicated
crops, that is, corn grain. However, Pimentel and Patzek
[7] exceptionally reported negative NEV from switchgrass-
and wood-ethanol systems concluding that cellulosic ethanol
processes are more energy intensive than ethanol from corn
grain. With respect to the second question many life cycle
assessment (LCA) studies were conducted on ethanol from
lignocelluloses such as corn stover [11–15], Switchgrass [9,
11], Miscanthus and willow [16], sugarcane bagasse [17,
18], cereal straw [19], woodchip and wood wastes [20–22],
flax shives [23], and hemp hurds [24]. All these studies,
to different extent, show environmental benefits especially
in terms of reduced fossil resource depletion and GHG
emissions.

However, these studies on both energy analysis and LCA
of second-generation bioethanol raise a number of ques-
tions. First of all, there is insufficient consistency regarding
the definition of system boundaries, with different choices
made without explicit arguments. For instance, an ethanol
refining system does not include the environmental impact
from the production of cellulase enzyme for degrading cel-
lulosic feedstocks [25], leaving out a major energy requiring
process. Secondly, in different studies allocation methods are
different and not systematic and mostly are unclearly stated.
A high sensitivity to the allocation method has been reported
for LCA results when evaluating carbon intensity and fossil
energy consumption for bioethanol pathways [12, 20, 26,
27]. The differences and ambiguities in the definition of
system boundaries and allocation methodology made most
of the studies incomparable.

To allow for a direct and meaningful comparison of
different analysis, Farrell et al. [6] aligned methods and
assumptions for six selected studies [7, 8, 28–30] and
removed differences in the underlying data. Their focus,
however, is mostly on corn-based ethanol. They indicate
that calculations of NEV are highly sensitive to assumptions
about both system boundaries and key parameter values
and, as to content. They conclude that large-scale use of
fuel ethanol certainly requires more sustainable practices in
agriculture and advanced technologies, shifting from corn
based to cellulosic ethanol production.

In order to have an overview of the energy intensity
and environmental performance of bioethanol production
from different lignocellulosic feedstocks, we have conducted
five LCA studies at CML [12, 18, 23, 24, 31] and two
studies on energy analysis [5, 32] of bioethanol from
lignocelluloses, in all of which the same technologies were
used to convert cellulose and hemicellulose to ethanol
and to generate heat and power from lignin and wastes,
the same system boundaries were defined, and the same
allocation procedures were followed. In all LCA studies a
comprehensive set of environmental impacts is used, ranging
from abiotic depletion and GHG emissions to acidification
and toxicity aspects. The present study summarizes and
compares the results obtained from these five LCA studies
and the two energy analyses, also in comparison with other
studies.

2. Life Cycle Assessment (LCA)

2.1. Methodology. All five case studies compared in the
present study focus on LCA of fuel ethanol from lignocel-
lulosic feedstocks, with application of different allocation
methods and/or scenario analysis. In all studies advanced
cellulosic processing technology is assumed to convert
biomass to ethanol, the system boundaries are identical, and
the same allocation procedure is applied. Therefore they
are well comparable. The feedstocks in these studies are
summarized as follows:

(1) corn stover [12],

(2) sugarcane and bagasse [18],

(3) switchgrass [31],

(4) flax shives [23],

(5) hemp hurds [24].

In this section the methodologies used in all five studies
are described. It is worth noting that study (2) presents a
comparative LCA of ethanol production from solely sugar
(current practice) and sugar plus bagasse (future case).
As combining sugar and bagasse as feedstock for ethanol
production is proposed to be a common practice in Brazil
in the future, we did not perform an LCA on ethanol derived
solely from bagasse. Thus the future case presented in study
(2) is used to compare with other four studies, even though
the feedstock includes not only the lignocellulose (bagasse)
but also sugar.

2.1.1. Functional Unit and Alternatives. The functional unit
in all studies is defined as power to wheels for one kilometre
driving of a midsize flexible fuelled vehicle (FFV), which
means that engine modification can be left out of account.
Four fuel alternatives are considered: (1) conventional gaso-
line, (2) a blend of 90% gasoline with 10% ethanol by volume
(termed E10), (3) a blend of 15% gasoline with 85% ethanol
by volume (termed E85), and (4) pure ethanol. In practice
pure ethanol is not used as transport fuel; hence it is only a
hypothetical case here for easy comparison with gasoline.

2.1.2. System Boundaries. The systems defined in all five
studies are based on the “cradle-to-grave” approach, which
includes crude oil extraction and refinery, with all trans-
port required, and agriculture production of lignocellulosic
biomass, harvest and transport of biomass to ethanol
refinery, production of ethanol and its coproducts, blend and
transport all fuels to regional storages, and the final use phase
of fuels in vehicle driving. The production and transport of
chemicals used in all processes are also taken into account.
Moreover, emissions from capital goods production and
waste management are included. However, emissions and
wastes associated with the production and disposal of the
FFV are outside the system boundaries.

In all five studies different coproducts are produced from
either agricultural production or ethanol refinery, as listed
in Table 1. In fact, in study (1), (2), (4), and (5) electricity
is also cogenerated from the ethanol refinery; however, it is
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Figure 1: Continued.
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Figure 1: Overall comparison of environmental impact of all fuel options in all studies.

Table 1: Product and coproducts from agriculture and ethanol refinery.

Study
Products

Agriculture Ethanol refinery

Product Coproducts Product Coproducts

(1) Luo et al. [12] Corn Stover Ethanol —

(2) Luo et al. [18] Sugarcane — Ethanol Sugar

(3) Bai et al. [31] Switchgrass — Ethanol Electricity

(4) González Garcı́a et al. [23] Shives Fibres & linseed Ethanol —

(5) González Garcı́a et al. [24] Hurds Fibres & dust Ethanol —

fully utilized by the refinery and no surplus can be considered
as co-product. In study (2) extra electricity needs to be
purchased from local grid due to the insufficiency of the
cogenerated electricity inside the refinery.

2.1.3. Data Sources and Software. Life cycle inventory (LCI)
data used in all studies are obtained from different sources,
as summarized in Table 2. The completeness of data may
differ between sources; therefore, the Ecoinvent database
from Swiss Centre of Life Cycle Inventories [33] is used as a
standard whenever possible, as this source has long learning
experience and involves a very broad range of processes
(around 4,000). Software package Chain Management by Life
Cycle Assessment (CMLCA) is used for the analysis [34].

2.1.4. Allocation Method. The allocation procedure in mul-
tiproduct processes has been always one of the most critical
issues in LCA. The ISO 14040 and 14044 [51, 52] recommend
a stepwise procedure for allocation. First of all, allocation
should be avoided whenever possible through subdivision of
certain processes or by expanding system boundaries so as to
include the additional functions related to them. If allocation
cannot be avoided, methods reflecting underlying physical
relationships shall be applied, of how process inputs and
outputs change due to a quantitative change in products and

functions delivered. This is often filled in as allocation based
on mass or energy content of the coproducts. To the extent
that physical relations cannot be established, other relevant
variables like economic values of the coproducts can be used
to allocate. This last option is similar to the cost allocation
methods used in managerial accounting [53, 54].

In all five studies, one allocation method is applied, fol-
lowed by a sensitivity analysis when two or more allocation
methods can be applied. In some studies methods based on
mass or energy content cannot be applied systematically. For
instance, in the case of electricity as a co-product in ethanol
refinery, mass allocation is not applicable; in the case of
sugar as a co-product, energy content allocation cannot be
used. Therefore, in the present study, in order to permit a
fair comparison, economic allocation, which is used in all
five studies, is applied. In no case the more general ISO
requirements on physical allocation have been used or met.
The multiproduct processes in these studies are given as
follows:

(1) corn agriculture, where corn and stover are produced;

(2) ethanol production from sugarcane and bagasse,
where ethanol and sugar are produced;

(3) ethanol production from switchgrass, where ethanol
and electricity are produced;
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Table 2: Data sources for the life cycle inventories of the five studies.

Subsystem Data source

Corn agriculture U.S. Life-Cycle Inventory Database [35]

Sugarcane agriculture Macedo et al. [36]

Switchgrass agriculture Bullard and Metcalfe [37]; Nemecek and Kägi [38]

Flax agriculture
Nemecek et al. [39], Hauschild [40], Audsley et al. [41], Arrouays et al. [42], EMEP/CORINAIR
[43]

Hemp agriculture
Nemecek et al. [39], Hauschild [40], Audsley et al. [41], Arrouays et al. [42], EMEP/CORINAIR
[43]

Biomass transport Spielmann et al. [44]

Stover-ethanol production Aden et al. [45]

Sugarcane-ethanol production Efe et al. [46]

Switchgrass-ethanol production Guerra Miguez et al. [47]

Flax shives-ethanol production Aden et al. [45]

Hemp hurds-ethanol production Aden et al. [45]

Ethanol transport Spielmann et al. [44]

Gasoline production & transport Swiss Centre of Life Cycle Inventories [33]

Emissions from capital goods
production

EIPRO Database [48]

Emissions from vehicle driving Kelly et al. [49], Reading et al. [50]

Background processes Swiss Centre of Life Cycle Inventories [33]

Table 3: Partitioning factors for economic allocation in all five
studies.

Study Multiproducts Partitioning factor

(1) Luo et al. [12] Stover/corn 0.118/0.882

(2) Luo et al. [18] Ethanol/sugar 0.837/0.163

(3) Bai et al. [31] Ethanol/electricity 0.894/0.106

(4) González
Garcı́a et al. [23]

Shives/fibers/linseed 0.042/0.911/0.047

(5) González
Garcı́a et al. [24]

Hurds/fibers/dust 0.122/0.863/0.015

(4) flax agriculture, where flax fibres, shives, and linseed
are produced;

(5) hemp agriculture, where hemp fibres, hurds, and dust
are produced.

For the gasoline production, the allocations were taken
as currently implemented in the Ecoinvent database by
its designers, using different methods for different parts
of the product system. This shortcoming is less relevant
when comparing different biofuel options. The partitioning
factors-based economic values in the five studies are given
in Table 3. In study (4) and (5) the authors also conducted
sensitivity analysis on the price of shives and hurds. For the
comparison in the present study, an average price of flax
shives and the price of hemp hurds in the base case scenario
are taken.

2.1.5. Impact Assessment. The categories selected for impact
assessment in all five studies are as follows:

(i) abiotic depletion potential (ADP),

(ii) global warming potential (GWP),

(iii) ozone layer depletion potential (ODP),

(iv) photochemical oxidation potential (POCP),

(v) human and ecotoxicity potential (HTP & ETP),

(vi) acidification Potential (AP),

(vii) eutrophication Potential (EP).

The environmental impacts addressed here reflect the
differences between operations of vehicles fuelled with gaso-
line, E10, E85, and pure ethanol. The results are normalized
to the “world total” in order to compare the importance of
each impact. Overall evaluation requires weighting, which
has not been applied in this study. The Handbook on Life
Cycle Assessment [55] states: “Weighting is an optional step
for all non-comparative assertions; there is no best available
method and there is no recommended set of weighting
factors.” Nevertheless, for actual decision making some sort
of weighting always is required.

2.2. Results Comparison and Discussion. The LCA results of
fuel ethanol from the five different feedstocks compared with
gasoline for each impact category are presented in Figure 1.
In order to compare the relative size of results in different
impact categories, they are normalized to “world total 1995”
and are all set to the same scale. This normalised score
indicates the percentage the system would contribute to the
world total score on that impact, for the reference year
taken.
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2.2.1. Global Warming Potential (GWP). Global warming
has always been considered as the most important category
in biofuel LCA studies, a simple type of weighting. The
results of GWP always draw special attention also due to the
diversity of results between different studies. This stands also
true in the present study. When sugarcane and switchgrass
are the energy crops, ethanol fuels show better performance
than gasoline. The reason for the decrease of GHG emissions
is the large amount of CO2 taken up by the growth of
sugarcane and switchgrass. Moreover, switchgrass seems to
be a better feedstock than sugarcane because in the ethanol
production from switchgrass, there is surplus electricity
which is sold to the local grid. However in the sugarcane-
ethanol refinery, the cogenerated electricity is not enough
to supply the refinery and additional electricity needs to be
purchased from the grid. If the electricity supplied by the
grid is also biobased in the future, its contribution to GHG
emissions could be less.

However, when fuel ethanol is produced from corn
stover, flax shives, and hemp hurds, the application of
ethanol fuels leads to worse performance. Here the economic
allocation applied in agriculture production in these three
studies plays an important role. As compared to corn, flax,
and hemp, the stover, shives, and hurds have much smaller
partitioning factors due their low prices (see Table 3). Hence
when economic allocation is applied, most of the CO2

uptakes in agriculture are allocated on corn, flax, and hemp
fibres. Flax shives turned out to be the worst feedstock
due to its smallest allocation factor (0.042). The substantial
influence of allocation methods on the outcome of GWP is
illustrated in Section 2.2.3.

2.2.2. Other Impact Categories. In the other six impact
categories, the results of driving on fuel ethanol from
different feedstocks are also diverse. The level of ADP
is significantly reduced when replacing gasoline with fuel
ethanol, irrespective of the feedstock used. Apparently this
is due to the replacement of fossil resources by biomass.
The levels differ among the five studies insignificantly. The
reasons for these differences can be the energy efficiency in
agriculture as well as in ethanol refinery. To have a better
understanding in which subprocesses are energy intensive, a
detailed energy analysis is required.

Normalized ODP shows substantially lower level than
other impacts, which means that it contributes relatively
less to the world total, negligible in comparison. Among
all the ethanol fuels, sugarcane-derived ethanol is the best
option regarding ODP. This indicates that less fossil energy
is used in the life cycle of sugarcane-ethanol. This result
is in accordance with the one of ADP, where ethanol from
sugarcane also leads to the lowest impact. The ODP levels of
fuel ethanol from other feedstocks do not differ significantly.
Overall, the ODP score can be left out of account in decision
making. Even a very high weight on this impact could not
make it a relevant one.

Regarding POCP level, again sugarcane-derived ethanol
shows the best performance, which is slightly lower than
gasoline. POCP is mainly contributed by the emissions

from production and refining of oil and gas, and the
volatile organic compounds in the gasoline and ethanol life
cycle, respectively. Thus when shifting gasoline to ethanol
fuels, the emissions from fossil resource extraction are
reduced; however, the emissions from ethanol production
and transport of chemicals are increased. In all ethanol life
cycles except the one derived from sugarcane, the level of
increase is higher than the one of reduction. Among all
switchgrass-derived ethanol is the worst option due the large
amount of acetaldehyde emitted from ethanol fermentation,
which contributes 77% to its total POCP score [31]. This
finding indicates that, although the processes for ethanol
product have all been optimized, possibilities for further
optimization with better technology need to be investigated
to reduce environmental impact.

In the category concerning HTP and ETP, ethanol fuels
all have higher impact than gasoline. The main contributors
of human and eco-toxicity are the production of chemicals
and machineries used in agriculture. Among ethanol fuels
from different feedstocks, ethanol from sugarcane and
switchgrass perform worse. This does not mean that their
agriculture processes are more polluting. The reason for
this is again the partitioning factors based on economic
allocation in the agriculture of corn stover, flax shives, and
hemp hurds. Large amount of emissions in these three cases
are allocated on the main crops—corn, flax, and hemp.

The levels of AP increase slightly in all cases except flax
shives-derived ethanol when replacing gasoline with ethanol
fuels. This level is mainly contributed by ammonia emitted in
agriculture, nitrogen oxides (NOx) emissions from operation
of lorries and FFV, and sulphur dioxide (SO2) from oil
refinery. Hence in ethanol life cycles, although less SO2 is
emitted from the oil refinery, ammonia emissions are not
negligible. This results in worse performance of most of
ethanol fuels. For the adverse results from shives-derived
ethanol, the same reasoning as the one for HTP and ETP
can be applied. As shives shares only a very small part of
environmental burdens in agriculture, the level of AP is
decreased.

With regards to EP the trend is similar to AP. The level
of EP is mostly attributed to agriculture processes, especially
the nitrate to ground water and nitrogen oxides (NOx) to
air from the application of nitrogen fertilizers. As flax shives
has a much smaller allocation factor in agriculture than
other feedstocks, it gives the best performance, followed by
gasoline, and then stover, switchgrass and, sugarcane-derived
ethanol. EP of hemp hurds-derived ethanol draws attention
due to its significantly higher level compared to other fuel
cycles. The main contributor of this is the large amount of
nitrate leaching to fresh water.

In order to have a clear overview, the environmental
performances per impact category from the best to the worse
fuel option are summarized in Table 4.

It can be seen that different fuel options show better
performance in different categories. The overall evaluation
depends on the importance attached to each impact category.
As weighting is not included in this study, it is impossible to
draw conclusion on which fuel option is the best. However, as
the results are normalized and are set to the same scale, it can
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Table 4: Overall results of environmental performance of all fuel
options in all studies.

Impact category
Environmental performance

Best −−−−−−−−−−−−−−−−−−−−→ Worst

GWP Swi Sug Gas Sto Hur Shi

GWP (CO2-neutral) Sug Swi Shi Sto Hur Gas

ADP Sug Shi Sto Swi Hur Gas

ODP Sug Sto Swi Shi Hur Gas

POCP Sug Gas Sto Shi Hur Swi

HTP & ETP Gas Shi Hur Sto Swi Sug

AP Shi Gas Sug Swi Sto Hur

EP Shi Gas Sto Swi Sug Hur

Gas: gasoline; Sto: stover-based ethanol; Sug: sugarcane-based ethanol;
Swi: switchgrass-based ethanol; Shi: shives-based ethanol; Hur: hurds-based
ethanol.

be seen that GWP, ADP, HTP, and ETP contribute relatively
more to the world total; thus they deserve more attention
when evaluating all the fuel options. POCP, AP, and EP are
of less importance, and ODP definitely can be left out of
account.

2.2.3. Influence of Methodology Choices. In the studies on
stover, shives, and hurds-derived ethanol, sensitivity analyses
on allocation methods were conduced. The results show that
when allocations reflecting physically relationship (mass or
energy content) are applied, GWP levels are significantly
reduced. The reason for this outcome is that stover, shives,
and hurds are agricultural coproducts which have low market
prices when comparing to corn, flax, and hemp. When
economic allocation is applied, most of the CO2 uptake is
allocated to the crops due to their large partitioning factors;
however, when mass or energy content-based allocation is
applied, the amount of CO2 uptake allocated to stover, shives,
and hurds increases due to the large amount produced. For
toxic effects of pesticide use, economic allocation similarly
leads to a very low share, and allocation by mass would
increase the already high human and ecotoxicity scores
substantially. This allocation dependency of outcomes has
been explained in more details in three of the studies [12,
23, 24]. Therefore allocation issues are of crucial importance
in LCA studies applied to biofuels and should be discussed
explicitly whenever it is concerned.

In most of the studies the usual allocation procedure is
followed dealing with CO2 uptake and CO2 emissions—the
uptake counts as an extraction from atmosphere; hence the
emissions of this biogenic CO2 at combustion are counted
just the same as fossil-based CO2. In the field of LCA
on biofuels, there also is a “CO2-neutral” approach, which
ignores both extractions and emissions of biogenic CO2. In a
straightforward system that does not require allocation; the
net result should be the same. However, when allocation is
needed, this may no longer be the case. As the allocation
methods applied strongly influence the results of GWP

0E + 00

3E − 15

6E − 15

9E − 15

1.2E − 14

1.5E − 14

1.8E − 14

2.1E − 14

Gasoline E10 E85 Ethanol

(Y
ea

r)

Stover-ethanol
Sugarcane-ethanol
Switchgrass-ethanol

Flax shives-ethanol
Hemp hurds-ethanol

Fuel option

GWP excluding biogenic CO2

Figure 2: Results of GWP excluding biogenic CO2 in all studies.

scores, a comparative computation for the systems excluding
biogenic CO2 was made, and the results are given in Figure 2.

When biogenic CO2 is excluded, reduction of GWP
is achieved when replacing gasoline with ethanol fuels
irrespective of the feedstocks used. As the switchgrass-
ethanol system is relatively straightforward with only small
amount of electricity cogenerated, its GWP levels do not
differ significantly in both approaches (allocation versus CO2

neutral). For the other four studies, as economic allocation
plays an important role, the results turn to be very different
in the “CO2-neutral” approach. In fact, what has happened
here by excluding biogenic CO2 is that CO2 escapes the
selected allocation method. Instead, CO2 is allocated in all
cases on the basis of carbon share of the products. Therefore,
implicitly, another way of allocating is introduced in the
carbon neutral approach and here then mixed with economic
allocation.

The choice of allocation influences the impact category
of global warming more significantly, as the other categories
refer to more specific process in the chain and, more
importantly, do not deal with negative emissions.

3. Energy Considerations

3.1. Methodology. The purpose of this section is to under-
stand whether second-generation bioethanol is more energy
efficient compared to the first-generation. We have con-
ducted two energy analyses on bioethanol from corn stover
[5] and sugarcane [40]. In both studies the energy inputs of
all subprocesses are calculated and the resulting net energy
values (NEVs) are compared with literature studies on first-
generation bioethanol from corn and sugarcane and second-
generation ethanol from switchgrass. In our sugarcane-
ethanol system, as the data used are from the same source
as the ones in LCA study, two scenarios are considered:
base case—ethanol and sugar are produced from the sugar
extracted from cane, and bagasse is used for steam and
electricity generation; future case—bagasse is also used for
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ethanol production, and heat and power are generated from
the lignin residues and wastes.

All relevant processes in biomass production and ethanol
conversion are included in the system boundaries as well as
capital goods production and wastes management. No allo-
cation is involved in the foreground processes, as all the
energy used to produce all coproducts is taken into account.
Two types of NEV are estimated—with and without account-
ing for coproduct energy values.

The outcomes of these two studies are compared with the
six literature studies on corn-ethanol summarized by Farrell
et al. [7, 9, 28–30, 56], one study on switchgrass-ethanol [9]
and three studies on sugarcane ethanol [28, 36, 57].
3.2. Results Comparison and Discussion. The net energy
summaries excluding and including coproducts compared
to the literature values are presented in Tables 5 and 6,
respectively.

When coproducts are not included meaning that all the
inputs and outputs are 100% allocated to stover, three studies
on corn-ethanol result in negative net energy values due
to their then seemingly more intensive agriculture practice.
The other three studies on corn ethanol yield very small
positive NEV values compared to the ones of ethanol from
sugarcane and cellulosic feedstocks (stover and switchgrass).
However, stover is a relatively bad feedstock due to its
intensive agriculture production process. The reason why the
energy use in agriculture per litre of ethanol in stover-ethanol
case is the highest is that the yield of ethanol from stover is
lower than the one from corn. In order to produce 1 litre
of ethanol more stover is needed—the average ethanol yield
of ethanol from corn is 0.4l/kg, while from stover it is only
0.3l/kg.

When the energy credits (taken as the energy content
of the product) are taken into account for all coproducts,
all studies yield positive net energy values. The highest
NEV of stover-ethanol attributes to the co-product in
agriculture—corn. The resulting NEVs from corn-ethanol
studies become comparable with those from ethanol derived
from switchgrass and sugarcane. In the study conducted by
Hadzhiyska et al. [32] sugar is coproduced in the ethanol
refinery in both base and future case; the values of net energy
are significantly higher than the ones from other studies
without sugar coproduction. This indicates that outcomes of
net energy calculations depend on whether or not taking the
energy values of coproducts into account.

As mentioned earlier, in our sugarcane-ethanol study,
the base case demonstrates the current practice in Brazilian
ethanol industries—ethanol and sugar are produced from
sugar juice after cane milling, and steam and electricity
are generated from combustion of bagasse; the future case
presents the option that bagasse is also utilized for ethanol
production, while heat and power are only generated from
the lignin residues and wastes. In the base case 2.6 MJ/litre of
surplus electricity is generated and sold to the grid; however,
in the future case extra electricity needs to be purchased from
the grid to supply the refinery. The results in Table 6 show
that from an energy conservation perspective, it is better
to use bagasse for electricity generation instead of ethanol
production in such a refinery.

4. Conclusions and Recommendations

In the first part of this paper five studies on LCA of
ethanol from lignocellulosic feedstocks are summarized.
Seven impact categories are used for assessment and the
results from different studies are compared per category. One
interesting outcome is that ODP scores are quantitatively
irrelevant in all cases, even if attributing a very high weight
to this impact category. One limitation of the current method
for life cycle impact assessment is that it does not reckon with
the contribution of N2O emissions to ODP, as recent findings
show that N2O now has become the major cause of depletion
of ozone layer [58].

In terms of GWP when economic allocation is applied,
switchgrass is the best energy crop, followed by sugarcane.
In both cases significant reductions of GHG emissions are
achieved, which attributes to the CO2 uptake in agriculture.
The electricity surplus generated in switchgrass-ethanol
refinery also helps reduce the GHG emissions in the life
cycle of ethanol fuels. The application of ethanol fuels from
stover, shives, and hurds leads to worse performance than
gasoline, due to the small partitioning factors based on
economic allocation in agriculture. When the “CO2-netural”
approach is applied, reduction of GHG emissions is achieved
by ethanol fuels from all feedstocks, compared to gasoline.
Sugarcane, in this approach, becomes the most favourable
feedstock, followed by switchgrass.

Sugarcane-derived ethanol turns out to be the best
option in terms of ADP, ODP, and POCP. Its less energy
intensive agriculture and ethanol process lead to less fossil
resource extraction and related emissions which contributes
POCP significantly. Ethanol derived from corn stover and
flax shives shows modest performance, and hemp hurds
and switchgrass are unfavourable feedstocks in these three
categories.

In the category of HTP and ETP and AP and EP, flax
shives-derived ethanol shows the best environmental perfor-
mance among all the ethanol fuels. As the agriculture prac-
tices, especially the production machineries and application
of fertilizers, contribute most to these impact, flax shives,
sharing only small part of environmental burdens due to its
small allocation factor (0.042), becomes the most promising
feedstock.

In most of the categories hemp hurds-derived ethanol
shows the worst performance due to its intensive agriculture
practice. Thus this feedstock is not recommended for ethanol
production, which may then be utilized directly for heat
and power generation, unless its agriculture process can be
significantly improved.

In many impact categories (GWP, POCP, HTP & ETP, AP
and EP) ethanol fuels as a whole do not show advantages over
gasoline, which means that strong promotion of bioethanol
as a transport fuel needs to be carefully considered. More
advanced technologies with optimization of energy use and
emissions in both agriculture and ethanol refinery still need
to be developed to reduce the current relatively high scores.

It is worth noting that in the sugarcane-ethanol study,
ethanol is converted from both sugar and bagasse, as it is
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Table 5: Net energy summary excluding coproducts, no allocation.

Feedctock
Energy use (MJ/La)

Agriculture Biorefinery Total input Ethanolb Total output Net energy value (NEV)

Stover Luo et al. [5] 10.0 0.5 10.5 21.2 21.2 10.7

Corn

Patzek [56] 9.9 17.0 26.9 21.2 21.2 −5.7

Pimentel and
Patzek [7]

10.0 17.0 27.0 21.2 21.2 −5.8

Shapouri and
McAloon [30]

5.3 15.2 20.5 21.2 21.2 0.7

Graboski [29] 5.6 16.6 22.2 21.2 21.2 −1.0

Dias de Oliveira
et al. [28]

6.3 14.1 20.4 21.2 21.2 0.8

Wu et al. [9] 6.6 12.5 19.1 21.2 21.2 2.1

Switchgrass Wu et al. [9] 2.4 1.0 3.4 21.2 21.2 17.8

Sugarcane

Hadzhiyska
et al. (base case)
[32]

6.5 0.1 6.6 21.2 21.2 14.6

Hadzhiyska
et al. (future
case) [32]

2.7 0.5 3.2 21.2 21.2 18.0

Pimentel and
Patzek [57]

2.6 3.4 6.0 21.2 21.2 15.2

Diaz de Oliveira
et al. [28]

5.6 0.6 6.2 21.2 21.2 15.0

Macedo et al.
[36]

2.0 0.3 2.3 21.2 21.2 18.9

aThe unit of energy use is MJ per litre of ethanol produced from biorefinery. bNormalized energy value for ethanol based on lower heating value (LHV).

proposed to be the common practice in the future in Brazil.
In the future research, in order to know whether bagasse is
a promising lignocellulosic feedstock, environmental perfor-
mance of ethanol fuels from bagasse shall be studied.

The choice of allocation methodology is essential for the
outcomes especially related to GHG emissions. As this is an
important issue and one of the main reasons for considering
biofuels as a replacement of fossil fuels, it should be given
special attention in life cycle-based studies of biofuels. In
order to support decision making, sensitivity analysis shall
always be conducted whenever more than one allocation
methods can be applied. Furthermore, the results from the
“CO2-neutral” approach seem to be more realistic, as GWP
levels are highly affected by the allocation methods applied.
It is important that LCA practitioners realize this and deal
with it in an appropriate manner.

Although the LCA results from only five studies are
compared, these five feedstocks can, to certain extent, rep-
resent other lignocelluloses. This paper gives an indication
on the environmental performance of second-generation
bioethanol as a whole in comparison with gasoline; hence
it contributes significantly to the current debate on the
importance of biofuels in future energy mix.

LCA methodology as its stands cannot capture all the
relevant environmental impacts. Direct and indirect land use
and competition with food products do not fit well into the
LCA framework. A broader approach to expand LCA studies
to include these impacts is required in future research.

The second part of this paper summarizes the NEV
results from ethanol from stover and sugarcane and com-
pares them with literature values. Two approaches are
considered—excluding and including co-product energy
credits. This is in fact similar to the allocation issue which
has been extensively discussed in the stover-ethanol study
[12]. In order to prevent applying allocation procedure,
here “including co-product credits” is similar to the “system
expansion” approach LCA studies while “excluding co-
product credits” means “cut-off of coproducts/wastes”.

When coproducts are not included, three studies on
corn-ethanol result in a negative NEV. The others result in
positive values with different degrees. Sugarcane and ligno-
cellulosic feedstocks are more favourable due to their less
energy intensive agriculture practice and refining process.
The low-energy inputs in these ethanol refining processes
are due to the steam and electricity cogeneration inside
refineries. This suggests that cogeneration of heat and power
from process wastes is an important way to increase energy
efficiency in the cellulosic ethanol process.

When the energy credits of all coproducts are taken into
account, all studies yield positive net energy values with
the highest from stover-ethanol case. Accounting for the
energy values of coproducts especially corn, stover, and sugar
produced in different cases affects strongly the performance
of most cases from an energy perspective. This issue of co-
product credits is in fact similar to the allocation issue in LCA
studies but is only solved here in a different manner.



10 International Journal of Chemical Engineering

Table 6: Net energy summary including coproducts, no allocation.

Feedstock
Energy use (MJ/La)

Agriculture Biorefinery Total input Ethanolb
Coproducts

in
agriculturec

Coproducts in
bioreineryd Total output Net energy

value (NEV)

Stover Luo et al. [5] 10.0 0.5 10.5 21.2 85.2 0.2 106.6 96.1

Corn

Patzek [56] 9.9 17.0 26.9 21.2 25.9 4.1 51.2 24.3

Pimentel and
Patzek [7]

10.0 17.0 27.0 21.2 25.9 1.9 49.0 22.0

Shapouri and
McAloon [30]

5.3 15.2 20.5 21.2 24.0 7.3 52.5 32.0

Graboski [29] 5.6 16.6 22.2 21.2 24.6 4.1 49.9 27.7

Diaz de Oliveira
et al. [28]

6.3 14.1 20.4 21.2 24.6 4.1 49.9 29.5

Wu et al. [9] 6.6 12.5 19.1 21.2 24.6 4.0 49.8 30.7

Switchgrass Wu et al. [9] 2.4 1.0 3.4 21.2 0.0 4.8 26.0 22.6

Sugarcane

Hadzhiyska
et al. (base case)
[32]

6.5 0.1 6.6 21.2 0.0 32.7 53.9 47.3

Hadzhiyska et
al. (future case)
[32]

2.7 0.5 3.2 21.2 0.0 12.6 33.8 30.6

Pimentel and
Patzek [57]

2.6 3.4 6.0 21.2 0.0 0.0 21.2 15.2

Diaz de Oliveira
et al. [28]

5.6 0.6 6.2 21.2 0.0 1.1 22.3 16.1

Macedo et al.
[36]

2.0 0.3 2.3 21.2 0.0 3.0 24.2 21.9

aThe unit of energy use is MJ per litre of ethanol produced from biorefinery.
bNormalized energy value for ethanol based on lower heating value (LHV).
cIn stover-ethanol study it refers to the corn as a coproduct in the agriculture; in the other six studies on corn-ethanol it refers to the harvested stover (60%,
dry mass basis) as a coproduct, and the values are estimated in this study.
dIn stover-ethanol and switchgrass-ethanol study it refers to electricity; in corn-ethanol studies it refers to a range of products from corn milling, such as
dried distiller grains, corn gluten feed, and corn oil; in sugarcane-ethanol study it refers to electricity surplus or/and bagasse.

The results of the sugarcane-ethanol cases conducted
by us show that it is better to use bagasse for electricity
generation instead of ethanol production in such a refinery.
Here we assume the “grid” as the average electricity mix from
Ecoinvent database. If the electricity supplied by the grid can
be produced fully from renewable sources in the future, the
outcomes would be different.

The changes occurred after taking all coproducts into
account are striking in the case of ethanol derived from
corn, stover, and sugarcane [32] due to the large amount of
stover (not using corn), corn (not using stover), and sugar
coproduced. Literature studies on energy assessment are
not conducted in a consistent way when co-product energy
credits are concerned. For instance, Pimentel and Patzek in
[7, 56, 57] conclude negative NEV without accounting for
the energy value of the coproducts which can be produced
from the ethanol life cycle. Farrell et al. [6] reckon with the
coproducts from corn-ethanol biorefinery for these studies,
but not the stover produced from agriculture. Our study
shows the importance and urgency of developing a consistent
and relevant methodology for energy analysis in biofuel
research.

As we account for total energy inputs and outputs,
which means that no allocation method is applied, taking
all coproducts into account becomes essential. To assess the
energy flow of only one main product, an allocation based
on energy content may be applied in some cases, that is,
between corn and stover, and between ethanol and electricity.
Nevertheless, for the combined production of ethanol and
sugar, it is difficult as the energy values of sugar and ethanol
do not belong to the same category (food versus energy
product).

Although we compare studies on only four feedstocks,
they are representative in the debate on energy analysis of
first- and second-generation bioethanol. Irrespective of the
methodology used, switchgrass and sugarcane seem to be
good feedstocks for ethanol production due to their low-
energy use in agricultural production and good environmen-
tal performance.
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par INRA à la demande du Ministère de l’Ecologie et du
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An in-vessel tunnel composting facility in Scotland was used to investigate the potential for collection and reuse of compost heat
as a source of renewable energy. The amount of energy offered by the compost was calculated and seasonal variations analysed.
A heat exchanger was designed in order to collect and transfer the heat. This allowed heated water of 47.3oC to be obtained. The
temperature could be further increased to above 60oC by passing it through multiple tunnels in series. Estimated costs for installing
and running the system were calculated. In order to analyse these costs alternative solar thermal and ground source heat pump
systems were also designed. The levels of supply and economic performance were then compared. A capital cost of £11,662 and
operating cost of £1,039 per year were estimated, resulting in a cost of £0.50 per kWh for domestic water and £0.10 per kWh for
spatial heat. Using the heat of the compost was found to provide the most reliable level of supply at a similar price to its rivals.

1. Introduction

Composting is an aerobic process where organic materials
are biologically decomposed, producing mainly compost,
carbon dioxide, water, and heat. Conventional composting
processes typically comprise four major microbiological
stages in relation to temperature: mesophilic, thermophilic,
cooling, and maturation, during which the structure of the
microbial community also changes, and the final product
is compost [1]. In recent years, the development and
widespread use of more expensive in-vessel systems for the
processing of biowastes has resulted from legislative pressures
on the safety of the composting process and the subsequent
use of the compost product [2]. Such systems allow for much
more precise control of the composting process particularly
in terms of moisture and temperature control [3]. Thus,
current composting approaches and technologies tend to
emphasize the use of high temperatures (>70◦C) in order to
meet regulatory requirements for pathogen control [2].

Compost has been widely used as soil conditioners and
soil fertilizers. This practice is recommended, as soil fertility
needs more than ever to be sustained. Food demand is
increasing rapidly in non-OECD (Organisation for Eco-
nomic Co-operation and Development) countries, and it is

in those countries particularly where organic waste needs to
be diverted from landfill sites to composting practices, so
compost can enhance soil fertility [4]. In OECD countries,
where composting of organic waste is already established, its
use as a landfill cover to abate greenhouse gas emissions has
shown to be promising [5]. The addition of compost can
minimize land degradation and soil erosion. Additionally,
composting can contribute to achieve sufficient hygienisa-
tion of organic wastes and control soilborn and airborn
pathogens by promotion of beneficial micro-organisms and
suppression of harmful micro-organisms [6].

As energy demand is increasing rapidly, bionergy is seen
as one of the primary possibilities for preventing global
warming [7]. At present, the immediate factor impeding
the emergence of an industry converting biowastes into
bioenergy on a large scale is the high cost of processing,
rather than the cost or availability of biomass feedstock [8].
Thus, the challenge is to extend the amount of bioenergy
that can be produced sustainably by using biowastes, such
as municipal, industrial, and construction waste as biomass
feedstocks [9]. Thus, it is suggested that the heat generated
during composting processes can be reused as a renewable
source of energy.
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A limited number of previous studies has investigated the
potential energy content of compost. A recent study reports
that during high-temperature phases (∼60◦C) of municipal
waste composting, on average 1136 kJ kg−1 of heat was
released [10]. Similar values (961 kJ kg−1) have been reported
earlier with an average compost moisture content of 52.7%
[11]. Heat produced during the composting of wheat straw
and poultry droppings was approximately 17.06 MJ kg−1 [12]
and 12.8 MJ kg−1 [13], respectively. Additionally, it has been
reported that the compost from municipal waste is charac-
terised by fairly low values of thermal conductivity coefficient
(0.31 Wm−1K−1 for a compost density of 600 kg m−3, 60◦C),
and that an increase in temperature or density both lead
to an increase in the thermal conductivity coefficient [10].
Thus, as the compost ages, and it suffers a reduction in
density and temperature, the thermal conduction coefficient
will decrease. Klejment and Rosiński (2008) concluded that
the low value of heat conductivity coefficients does not
allow compost to cool too fast and enables the application
of a battery of heat exchangers. A limited number of
studies on compost heat reuse has also been reported. Lekic
[14] investigated the increase in water temperature between
the inlet and the outlet of polyethylene pipes embedded
in composting windrows and reported that 73% of the
theoretical value of heat energy was transferred to the water.
One main limitation of this study was the placement of the
pipes within the compost mass. A solution proposed by Seki
and Komori [15] involved using a packed column heating
tower that transfers the heat from the warm exhaust air of
the compost to a volume of water.

From the above, it is fully justified to investigate the
potential reuse of compost heat as a source of renew-
able energy. Our primary objectives were (a) to identify
the potential energy available through full-scale in-vessel
composting units; (b) to identify potential technological
solutions to harnessing/collecting the energy; (c) to identify
the optimum alternative use for the energy collected; and (d)
to critically evaluate the potential of reusing that heat from
compost by comparing the performance with alternative
renewable energies.

2. Materials and Methods

2.1. Site Description. This case study was focused upon the
Deerdykes Composting Facility located in Scotland, UK. The
facility was originally constructed on the site of a decommis-
sioned sewage treatment works, where much of the existing
infrastructure was able to be reused for the composting
facility. Work was completed in 2006, and the site currently
accepts green waste, industrial sludge, and liquid waste [16].
The main components of the site are the site office, the in-
vessel composting tunnels, the windrow composting area,
and the raw material mixing area (Figure 1).

2.2. In-Vessel Units’ Description and Operation. There are 8
in-vessel composting tunnels that were constructed in the
former presettlement tanks [16]. The dimensions of the
tunnels varied with tunnels 1–4 being 5 m wide and 25 m

Windrow
composting pads Loading area

Material
mixing area

Site office

4 3 2 1 8 7 6 5 In-vessel
composting

tunnels

Figure 1: Deerdykes site layout.

long, tunnels 5 and 6 being 5.3 m wide and 35 m long, and
tunnels 7 and 8 being 5 m wide and 35 m long. The tunnels
were all approximately 5 m in height, however, compost
was only loaded to a height of 3 m (Figure 2). Compost
was loaded for an average period of 12–17 days, allowing
a sanitary and stable condition of compost to be achieved.
Air was supplied through small aeration holes in the floor of
the tunnel thus ensuring aerobic conditions were maintained
throughout the compost mass. The air drawn off from the
top was primarily recirculated through the compost with
a small portion expelled as exhaust air. Additionally, fresh
air was mixed with the recirculated air to ensure oxygen
concentrations were maintained at acceptable levels.

The exhaust air was put through two stages of treatment.
Firstly, the wet scrubber removed ammonia, hydrogen
sulphide, and volatile fatty acids whilst cooling the warm
air. Secondly, the biofilter removed any remaining concentra-
tions of the pollutants and provided odour control, allowing
the air to be released to the atmosphere. Potential production
of methane, a potent green house gas, in anaerobic “pockets”
within the composting pile, would have either metabolically
oxidized to carbon dioxide while the percolated through the
composting pile, or during its passage through the biofilter.
Thus emissions of green house gases were not expected.

The in-vessel composting process was completely com-
puter controlled by a software package specifically designed
for the process. The air flow rates for all air blowers were
varied automatically depending on the current temperature,
oxygen, and pressure levels inside the tunnel. A user-
defined minimum oxygen content was maintained whilst
aiming to maximise the temperature, and thus degradation
rate, of the compost [16]. Once the two-week period was
complete the degraded compost material was transferred to
the neighbouring windrow pads where it was allowed to
decompose for a further 6 weeks.

2.3. Temperature Profiles. Temperature values for each batch
of compost and in-vessel unit were gathered during January–
December 2008 for analysis. The data stated the temperatures
measured by each of the 8 temperature probes that were
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Figure 2: In-vessel unit cross-section.

placed into the mass of compost inside the tunnel. Results
were recorded with a regular time step of 15 minutes,
with the occasional exception, throughout the whole of the
degradation process. The 8 temperature values were averaged
for each batch in order to derive an overall time-temperature
relationship. Any readings that were clearly incorrect were
disregarded.

Individual time-temperature relationships were then
accumulated by season allowing overall trends to be analysed.
Subsequently an average time-temperature relationship for
each of the four seasons could be created.

2.4. On-Site Hot Water Demand. The average value for daily
hot water consumption for the Deerdykes composting facil-
ity’s site office was calculated at 180 L d−1. A medium heating
requirement of 12 kW for the site office was estimated, which
ranged from poorly isolated buildings with a very high
heating load of 22 kW [17] to an Eco-House with a required
heating load of 8 kW [18]. It was assumed that the heating
would be used on average 980 hours per year.

2.5. Energy Values. Energy values were then calculated for
each of the four seasons. The method used was of that
described by Haug [1] using the standard heat flow into a
substance at constant pressure equation. This equation was
also utilised in energy-balanced analyses carried out by other
researchers in composting systems [19].

The following equation was used:

qp = m× cp × ΔT , (1)

where qp is heat energy leaving the system (kJ kg−1), m
is mass of product (kg), cp is specific heat at a constant
pressure (kJ kg−1K−1), and ΔT is change in temperature
(K). This equation assumes a process at constant pressure
with a constant specific heat capacity. This assumption
is valid for the relatively small changes in pressure and
temperature associated with composting [1]. Heat energy
values were calculated for each time step using estimated

Table 1: Estimated material composition for composting at
Deerdykes.

Material % present
cp Overall cp

(kJ kg−1K−1) (kJ kg−1K−1)

Air 10% 1.012

2.844
Water 60% 4.184

Soil 28% 0.80

Lignocellulosic material 2% 0.42

compost material concentrations and standard specific heat
capacity values (Table 1). The energy values were then
accumulated by day to give the energy stored in kJ kg−1day−1.
Cumulative energy over the 15-day composting period was
also calculated.

2.6. Heat Exchange and Energy Collection. A heat exchanger
was designed for the collection of energy generated during
composting. The heat exchanger selected for the purpose
of this study was a pipeline made of stainless steel that
run suspended from the top of the in-vessel tunnels in the
airspace above the composting piles. At the initial calculation
stage the length and diameter of pipe required was unknown
so the initial pipe layout shown in Figure 3 was investigated.
The design of the heat exchanging element of the proposed
design was carried out using the principles and methods
discussed by Shah and Sekulic [20].

Nomenclature used in the following section is sum-
marized in Table 2. The aim of the design process was to
determine the outlet temperature for both the hot and cold
fluid for a suggested heat exchanger surface area

2.6.1. Hot Fluid. In this case study, the hot fluid was the
warm, moist air that is released by the composting process
and circulated throughout the tunnel. The temperature of
this air was dictated by the temperature of the compost itself;
the majority of the air was recirculated. The temperature
of the air approached that of the compost after the process
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Table 2: Nomenclature.

Parametera Description Unit

T ,i Temperature of the fluid entering the system K

T ,o Temperature of the fluid leaving the system K
•
m Mass flow rate of the fluid kg s−1

cp Specific heat capacity of the fluid at constant pressure kJ kg−1K−1

di Inner diameter of the heat exchanger pipe m

do Outer diameter of the heat exchanger pipe m

kw Thermal conductivity value of the pipe wall material W m−1K−1

hAIR Heat transfer coefficient of air W m−2K−1

hWATER Heat transfer coefficient of water W m−2K−1

A Surface area of the heat exchanger wall m2

aThe subscript h refers to the initially hotter fluid, and the subscript c refers to the initially colder fluid.

Tunnel
air space

Cold water in

Cold water out

Figure 3: Initial design pipe layout.

has been running for a certain period. The only other effect
on the temperature of the air was through heat conductive
losses through the concrete walls and roof of the tunnel. The
mass flow rate of the air through the tunnel was driven by
a centrifugal blower the maximum capacity of which was
8000 m3 hr−1. These blowers were controlled in real time by
computer to regulate oxygen and moisture levels.

2.6.2. Cold Fluid. It was proposed to use water as the cold
fluid that runs through the pipe work of the heat exchanger.
This was due to its low cost, ease of availability, and its
thermal properties which were optimal for absorbing and
storing thermal energy [21]. The mass flow rate of the
water was fully controllable by the design team. A pump,
pressure, or gravity fed system was designed according to
requirements.

2.6.3. Individual Heat Transfer Coefficient. The individual
heat transfer coefficient was calculated using

h = ΔQ

A× ΔT × Δt , (2)

where ΔQ is the heat input or heat lost (J), h is the heat
transfer coefficient, (W m−2K−1), A is the heat transfer
surface area (m2), ΔT is the temperature difference between
the solid surface and surrounding fluid (K), and Δt is the
time period (s).

2.6.4. Overall Heat Transfer Coefficient. The overall heat
transfer of the pipe was calculated by summing the individual

heat transfer coefficients of the acting fluids using [20]

1
U
= 1
ho

+
1
ho, f

+
do ln(do/di)

2kw
+

do
hi, f di

+
do
hidi

, (3)

where the subscripts o and i refer to the outside and inside
of the pipe wall, respectively, U is the overall heat transfer
coefficient (W m−2K−1), and h , f is the thermal fouling
resistance capacity (W m−2K−1).

2.6.5. Design Equations. The heat capacity rates for each fluid
were calculated using [20]

C = •
m cp. (4)

Subsequently the heat capacity ratio, C∗, could be calculated
using (5). The heat capacity ratio is simply the smaller-to-
larger ratio of the heat capacity rates of the two fluids

C∗ = Cmin

Cmax
. (5)

The next step was to calculate the ratio of the overall thermal
conductance to the smaller of the two heat capacities, which
is defined as the number of transferred units (NTUs). This
was found with the following equation:

NTU = UA
Cmin

. (6)

Once these values were obtained the exchanger effectiveness,
ε, was calculated. The equation for exchanger effectiveness
depends on the type and flow direction associated with the
particular exchanger being designed. In this case study (7)
was used as it is appropriate for the counter-flow conditions
that existed in the tunnel [20]

ε = 1− exp[−NTU(1− C∗)]
1− C∗ exp[−NTU(1− C∗)]

. (7)

Once the exchanger effectiveness was calculated the fluid
outlet temperature was found using

ε = Ch
(
Th,i − Th,o

)

Cmin
(
Th,i − Tc,i

) = Cc
(
Tc,o − Tc,i

)

Cmin
(
Th,i − Tc,i

) . (8)
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Table 3: Monthly solar irradiation (kW h m−2) for Glasgow, UK (DGS 2005).

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Irradiance 0.45 1.04 1.94 3.40 4.48 4.70 4.35 3.48 2.33 1.26 0.60 0.32

2.7. Comparison of Waste to Energy with Other Renewable
Energies. Compost heat as a source of renewable heat was
compared to solar thermal systems and to ground-source
heat. The solar thermal system was designed using the
good-practice guidelines discussed by DGS [17], which was
originally written with a single-family house in mind which
proved transferable to the purpose in this case study. Design
methods were discussed separately for both domestic hot
water supply and spatial heating.

Supplying domestic hot water is the most common use
for solar thermal systems. The following sizing calculations
allowed a full design to be proposed. Using the calculated
value of hot water demand for the site office, VHW, the heat
requirement was determined using

QHW = VHW × cp × ΔT , (9)

where QHW is the daily heat requirement (kWh day−1), VHW

is the daily hot water consumption (L day−1), cp is the
specific heat capacity of water (Wh kg−1K−1), and ΔT is the
temperature difference between the hot and cold water (K).

In order to calculate the area of the solar collector
required the desired solar fraction, SF, and the overall average
system efficiency, ηSYS, of the solar collector were found. The
SF is the ratio of solar heat yield to total energy required by
the building and is shown by (10). It showed what percentage
of the yearly heat energy demand is to be supplied by solar
rather than conventional means

SF = QS

QS +QAUX
× 100, (10)

where SF is the desired solar fraction, QS is the solar heating
requirement (kWh), and QAUX is the auxiliary heating
requirement (kWh).

Achieving as high a solar fraction as possible would
appear desirable, however due to the variable nature of solar
energy throughout the year in temperate zones it is advisable
to aim for a solar fraction of around 60% [17]. Aiming for
a solar fraction of 60% prevented the supply of hot water
becoming overly stressed during the winter months, due to
the provision of a backup boiler supply.

If aiming to counter this by using a large area of solar
collectors to better cope with winter months, it will result
in an oversupply of hot water during the summer months,
thus a much less efficient design. For these reasons as the
solar fraction increases the system efficiency decreases. When
coupled with the high set-up costs associated with a scheme
of that kind it proved to be an option that limits the
economic attractiveness of solar thermal systems [17].

The average system efficiency is the ratio of solar heat
yield to global solar irradiance experienced by the absorber
surface and is linked to the solar fraction. Average system
efficiencies ηSYS take into account losses at the collector, solar

circuit, and storage. Guidelines state that initial calculations
should assume a ηSYS of 0.35 for a flat-plate collector and
0.45 for an evacuated-tube collector [17]. This data was then
used to calculate the required area of solar collector using
(11). The yearly solar irradiance value, EG, was calculated for
Glasgow (Table 3):

A = 365 days×QHW × SF
EG × ηSYS

, (11)

where A is absorber surface area (m2), QHW is the daily heat
requirement (kWh day−1), SF is the desired solar fraction, EG
is the yearly potential solar irradiance (kWh m−2 year−1), and
ηSYS is the average system efficiency.

In order to calculate the optimal diameter for the piping
of the solar circuit it is vital to regulate both the speed of
flow and the volumetric flow. In order to minimise noise
nuisance and prevent abrasion a flow speed, v, of 0.7 m s−1

is to be aimed for [17]. The level of volumetric flow is key in
keeping the collector cooling at an efficient rate, preventing
overheating and therefore wasting energy. It has been shown
that a volumetric flow of about 40 L hr−1 per m2 of collector
area is ideal [17]. The volumetric flow was calculated using

•
m=

•
Q

cp × ΔT
, (12)

where
•
m is the volumetric flow (L m−2hr−1),

•
Q is the usable

thermal output converted by the collector (W m−2hr−1), cp is
the specific heat capacity of the solar fluid (kJ kg−1K−1), and
ΔT is the temperature difference between the feed and the
return flows (K).

Subsequently the optimum pipe diameter, D, could be
calculated using

D =

√√
√
√4
( •
m /v

)

π
. (13)

This calculation allowed an appropriate size of commercially
available pipe to be proposed. The recommended method for
calculating the collector area required to fulfill spatial heating
demand is currently far less developed than for domestic hot
water supply [17]. This is due to the highly variable nature
of the thermal insulation of buildings, individual preferences
for the comfortable temperature of a room, and whether the
building uses conventional or underfloor heating systems.
The calculation method used was of that described by DGS
(2005) which is based solely on the living area required to be
heated. The relationships presented in Table 4 are valid for a
climate with a low solar fraction of 35% such as the UK and
were used to calculate the collector surface area and storage
volume that would be required [17].
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Table 4: Design guidelines for solar thermal spatial heating system.

Parameter Recommended value

Evacuated tube collector
area

0.5–0.8 m2 of collector area per 10 m2

heated living area

Storage volume >50 L per m2 of collector surface area
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Figure 4: Average temperature temporal profiles: seasonal compar-
ison.

Regarding a ground source heat pump design, generic
design guidelines for specifying ground source heat pumps
are currently at an underdeveloped stage.

3. Results and Discussion

3.1. Temperature and Energy Values. Figure 4 shows the sea-
sonal average temperature temporal profiles between January
and December 2008. The compost reached temperatures
above 60◦C after two days, and the highest values (∼70◦C)
were recorded during the summer. This time is similar
(2–4 days) to that observed when composting with one
direction of airflow [22], but higher than that observed (0.63
days) using high recirculation of processed air [19]. Average
temperatures at the end of day 12 of composting were above
65◦C during spring, summer, and autumn, and about 60◦C
during the winter, which was close to the values reported by
Harper et al. [23] for 1.5–2 m of compost depth and 7 days
of composting and by Ekinci et al. [19] for pilot scale 208 L
reactors, 0.285 m in radius, and 0.816 m in height.

Energy values were calculated using these average tem-
perature profiles, and they are presented in Figure 5, where
Figure 5(a) presents daily energy values and Figure 5(b)
presents cumulative energy values. In this study, maximum
heat generation rate per initial mass of compost dry matter
was ∼6000 kJ kg−1 day−1. This value was higher than that
reported by Harper et al. [23] for straw and poultry manure
composting (2791 kJ kg−1 day−1), and by Ekinci et al. [19]
for paper mill sludge with broiler litter (2435 kJ kg−1 day−1).
Negative values in Figure 5(a) can be explained by the overall
energy losses being greater than the energy emitted on those
particular days, as the in-vessel systems were not hermetically
closed.
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Figure 5: (a) Heat stored in compost, and (b) cumulative heat
stored by compost; seasonal values.

Cumulative energy values ranged from approximately
7000 to 10 000 kJ kg−1. These values related well to those
reported by Ekinci at al. [19] for biosolids and wood
chips (8092 kJ kg−1) and Steppa [24] for organic waste
(9000–11 000 kJ kg−1), but were lower than that reported by
Sobel and Muck [13] for poultry droppings (12 800 kJ kg−1),
and by Stainforth [12] for wheat straw (17 600 kJ kg−1).
Additionally, they were greater than that for paper mill
sludge and poultry manure compost (3649 kJ kg−1), and that
for straw and poultry manure compost (5111 kJ kg−1) [23].
Differences in cumulative energy values are due to differences
in decomposition rates under different conditions and heat
of combustion values of the different composting substrates,
which lead any direct comparisons being difficult to arrive
upon and ultimately ineffectual. However, it is clear that, as
these values are in line with a section of the existing research,
they are reliable figures which may be utilised appropriately
for subsequent calculations. The main reason for seasonal
variation is likely due to the difference in material that is
available during that particular season. For example, there
will be less nitrogen rich material such as grass cuttings
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Table 5

Inlet temperatures
Tc,i 0 ◦C

Th,i 65 ◦C

Cold fluid flow rate (water pump)

Flow rate 3 L min−1

0.00005 m3 s−1

Density water 999 kg m3

Flow rate 0.04995 kg s−1

m dot c 0.04995 kg s−1

Hot fluid flow rate (blower at average capacity)

m dot h 2000 m3 hr−1

Density air 1.2 kg m3

2400 kg hr−1

m dot h 0.66667 kg s−1

Specific heat capacities
cp,c 4.19 kJ kg−1K−1

cp,h 1.004 kJ kg−1K−1

Pipe properties (stainless steel)

di 0.02465 m

do 0.02667 m

Thickness 0.00202 m

kw 16.3 W m−1K−1

Heat transfer coefficients h = ΔQ

A× ΔT × Δt
hc 1200 W m−2K−1

hh 50 W m−2K−1

Heat capacity rates C = •
m cp

Cc 209.2905 W K−1

Ch 669.3333 W K−1

Heat capacity ratio C∗ = Cmin

Cmax

Cmin 209.2905 W K−1

C∗ 0.31269

Fouling capacity (standard) Rw, f 0.002 m2K W−1

Overall heat transfer coefficient
1
U
= 1
ho

+
1
ho, f

+
do ln(do/di)

2kw
+

do
hi, f di

+
do
hidi

1/hh 0.02

do/hcdi 0.0009015

Wall 0.0000644

Fouling inside 0.0021637

Fouling outside 0.002

U 39.7936 W m2K−1

Pipe total surface area A 7.96 M2

NTU NTU = UA
Cmin

NTU 1.5135

E ε = 1− exp[−NTU(1− C∗)]
1− C∗ exp[−NTU(1− C∗)]

eqn top line 0.6466

eqn bottom line 0.8895

E 0.7270

Outlet temperatures ε = Ch(Th,i − Th,o)
Cmin(Th,i − Tc,i)

= Cc(Tc,o − Tc,i)
Cmin(Th,i − Tc,i)

Th,i − Th,o 14.7750

Th,o 50.2250 ◦C

Tc,o − Tc,i 47.2520

Tc,o 47.2520 ◦C

Energy balance check
q 9889.3897 kW

Th,o 50.2250 C

Pipe length needed
Surface area 0.0838 m2 m−1

Pipe length 95.0036 m

during the autumn and winter months, thus resulting in a
lower overall energy content.

3.2. Heat Exchanger and Potential Uses for the Gathered Heat.
All design parameters are summarised in Table 5, and the
pipe layout in the in-vessel unites shown in Figure 6. These

layouts provide enough length whilst managing to avoid
contact points such as temperature probe holes and exhaust
air outtakes. Using this particular pipe dimension leads to
the hot and cold fluid exit temperatures that are presented
in Table 6. These have been calculated for varying cold water
inlet temperatures, due to the potential seasonal variability,
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Table 6: Outlet fluid temperatures at varying inlet temperatures.

Temperature of cold water entering
system

0◦C 5◦C 10◦C

Temperature of cold water leaving
system

47.3◦C 48.6◦C 50.0◦C

Temperature of hot air leaving system 50.2◦C 51.4◦C 52.5◦C

and an initial air temperature of 65◦C in each case. According
to these values, the hot water could be transferred to a storage
vessel site office and used to supplement the hot water supply.
The predicted daily demand of 180 L day−1 could be met
in full by the heat exchanger, which runs at a flow rate of
3 L min−1. This would remove the need for gas or electricity
to provide hot water. However, in order to meet storage
legislation [25] the temperature of the stored water must
exceed 60◦C at all times. Currently the heated water leaving
the tunnel heat exchanger system is at a temperature between
47.3◦C and 50◦C, depending on the temperature of the cold
water entering the system. However, if the water exiting a
tunnel is put through another tunnel in which degradation
is also underway then higher temperatures can be achieved.
For example, calculations based on an initial cold water feed
of 0◦C and initial hot air temperatures of 65◦C result in
temperatures of 0◦C, 47.3◦C, 60.2◦C, and 63.7◦C by passing
water through 0, 1, 2, and 3 tunnels in series. Thus, by passing
the same volume of water through 2 or 3 in-vessel tunnels,
the required storage temperature of 60◦C can be achieved.
As the hot air is at an approximate temperature of 65◦C, then
passing the water through more than three in-vessel tunnels
has little improved effect and is likely inefficient practice.

The main issue with this use is that it requires at least
two tunnels to be operating at the same time. If considering
the usage over the past year as an accurate gauge then two
or more tunnels are running simultaneously on 91% of days
and three or more tunnels are running simultaneously on
78% of days (Calculations and graphical solution behind
these statements not shown). It can be suggested therefore
that domestic hot water supply, which requires a higher
temperature for storage, can be supplied at least 78% of the
time whilst underfloor spatial heating, as discussed below,
can be provided 91% of the time. Another issue is that this
system will require additional infrastructure to facilitate the
level of control needed to direct the water into the correct
tunnels. Two-way switch valves can be installed which could
be controlled manually or by computer if required.

If underfloor heating is provided in the new site office
then it may be feasible to provide the hot water for the
system. Standard operating procedure for underfloor heating
is to have an inlet temperature of 55◦C and a return flow at
45◦C. The water will therefore have to be passed through
two in-vessel tunnels in series and so provide 91% of the
yearly demand. Standard underfloor systems require a heated
water flow rate in the region of 1.55 L min−1 [26]. The heat
exchanger element has been designed with a flow rate of
3 L min−1 so is capable of meeting demand. Water could be
stored thus allowing the pumps to be run for fewer hours

Table 7: Solar thermal domestic hot water supply system specifica-
tion.

Parameter Design value

Solar collector type Evacuated tube

Solar collector area 4.18 m2

Heat store tank 277 L

Solar circuit piping diameter 8.86 mm

High temperature expansion vessel 18 L

each day or the pump could be run at a lower capacity thus
improving temperature gain further.

3.3. Solar Thermal System. The level of potential solar energy
supply is 860 kWh m−2 year−1, while the predicted hot water
demand for the site office of the Deerdykes composting
facility is 180 L day−1 and the hot water energy demand is
6.8 kWh day−1. These supply and demand parameters led to
the quantification of the solar thermal system components as
shown in Table 7. The predicted performance of this system
is to provide 60% of the offices yearly hot water demand.
The remaining 40% will have to be provided by an auxiliary
conventional boiler system. Regarding the design for spatial
heating, for a heated living area of 200 m2, the evacuated tube
surface area chosen for design was 12.53 m2, and the store
volume 700 L.

3.4. Ground Source Design. The method utilised to size and
cost a suitable ground source heat pump system is very
simplified and will not provide wholly accurate or reliable
answers. This process was carried out in order to provide a
comparison of typical cost and performance level of alternate
renewable sources and is therefore for guidance purposes
only. If a more detailed design is to be carried out a full site
survey will be required to determine ground conditions and
the levels of thermal insulation provided by the site office.

3.5. Cost Benefit Analysis. Table 8 summarises the cost per
kWh of energy generated for each of the three possible
methods. This cost is based solely on the annual operating
cost required to run the system. Capital costs are provided
for information and comparative purposes only and are not
a factor in the cost per kWh calculation. The fraction of
spatial heating provided is based on supplying a standard
underfloor heating system with an input temperature of
55◦C. Capital costs do not include the underfloor heating
system or the heating network itself. These should be similar
if not identical for each system.

From this it is clear that reusing the heat offered by
the compost is an economically attractive option when
compared to alternate possible renewable sources. It is able
to provide the highest proportion of the total hot water
requirement of the three systems. Although comparative
costs per kWh are greater than for solar thermal regarding
domestic hot water supply and greater than ground source
heat pump regarding spatial heating, these supplies will have
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Figure 6: Suggested pipe layout for short and long in-vessel units.

Table 8: Costs benefit analysis.

Method
Compost heat Solar thermal Ground source heat pump

Domestic hot
water supply

Spatial heating Domestic hot
water supply

Spatial heating Domestic hot
water supply

Spatial heating

Capital cost (£) 11 662 4180 13 415 5413

Operating Cost (£ yr−1) 1039 625 940 840

Fraction Provided 78% 91% 60% 35% 50% 100%

kWh yr−1 required 2667 11 760 2667 11 760 2667 11 760

Cost per kWh (£) 0.4994 0.0971 0.3905 0.2284 0.6298 0.0714

to be boosted to a greater degree by additional conventional
boiling.

The capital cost of using the heat from the compost,
although large, is also attractive when compared to its com-
petitors. Although the ground source heat pumps capital cost
is lower, this initial gain will soon be lost with the high level
of additional hot water heating required to provide domestic
hot water supply. This cost assumes all 8 tunnels will have a
heat exchanger element installed, thus increasing reliability.
A cost that has not been included is the valve control
system that directs the water into the correct tunnels. This
could be controlled manually, but an appropriate computer
controlled system will guarantee a reliable supply of water.
The expenditure of such a product has not been included.

4. Conclusions

The amount of energy that could be obtained from com-
posting at the Deerdykes composting facility near Glasgow
has been calculated as between 7000 and 10 000 kJ kg−1 for a
15-day composting period. The variations were likely due to
seasonal differences in conditions and raw material supply.

The results were in line with alternate existing investigations
into material of similar composition. This showed that the
compost contained a usable amount of energy if it could be
gathered.

Methods of extracting the heat were fully researched. A
solution of absorbing the heat contained in the expelled air
in the tunnel space above the compost was put forward.
A bespoke air-water heat exchanger utilising stainless steel
piping was designed and specified. The outlet temperature of
the water was shown to be 47.3◦C. This can be shown to rise
to above 60◦C if the water is passed through multiple tunnels
in series.

Several usable purposes were suggested for this heated
water, including contributing to the site offices hot water
demand and process optimisation. Adequate levels of heated
water were shown to be provided for the domestic hot water
and spatial heating supplies for 78% and 91% of the time,
respectively.

Installing this system was submitted to preliminary
costing in order to calculate a cost per kWh of energy that
could be displaced by using the heat of the compost. This
cost was then compared with that of specially designed solar
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thermal and ground source heat pump systems. From this
the heat exchanger system could be put into a real world
context. The system was found to provide the most reliable
supply of the three systems, and to do so at a very competitive
price of £0.499 and £0.097 per kWh for domestic hot water
supply and spatial heating, respectively. It can therefore be
concluded that collecting the waste heat of compost through
a heat exchanger is a realistic solution to contributing to
energy demand.

Further investigations to maximize the production of
heat from in-vessel units are ongoing.
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This life cycle assessment aims to determine the most suitable operating conditions for algae biodiesel production in cold climates
to minimize energy consumption and environmental impacts. Two hypothetical photobioreactor algae production and biodiesel
plants located in Upstate New York (USA) are modeled. The photobioreactor is assumed to be housed within a greenhouse that
is located adjacent to a fossil fuel or biomass power plant that can supply waste heat and flue gas containing CO2 as a primary
source of carbon. Model results show that the biodiesel areal productivity is high (19 to 25 L of BD/m2/yr). The total life cycle
energy consumption was between 15 and 23 MJ/L of algae BD and 20 MJ/L of soy BD. Energy consumption and air emissions for
algae biodiesel are substantially lower than soy biodiesel when waste heat was utilized. Algae’s most substantial contribution is a
significant decrease in the petroleum consumed to make the fuel.

1. Introduction

In 1998, an amendment to the U.S. Energy Policy Act (EP
Act) of 1992 triggered the rapid expansion of the US biodiesel
industry. This act required that a fraction of new vehicles
purchased by federal and state governments be alternative
fuel vehicles. The U.S. Energy Independence and Security
Act (EISA) of 2007 further mandated the production of
renewable fuels to 36 billion gallons (136 billion liters) per
year by 2022, including biodiesel. Crops such as soybeans and
canola account for more than three quarters of all biodiesel
feedstocks in the U.S. [1].

About 14% of U.S. soybean production and 4% of
global soybean production were used by the U.S. biodiesel
industry to produce fuel in 2007 [1]. The use of oil crops for
fuel has been criticized because the expansion of biodiesel
production in the United States and Europe has coincided
with a sharp increase in prices for food grains and vegetable
oils [2]. The production of biodiesel from feedstocks that
do not use arable land can be accomplished either by using
biomass that is currently treated as waste or by introducing
a new technology that allows for the development of new
feedstocks for biodiesel that utilize land that is unsuitable for
food production.

Microalgae have the potential to displace other feedstocks
for biodiesel owing to its high vegetable oil content and
biomass production rates [3]. The vegetable oil content
of algae can vary with growing conditions and species,
but has been known to exceed 70% of the dry weight of
algae biomass [4]. Microalgae could have significant social
and environmental benefits because they do not compete
for arable land with food crops and microalgae cultivation
consumes less water than other crops [5]. Algae also grow in
saline waters that are unsuitable for agricultural practices or
consumption. This makes algae well suited for areas where
cultivation of other crops is difficult [6, 7]. High biomass
productivities may be achieved with indoor or outdoor
photobioreactors (PBRs) [8]. In cold climates, PBRs have
been used successfully, when housed within greenhouses and
provided with artificial lighting

Microalgae biodiesel has received much attention in news
media. Considerable progress has been made in the field
of algae biomorphology [9–11]. In recent decades, however,
little quantitative research has been done on the energy and
environmental impacts of microalgae biodiesel production
on a life cycle basis. The life cycle concept is a cradle to grave
systems approach for the study of feedstocks, production,
and use. The objective of this work was to assess the feasibility
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Table 1: Life cycle sustainability metrics for biodiesel.

Environmental
Impact

Sustainability Metrics

Energy and Resource
Consumption

– Total energy consumed (MJ/L BD)

– Fossil fuel energy consumed
(MJ/L BD)

– Petroleum consumed (MJ/L BD)

– Land required (m2/L of BD)

– Water required (L water/L BD)

Climate Change
– Net green house gas emissions
(g CO2 equivalents/L of BD)

Acidification
– Acidification potential
(g SO2 eq./L BD)

Toxic Emissions
– Particulate matter emissions
(PM10, PM2.5)

– Carbon monoxide emissions

– Volatile organic carbon emissions

of algae biodiesel production in New York State (USA) based
on life cycle energy and environmental impact parameters.
Upstate NY was chosen as a challenging case for algae
biodiesel production due to shorter days and cold tem-
peratures during winter months. The productivity, energy
consumption, and environmental emissions associated with
the algae/BD production lifecycle were quantified in order to
identify the best growing conditions and assess its impacts
relative to soybean biodiesel.

2. Methodology

2.1. System Boundary and Scope. The life cycle concept is a
cradle to grave systems approach for the study of feedstocks,
production, and use. The concept revolves around the
recognition of different stages of production starting from
upstream use of energy to cultivation of the feedstock,
followed by the different processing stages. A life cycle
inventory assessment allows for the quantification of mass
and energy streams such as energy consumption, material
usage, waste production, and generation of coproducts. A
summary of the sustainability assessment metrics used for
this life cycle inventory of microalgae feedstock for biodiesel
production is presented in Table 1.

Figure 1 provides an overview of the system boundary
used in this analysis, which includes the production of
algae and biodiesel via a transesterification reaction. The
boundary includes all upstream mass and energy flows that
are required to make the chemical and energy resources
required for the processing. The production of biodiesel
from algae and direct energy consumption is characterized
by four distinct stages: cultivation, dewatering/drying, oil
extraction, and transesterification (Figure 1). The energy
consumed and subsequent emissions for fuel production,
electricity generation, and chemical production comprise the
upstream energy consumption and emissions. Biodiesel and
algae meal are the products leaving the system boundary.

The use of these products is not directly included within the
analysis.

The hypothetical algae and biodiesel production process-
ing facilities considered are located in upstate placeStateNew
York. The facilities are assumed to be adjacent to a biomass or
fossil fuel electricity generation plant for access to the carbon
dioxide in their flue gas and waste heat in order to maximize
the utilization of waste resources within this system. Waste
heat is considered to have no value as an energy product; so it
is not counted as part of the total energy resources consumed
by the facility.

Two different locations were considered for the microal-
gae biodiesel facility: Syracuse, NY (43◦2′ N, 76◦8′ W) and
Albany, NY (42◦7′ N, 73◦8′ W). Although these locations
are at approximately the same latitude and have very similar
hours of daylight, the Syracuse area is colder and cloudier
throughout the year due to its proximity to the Great Lakes.
Albany offers more intense natural lighting and less severe
winter temperatures (Figure 2). Three specific cases were
considered for each of these locations:

(i) greenhouse structure to maximize natural lighting;
natural gas used to maintain the system temperature;

(ii) greenhouse structure to maximize natural lighting;
waste heat used to maintain the system temperature;

(iii) a well-insulated facility that allows for no natural
lighting but requires substantially less heat.

The PBRs are assumed to operate continuously, using
artificial lighting when natural lighting is not sufficient. In all
cases, it was assumed that Phaeodactylum tricornutum algae
would be grown for biodiesel production. This algae species
has a relatively high oil content (about 30% by dry weight), is
resistant to contamination, and has been previously utilized
to produce biodiesel [12, 13].

Estimating the environmental and energy lifecycle
impacts requires quantification of the mass and energy flows
through this system. A mathematical model for the algae pro-
duction process was developed in the work presented here.
As shown in Figure 3, the mass and energy flows estimated
with the algae production model were used in conjunction
with the Greenhouse gases, Related Emissions, and Energy
use in Transportation (GREET) model 1.8a developed at the
Argonne National Laboratories [14]. GREET provided the
general framework and structure for the lifecycle inventory,
especially aspects of the transesterification process and
energy and emissions related to the upstream production
of chemicals and energy resources. BD production from
soybeans, which is used here as a benchmark for comparison,
was taken directly from the GREET model. GREET is a
widely accepted model and many studies and analyses have
been based upon it because of its vast data on energy
sources and the associated emissions (e.g., [15–17]). The
default values for soybean production, oil extraction, and
transesterification were taken as GREET default values
[14], which are representative of the Midwestern region of
the United States where most soybeans are grown. These
were based initially on an LCA completed at the National
Renewable Energy Lab [18] and updated to keep the GREET
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Figure 2: Monthly average temperature (a) and total monthly solar irradiance (b) for Syracuse, NY, and Albany, NY.

model as current as possible (e.g., [17]). There is only a
small production of soybeans in NY State, with yields well
below the average yield in the Midwest. Thus, no attempt
was made to match the geographic system boundaries for
biodiesel from algae to that of soybeans.

Uncertainty in the data was addressed by utilizing Monte
Carlo simulations to input a range of values for parameters.
For a given assumption or variable with a distribution as
input, the commercially available software, Crystal Ball was
utilized to determine a forecast or range of possible outputs.
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Standard error bars were created utilizing the mean value of
the forecast and 95% certainty.

2.2. Algae Production Models. The biomass production
model utilizes solar data and a biological growth rate to
estimate actual yields for algae biomass for a photobioreactor
system [13, 19].

2.2.1. Microalgae Plant Setup. Hypothetical tubular closed
photobioreactors (PBRs) were modeled in this case to predict
algae production and account for energy consumption and
emissions in Syracuse and Albany NY. The PBR plant setup
is illustrated in Figure 4. It was assumed that processes such
as dewatering and transesterification could be carried out on
site, thus eliminating the need for transportation.

The various dimensions and parameters for the PBR were
taken from recommendations of previous studies in order to
depict a realistic setup [12, 13]. The PBR setup was designed
for a maximum of 30 hours detention time. The maximum
effluent concentration (Ce) was fixed at 3.4 kg/m3 with a
recycle ratio of 0.35 [13, 20] and an allowable superficial
fluid velocity of 0.3 m/s [21]. Since a long tubular length is
required to meet these constraints (32,400 m), the PBR is
split up into 6 units each of which is 61 m3 (5,400 m long,
0.12 m diameter). Stacking of tubes reduces the total foot
print area of the greenhouse. All tubes are connected and
algae broth passes through all six units.

The floor area or foot print area of the greenhouse house
was determined from the volume of the reactor and type
of cultivation (annual/seasonal operation) and the specific
processes. The diameter of tubes was set at 0.12 m for all cases
since it is a widely reported size for PBRs [3, 13, 22, 23]. The
spacing of tubes was set at 0.3 m. This is an important factor
since it defines the total floor size, which in turn influences
heating and lighting requirements. The various parameters
related to plant setup are summarized in Table 2.

2.2.2. Estimating Biomass Output. Microalgae productivity
is estimated from the location, reactor specifications, and
microalgae data. It is assumed that CO2 and nutrients are
provided in excess to the microalgae culture through the
media, thereby making light the only limiting factor for
cell growth and decay [12]. If adequate lighting is available,
the specific growth rate μ is determined from the average
irradiance available Iavg (μE/m2-s) [19]:

μ = μmax

Inavg

Kn
I + Inavg

, (1)

where KI is the half saturation constant (i.e., Iavg for which
half of μmax is attained), and the exponent n is a unitless
empirical constant. Both KI and n are constant for a given
species of algae. Note that decay of algae cells during the
hours with light is incorporated into the maximum specific
growth rate (μmax) (h−1) since values provided by Molina
Grima et al. [22] and Fernandez et al. [23] were determined
from the net growth rate. Iavg is determined from the Beer-
Lambert equation:

Iavg = I

ϕeqKaCi

[
1− exp

(
−ϕeqKaCi

)]
, (2)

where Ci (kg/m3) is the influent biomass concentration. The
path length of light within the reactor is given by ϕeq, which
is the ratio of the tube diameter to the cosine of the solar
zenith angle. The photosynthetically active irradiance (I)
(μEm−2s−1) is a function of various solar angles and the
total solar irradiance. Hourly solar data were available from
NREL’s solar database [24], and thus, algae cell growth was
determined at an interval of an hour. The analysis of the solar
data to estimate I and ϕeq is included in the appendix.

The PBR is modeled as a series of plug flow reactors
where the effluent concentration of each reactor is the
influent concentration for the next. It is assumed that steady-
state conditions prevail for each hour since irradiance is
taken as a constant over that time period. Utilizing a Monod
reaction rate for substrate utilization [22], the resulting
steady-state plug flow reactor equation for each segment can
be written as

u
dC

dz
= μmax

Inavg

Kn
I + Inavg

C, (3)

where C is the biomass concentration and u is the fluid
velocity. Integrating this expression can provide the effluent
concentration for each reactor segment “j” that represents
one hour of residence time at an average irradiation rate for
that hour:

ln

⎛

⎝
Ckj+1

Ckj

⎞

⎠ = μmax

(
Ikavg( j+1)

)n

Kn
I +

(
Ikavg( j+1)

)n

(
L

u

)
, (4)

where j and j + 1 indicate the start and end location along
the reactor length of the one hour segment. Cj+1 is calculated
in series to determine the reactor effluent concentration, Ce,
for each hour k. The growth rate during that hour is defined
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Table 2: Summary of photobioreactor and greenhouse parameters.

Parameter Value Depends upon Reference

Diameter of tubes 0.12 m Larger diameter pipes can cause cell shading [3]

Spacing of tubes 0.3 Greater spacing is desirable to avoid shading [13]

Flow rate (Q) 3.4 ×10−3 m3/s Algae species and tube diameter [21]

Recycle Ratio (r) 0.35 [20]

Total volume of reactor (V) 366 m3 Maximum residence time (30 hrs) [12]
Influent concentration (Ci) 1.2 kg/m3

Max. Effluent concentration (Ce) 3.4 kg/m3 Growth rate, PBR set up [13]

by the average irradiance for that hour of the day. The total
biomass produced per day (MBM) (kg d−1) is estimated from
the flow rate (Q) (m3 hr−1), recycle ratio (r), and the effluent
concentration Ce (kg m−3):

MBM =
24∑

k=1

Q
(
Cke
)

(1− r). (5)

The total microalgae biomass produced can be determined
from (2), (4), and (5) along with algae growth parameters
and solar irradiation data.

The temperature requirements for algae differ by species.
In general, faster growing algae species favor higher media
temperatures of about 20–30◦C [10]. The algae-related
constants used for P. tricornutum in the model are included
in Table 3. This species was selected because it has been used
in the past to produce microalgae biodiesel and all relevant
data were available [22].

2.3. Energy Consumed during Microalgae Cultivation. Cul-
tivating microalgae in closed systems is an energy inten-
sive process, especially in regions with low temperatures

and limited natural lighting [13]. The algae growth and
harvesting stage involve a large number of intermediate
processes for which estimates of the energy consumption
were developed here. Energy consumption requirements for
extraction and transesterification are already provided in the
GREET model [14]. It was assumed that the processes for
transesterification of algae oil are identical to that of soy
oil. Thus, the chemical (methanol and sodium hydroxide)
and energy consumption and the energy and emissions
associated with their production were taken directly as the
default parameters in GREET.

Water Heating. Energy requirements for a natural gas water
heating system were determined by using the specific heat
of water and the efficiency rating of the heater as provided
by the manufacturer (EF = 0.82 [26]). It was assumed that
groundwater, at an initial temperature (Tinlet) of 12◦C [27],
would be heated to a thermostat set point (Tt) of 25◦C.

Media Circulation. Electric pumps are used to circulate the
media through the entire length of the reactor. The input
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Table 3: P. tricornutum growth parameters.

Parameter Value Reference

μmax 0.063 (h−1) [22]

B 0.0018 (h−1) [25]

KI 3426 (μE m−2s−1) [22]

n 1–1.34 [25]

Ef 1.74 ± 0.09 μE J−1 [22]

Xp 2–4% [25]

Oil Content (%dry weight) 30% [13]

Water Content of algae 40% [13]

Cultivation temperature 25◦C [10]

electrical power required to operate the pumps (Pp) (W) can
be given by [28]

Pp =
3.91× 10−6μ3

1Re2.75

ηpd3
Aa, where Re = ρud

μ1
, (6)

where μ1 (kg m−1 s−1) is the dynamic viscosity of water, Re is
the Reynolds number, d (m) is the diameter of the pipes, u
is the superficial velocity of flow (m/s), ηp and ηelec are the
pump efficiency (ηp = 0.7), and Aa (m2)is the tube aperture
area. The pumps operate continuously.

Artificial Lighting. Natural algae cultivation inherently
revolves around the diurnal and seasonal cycles. To com-
pensate for these cycles and to maximize the production
of biomass, artificial lighting is used to allow 24-hour
cultivation. Lights are turned on from dusk to dawn.
Monthly averages of daylight hours are used to define the
time the lighting system is in operation each day. The power
(Pa) (W) consumed for artificially lighting the greenhouse
area is calculated as [29]

Pa = A′
(

Iavg

LwCf

)

. (7)

The intensity of the artificial lighting provided was set equal
to the naturally available lighting in the month of July (Iavg

= 1.7 μE/m2-s) over the entire greenhouse region (A′ =
3345m2). Specifications for high-efficiency fluorescent GRO
lights [29] were used to estimate the power required for
artificial lighting. The light intensity of the bulbs is expressed
as Lw = 220 Lu/W and the conversion factor (Cf ) to convert
between micromoles of photons (mE) and lux is 0.29.

CO2 Purification. Carbon dioxide acts as the only source
of carbon for the biomass. Flue gases from power plants
provide an inexhaustible source of CO2. However, flue gases
also contain varying levels of other gases such as SOx and
NOx which are detrimental to microalgae culture beyond
certain concentrations [30]. The monoethanolamine (MEA)
absorption process can be used to separate pure CO2 from
flue gas for microalgae production. Kadam [31] determined
that if about 18% of the total carbon dioxide consumed is
taken directly from flue gases and the rest is purified through

the MEA process, then, the toxic flue gases will be sufficiently
low concentration for algae growth.

Molina Grima [19] determined that in order to make
light the only limiting factor, CO2 must be provided in excess
and the ratio of the aqueous CO2 concentration (kg/m3) to
influent biomass concentration Ci (kg/m3) should be 0.63.
Since growth rates for this system are lower than those in
Molina’s Grima study [19] due to reduced sunlight, this
CO2 represents a conservative estimate. The mass of carbon
dioxide required was estimated based on this ratio, the media
flow rate, and the influent biomass concentration. Although
carbon dioxide has a high solubility in water, and it is likely
that all CO2 in the gas bubbled through the reactor would
dissolve over the length of the reactor, a factor of safety
of 2 was used here as an overestimate of the mass of CO2

that would be required. The MEA CO2 extraction process
has been modeled and studied previously in context with
algae production. Kadam [31, 32] reports that the process
to extract CO2 from flue gas and recover the MEA for reuse
consumes 32.65 kWh per ton of CO2 for algae cultivation.
Details are not provided in these references to specifically
quantify which of the steps in the MEA process consume the
most electrical energy.

Greenhouse Heating. Temperature control within the green-
house is essential for algae cultivation in cold weather
conditions. The energy consumed for greenhouse heating
depends upon the total surface area exposed, insulation
material, and temperature inside and outside the greenhouse.
For a given greenhouse with surface area (Ag) (m2) the heat
loss per second (QL) (J/s) is given by [33]

QL = 1.05
(

1
R

)(
Treq − Tout

)
Ag , (8)

where R (1.9 m2 ◦C s J−1) is the R-value of the greenhouse
insulating material; Treq (25◦C) and Tout (◦C)are the tem-
peratures required within the greenhouse and outside the
greenhouse, respectively. The greenhouse was assumed to
be insulated with 10 mm twinwall polycarbonate with an
R-value of 1.9. The R-value of insulated and windowless
cultivation scenario was set at 30. The outside temperature
Tout is taken from monthly averages for Syracuse and Albany
and is input as normal distributions for that month [34].

Steam Drying and Dewatering. Algae are suspended in a
dilute broth from photobioreactors [13]. Dewatering and
drying of algae is necessary to reduce the water content
to 5% [35] before the hexane oil extraction process. For
algae with high vegetable oil content, it is suggested that
continuous nozzle discharge centrifuges provide the best
reliability and consume the least amount of energy. Centrifu-
gation consumes 3.24 MJ/m3 of effluent media [36]. After
centrifugation, algae water content is 70% (by weight).

Steam is utilized to further dry microalgae before oil
extraction process. The natural gas consumed to provide the
required steam energy was calculated based on the heat of
vaporization of water, the mass of water that needed to be
vaporized to reduce the water content from 0.70 to 0.05, and
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the efficiency of the boiler (0.93 [37]) and dryer (0.8 [26])
utilized. In the scenarios that utilize waste heat, it is assumed
that because of the colocation of the algae production facility
near a power plant, there is sufficient heat to dry the
algae.

2.4. Water Consumption. The consumption of water for the
production of biofuels has recently been identified as a
significant limitation to the development of an expanded
biofuel economy. Water consumption occurs almost entirely
in the feedstock production step for most biofuels. The
average U.S. production biodiesel from soybeans requires
6,500 liters of water for evapotranspiration per liter of
biodiesel produced [38]. Water consumption for algae
biodiesel was calculated by a mass balance. The total water
flowrate through the bioreactor is the sum of freshwater,
water included in the algae recycle stream (35% recycle), and
water recovered through the centrifuge dewatering process
to increase the algae concentration from 0.34% to 30%.
With this mass balance, 848 m3 make up water is required
annually or approximately 4 L water per L of biodiesel for the
feedstock production stage. This represents approximately
99% of water recovery and reuse. In the transesterification
and biodiesel cleaning processes, 1–3 L of water are required
per L of biodiesel produced [39].

2.5. Fertilizer Consumption. The microalgae culture media
acts as the primary source of nutrients and carbon dioxide
and a means of expelling excess oxygen. The minimum
amount of nutrients consumed was defined based on the
molecular formula of algae—CO0.48H1.83N0.11P0.01 [40]. N
and P account for 6.5% and 1.3% of the algae mass.
Assuming that maximum possible biomass concentration of
algae cells is 4 kg /m3 [13, 22] in a tubular PBR, the N and
P consumed from the algae media would be 0.26 kg N/m3

and 0.052 kg P/m3. Excess fertilizer that passes through the
bioreactor as part of the broth is assumed to be recovered
in the centrifuge dewatering step for reuse. Since nearly all
of the water is recycled, it is assumed that nearly all of the
nutrients that are not consumed are also recycled.

2.6. Utilizing GREET for Life Cycle Analysis. The GREET
model was modified and used to calculate the energy use and
emissions generated from algae production, oil extraction,
and transesterification stages of biodiesel production as well
as the upstream chemical and energy production processes.
For a given fuel system GREET evaluates natural gas, coal,
and petroleum use as well as the emissions of carbon dioxide
equivalent greenhouse gases, volatile organic compounds,
carbon monoxide, nitrogen oxides, particulates, and sulfur
oxides from all lifecycle stages [14]. The GREET results are
presented as primary energy consumed and emissions per
million BTU fuel produced. The low heating value of the BD
was used to convert to the functional unit used here—liters
BD produced.

The GREET model is written in an MS Excel workbook
and includes soy biodiesel production energy consumption
and emissions pathways. A new spreadsheet page based on

the soy biodiesel calculations was added to the GREET
workbook and adapted for algae BD production. Default
parameters for transesterification were used directly, but
other input parameters including energy consumption for
the various processes, biomass yield, nutrient requirements,
carbon dioxide consumed were modified for algae biodiesel
production based on the mass and energy flows presented
above. The mix of electricity generation within New York
State was used to define the primary energy consumed to
generate electricity [41].

The extraction of oil from algae was assumed to be
carried out by hexane oil extraction. The procedure is similar
to soybean oil extraction, although significantly less hexane
is required to recover oil from algae (0.030 kg of hexane/kg
of dry algae) [11] than is required for soybeans (1.2 kg
hexane/kg dried and flaked soy bean) [18]. During this
process, algae meal is produced as a coproduct that can be
used as an animal feed in the same manner that soy meal
is used as a coproduct from soy biodiesel. GREET uses the
displacement method to determine how much of the biomass
production and extraction steps can defined as a credit for
the biodiesel due to the production of a coproduct. The
protein content of soy meal is 48% [42], as compared to 28%
in algae meal [13] and 40% in soy beans [42]. Thus, 1 kg of
algae meal displaces about 0.7 kg of soybean, whereas 1 kg
of soy meal displaces about 1.2 kg of soy bean for animal
feed. The credits for not having to produce 0.7 kg soy beans
for every kg algae meal produced are subtracted from the
total energy use and emissions associated with the algae
production, oil extraction, and their associated upstream
processes.

An additional credit was also attributed to the algae to
represent the carbon dioxide sequestered from the power
plant flue gas. Algae cell elemental composition was used to
estimate the mass of carbon that was consumed by the algae
growth within the PBR (0.51 kg of CO2 consumed/kg algae
grown).

3. Results

3.1. Biomass Production. Biomass output is an important
factor for determining life cycle energy analysis of microalgae
biodiesel production. When natural lighting is used to
minimize electricity consumption for artificial lighting, algae
production rises steadily between the months of February
and April (Figure 5). Biomass production is the highest
between the months of May to July and is followed by
a gradual decline in the months of August to October.
Production is the lowest in the winter months due to low
natural irradiance. The uncertainty bars included represent
95% confidence intervals from Monte Carlo simulation
outputs.

The annual biomass productivity in Albany is about 12%
greater than that in Syracuse (Table 4). These cities are at
very similar latitudes, but the actual irradiance in Albany
is higher due to less cloud cover. Biomass and subsequent
biodiesel production in the windowless (artificial lighting
only) scenario is much higher than greenhouse cases because
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Table 4: Comparison of different locations and scenarios by biodiesel production.

Location Biomass Produced (tonnes/year) Biodiesel produced (L m−2 y−1)

Syracuse NY
Greenhouse Base Case 202 19

Greenhouse w/waste heat 202 19

Albany NY
Windowless Cultivation 263 25

Greenhouse Base Case 225 21

Greenhouse w/waste heat 225 21
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Figure 5: Algae Biomass production for Syracuse and Albany,
NY, with natural lighting supplemented by artificial lighting for
continuous algae production.

illumination is maintained throughout the year at the highest
level achieved naturally (noon in the month of July).

3.2. Energy Consumption for Microalgae Biodiesel Produc-
tion. The energy consumed for biodiesel production was
estimated by modeling individual processes in the algae
cultivation stage. Energy required for the transesterification
process is accounted directly by the GREET 1.8a model. The
energy required for feedstock production through the drying
process is illustrated in Figure 6. This does not include oil
extraction and transesterification processes. Three variables
can be assessed with this graph: location (Syracuse versus
Albany), use of natural lighting versus solely artificial lighting
and algae versus soybean production.

Heating needs consume well over half of the total
energy required for algae growth, dewatering, and drying.
When no waste heat is available, dewatering and steam
drying accounts for the greatest fraction—about 28–32%
of the energy required for feedstock production. With the
availability of waste heat, this component is reduced to
about 13% of the total, which represents the electricity
required for centrifugation. Greenhouse heating consumes a
similar proportion of the total energy for algae production—
about 25–30%. Water heating for cultivation consumes
about 7–12% for feedstock production. Both locations have
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Figure 6: Energy consumption for microalgae and soy bean
feedstock production. The error bars represent 95% confidence
intervals on the total energy consumption for feedstock production.

similar water heating requirements because groundwater
temperature is assumed to be equal for both cases.

When natural lighting is utilized to the extent possible
artificial lighting, it consumes about a quarter of the
total energy required for algae cultivation. However, in
the windowless cultivation case where there is no natural
light available, the artificial lighting cost is almost doubled.
However, the total energy requirements in this scenario are
still less (35%) than the scenarios requiring natural gas to
heat a greenhouse.

Among the design choices and trade-offs considered
here, the growth and drying of algae with the utilization of
waste heat is the only scenario that is substantially better than
growing soybeans from the perspective of process energy
consumed. These results clearly show the value of colocating
an algae facility near a source of waste heat.

Overall, microalgae cultivation in Albany, NY, consumes
about 18–21% less energy than Syracuse, NY, because green-
house heating energy requirements are lower and higher
natural lighting intensity yields about 12% higher biomass
output.

Figure 7 illustrates the total lifecycle energy, which now
also includes biodiesel production and credits for CO2

consumption and algae/soy meal produced during the oil
extraction phase. For most cases, the energy required for
feedstock production is similar to the energy required for oil
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Figure 7: Total life cycle energy consumption by life cycle stage. The
error bars represent 95% confidence intervals on the total lifecycle
energy consumed.

extraction and transesterification. Thus, the savings associ-
ated with the utilization of waste heat in the greenhouse also
represent significant savings when the entire lifecycle energy
consumption is considered. Greenhouse algae cultivation
with waste heat in Albany consumes the least energy on a life
cycle basis; however total energy consumption is very similar
to that of the corresponding Syracuse case.

The importance of the coproduct and carbon dioxide
consumption credits are apparent from the data presented in
Figure 7. Soy meal credits are higher than algae meal credits
because of higher protein content and higher fraction of
soy meal produced per liter of biodiesel (1 kg of algae meal
displaces about 0.7 kg of soybean, whereas 1 kg of soy meal
displaces about 1.2 kg of soy bean for animal feed). Adding
the higher credits for the soy bean BD case to the energy
required for production reduces the net energy for this case
to a level below the well-insulated and windowless algae
production scenario. The greenhouse scenarios utilizing
waste heat are still the best option for minimizing the
consumption of energy that has value for other uses.

Natural gas accounts for 65–80% of the total energy
consumed on a life cycle basis for algae biodiesel production
when waste heat is not available (data not shown). The
high consumption of natural gas can be attributed to
heating processes, the high fraction of natural gas in NY
electricity mix (about 22%), and upstream consumption
for process fuel and fertilizer production. In contrast, soy
biodiesel requires substantially more petroleum (∼5x) than
microalgae consumes due to the extensive use of tractors and
feedstock transportation when BD is made from soybeans.
Thus, algae as a BD feedstock has a significant benefit over
soybeans in terms of reducing our dependence on imported
oil. Algae biodiesel production requires a significant amount
of electricity and thus coal accounts for about 6–19% of
the total life cycle energy consumption. Insulated cultivation
has the highest coal consumption, about 19% of the total
life cycle energy consumption, because of increased artificial
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Figure 8: Global warming potential of microalgae biodiesel—mass
emissions normalized by dividing by the corresponding emissions
for soy biodiesel for comparison.

lighting and electricity consumption. In comparison, for the
greenhouse with waste heat case, only 7% the total lifecycle
energy is derived from coal.

The processing of soybeans to prepare for oil extraction
also requires some heating to dry the beans. Arguably,
waste heat could be considered to reduce the fossil fuel
consumption for soybean biodiesel too. However, whereas
the algae feedstock could be grown at the same location
where waste heat is available, the soybeans require a much
more dispersed geographical region. Soybeans are typically
transported 75 miles or less to a soybean crushing facility.
Thus, the probability that soybean production and crushing
facilities can be colocated with a waste heat source is
significantly less than for algae. If this can be achieved,
the lifecycle energy production for the feedstock production
(green bar for soybean BD, Figure 7) would be less.

3.3. Global Warming Potential. Global warming potential
can be described as the impact of additional units of
greenhouse gases to the atmosphere. The global warming
potential for the different scenarios and gases is estimated
in terms of carbon dioxide equivalents (Figure 8). All algae
scenarios are allocated the same CO2 credits because the
carbon dioxide consumed per unit of algae produced is
constant.

Most CO2 emissions for algae biodiesel originate from
upstream usage of energy use for heating, transportation
fuel use, and coal combustion for electricity. The extraction
and utilization of natural gas for heating use, electricity
generation, and fertilizer production is accompanied by high
methane emissions. Natural gas extraction has a very high
methane emission factor. Overall, the emission of carbon
dioxide is relatively low compared to methane due to the
high natural gas use relative to petroleum or coal. Natural gas
utilization has a much lower carbon dioxide emission factor
than coal.



10 International Journal of Chemical Engineering

PM10

CO
PM2.5
VOC

(Syracuse) (Albany) (Syracuse) (Albany)

Greenhouse
natural gas heat

Greenhouse
waste heat

Insulated
no nat. light

N
or

m
al

is
ed

to
xi

c
em

is
si

on
s

(-
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

NOx

SOx
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In cold climates, the production of algae biodiesel
with the utilization of waste heat rather than natural gas
consumption is the only approach that reduces greenhouse
gas emissions relative to soy biodiesel.

3.4. Other Air Emissions. The exposure of humans to air
pollutants is increasingly associated with increased mortality
and reduction in life expectancy [43]. Figure 9 presents
the lifecycle air emissions for algae biodiesel production
normalized to the corresponding air emissions estimated
by GREET for soybean biodiesel. The microalgae biodiesel
air emissions follow a trend similar to the total life cycle
energy consumption. The high NOx emissions can be traced
to high emission factors of equipment used to produce
natural gas and the flaring of natural gas in refineries.
The increased use of artificial lighting for the cultivation
of algae in a windowless and well-insulated facility results
in high particulate emissions, particularly in comparison to
cases where natural lighting is used. These PM emissions
originate mainly from coal and residual oil combustion use
for electricity production.

VOC emissions from microalgae biodiesel production
are much lower than soy biodiesel, because of low utilization
of petroleum and hexane. The VOC emission factors for
transportation fuels like gasoline are far greater than any
other source. Thus, since algae is locally produced for
biodiesel and transportation minimal, the VOC emissions
from algae biodiesel are much less than soy biodiesel,
primarily because only a minimal amount of hexane is
required for extraction compared with soy beans.

Overall, the most important source of air emissions
for microalgae is the upstream emissions associated with
fuel and electricity generation. Yet, these emissions are
still relatively low compared to soy biodiesel. The pri-
mary factor contributing to this apparent anomaly is the
comparison of algae biodiesel produced in New York
State to soy biodiesel produced nationally. NY State has

a high percentage of hydroelectric (17%) and nuclear
(29%) power production and relatively small amounts of
electricity generated from coal (15%) [41]. This difference in
upstream electricity generation has significant repercussions
throughout the lifecycle energy emission estimates for any
electricity-intensive manufacturing system: manufacturing
in New York State benefits from relatively clean energy
resources.

The acidification of soils and water bodies occurs mainly
due to the transformation of gaseous pollutants (SOx, NOx)
into acids. The acidification potential of the different cases
is estimated in SO2 equivalents. All cases of microalgae
biodiesel are better than soy biodiesel in terms of acidifica-
tion emissions. The total SO2 equivalents follow a trend that
resembles the total energy usage.

3.5. Summary of Results. A summary of the lifecycle sus-
tainability assessment metrics for the various algae biodiesel
production scenarios and soy biodiesel production is pre-
sented in Table 5. The most sustainable biodiesel production
for all cases requires the colocation of the algae and BD
production facility in the vicinity of a source of waste
heat. “Free” heat greatly reduces the fossil fuel consumption
and all related green house gas and other air pollutants.
At a similar latitude, choosing a location that maximizes
sunlight helps somewhat to increase the algae production
rate and, therefore, reduce the impacts when the results
are compared on a per BD-produced basis. These effects
are small, however, compared to the benefits of utilizing
waste heat. Similarly, a well-insulated facility can help reduce
heating needs, but the consequences of increased electricity
use for artificial lighting decrease the benefits of reduced
heating fuel required. In most regions of the U.S., where a
higher fraction of the electricity mix is generated from fossil
fuels, the well insulated windowless scenario would be worse
in terms of most sustainability metrics due to the increased
dependence on fossil fuels.

4. Conclusions

Cultivation of microalgae in NY State is an energy intensive
process owing to temperature control and steam drying
process. Colocating microalgae cultivation with a power
plant is highly desirable. Annual production of microalgae
requires the utilization of waste heat for steam drying, water
heating, and greenhouse heating in order to be substantially
better than soy biodiesel in terms of energy consump-
tion and emissions. When waste heat is utilized, microal-
gae biodiesel production consumes less energy than soy
biodiesel.

Microalgae consumes less than one third the petroleum
fossil fuel required for soy biodiesel and only a small fraction
of the water. The feasibility of microalgae biodiesel produc-
tion at a given location is greatly dependent on availability of
waste heat and natural lighting conditions. The availability
of either one or both makes algae biodiesel production
process cleaner in terms of air emissions and consumes
much less energy than soy biodiesel. However if both natural
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Table 5: Summary of average sustainability metrics to compare algae and soy BD production.

Scenario

Environmental Impact
Greenhouse

Nat. Gas,
Syracuse

Greenhouse
Nat. Gas,
Albany

Greenhouse
w/waste heat,

Syracuse

Greenhouse
w/waste heat,

Albany

Insulated,
no nat.

light

Soy biodiesel
production

Total life cycle energy
Consumption∗ (MJ/L of BD)

23 21 16 15 22 21

Land utilization (m2/L of BD/yr) 0.053 0.048 0.053 0.048 0.040 22.2

Water Consumption (L water/L BD) 5–7 5–7 5–7 5–7 4–6 6,500

Greenhouse gas emissions
(g CO2 equiv/L of BD)

1350 1150 740 630 910 925

Acidification potential
(g SO2 eq./L of BD)

4.9 4.6 2.8 2.5 3.4 4.0

Toxic Emissions
(g /L of BD)

PM 10 5.1 4.6 2.6 2.3 5.7 5.3

PM 2.5 1.8 1.6 0.7 0.6 1.8 2.7

VOC 0.22 0.20 0.06 0.05 0.09 3.4

CO 2.4 2.1 0.6 0.5 1.0 2.8
∗does not include credits.

lighting and waste heat are absent, algae biodiesel production
consumes more energy than soy biodiesel production and
emits an equal or more amount toxic air emissions.

Coproducts produced during algae biodiesel production
process have less protein content than soy meal and, thus,
are less valuable. The production of high value coproducts
allows for increased energy allocation for soy biodiesel and
thus emissions or energy consumption of both the feedstocks
is very close and comparable.

Most microalgae biodiesel production scenarios have low
or very similar emissions as compared to soy biodiesel. Green
house gas emissions for algae biodiesel are generally higher
than soy biodiesel except when waste heat is utilized, in which
case emissions are equal. The emission of volatile organic
compounds for soy biodiesel is much higher than that
for algae biodiesel. Emissions from microalgae production
originate mainly from upstream fossil fuel energy consump-
tion. Reducing needs for unit processes like greenhouse
heating, lighting, and other systems will have significant
benefits.

Appendix

Estimation of Average Light Intensity

A model is used to estimate the growth rate as a function
of light for a geographic location and day of the year for
tubular photobioreactors [12] that takes into account various
solar angles, cloudiness, and reactor geometry. The model
accounts for weather conditions and relates them to the
growth of biomass.

The photosynthetically active irradiance (I) (μEm−2s−1)
used in (2) is a function of various solar angles (ω,ωs),
total solar irradiance (H) (J m−2d−1), and photosyn-
thetic efficiency (Ef ) (μEJ−1). The total photosynthetically
active irradiance (I) over a horizontal culture surface
can be determined from the total solar irradiance (H)

(kWhm−2d−1) directly by utilizing the following equation
[22, 44]:

I = πHEf

24
(a + b cosω)

∣
∣
∣∣

(
cosω(cosωs)

sinωs − ωs(cosωs)

)∣∣
∣∣, (A.1a)

where

a = 0.409 + 0.502 sin(ωs − 60), (A.1b)

b = 0.661 + 0.477 sin(ωs − 60). (A.1c)

The photosynthetic efficiency (Ef ) is the ratio of the
photosynthetically active radiation to the total incident
radiation (H). Ef for P. tricornutum algae varies as (1.74
± 0.09 ×10−6 EJ−1) [22]. It is substituted as a normal
distribution with mean 1.74 ×10−6 and standard deviation
0.09 ×10−6 for Monte Carlo simulations.

The total extraterrestrial irradiance incident on the earth
(Ho) (kWh m−2d−1) varies seasonally. Some of the incoming
solar irradiance is lost due to varying atmospheric trans-
missivity (Kh) associated with cloud cover. The atmospheric
transmissivity, which is also known as the clearness index, is
the ratio of the total daily radiation (H) (kWh m−2d−1) at
ground level to the total daily extraterrestrial radiation (Ho)
(kWh m−2d−1). Kh, a unitless parameter, varies by month.
For this study, NREL’s solar data [24] were used as monthly
averages for Ho and Kh values [24]. The total irradiance
incident that makes it to the earth surface (H) surface was
calculated as the product of Ho and Kh. Values for H in
Syracuse NY are shown in Figure 10.

Seasonal variations in solar irradiance may be attributed
to changes in the solar declination angle. The solar declina-
tion angle varies throughout the year and is a function of
the day number of the year (N). N takes on values from 1
(January 1) to 365. The solar declination angle (δ) is constant
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Figure 10: Solar irradiance for Syracuse, NY.

for all locations in the northern hemisphere and can be
calculated for each day as follows [45]

δ = 23.45 sin
(

360
365

(284 +N)
)
. (A.2)

Note. 23.45◦ is the angle at which the axis of the earth is
tilted and 360◦ and 284 are conversion factors from radians
to degree. 365 denotes the number of days taken to complete
one revolution by the earth around the sun.

The solar angle at sunrise (ωs) incorporates seasonal
variations in solar declination angle with the latitude (Φ)
(degrees) of the area being considered:

cosωs = −(tan δ)(tanΦ). (A.3)

The solar hour angle (ω) (degrees) for a location on earth is
zero when the sun is directly overhead and negative before
noon and positive in the afternoon [46]. Similarly, hourly
changes in the solar irradiance depend upon solar hour angle
(ω), which is a function of the solar hour (h). The solar hour
h varies from 24 to 1 [43]:

ω = 15(12− h). (A.4)

Equations (A.2)–(A.4) can be used in conjunction with
(A.1a)–(A.1c) to find photosynthetically active irradiance at
any given latitude and time.
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Chlorophyll is an essential compound in many everyday products. It is used not only as an additive in pharmaceutical and
cosmetic products but also as a natural food colouring agent. Additionally, it has antioxidant and antimutagenic properties. This
review discusses the process engineering of chlorophyll extraction from microalgae. Different chlorophyll extraction methods and
chlorophyll purification techniques are evaluated. Our preliminary analysis suggests supercritical fluid extraction to be superior
to organic solvent extraction. When compared to spectroscopic technique, high performance liquid chromatography was shown
to be more accurate and sensitive for chlorophyll analysis. Finally, through CO2 capture and wastewater treatment, microalgae
cultivation process was shown to have strong potential for mitigation of environmental impacts.

1. Background

Microalgae are microscopic unicellular organisms capable to
convert solar energy to chemical energy via photosynthesis.
They contain numerous bioactive compounds that can
be harnessed for commercial use. Marine microalgae in
particular have unique biochemical characteristics not found
in higher plants [1]. Microalgae are usually cultivated in open
ponds or photobioreactors. The cultivation process requires
carbon dioxide, light, water and other nutrients which
facilitate the photosynthetic process. Microalgal cultivation
captures greenhouse gas CO2 while simultaneously produces
biomass containing high-value consumer products.

Chlorophyll is one of the valuable bioactive compounds
that can be extracted from microalgal biomass. It is used
as a natural food colouring agent and has antioxidant as
well as antimutagenic properties. The process of extracting
chlorophyll from marine microalgae begins with dewatering
and desalting the highly dilute microalgal culture (biomass
concentration = 0.1–1% w/v). Chlorophyll is then extracted
from the dried biomass by organic solvent extraction or
supercritical fluid extraction. This process is followed by a
fractionation step to separate the chlorophyll pigments and
derivatives. Many studies have been carried out to optimize

chlorophyll extraction and fractionation from microalgae.
This review focuses on the entire chlorophyll production
process beginning from microalgae cultivation to chlorophyll
fractionation and purification.

1.1. Chlorophyll Classification. There are two main types
of chlorophyll, chlorophyll a and chlorophyll b. However,
exposure of chlorophyll molecules to weak acids, oxygen
or light accelerated their oxidation and resulted in the
formation of numerous degradation products [2, 4, 5].
Figures 1, 2, and 3 shows the structures of the chlorophyll
compounds. The skeleton of chlorophyll molecule is the
porphyrin macrocycle, which comprises of four pyrrole rings
[6, 7]. An attachment of a single isocyclic ring to one of the
pyrrole rings gives rise to the phorbin structure [6]. Each
pyrrole ring contains four carbon atoms and one nitrogen
atom. All of the nitrogen atoms face inward creating a central
hole where an Mg2+ metal ion easily binds [7]. In chlorophyll
b, the methyl group in ring II of chlorophyll a is replaced
by a formyl group [5, 7]. This structural difference results
in chlorophyll a being a blue/green pigment with maximum
absorbance from 660 to 665 nm and chlorophyll b being a
green/yellow with maximum absorbance from 642 to 652 nm
[2].
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Figure 2: Raceway pond for open-air microalgae cultivation, ex-
tracted from [3].

1.2. Uses of Chlorophyll. Chlorophyll is present abundantly
in nature and, due to its critical “light harvesting” role in
photosynthesis, is vital to the survival of both the plant
and animal kingdoms [6]. Chlorophyll selectively absorbs
light in the red and blue regions and therefore emits a
green colour. Photosynthesis is a process which uses this
harvested light energy together with water and carbon
dioxide to produce oxygen and carbohydrates; as such, it
converts solar energy into chemical energy. The products
from this chemical process reflect its significance, with
carbohydrates being the primary building block for plants
and oxygen being necessary for the survival of animal
kingdom [6]. The importance of photosynthesis for life on
earth is further highlighted by plants forming the basis of all
food chains. Chlorophyll is a compound that is decomposed
and reproduced continuously in significant amounts both
terrestrially and in the oceans. It is estimated that 1.2 billion
tons of chlorophyll are produced annually in the planet [6].

Chlorophyll is used as a colouring agent due to its
selective absorbance of light of certain wavelengths and

its consequent green colour. Changes in market demands
and legislation have resulted in the requirement of natural
colouring agents to be used in food products in preference
to artificial colourings [8]. Colouring is essential for both
consumers and manufacturers, as many foods lose their
original colours due to chemical processes they undergo.
Consumers demand products of original appearance, while
manufacturers desire uniformity for all products [8, 9].
Chlorophyll in plants is confined in chloroplasts where it is
not only complexed with phospholipids, polypeptides and
tocopherols but also protected by a hydrophobic membrane
[6]. When chlorophyll is removed from this protective
environment, its magnesium ion becomes unstable and may
easily be displaced by a weak acid. In order to overcome
this problem, the magnesium ion is often substituted with a
copper ion to form a highly stable blue/green complex [6, 9].

Although chlorophyll is a natural food colouring agent,
there are disadvantages associated with its use. Its pigment
content is not precisely known and it tends to be unstable
under the different pH conditions of the foods to which it
is added. Additionally, it is more expensive than artificial
colourings [8] and it must undergo a chemical modification
by replacing the magnesium centre with a copper ion in order
to improve its stability as a food colouring agent. Since the
copper complex is not absorbed by the body and is removed
in its entirety as an excretion product, it is considered to be
safe and is permitted to be used in most countries as a food
additive. However, the concentration of free ionisable copper
in the colouring must be kept below 200 ppm under current
regulations [2, 9].

Chlorophyll and its derivatives are also used widely in
pharmaceutical products. Chlorophyll has been found to
accelerate wound healing by more than 25% in some studies.
Since chlorophyll stimulates tissue growth, it prevents the
advancement of bacteria and speeds up the wound healing
process [10, 11]. Chlorophyll is similar in chemical structure
to haemoglobin and, as such, is predicted to stimulate tissue
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growth in a similar fashion through the facilitation of a rapid
carbon dioxide and oxygen interchange [12]. Because of this
property, chlorophyll is used not only in the treatment of
ulcers and oral sepsis but also in proctology.

Chronic ulcer is a significant health problem in society,
with lengthy periods required for its treatment [13]. Chloro-
phyll’s ability to increase the rate of healing is a breakthrough
for ulcer sufferers. The application of ointments containing
chlorophyll derivatives was found not only to eliminate pain
after several days but also to improve the appearance of the
affected tissues [13]. The discharge from the ulcer and its
characteristic odour also improved significantly after a few
days of chlorophyll treatment [13].

The same properties which make chlorophyll a key
compound in the treatment of ulcers also make it vital in
the treatment of post-operative wounds from rectal surgery.
When proctologists remove large areas of tissue, healing can
be difficult and the area of the removed tissue tends to
be painful [12]. The stimulation of cells in the host and
the consequent acceleration in the tissue formation upon
chlorophyll application increase the rate of healing in many
cases by 25% [12]. Additionally, chlorophyll was found to
remove odours from the wound after a few applications [12].
Its non-toxic nature, antibacterial property and deodorising
function make chlorophyll a key product in the treatment of
oral sepsis [14].

Chlorophyll a and its derivatives also have profound
antioxidant properties [15]. Chlorophyll derivatives such as
pheophorbide b and pheophytin b have always been known
as strong antioxidants. However, these derivatives exist in
very low concentrations in fruits and vegetables [15].

Fruit and vegetable consumption has been associated
with decreasing the risks of cancer. Phytochemicals present
in these foods, particularly chlorophyll and its derivatives,
have been suggested to play a key role in cancer prevention
due to their high displays of antioxidant and antimutagenic
activities [15, 16]. The most significant activity of chlorophyll
derivatives in the prevention of cancer is the trapping of
mutagens in the gastrointestinal tract [16].

2. Capturing CO2 with Microalgae

Over the past several decades, global warming has become a
serious threat to both humans and nature [17]. The increase
of Earth’s surface temperature can bring about extreme
weather occurrences, rise in sea levels, extinction of species,
retreat of glaciers and many other calamities. The rise in
global temperature is attributed to the high amount of
carbon dioxide (CO2) gases in the atmosphere [18, 19]. CO2

is emitted from the burning of fossil fuels for electricity,
transport, and industrial processes [17, 18, 20]. Due to the
serious threat of global warming, the Kyoto Protocol in 1997
proposed a reduction of greenhouse gases by 5.2% based on
the emissions in 1990.

Since then, many CO2 mitigation options have been
considered to meet the proposed target [17]. The various
strategies suggested can be classified into two main cate-
gories: chemical reaction-based approaches and biological
mitigation. Chemical reaction-based strategy captures CO2

by reaction with other chemical compounds before the
CO2 is released to the atmosphere. The disadvantage of
this method is that the chemical reactions are very energy-
intensive and costly. Furthermore, both CO2 and the wasted
chemical compounds need to be disposed of. On the other
hand, biological mitigation is deemed to be more favourable
as it not only captures CO2 but also generates energy through
photosynthesis [19]. This method will be much simpler than
physical CO2 sequestration [21].

Photosynthesis is carried out by all plants and any
photosynthetic microorganisms. Even though the use of
plants to capture CO2 is viable, it is by no means efficient
owing to its slow growth rate. On the other hand, microalgae
as photosynthetic microorganisms are able to capture solar
energy and CO2 with an efficiency of 10 to 50 times
greater than that of higher plants [19]. Microalgae includes
both prokaryotic cyanobacteria and eukaryotic unicellular
algae [17]. The structural and functional simplicity of these
microorganisms makes them a better choice for research
purposes than any other terrestrial plants [22]. In addition,
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microalgae have rapid growth rates and higher productivities
than any other plant systems. Microalgae can also grow in
variable environmental conditions [19, 20, 23].

Apart from CO2 and sunlight, microalgae also need
nutrients, trace metals and water to grow [24]. In short,
biomass from microalgae cultivation is produced based on
the following reaction:

CO2 + H2O + nutrients + light energy −→ biomass + O2

(1)

see [25].

Unlike plants, microalgae can be cultivated with waste
or brackish water despite its abundance of heavy metals and
pathogens. The nitrogen and phosphorous in waste water
can be directly used by the microalgae as nutrients. Hence,
use of chemicals and freshwater needed for algal cultivation
can be reduced. It also means that it is entirely feasible to
incorporate wastewater treatment process with microalgal
cultivation [17, 19].

There are over 30,000 species of microalgae in existence
on the Earth and they contain a variety of chemicals that have
commercial values [26]. Thus, the biomass produced from
microalgal cultivation has numerous uses [17]: (1) a source
of biofuels (biodiesel and bioethanol); (2) a nutritional
supplement for humans in the form of tablets, capsules, pow-
ders and liquids; (3) a natural food colorant; (4) a natural
food source for many aquacultural species; (5) a nutritional
supplement for animals to improve immune response and
fertility; (6) for cosmetic supplements; (7) a source of high-
value functional ingredients like polyunsaturated fatty acids,
ω-3 fatty acids, pigments, and stable isotope biochemicals;
(8) a raw material for the formation of ‘biochar’ through
pyrolysis that can be used as biofertiliser and for carbon
sequestration [17, 27]; (9) a source of renewable hydrogen
[28].

Microalgae can capture CO2 from the atmosphere, from
industrial gases (i.e., power plant flue gases) and in the
form of soluble carbonates (i.e., Na2CO3 and NaHCO3)
[19, 20]. Generally, CO2 concentration from power plants
is higher than the atmosphere. The low CO2 concentration
in the atmosphere can slow down the growth of microalgae
due to mass transfer limitation. Efficiency of CO2 capture
by microalgae increases with power plant flue gases that
have up to 15% of CO2 [19] and studies have shown that
microalgal species (such as Scenedesmus sp. and Chlorella sp.)
can tolerate 10% to 30% CO2 in its gas supply [29]. Therefore
microalgal cultivation can be synergistically located adjacent
to a power plant where the CO2 emitted from such a plant
can be conveniently sequestered by the algae as a source of
their nutrients [17].

3. Microalgal Cultivation System

There are two main microalgal large-scale cultivation sys-
tems: (1) open air-system and (2) photobioreactors [30].
The selection of a cultivation system depends on several
factors: the type and the biology of the algal species,
the availability of sunlight, the cost of land, the water

supply, the availability of nutrients, the desired final product,
the climate conditions and the supply of CO2 [25, 30].
The amount of nutrients and certain metals (i.e., iron
and magnesium) must be optimum as they are important
for the growth of microalgae and CO2 fixation efficiency
[19]. Research from an outdoor mass cultivation in New
Mexico showed that with the right levels of nutrients, CO2

fixation by microalgae could be increased [23]. A well-
designed cultivation system can improve the effectiveness of
CO2 capture by microalgae [19]. Another important factor
when deciding on a cultivation system is the likelihood of
contamination by other microorganisms [19]. For example,
algal species like Chlorella, Dunaliella, and Spirulina can grow
only in specific environments, hence are not likely to be con-
taminated by other microalgae when cultivated in an open-
air system. In contrast, some marine microalgae such as
Tetraselmis, Skeletonem, and Isochrysis are susceptible to for-
eign invasion and must be grown in closed photobioreactors
[30].

3.1. Open-Air System. There are many kinds of open-air
systems with each having its own set of advantages and
disadvantages. The four common types of open-air systems
are shallow big ponds, tanks, circular ponds, and raceway
ponds [30]. Open-air systems are less complex to construct
and operate than photobioreactors [31]. They are considered
as low cost methods to cultivate microalgae if compared
to closed systems [19]. Nevertheless, open-air systems have
many disadvantages, including diffusion of CO2 back to
the environment, requirement for a large area of land,
evaporative water losses, and poor light utilization [31].
Besides that, open systems are exposed to many elements in
the atmosphere. Hence, they give low biomass yields as it
is difficult to control the culture conditions. The depth of
the ponds also presents a problem. It needs to be shallow
enough for the sunlight to reach the microalgal cells and,
at the same time, deep enough for sufficient mixing. Thus,
the maximum biomass that can be achieved from most
microalgae is roughly between 0.1 to 0.5 g dry weight/L
culture [30].

Among the many types of open-air systems, the most
common design is the raceway pond as shown in Figure 2
[19]. The raceway pond is made up of a closed loop
recirculation channel that includes a paddle wheel. The
paddle wheel provides the circulation and the mixing, while
the baffles placed in the channel guide the flow. To ensure
that the light reaches the microalgal cells, the raceway pond
is only about 0.3 m in depth. This design has been around
since the 1950s. The raceways ponds are made from concrete
or compacted earth that can be lined with plastics [3]. The
continuous mixing that occurs within the pond enables high
growth rate and minimises contamination risk by foreign
microalgae [30].

Even though this open-air cultivation method is not
ideal, there are several companies using the design, such as
Aquaflow Bionomics and Live Fuels based respectively in
New Zealand and the United States. Both of these companies
are using alternative techniques to deal with the presence of
unwanted microorganisms [32].
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Table 1: Previous studies on organic solvent extraction of microalgal chlorophyll.

Study Algae species Solvent Cell disruption Key results

Jeffrey et al. [4] Phytoplankton

Methanol
(90%), ethanol
(90%), ethanol
(100%), DMF

All
DMF is superior to all the other solvents used and cell
lysis improves extraction in all cases.

Macı́as-Sánchez
et al. [33]

Dunaliella Salina DMF Methanol Ultrasound DMF was found to be more efficient methanol.

Sartory &
Grobbelaar [34]

Scenedesmus
quadricauda,
Selenastrum
capricornutum,
Microcystysis
aeruginosa

Ethanol (95%),
methanol,
acetone (90%)

Homogenisation,
sonication, boiling

(1) Methanol and 95% ethanol were superior to 90%
acetone.

(2) Boiling the algae in either methanol or 95% ethanol
for 5 minutes and allowing extraction for 24 hours
resulted in the complete extraction of pigments without
any formation of degradation products.

Schuman et al.
[35]

Stichococcus,
Chlorella

Acetone,
DMF

Grinding,
Ultrasoun,
bead beater

(1) DMF was found to be the most efficient solvent.

(2) Acetone extracted 56-100% of the amount of
chlorophyll a extracted by DMF.

(3) DMF does not require cell disruption.

(4) Freeze drying before analysis aids extraction

Simon &
Helliwell [36]

Freshwater algae
Selenastrum obliquus

Methanol and
acetone

Probe sonication,
bath sonication,
tissue grinding,
mortar and pestle

Under sonication, methanol removed 3x more pigment
than acetone. Under tissue grinding, methanol
removed 20% more than acetone.

3.2. Photobioreactor System. The photobioreactor system
maximises photosynthesis by circulating the microalgal cells,
nutrients, and CO2 in a narrow enclosed transparent vessel
exposed to ample illumination [32]. Its high-surface-area-
to-volume ratio enables optimal light utilisation leading
to higher biomass productivity. Furthermore, the photo-
bioreactor’s closed design facilitates high sterility, robust
control of temperature, and good management of culture
conditions. All these advantages allow the photobioreactor
system to culture a variety of microalgal species without
any contamination and to produce a high quality biomass.
The photobioreactors are also continuously well-mixed
to improve gas diffusion into the microalgal cells. Even
though the photobioreactor system gives control over most
cultivation parameters and achieves a higher CO2 fixation
rate than open-air system, it requires large amount of energy
for its operation and construction [19, 30].

The photobioreactor system comes in several designs
like flat-plate, tubular, bubble-sparged vertical column,
and airlift. Of those designs, tubular photobioreactors are
the most popular [19, 31]. Table 2 shows the compari-
son between raceway ponds and tubular photobioreactors.
Tubular photobioreactors is made up of an array of clear
straight tubes. These tubes are made of either glass or plastic
and are usually less than 0.1 m in diameter in order to
allow for light penetration. The tubes are arranged either
horizontally where they are placed parallel to each other flat
on the ground or vertically where they are configured to
form fence-like structures. Figure 3 shows the two different
configurations of tubular photobioreactors [3].

Flat-plate photobioreactors are frequently used for its
large illumination surface area. Like the tubular design, flat-
plate photobioreactors are also made out of transparent
materials for maximum penetration of sunlight. This design
can also achieve high CO2 fixation efficiency and mass
cultivation of microalgae. In fact, there is less build-up of
oxygen in the flat-plate design compare to the tubular design.
However, the design suffers from the following drawbacks:
(1) difficulty in controlling culture temperatures; (2) scale-
up requires more compartments and support materials; (3)
stronger hydrodynamic stress on microalgal cultures [31].

Apart from the four primary designs, there are other
types of photobioreactor systems that are currently used.
The basics of the systems are the same with some modfi-
ciations to maximise the efficiency. One such example is a
450 ft long by 50 ft wide photobioreactor made up of twin
transparent plastic algal waterbeds patented by a company
called A2BE Carbon Capture LLC. Another company, Green
Shift Corporation based in New York has produced a pilot-
scale photobioreactor that is incorporated with an ethanol
producing facility to capture the CO2 emitted from power
plants [32].

4. Chlorophyll Extraction Methods

4.1. Organic Solvent Extraction. In order to quantify the
amount of chlorophyll in a particular species, the intra-
cellular chlorophyll must first be extracted. The traditional
method that has been employed is organic solvent extraction
[4, 36]. The extraction process involves the organic solvent
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Table 2: Comparison between microalgal cultivation systems [19].

System Raceway ponds Tubular photobioreactors

Light efficiency Fairly good Excellent

Temperature control None Excellent

Gas transfer Poor Low - high

Oxygen production Low High

Accumulation Low Low - high

Hydrodynamic stress on algae Difficult Easy

Species control None Achievable

Sterility Low High

Cost to scale-up Low High

Volumetric productivity High Low

penetrating through the cell membrane and dissolving the
lipids as well as the lipoproteins of chloroplast membranes
[4]. It has been found that cell disruption, achieved through
grinding, homogenisation, ultrasound or sonication, signif-
icantly improves the effectiveness of chlorophyll extraction
using organic solvents [4, 33, 34, 36]. Simon and Helliwell
[36] found that, without cell disruption, only a quarter
of the potential chlorophyll a was able to be extracted by
an optimal method. In addition to cell disruption, there
are other parameters which affect the efficiency of organic
solvent extraction, including the storage conditions of the
filtered microalgae prior to the analysis, the organic solvents
used, the duration of the extraction and the number of
extraction steps employed in the analysis [4, 34, 35]. Since
chlorophyll is highly reactive, the yield of a particular
extraction procedure is also affected by the formation of
degradation products. Degradation products of chlorophyll
are formed when their molecules are exposed to excess light,
oxygen/air, high temperatures and acidic or basic conditions
[4, 5].

Table 1 shows previous studies on organic solvent extrac-
tion of microalgal chlorophyll. Simon and Helliwell [36],
Sartory and Grobbelaar [34], and Jeffrey et al. [4] found
methanol and ethanol to be superior extraction solvents
to acetone. Simon and Helliwell [36] conducted their
sonication-assisted chlorophyll extractions in an ice bath
and in dark conditions to prevent degradation products
from forming. They found that, with sonication, methanol
removed three times more pigment than 90% acetone.
Additionally, when tissue grinding was used, methanol
removed 20% more pigment than 90% acetone. Sartory and
Grobbelaar [34] similarly found that 90% acetone was an
inefficient organic solvent compared to methanol or 95%
ethanol. However, it has been shown that the use of methanol
as an extraction solvent resulted in an unstable solution and
lead to the formation of chlorophyll a degradation products
[4, 37]. Although 100% acetone was found not to yield the
highest amount of chlorophyll from any particular species, its
use as an extracting solvent strongly inhibited the formation
of degradation products [4]. In studies carried out by Jeffrey
et al. [4] and Macı́as-Sánchez et al. [33], dimethyl formamide
(DMF) was found to be a superior extraction solvent to
methanol, 90% ethanol, 100% ethanol and 90% acetone.

Extraction using DMF did not require cell disruption as
pigments were completely extracted after a few steps of
soaking. Additionally, the pigments remained stable for up to
twenty days when stored in the dark at 5◦C [4, 35]. However,
DMF toxic nature decreased its appeal as an efficient solvent
[4]. It was also found that storage of the microalgae at
low temperatures after filtration (−18◦C or −20◦C) assisted
cell disruption and promoted the extraction of chlorophyll
[4]. Schumann et al. [35] found freezing the biomass in
liquid nitrogen followed by lyophilisation and then storage
at −18◦C to be the optimal storage procedure.

Sartory and Grobbelaar [34] found the efficiency of
chlorophyll extraction from fresh water microalgae to be
optimal when the filtered microalgae and solution were
refluxed at the solvent’s boiling point. It was shown that
boiling for 3 to 5 minutes in methanol or 95% acetone
prior to 24-hour extraction led to the complete isolation
of chlorophyll a without the formation of any degradation
products. However when the mixture was subjected to
temperatures of 100◦C, degradation products started to form
[34]. Such findings are contradictory to the general assump-
tion that chlorophyll degraded upon slight temperature
elevation.

The amount of chlorophyll extracted from a particular
algal species was found to be highly dependent on its
growth stage. Microalgae extracted in the stationary growth
phase were shown to have significantly higher amount of
chlorophyll a compared to the same species obtained in the
logarithmic phase [35].

4.2. Supercritical Fluid Extraction (SFE). The use of organic
solvents for lipophilic extraction posts a serious threat to the
environment. The Montreal Protocol in 1987 proposed to
restrict or to eliminate the manufacture and the use of ozone
depleting solvents such as chlorofluorocarbons (CFCs).
From then on, the Montreal Protocol has evolved and most
solvents that are damaging to the environment have been
restricted. As a result, more industries are looking into a new
sustainable process that does not involve environmentally
damaging solvents [38]. Supercritical fluid extraction (SFE)
is a popular method to replace organic solvent extraction.

Supercritical fluid extraction was first introduced as
an alternative extraction method in 1879 by Hannay and
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Table 3: Comparison between organic solvent extraction and SCCO2 extraction, modified from [40].

No. Organic solvent extraction SCCO2 extraction

1
Solvent presence is unavoidable. The amount of solvent
depends on the type of solvent used. Solvent removal requires
extra unit operations and increases operational cost.

SCCO2 extraction produces solvent-free extracts.

2

Heavy metal and inorganic salt contents are also unavoidable.
Their levels depend on the solvent, the method of solvent
recycling, the source of the raw material, and the materials used
to construct the contact parts of the machinery.

Extract is completely free of heavy metals and
inorganic salts since they are not extractable by
the SCCO2 even if they are present in the raw
material. No heavy metals are present in the CO2

extractant or the SFE system.

3

Polar substances get dissolved along with the lipophilic
substances from the raw material due to poor selectivity of the
solvent. During solvent removal operations, these polar
substances may form polymers which lead to discoloration of
the extract.

Due its nonpolar nature, SCCO2 will not extract
any polar substance.
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Figure 4: P-T phase diagram for carbon dioxide [42].

Hogarth. However, it was not until around 1960 that this
extraction method started to be thoroughly investigated [39].
SFE has many advantages over organic solvent extraction.
One of the major advantages is the high purity of the
extract. In addition to requiring less processing steps, SFE
is significantly safer than organic solvent extraction and can
be operated at moderate temperatures to minimize extract
degradation. Table 3 shows the comparison between the two
extraction methods [40].

The supercritical state is achieved when a substance is
exposed to conditions exceeding its critical temperature (Tc)
and pressure (Pc). In this state, the substance has liquid-
like densities with the viscosities of a gas. The solvent power
of supercritical fluids is the highest for slightly polar or
non-polar components and is lower for analytes with higher
molecular weights. The fluid is easily removed from extract
through expansion to atmospheric pressure [41].

CO2 is the most commonly used fluid for SFE as it
is cheap, non-flammable, readily available, and somewhat
inert. Figure 4 shows the phase diagram for CO2 with its
supercritical region. The critical temperature and pressure of
CO2 are 304.1 K and 7.38 MPa, respectively. The moderate
Tc of CO2 yields higher quality extracts because it avoids
excessive heating which often leads to degradation. This
allows for supercritical carbon dioxide (SCCO2) to be used in

1
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Modifier
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Figure 5: Schematic diagram of supercritical fluid extraction
system, extracted from [45]. (1) CO2 pump, (2) modifier pump, (3)
extraction cell, (4) fractionation cell I, (5) fractionation cell II, (6)
valve.

the extraction of thermolabile compounds [42, 43]. SCCO2

is also preferred due to its high diffusivity and the ease in
manipulating its solvent strength. This can be done by adding
a substance or modifier which has volatility between the
supercritical fluid and the analyte that is to be extracted.
For example, the addition of a polar solvent like methanol
or water to supercritical CO2 allows it to extract polar
compounds [39, 42]. Studies have shown that addition of
ethanol to supercritical fluid increases the yield of lipids from
Arthrospira maxima [44].

SCCO2 extraction is applicable in many different fields
such as food and natural products extraction, environmental
science and pharmaceuticals [39]. This review will focus on
SCCO2 extraction of chlorophyll from microalgae. Chloro-
phyll is mainly used in food technology, so there are stringent
regulations regarding its quality. By using SCCO2 extraction,
a solvent-free highly pure extract can be achieved. Upon
decompression, the supercritical CO2 is removed from the
extract as it evaporates to the ambiance in its gaseous state
[45].



8 International Journal of Chemical Engineering

Table 4: Previous studies on HPLC fractionation of chlorophylls extracted from phytoplanktons.

Study,
Chromatography

Mobile phase
Stationary
phase

Key results

Jeffrey [49],
TLC

First dimension: 0.8% n-propanol in light
petroleum (by volume) Sucrose

In this two dimensional chromatography, there
was complete separation of chlorophylls and
carotenoids.Second dimension: 20% chloroform in light

petroleum (by volume)

Jeffrey et al. [4],
HPLC

90 : 10 (v/v) methanol : acetone

3 μm C18
Pecosphere

This simple isocratic protocol was able to separate
only chlorophyll a from other pigments and
compounds.

for 8 min at a flow rate 1 mL/min

Preinjection mix of sample

3 : 1 (v/v) sample: 0.5 M ammonium acetate

Jeffrey et al. [4],
HPLC

Solvent A is 80 : 20 (v/v) methanol : 0.5M
ammonium acetate

3 μm C18
Pecosphere

This step-isocratic protocol was found to
successfully separate the three chlorophylls (a, b
and c) and ten other derivative products.

Solvent B is 90 : 10 methanol: acetone

Elution order:

0–3 min: solvent A

3–17 min: solvent B

flow rates: 1 mL/min

Pre-injection mix of samplee

3 : 1 (v/v) sample: 0.5 M ammonium acetat

Jeffrey et al. [4],
HPLC

Solvent A is 80 : 20 (v/v) methanol: 0.5 M
ammonium acetate

3 μm C18
Pecosphere

This ternary gradient protocol was found to
separate over 50 pigments. The resolution of this
protocol is higher than that of Wright and Shearer
[51]. Additionally no ion pairing reagent is
required, as in Mantoura and Llewellyn [37].

Solvent B is 90 : 10 (v/v) acetonitrile : water

Solvent C is ethyl acetate

Elution order:

0–4 min: linear gradient from 100% A to 100% B

4–18 min: linear gradient to 20% B and 80% C

18–21 min: linear gradient to 100% B

21–24 min: linear gradient to 100% A

24–29 min: isocratic flow of 100% A

Lynn Co and
Schanderl [52],
TLC

Three different solvent systems were
experimented.

Silica Gel

Two dimensional chromatography was carried
out on silica gel. Eight major pigments as well as
eight to ten minor derivatives were successfully
separated with these solvent systems.

Solvent system 1 (modified Bauer solvents): First
dimension is benzene: petroleum ether: acetone
(10 : 2.5 : 2 v/v/v)

Second dimension is benzene: petroleum ether:
acetone: methanol (10 : 2.5 : 1 : 0.25 v/v/v)

Solvent system 2: First dimension is benzene:
petroleum ether: acetone: methanol
(10 : 2.5 : 1 : 0.25 v/v/v)

Second dimension is petroleum ether: acetone:
n-propanol (8 : 2 : 0.5 v/v/v)

Solvent system 3: First dimension is benzene:
petroleum ether: acetone (10 : 2.5 : 2 v/v/v)

Second dimension is petroleum ether: acetone:
n-propanol (8 : 2 : 0.5 v/v/v)

Madgwick [50],
TLC

30 mL of 1: 1 (v/v) diethyl ether : petroleum
spirit

Glucose
(1) One dimensional ascending thin layer
chromatography was used.

(2) Spectrophotometric analysis was found to
overestimate chlorophyll c by up to 22% and to
underestimate chlorophyll b by 10–20%.
Chlorophyll a was, however, correctly quantified.
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Table 4: Continued.

Study,
Chromatography

Mobile phase
Stationary
phase

Key results

Mantoura and
Llewellyn [37],
HPLC

Solvent P (ion pairing reagent) is made of 1.5 g
tetrabutyl ammonium acetate and 7.7 g of
ammonium acetate dissolved in 100 mL of water.
Primary eluant is solvent P : water : methanol
(10 : 10 : 80 v/v/v )

Four different
columns:
C3 Zorbax,
C8 Zorbax,
C18 Zorbax,
Shandon
Hypersil ODS

High resolution separation of chlorophylls and all
major pigments were achieved. The method
obtained a high recovery (over 90%) of pigments.

Secondary eluant is 20 : 80 (v/v) acetone:
methanol

0–10 min: linear gradient from primary eluant to
secondary eluant

10–22 min: isocratic flow of secondary eluant

Riley and Wilson
[53], TLC

Petroleum ether : ethyl acetate : diethyl amine
(58 : 30 : 12 v/v/v)

Silica gel
All plant pigments were separated except for some
minor components.

Sartory [48],
HPLC

Solvent A is 97% methanol
Solvent B is 97% acetone

Sep-Pak
C18
Bondapak

(1) HPLC was found to be a rapid, sensitive, and
selective method that successfully separated
chlorophylls and its derivatives to high
resolutions. Recovery of total pigments by HPLC
is greater than 96%.

Elution order:

0–15 min: 100% solvent A

15–20 min: linear gradient to 77% solvent A: 23%
solvent B (2) Spectrophotometric analysis overestimated

chlrophyll a and underestimated chlorophyll b.Then isocratic flow of 77% solvent A: 23%
solvent B

Flow rate: 1 mL/min

Wright and Shearer
[51], HPLC

Linear gradient from 90% acetonitrile to ethyl
acetate for 20 mins at a flow rate of 2 mL/min

C18
octadecyl
silica.

Carotenes, chlorophylls, xanthophylls, and their
degradation products were successfully separated
with high resolutions.

4.2.1. SFE Apparatus. There are two supercritical fluid
extraction systems: analytical and preparative. In the analyti-
cal system, SFE is directly combined with a chromatographic
system. The preparative system is used to extract compounds
from samples for example chlorophylls from microalgal
biomass. SFE can process either liquid or solid samples.

Figure 5 shows a pilot-scale preparative SFE system. It
is made up of a solvent (in this case the solvent is CO2)
pump, a modifier pump, an extraction cell, valves and two
fractionation cells. The extraction cell is for solids whilst
packed columns are used for liquids [45]. The microalgal
biomass is placed in the extraction cell [42]. The extract is
collected and solvent is depressurized in the fractionation
cells which are equipped with temperature and pressure
controllers. This configuration allows different compounds
to be obtained in each fractionation cell based on their
differential solubility in the supercritical fluid [45].

4.2.2. Effect of SFE Operating Conditions. The SCCO2 extrac-
tion of chlorophyll from microalgae depends on the fluid
density which is a function of operating pressure and
temperature. Studies have been conducted on SCCO2 extrac-
tion of chlorophyll a from at least two microalgal species
Nannochloropsis gaditana and Synechococcus sp. Optimum
extraction conditions were found to be 60◦C and 400 bar
for Nannochloropsis gaditana and 60◦C and 500 bar for
Synechococcus sp.

At constant temperature, an increase in pressure will
increase the fluid density. Even though this will increase the

solvating power of the supercritical fluid, it will decrease its
diffusion coefficient. The increase in temperature at constant
pressure also has a double effect. Increasing temperature
raises the vapour pressures of the pigments and hence gives
better solubility. However, it will also decrease the density of
the supercritical fluid which leads to a lower solvating power.
Therefore, the chlorophyll yield on each operating condition
will depend on which effect predominates [43, 46].

5. Chlorophyll Fractionation and Purification
on Chromatographic Adsorbents

The traditional method for the quantification of chloro-
phyll and other pigments in a particular extract is spec-
trophotometric analysis [34]. The different chlorophyll com-
pounds and other pigments are quantified by measuring the
absorbance of a sample at particular wavelengths and using
formulated simultaneous equations to calculate the concen-
trations of particular pigments. It has been found that this
method of quantification is often inaccurate as absorption
and emission bands of chlorophyll b and other pigments
overlap with those of chlorophyll a. Chlorophyll degradation
products are not detected and studies conducted by different
authors provided different simultaneous equations [37, 47–
50].

In order to overcome the flaws associated with the
spectrophotometric analysis, chromatographic techniques
are used to fractionate and to quantify chlorophyll and
its derivative products. The three types of chromatography



10 International Journal of Chemical Engineering

that have been widely used are paper chromatography,
thin layer chromatography (TLC) and high pressure liquid
chromatography (HPLC). Paper chromatography was mostly
used in the 1950s and 1960s during the early stages of the
development of chromatographic techniques. This method
was found to effectively separate chlorophyll into its three
fractions (a, b, and c), pheophytins, carotenes and other
derivative products [54]. However, TLC was found to be
a preferable technique to paper chromatography due to
the ease in quantitatively recovering the pigments from its
adsorbents. In paper chromatography, recovery was shown
never to exceed 80% [49, 50, 53]. Additionally, TLC requires
less sample, is less tedious, and produces chromatograms
with sharper resolutions [52, 53].

Organic adsorbents such as sucrose and cellulose were
found to be the most efficient stationary phases for use in
two dimensional thin layer chromatography [49]. Riley and
Wilson [53] and Lynn Co and Schanderl [52] utilised silica
gel as their stationary phase and managed to completely
separate all of the plant pigments except for some minor
components. However, Jeffrey [49] found that use of silica
gel promoted the formation of degradation products and
resulted in multiple chlorophyll zones.

HPLC is superior to TLC because it requires even
less sample for analysis, is faster and features automatic
detection system [37, 51]. In addition to these, HPLC is
more precise and has a higher degree of sensitivity [55].
Reverse phase HPLC is preferred to normal phase as the
latter does not separate polar compounds and its polar
stationary phase promotes pigment degradation [37, 51]. An
additional drawback of the normal phase HPLC is that it
is not compatible with aqueous samples, whereas many of
the solvents used for chlorophyll extraction from microalgae
are aqueous-based [37]. Several HPLC configurations have
been employed, with each providing separation of pigments
to varying extents and different resolutions [4]. There are
different types of detectors that may be used to measure
the concentrations of separated pigments as they exit the
column. The most commonly used detectors rely on fluo-
rescence and absorbance analyses. Jeffrey et al. [4] states that
fluorescence detection is more sensitive and more selective
than absorbance detectors when used to analyze chloro-
phylls amongst carotenoids. Table 4 summarizes previous
studies on chromatographic fractionation of phytoplankton
pigments.

6. Conclusions

This review article shows that chlorophyll has a wide range
of applications due to its colouring effect, tissue growth
stimulating effect, antioxidant and antimutagenic properties.
Chlorophyll is best extracted from microalgae by super-
critical fluid extraction method. High performance liquid
chromatography was found to be the most accurate and
sensitive technique to fractionate and to quantify chlorophyll
along with its derivatives. Furthermore, biological CO2

mitigation with microalgal cultivation helps to minimise
the global warming impact. Microalgae seem to be a
promising alternative source for chlorophyll.
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Response surface methodology (RSM) based on central composite design (CCD) was used to optimize biodiesel production
process from corn oil. The process variables, temperature and catalyst concentration were found to have significant influence
on biodiesel yield. The optimum combination derived via RSM for high corn oil methyl ester yield (99.48%) was found to be
1.18% wt catalyst concentration at a reaction temperature of 55.6◦C. To determine how long biodiesel can safely be stored, it is
desirable to have a measurement for the stability of the biodiesel against such oxidation. Storage time and oxygen availability have
been considered as possible factors influencing oxidative instability. Biodiesel from corn oil was stored for a period of 30 months,
and the physico-chemical parameters of samples were measured at regular interval of time. Results show that the acid value (AV),
peroxide value (PV), and viscosity (ν) increased while the iodine value (IV) decreased. These parameters changed very significantly
when the sample was stored under normal oxygen atmosphere. However, the ν, AV, and IV of the biodiesel sample which was stored
under argon atmosphere were within the limit by the European specifications (EN 14214).

1. Introduction

In the last few years, the world’s energy demand is increasing
due to the needs from the global economic development and
population growth. However, the most important part of
this energy currently used is the fossil energy sources. The
problem is fossil fuels are nonrenewable. They are limited in
supply and will one day be depleted. There is an increased
interest in alternative renewable fuels. As biodiesel is an
environmentally friendly fuel, it is the best candidate to
replace fossil-diesel, which has lower emissions than that of
fossil-diesel, it is biodegradable, nontoxic, and essentially free
of sulphur and aromatics [1]. However, only nitrogen oxides
increase using biodiesel as fuels [2, 3].

Renewable feedstocks such as vegetable oils and animal
fats have been used as raw materials for biodiesel production
[4]. The general way to produce biodiesel fuels is transesteri-
fication of fat or oil triacylglycerols with short-chain alcohol
such as methanol or ethanol in presence of alkaline or acid
catalysts [5–7].

Vegetable oils are promising feedstocks for biodiesel
production since they are renewable origin and can be

produced on a large scale. More than 95% of biodiesel
production feedstocks come from edible oils since they are
varying considerably with location according to climate and
availability. In the United States, soybean oil is the most
common biodiesel feedstock, whereas in Europe and in
tropical countries, rapeseed oil and palm oil are the most
common source for biodiesel, respectively, [8]. However,
some of these oil sources are commodities whose prices
are strongly influencing biodiesel cost, generally in the
proportion of 70–80% [9]. In order to reduce the biodiesel
cost, many researchers are interested in waste edible oils
[10] and nonedible oils like karanja, mahua and jatropha
[7, 11, 12].

Another alternative comes into play when looking to
other industries. That is the case of ethanol, whose pri-
mary feedstock is corn. Plants ethanol from corn gives
the integrated biorefineries a hydrocarbon-based source of
renewable carbon for the production of fuels and chemicals.
Ethanol is formed when starch is subjected to hydrolysis,
followed by glucose fermentation. During this process, also
some by-products including corn gluten meal, gluten feed
and corn oil are formed. Therefore, corn oil can be extracted
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as a by-product by using new technology that will make
ethanol production more efficient. This corn oil can be
converted into a biofuel, such as biodiesel [13].

Biodiesel is being commercialized as a substitute or
blending stock of fossil-diesel. However, biodiesel is less
resistant to oxidation than typical fossil fuel and therefore
doping of biodiesel in fossil-diesel will affect the stability
of fuel significantly [14]. Thus, as the demand and the
production of biodiesel grows fast, the development of
methods to ensure the quality of the biodiesel industry
and standardization becomes an urgent topic for market
introduction of biodiesel.

As corn biodiesel chemically is a mixture of long-chain
fatty acid methyl esters (FAMEs), it is more susceptible
to autoxidation and thus has a higher level of chemical
reactivity than fossil-diesel. This oxidation instability is
dependant on the number and location of methylene-
interrupted double bounds in the FAMEs. Thus carbons
that are simultaneously allylic to two olefinic groups will
be extremely susceptible to the initiation of peroxidation.
An early study [15] measured the relative rate of oxidation
for the methyl esters of oleic (18 : 1), linoleic (18 : 2) and
linolenic (18 : 3) acids to be 1 : 12 : 25.

A number of reports have appeared on the storage and
oxidative stability of biodiesel synthesized from different
vegetable and frying oils (including sunflower, soybean
and rapeseed oil) [16–18]. However, there is no available
information about storage stability of biodiesel from corn oil.
These stability studies were carried out under different stor-
age condition, such as elevated temperature and exposure
to light, air, water, and other contaminants. In other studies
biodiesel was subjected to accelerated methods of oxidation,
including EN 14112 (Rancimat method) and pressurized
differential scanning calorimetry [19, 20]. The oxidation
stability does not only depend on the raw material on the
production process, but also on how the oil pressed and
refined [21].

In a previous work [16], long-term storage tests on
biodiesel from different sources have been conducted under
different storage condition. Some chemicals properties have
been severely affected by oxidation of the FAMEs, when
the biodiesel was exposed to air and daylight. In order to
understand whether normal oxygen atmosphere availability
can adversely affect these properties, the study of the
change in chemical and physical proprieties of biodiesel
in absence of oxygen (under argon atmosphere) becomes
necessary.

In this paper, the storage stability of biodiesel made from
corn oil was investigated over a storage time of 30 months
under argon atmosphere conditions, whose properties were
compared to a corn biodiesel sample which stored under
normal oxygen atmosphere. The focus of the study was on
the influence of storage time on the biodiesel properties,
such as PV, AV, IV and ν. This work also discusses the
results of experiments carried out to evaluate the different
variables affecting the alkaline methanolysis of corn oil. The
optimum value for the variables affecting the process will be
determined by application of factorial design and response
surface methodology.

Factorial design of experiments gives more information
per experiment than unplanned approaches; it allows to
see interactions among experimental variables within the
range studied, leading to better knowledge of the process and
therefore reducing research time and costs [22].

2. Experimental Section

2.1. Equipment. Reactions were carried out in a batch stirred
reactor of 500 cm3 volume, equipped with a reflux condenser
and a mechanical stirrer. The impeller speed was set at
600 rpm to avoid external mass transfer limitation [6].

2.2. Materials. Corn oil was supplied by Koipe Spain. The
quality control of the corn oil used in this study is presented
in Table 1. The characteristics were determined according
to AOCS official method. Methanol of 99.8% purity was
supplied by Panreac (Spain). The catalyst used was potassium
hydroxide purchased from Merck (Barcelona, Spain).

2.3. Production of Corn Oil FAMEs. The corn oil FAMEs were
produced via a transesterification process in which a strong
alkali catalyst was used. This latter is frequently used in the
transesterification reaction, primarily due to its significant
advantages in terms of the smaller quantity of catalyst used
and the shorter reaction time required [6].

Corn oil was used as the raw oil to be transesterified
with methanol in a reacting tank. The temperature values
are below the boiling point of methanol (63◦C), to prevent
the methanol in the reactant mixture from evaporating.
The molar ratio of the methanol and corn oil was set at
6 : 1. The potassium hydroxide was stirred with methanol
for 10 minutes using an electric-magnetic stirrer to form
potassium methoxide, which was then poured into the
reacting tank and mixed with the corn oil. The total
reaction time was 60 minutes. Almost total conversion to
corn oil FAMEs was achieved quickly after a few minutes
from the start of the reaction, depending on the reaction
conditions.

2.3.1. Fatty Acid Methyl Esters (FAMEs) Purification. At the
end of a run the reaction mixture was allowed to cool down.
The upper phase consisted of FAME, and the lower phase was
glycerol.

Once the glycerol and FAME phases have been separated,
the last one was purified by gentle washing with distilled
water to remove residual catalyst, glycerol, and soaps. The
pH of washing water was initially very high 10.22 due to
the dissolved KOH. After 3 successive rinses with water, the
washing water became clear and its pH was 7.9. The washing
process was continued (twice more) until a pH of about 7
was achieved. Finally, the methyl ester phase was distilled to
remove the residual water.

The final water content of the corn oil FAME was less
than 0.01%. Water in the sample can promote microbial
growth, lead to tank corrosion, participate in the formation
of emulsions, as well as cause hydrolysis or hydrolytic
oxidation [23].
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Table 1: Composition analysis results of corn oil.

PV AV ν IV Main fatty acid composition (%)

(meq/Kg) (mg KOH/g) (cst at 40◦C) (mg I2/g) Palmitic
(C16 : 0)

Stearic
(C18 : 0)

Oleic
(C18 : 1)

Linoleic
(C18 : 2)

Linolenic
(C18 : 3)

other

2.26 0.23 39.28 125.4 12 2.4 27.3 55.8 1 1.5

PV: peroxide value; AV: acid value; ν: viscosity; IV: iodine value.

2.4. Analytical Method. Reaction products were monitored
by capillary column gas chromatography, using a Hewlett-
Packard 5890 series II equipped with a flame ionization
detector (FID). The injection system was split-splitless. The
carrier gas was helium at a flow rate of 1 mL/minutes. The
analytical procedures and operating conditions have been
described in detail in a previous work [24]. The internal
standard technique was used to quantify the amount of the
chemical species.

2.5. Preparation the FAME Samples. Two biodiesel samples,
three litres each of were stored at ambient temperature
for 30 months at two different storage conditions: the
samples were stored in closed glass exposed to daylight,
one under normal oxygen conditions and the other under
atmosphere argon. During storage, samples were taken out
periodically and different quality parameters (PV, AV, IV, and
ν) were monitored. The analyses were done according to the
following procedures: PV (AOCS Cd 8-53), AV (AOCS-Ca
5a-40), ν (ISO 3104), and IV (AOCS cd 1-25).

3. Results and Discussion

3.1. Statistical Analysis. The synthesis of biodiesel was stud-
ied using factorial design of experiments. The experimental
design applied to this study was a full two-level factorial
design 22 (two factors each, at two-levels) and extended to
response surface methodology (RSM).

The response selected, Y, was the yield of methyl ester.
The factors chosen were reaction temperature,XT , and initial
catalyst concentration, XC . Initial alcohol/oil molar ratio was
fixed at 6 : 1.

Selection of the levels was carried out based on the
results obtained in preliminary studies [25]. Temperature
levels were selected according to reactants properties, thus
the lower value was set at 34.4◦C and the higher at 55.6◦C.
The levels of catalyst concentration were chosen on the basis
of preliminary experiments where the amount of catalyst was
progressively increased, and the ester yield monitored versus
time. The levels chosen were 0.86 and 1.18 wt.%, based on
the total mass reaction.

The statistical analysis was thereafter applied. The exper-
imental matrix for the factorial design is shown in Table 2.
All the runs were performed at random. Four experiments
were carried out at the centre point level, coded as “0”, for
experimental error estimation.

The use of analysis and factorial design of experiments
allowed us to express the amount of ester produced as a
polynomial model (if the levels of the factors are equally
spaced, then orthogonal polynomials may be used). The

Table 2: Experimental matrix and experimental results.

Run XC XT C (%) T (◦C) Y(%)

1 −1 −1 34.4 0.86 94.40

2 +1 −1 55.6 0.86 98.25

3 −1 +1 34.4 1.18 96.50

4 +1 +1 55.6 1.18 99.48

5 0 0 45 1.02 98.25

6 0 0 45 1.02 97.85

7 0 0 45 1.02 98.30

8 0 0 45 1.02 98.40

9 − α 0 30 1.02 97.50

10 + α 0 60 1.02 98.70

11 0 − α 45 0.80 96.9

12 0 + α 45 1.24 96.4

Note: T: temperature; C: catalyst concentration; X: coded value; Y : biodiesel
yield.

response, yield of ester, may be thus expressed as a function
of the significant factors.

3.1.1. Linear Stage. A linear stage was considered in the first
step. Table 2 shows the experiments corresponding to the
22 factorial design (experiments 1–4) and four experiments
in the centre point to evaluate the experimental error
(experiments 5–8). A statistical analysis was carried out
on these experimental values, and the main effects and
interaction effects of the variables were calculated. The
analysis of the main effects and its interaction for the chosen
response and the test of statistical significance are given in
Table 3.

Temperature (XT), catalyst concentration (XC), and
catalyst concentration-temperature interaction effects (XTC)
were fitted by multiple regression analysis to a linear model.
The response function for the significant main effects and
interactions is

Y = 97.16 + 1.7XC + 0.83XT − 0.21XTC , r = 0.98.
(1)

The statistical analysis of experimental results revealed
that the most significant factor is the catalyst concentration,
while it also shows a significant value for curvature for the
chosen responses. These data indicate the nonlinearity of the
model and thus justifies planning a more complex design to
fit the data to a second-order model.

3.1.2. Nonlinear Stage. To better predict the effect of vari-
ables, a quadratic model was investigated. Here, the 22
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Table 3: 22 factorial design: statistical analysis.

Response: Y(%)

Number of experiments: 4

Degree of freedom: 3

Results of statistical analysis

Y (average) 97.16

Main effects and interactions

XT = 1.66, XC = 3.41, XTC = −0.43

Statistical Significance of t-test

Confidence level: 95%, Standard deviation, S = 0.24

Student’s t value, t = 3.182, Confidence interval: ±0.38

Significant effects and Interactions: XT(+), XC(+), XTC(−)

Statistical significance of curvature

YC = 98.2, Y = 97.16 Curvature: YC − Y− = 1.04

S = 0.11, t = 3.182 Confidence curvature interval: ±0.54

Curvature: significant

Response equation:

Y = 97.16 + 1.7XC + 0.83XT − 0.21XTC r = 0.98

experiment design was expanded to a circumscribed central
composite design by the addition of 4 new experiments (run
9–12 in Table 2), called start points and coded ±α. The value
of α, which is the distance from the center point to the start
point, is 2n/4, where n is the number of factors (for two
factors, α = 1.414). The corresponding model is the complete
quadratic surface between response and the factors, given by
the equation

Y = β0 +
2∑

i=1

βiXi +
2∑

i=1

βiiX
2
i +

2∑

i /= j

βi jXiXj , (2)

where Y is the response (methyl ester yield), Xi and Xj

are the uncoded independent variables, and β0, βi, βii, and
βi j are intercept, linear, quadratic and interaction constant
coefficients, respectively.

The coefficients of (2) were determined by multiple
regression analysis. This analysis includes all the independent
variables and their interactions, regardless of their signifi-
cance levels. The best-fitting response surfaces found can be
written as follows:

Y = 98.2 + 1.06XC + 0.32XT − 0.21XTXC + 0.82X2
T

− 0.1X2
C , r = 0.97.

(3)

The statistical model was obtained from coded levels.
Equation (3) can be represented as dimensional surfaces and
contour plots, as shown in Figure 1. These show the ester
yield predicted for the experimental range of temperature
and initial catalyst concentration. The influence of these
variables on the ester yield will now be discussed. The
influence of the main factors and interactions will be derived
from (1) and (3).

3.1.3. Influence of Temperature. For both linear and non-
linear models, the temperature influence is statistically
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Figure 1: Experimental yield versus temperature and catalyst
concentration.

significant in the range studied. This effect has a positive
influence on the response. As the temperature increases, the
solubility of methanol in the oil increases and so does the
speed of reaction. As a matter of fact, at low temperatures,
methanol is not soluble at all in the oil; when the stirring
is started an emulsion appears. The reaction takes place at
the interface of the droplets of alcohol in the oil and then as
soon as the first FAMEs are formed, the alcohol solubilizes
progressively because the esters are mutual solvents for the
alcohol and the oil.

3.1.4. Influence of Catalyst Concentration. From the statistical
analysis it can be concluded that, within the experimental
range, initial catalyst concentration is the most important
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Figure 2: Normal probability plot for the methyl esters yield.

factor on the transesterification process. It has a positive
influence on the response; that is, ester yield increases with
increasing catalyst concentration.

3.1.5. Influence of Interaction. The nonlinear model (Central
Composite Design) gives the binary influences of all the
factors used in the design. Interaction of significant main
effects temperature and catalyst concentration (T-C) is
significant and has a negative influence on the process, this
effect may be due to the formation of by-products (soaps).

3.1.6. Analysis of Response: Yield of Ester. The ester yield
generally increases with increasing catalyst concentration
and temperature, but progressively decreases at higher level
of temperature and lower level of catalyst concentration. This
finding may be explained by the formation of by-products,
possibly due to triglycerides saponification processes, a side
reaction which is favoured at high temperatures. This side
reaction produces potassium soaps and, thus, decreases the
ester yield.

The surface plot and contours of ester yield versus
temperature and catalyst concentration obtained when indi-
vidual experimental data are plotted are shown in Figure 1.
A comparison among these plots shows that the maximum
ester yield is achieved at the higher level for both temper-
ature and catalyst concentration. Figure 2 present a normal
probability plot of methyl ester yield which confirmed the
significant influence of catalyst and temperature in the range
studied. Figure 3 present a plot of the residual distribution,
defined as the difference between calculated and observed
values, over the observed values for the response studied
FAME. The quality of the fit is good because the residual
distribution does not follow a trend with respect to the
predicted variables. All the residuals are smaller than 1.7%
for FAME yield, which indicate that the model adequately
represent the methyl ester yield over the experimental range
studied.

Figure 4 presents the plot of experimental values versus
predicted ones for biodiesel from Corn oil. From this figure,
it can be observed that there are no tendencies in the linear
regression fit, so the model explains the experimental range
studied adequately.
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Figure 3: Residual plot of methyl esters yield for the second-order
model.
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3.2. Long Storage Stability of Biodiesel. The oxidation reac-
tions affect the fuel quality of biodiesel, primarily during
extended storage. The oxidation stability study was con-
ducted for a period of 30 months. At regular intervals,
samples were taken to measure the following physico-
chemical quality parameters: PV, AV, IV, and ν.

Some of the most important qualities of biodiesel are
shown before and after storage in Table 4. These parameters
were compared with some of the biodiesel standards (Euro-
pean Union Standards, EN 14214).

3.2.1. Peroxide Value (PV). Although PV is less suitable
for monitoring oxidation [26], and is not specified in the
biodiesel fuel standards, this parameter influences cetane
number (CN), a parameter that is specified in the fuel
standard. An increase in PV involves an increase in CN,
and therefore may reduce ignition delay time [27]. The
variation of PV of corn oil FAME in two different storage
conditions is shown in Figure 5. Sample stored under argon
atmosphere showed an increase in PV from 3 to 19.6 meq/kg
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Table 4: Quality control of corn oil biodiesel fuels used in this study before and after storage time of 30 months compared to EN 14214

Properties Unit
Corn biodiesel
before storage

Corn biodiesel after storage Specification EN
14214Under argon

atmosphere
Under normal
oxygen atmosphere

Viscosity at 40◦C mm2/s 4.14 4.72 5.82 3.5–5.0

Density at 15◦C g/cm3 0.865 0.871 0.895 0.86–0.90

Water content wt% 0.15 0.21 0.29 <0.5

Biodiesel yield wt% 99.48 98.7 96.23 >96.5

Monoglyceride content wt% 0.40 0.27 0.3 <0.80

Diglyceride content wt% 0.11 0.1 0.1 <0.20

Triglyceride content wt% 0.0 0.0 0.0 <0.20

Free glycerol wt% 0.01 0.01 0.01 <0.02

Acid value mg KOH/g 0.047 0.21 0.7 <0.5

Iodine value mg I2/g 126.6 98.4 80 <120

Peroxide value meq/Kg 3.0 14 31.8 —

Cloud point ◦C −5 −4 −3 —

Pour point ◦C −6 −6 −5 —

Cold filter plugging point ◦C −8 −8 −9 <−7

and then a decrease to 14 meq/kg. It can be see that the
faster increase rate happens during the first 6 months. The
same results were obtained by another author [28]. The
reasons why such behaviours exist are not clearly resolved
in prior work. However, the increasing of PV during the
first 6 months may be due to the presence of the dissolved
oxygen remaining in the biodiesel sample that allows the
formation of compounds like hydroperoxides. Furthermore,
sample stored under normal oxygen atmosphere conditions
showed a continuing increase in PV over time. If oxygen
is not available in sufficient abundance, the formation of
ROOH can slow or even stop while ROOH decomposition
continues. This will tend to cause a peak in the ROOH
concentration followed by a decrease.

3.2.2. Acid Value (AV). Once the peroxides have formed,
they decompose and interreact to form numerous secondary
oxidation products including aldehydes, which further oxi-
dized into acids. Acids can also be formed when traces
of water cause hydrolysis of the esters into alcohol and
acids. Acid value measured in mg KOH/g is one of the
significant indicators of oxidative degradation in lipids. The
change in AV during storage for the two corn oil FAME
samples is shown in Figure 6. It can be seen that the AV
increase continuously in sample stored under normal oxygen
atmosphere from 0.047 to 0.7 mg KOH/g. In opposition
to it, in the sample stored under argon atmosphere, the
AV increased fast during the first 4 months, and then
remained almost constant. This behaviour may be due to the
presence of the dissolved oxygen remaining in the biodiesel
sample that allows the formation of shorter chain fatty
acids [18]. In this case, the specification limit of 0.5 mg
KOH/g was not exceeded with the corn oil FAME sample
stored under argon atmosphere after a storage time of 30
months.
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Figure 5: Variation in the peroxide value of corn oil biodiesel
stored � under normal oxygen atmosphere and � under argon
atmosphere.

3.2.3. Viscosity (ν). Due to the hydroperoxides decomposi-
tion, the oxidative linking of fatty acid methyl ester chains
can occur, giving as a result higher molecular weights
species. During storage one of the obvious results of polymer
formation is an increase in biodiesel viscosity [29]. The
formation of higher molecular weight species, with higher
viscosity, is a reason why the viscosity specification in
biodiesel standards can be used to assess the fuel quality
status of stored biodiesel. Figure 7 shows the increase in
the kinematic viscosity of the two corn oil FAME samples
versus storage time. Corn oil FAME sample which was stored
under argon atmosphere, was found to have lower viscosity
compared to the sample which was stored under normal
oxygen atmosphere. A similar result had been observed
previously by other researchers [30]; they noted that the
oxidation processes led to the formation of free fatty acids,
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Figure 6: Variation in the acid value of corn oil biodiesel stored �
under normal oxygen atmosphere and � under argon atmosphere.
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Figure 7: Variation in the iodine value of corn oil biodiesel stored �
under normal oxygen atmosphere and �under argon atmosphere.

double bond isomerization (usually cis to trans), saturation
and products of higher molecular weight, and viscosity
increases with increasing oxidation. Under conditions where
oxygen is available, fatty acid moieties are joined by both
C–O–C linkages and C–C linkages [31]. When ROOH
decomposition occurs under an inert atmosphere, only C–C
linkages in resulting polymers are observed [31].

3.2.4. Iodine Value (IV). One of the oldest and most
common methods of determining the level of unsaturation
in a fatty oil or ester is the iodine value [32], it purportedly
addresses the use of oxidative stability and it is included in
the European biodiesel standard. Oxidation, which consists
of a complex series of chemical reactions, is characterized by
a decrease in the total unsaturated content of biodiesel due
to elimination of hydrogen adjacent to a double bond and
the formation of free radicals [33]. Our experiment shows
that the IV of the two corn oil FAME samples fell along the
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Figure 8: Variation in the kinematic viscosity of corn oil biodiesel
stored � under normal oxygen atmosphere and � under argon
atmosphere.

storage time (Figure 8). The sample which was stored under
normal oxygen atmosphere appeared to have the highest rate
of reduction in IV, implying that the largest conversion of
polyunsaturated fatty acids to hydroperoxides took place. In
contrast to this result, the sample which was stored under
argon atmosphere was observed to have low rate of decrease
in IV. Corn oil FAME samples (IV = 126.6) with a relatively
high IV compared to other biodiesel samples [4]; this sample
contains low levels of saturated FAME and high levels of
mono- and polyunsaturated FAME which make it much
susceptible to oxidation.

For biodiesel samples, the peroxide value, acid values,
and viscosity tended to increase, and iodine value to decrease
over time. The sample stored under argon atmosphere never
exceeded the specification limit of the studied parameters
along the 30 months of storage. Biodiesel from corn oil stored
under argon atmosphere did not demonstrate rapid increase
in peroxide value, acid value and viscosity, compared to the
one stored under normal oxygen atmosphere.

When storage is done in argon atmosphere condition,
at ambient temperature without oxygen availability, PV, AV,
and ν increases slowly; while PV peaks and then decreases,
AV and ν continue to increase, but at a lower rate. Besides IV
decreases during the storage.

Biodiesel kept in an argon atmosphere could increase its
stability and also show positive effects retarding oxidative
degradation of the biodiesel produced from corn oil.

4. Conclusions

In this work, a fully central composite design has been
applied to optimize the synthesis process of FAME from corn
oil using potassium hydroxide as catalyst. The study of the
factors (temperature and catalyst concentration) affecting
the response shows that, within, the experimental range
considered, the most important factor is the initial catalyst
concentration. For the yield of ester, this factor has a
positive influence. The temperature has a positive influence
in both responses. The T-C interaction is small and negative,
due to the formation of by-products (soaps). According
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to this study, and from an economical point of view, the
maximum yield of ester (98.75%) can be obtained, working
with an initial catalyst concentration (1.1%) and operation
temperature (55◦C). These models are useful to determine
the optimum operating conditions for the industrial process
using a minimal number of experiments with the consequent
economical benefit.

Biodiesel synthesised, which consists of long-chain
FAME, generally suffers from lower oxidation stability.
Results from this study suggest that for a remarkably stable
biodiesel and in order to avoid oxidation, special precautions
must be taken during long storage, such as storage under
argon atmosphere. Nevertheless this action delays oxidation
but it doesnot prevent it. The results of this work have
allowed develop a methodology to overcome the obvious
problems of long storage stability of biodiesel. Long-term
storage study gives us a better understanding of the effect of
the normal oxygen atmosphere on the stability of biodiesel.
The use of corn oil as an alternative raw material and
renewable feedstock to produce biodiesel which fulfills the
specification of EU standards for biodiesel (EN 14214) is
of great interest to build an integrated and self-sustained
biorefinery.
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