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Summary

Microalgal biodiesel has emerged as a promising fuel source, but has still not

been adopted commercially. One of the several inherent challenges is its high

production cost, which mandates the need to develop an integrated process to

produce other valuable coproducts economically. This article combines life

cycle assessment and preliminary life cycle cost assessment of a proposed bio-

refinery, in which a high value product, β-carotene, is coproduced from micro-

algae with biodiesel. The GaBi 6 environmental management software was

employed to investigate the environmental impact associated with the produc-

tion life cycle. The mass flow rates and the energy consumed in all stages of

biodiesel and β-carotene coproduction for the functional unit of 1 kg of biodie-

sel were assessed. When the coproduction of β-carotene was not taken into

consideration, the total energy input for a functional unit of 1.0 kg biodiesel/

m2/y and the net energy ratio, that is, energy returned on energy invested were

estimated to be 128.1 GWh/y and 0.27, respectively. The life cycle cost analysis

showed that although the total production cost associated with coproduction

of β-carotene from Dunaliella salina was higher than that of the sole produc-

tion of biodiesel, it generates a hiked revenue of up to $37 million/y. Over the

system lifetime of 10 years, the sole production of biodiesel showed a loss of

US$345 million per functional unit, whereas the coproduction of β-carotene
achieved a net profit of US$120.7 million per functional unit. This work clearly

showed that the coproduction of β-carotene with biodiesel from D. salina over-

comes the cost-ineffectiveness resulting from the production of biodiesel alone.
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1 | INTRODUCTION

Fossil fuel dependent countries are beginning to develop
renewable fuel alternatives to conserve their oil and gas
reserves, sustain their economic growth, and explore
alternative energy sources to mitigate the environmental
impacts of fossil fuel-based energy production. The
United Arab Emirates (UAE), is ranked as one of the
countries displaying highest energy consumption per
capita,1 despite being an oil/gas producing economy. In
November 2019, new hydrocarbon reserves estimated at
7 billion barrels of crude oil and 58 trillion standard cubic
feet of conventional gas were discovered, indicating a
finite supply of nonrenewable fuels.2 Consequently, the
country has acknowledged the need for enhancing its
renewable energy resources with minimum ecological
impacts. As a substitute to fossil fuels, biofuels are very
promising, owing to their versatility, reliability, and mini-
mal environmental strain.3 At the end of 2018, the
Energy Information Administration (EIA) reported that
the United States and Brazil, the leading biofuel pro-
ducers of the world, collectively contributed to 87% of the
biofuel production.4 The two most predominant commer-
cially produced biofuels are bioethanol and biodiesel.4,5

The conventional production of biodiesel from agricul-
ture crops has not been regarded as an entirely sustainable
approach in the long run, owing to their adverse possible
effects of deforestation, depletion of biodiversity, and a
possible competition with food resources or land devoted
for agriculture.6 Biodiesel production has been investi-
gated from oils extracted from different sources, such as
Jatropha, neem, castor bean, hemp, and karanja. Uncon-
ventional sources, such as food wastes, poultry fat, used
cooking oil, and microalgae, have been considered.7-15

Besides biodiesel, microalgae have been investigated for
the production of other biofuels, such as bioethanol, bio-
hydrogen, and biosyngas.16,17 Many dedicated research
studies have been focusing worldwide on microalgae-
based biodiesel production to fully exploit their benefits
over that produced from conventional first and second-
generation oil-rich feedstock.18,19 They are distinguished
from oil crops by their unique capacity to produce more
lipids, demonstrating yields of 1800 to 2000 gal/acre/y,
compared with only 50, 130, and 650 gal/acre/y for soy-
beans, rapeseed, and palm oil, respectively.20,21 The driv-
ing factor for increased lipid accumulation is physical and
chemical manipulations of the cultivation medium.22,23

Most importantly, microalgae can thrive on freshwater,
saltwater, and brackish water, and their cultivation
does not require fertile lands, that could otherwise be ded-
icated to production of food resources.24 Additionally,
some strains of marine microalgae can grow in extreme
conditions of high temperatures and sunlight and have

the potential to produce a variety of intermediate metabo-
lites that possess nutritional, cosmetic and pharmaceutical
applications.25 Another benefit of using microalgae in the
production of biodiesel is their capability to fix inorganic
CO2 by converting it into productive biomass, thus serving
as indispensable carbon sequestering agents.26

Although the concept of microalgal biodiesel was pro-
posed several decades ago, its commercialization has not
yet been fully achieved due to net energy constraints of
the process, that is, the energy inputs to the microalgal
conversion processes for biodiesel surpass the energy
contained in the biodiesel.27,28 For the process to be eco-
nomically viable, it was shown that the appropriate cul-
ture and harvesting methods with the most suitable lipid
extraction method should be carefully selected.6 Very few
studies have analyzed the coproduction of microalgal bio-
diesel with a high valuable product, which is expected to
enhance the return on the energy invested.

The microalgae strain of interest needs to meet
three chief requirements, namely, (a) proliferates under
the environmental conditions of the geographical area
under consideration (b) contains a significant quantity
of lipids (c) accumulate a considerable amount of the valu-
able coproduct. Therefore, a marine microalga, Dunaliella
salina (D. salina, thereafter) was selected, which is a green
alga that can grow in saline environments, high ambient
temperatures, and abundant light intensity,16 making it
suitable for cultivation in the desert climate of the UAE.
D. salina has the capacity to thrive in outdoor conditions
and is being grown in very large (>200 ha in area), shallow
unmixed ponds.29 D. salina strain is currently being
commercially cultivated in Hutt and Whyhalla lagoons
in Australia for bulk β-carotene production.21 It has a rela-
tively high lipids content in the range of 35%30; also, under
stress conditions, it can accumulate significant amounts
of valuable substances, such as vitamins, proteins, and
pigments,31 including β-carotene.32 The stress factor,
here, is the homeostasis disruption by salinity, leading to
cell metabolism alterations during homeostasis acclimation
and restoration.33 Therefore, the commercial-scale cultiva-
tion of D. salina is an option to reduce the contamination
risk because highly selective cultivations can be achieved.34

β-carotene is a high-value nutraceutical, which is useful for
human immune enrichment, as a source of provitamin
and antioxidant, and as an agent for food coloring.35,36

D salina has been widely studied, and is one of the richest
sources of natural β-carotene with accumulation rates of
up to 14%, when the optimum conditions for caretogenesis
are provided.37 Moreover, the cell wall of D. salina is not
rigid, making β-carotene extraction easier compared with
other strains that contain rigid cell walls.38 Thus, D. salina
strain is suitable for commercial exploitation in countries
with arid environmental conditions, including the UAE.
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Regardless of the selective advantages of using micro-
algae as feedstock for biodiesel production as outlined
above, the economic feasibility having a process solely for
the biodiesel production may not be apparent. For the
process to be commercially scalable and offset the high
input energy costs in biofuel production,26 either cou-
pling the microalgal biomass cultivation with wastewater
treatment or coproducing biodiesel with another high-
value product is essential.39,40 To address this concern,
the coproduction of β-carotene with biodiesel production
from D. salina is suggested in this work, which could
offer an added source of income and enhance the eco-
nomic feasibility of the overall process.

An integrated environmental life cycle assessment
(LCA) and life cycle cost (LCC) study was carried out
to establish the economic benefits and environmental
impacts of the coproduction process, compared with
the single-product option. LCA helps to enumerate the
impacts of the materials consumed and emissions released,
and are critical for constructive evaluation of the entire
coproduction process. It is also crucial to estimate the
energy returned on energy invested in the process. An
LCCA (life cycle cost assessment) is a potential tool used to
identify the economic weightage of different variables
involved in a production process and to optimize the
design of the system in a cost effective way. Hence, it was
used in this work taking into consideration all expenses
involved in setting up the system, its operating and mainte-
nance costs and the ultimate end-of-life costs. Detailed
examination of the influence of β-carotene coproduction
on the overall production cost can hence be provided. Pre-
vious studies conducted on coproduction systems of a high

value product with a biofuel were focused only on compar-
ing and optimizing various approaches and technologies
for the synthesis and extraction, without probing in detail
about the environment footprint and economic viability.
As far as the authors know, and as given in Table 1, this is
the first LCA and LCCA of the coproduction of β-carotene
with biodiesel from microalgae. It is the first work in which
both technoeconomic and LCAs were carried out for such
a process. A basic sensitivity analysis was also carried out
to explore the interdependence between different signifi-
cant input variables on the production system and how
their modification could alter the energy balance and the
process economic cost.41 The findings of this study are ben-
eficial for life cycle planning purposes, especially in coun-
tries that aim to expand their energy resources through
lucrative biodiesel production systems from microalgae.

2 | METHODOLOGY

2.1 | System boundaries

The scope of the system includes the cultivation of
D. salina and its conversion into biodiesel and β-carotene.
The conceptual boundaries include: (a) the cultivation of
D. salina in an open pond; (b) harvesting of the cultivated
D. salina; (c) dewatering (drying) of the harvested biomass;
(d) solvent extraction of β-carotene from a portion of
the dry biomass; (e) solvent extraction of lipids from the
remaining portion of the dry biomass; and (f) trans-
esterification of extracted lipids to biodiesel. Figure 1 shows
the unit processes. The functional unit was 1 kg of

TABLE 1 Examples of previous studies on coproduction of value products with biodiesel from microalgae

Coproduct
Microalgae
strain Technical assessment

LCA of
coproduction

Economic
assessment References

Astaxanthin Coelastrum sp.
HA-1

Estimation of optimum yields of
biomass, lipid, and
astaxanthin

Not done Not done 101

Nutraceuticals, anaerobic
digester feed, animal feed

Several strains Not done Oil production
cost comparison

Not done 102

Lutein, astaxanthin Neochloris
oleoabundans

Estimation of optimum yields of
lipids and the coproducts

Not done Not done 103

β-carotene and zeaxanthin Chlorella
saccharophila

Estimation of optimum yields of
lipids and the coproducts

Not done Not done 104

Lutein Dunaliella
tertiolecta

Estimation of biomass, lipids,
and coproduct productivity

Not done Not done 105

Lutein, β-carotene Ettlia sp.
YC001

Estimation of the maximum
productivity of biomass,
lipids, and coproduct

Not done Not done 106

Abbreviation: LCA, life cycle assessment.
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biodiesel/m2 of microalgal cultivation area per year. The
energy balance was estimated as the net energy ratio
(NER), that is, the ratio of the total energy produced
(energy content of biodiesel produced) to the total energy
consumed by the process. The environmental impacts of
the production train are assessed based on the recommen-
dations of the International Reference Life Cycle Data Sys-
tem (ILCD; Ekvall et al).42

2.2 | Model optimization

An open pond system was considered as the model for
the large-scale cultivation of D. salina because it is compar-
atively cheaper and easier to maintain when large

nonagricultural lands are available.16 It was shown that
D. salina survive well in open extreme environments.
Therefore, its cultivation in open pond systems preferable
over closed photobioreactor systems, which may not be
economical due to their higher operating cost and energy
requirements and other operational restraints.43 In addi-
tion, it was verified that Dunaliella growth could be
achieved along the seashore or close to salt lagoons areas
and salt producing industries.44-46 The strain was therefore
selected, as its cultivation requirements are in line with the
climatic and geographical conditions of the UAE. Besides
the abundant sunlight throughout the year, the UAE has
large salt flats (natural subkhas), mainly in the emirate of
Abu Dhabi. A virtual model for the photoautotrophic culti-
vation of D. salina in coastal salt lagoons located in Abu

FIGURE 1 Conceptual boundaries employed for the life cycle assessment of β-carotene and biodiesel production from Dunaliella

salina [Colour figure can be viewed at wileyonlinelibrary.com]
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Dhabi was therefore developed. The open pond system
would be able to receive the required water from the sea
using channels to further reduce the production cost. The
surface area of the pond was fixed at 333 ha, with a cultiva-
tion depth of 30 cm (essential for light penetration). The
cultivation was considered to be carried out under atmo-
spheric CO2 with a fixed rate of 1.83 kg CO2/kg of algal
biomass.26 Optimal cultivation conditions of D. salina, such
as temperature, salinity, pH, and nutrients requirements,
which formed the basis of this study, were obtained from
published studies. D. salina has a wide salt, temperature
and pH tolerance levels, which ranged between 3% and
31% NaCl, 20�C to 40�C and up to pH 11, respectively. For
the highest productivity though, the optimum salinity
range was reported to be in the range 20% to 25% NaCl and
optimum pH was 8.26,44-48 Based on assessment and analy-
sis of alternative technologies, the optimized process chain
adopted in this study consisted of: (a) cultivation in open
ponds, (b) harvesting by flocculation complemented by
gravity sedimentation, (c) dewatering of algal biomass
by spray drying, (d) lipid and β-carotene extractions, and
(e) enzymatic transesterification. The mixing in the open
pond was achieved naturally by wind convection currents,
which is less expensive than raceways that require paddle
wheels to circulate the culture.49,50 In such a biological sys-
tem that is open to various external factors, it is challenging
to estimate the exact degrees of freedom. The biomass pro-
ductivities can vary based on unexpected environmental
conditions and contamination could occur which would
affect lipid productivity and thereby process conversion
efficiency. Nevertheless, and in order to introduce a degree
of optimization in our specified model, a sensitivity analysis
was conducted to get a general information on how some
fluctuations in the values of selected parameters used in
the energy balance and LCCs analysis may affect the final
economics.

2.3 | Technologies used in the system

The average daily and annual sunshine durations in
Abu Dhabi were documented to be 9.6 and 3568 hours,
respectively.51 The dependence of D. salina productivity,
Palgae, on solar irradiance is described by Equation (1).52

Palgae = Io
PE
100

� �
, ð1Þ

In Equation (1), PE is photosynthetic percentage effi-
ciency (%) and Io is solar irradiance at ground level. The
solar radiance (Io) was taken as 6.036 kWh/m2 d, which
was obtained from the climatic data of UAE.51,53 The
photosynthetic percentage efficiency of D. salina was

taken as 2.5%. The medium for the growth of D. salina
and conditions for the accumulation of β-carotene in
D. salina cells were the same as those considered in the
work of Tafreshi and Shariati.54 Under high salinity of
31% NaCl, an ambient temperature of up to 40�C, and
nitrogen starvation with Modified Johnson's medium,
Tafreshi and Shariati54 reported β-carotene accumulation
in D. salina cell chloroplast of up to 12%. The total water
demand for D. salina cultivation per unit area, Qw, was
estimated to be 8.7 m3/m2 y using Equation (2).52

Qw =
1−Rð Þ×T × d

HRT
+Qe: ð2Þ

In Equation (2), T is the number of operational days in
a year (300 days), d is the depth of the pond (0.3 m), HRT
is the hydraulic retention time (14 days), Qe is the water
loss due to evaporation, and R is the recirculation ratio of
wet microalgae. No recirculation was considered in this
study, and the value of R was considered to be zero. HRT
values ranging from 11 to 18 days have been proposed pre-
viously for algae cultivation. The operational days in a year
have been set as 300, taking into consideration a 65-day
unoperational margin. This means that 2 growth cycles
per month and 20 cycles per year were considered in
this study. The average evaporation water loss, Qe in
Abu Dhabi has been reported to be a significant value of
2.28 m3/m2y on account of the prevailing dry weather.55

After cultivation, the harvesting of D. salina is usually
a challenge due to its unicellular nature. Therefore, the
harvesting of D. salina was considered to be achieved by
induced flocculation, followed by gravity settling. The tech-
nical specifications of the flocculation unit were: specific
energy requirement of 0.458 kWh/kg56 and flocculation
efficiency of 90%.57 The flocculation efficiency was the per-
centage of the microalgae cells in the diluted suspension
that was collected in the harvested paste. The harvested
biomass was considered to be dewatered using the spray
drying method. For the purpose of calculations, An APV
spray dryer with a power consumption of 40 kWh, overall
thermal efficiency of 76%, and specific energy requirement
of 0.1 kWh/kg was considered.58 The dried biomass was
split into one portion for the lipid extraction and the other
portion for β-carotene extraction.

Lipids were extracted from a portion of the dried bio-
mass using n-hexane. Lipid productivity was estimated from
Palgae and D. salina oil density, as shown in Equation (3).

PL =
Palgae × L%
ED×OD

+Qe: ð3Þ

In Equation (3), PLis the lipid productivity or volume
of lipids-produced per unit area; ED is the energy density
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of D. salina, computed from the weighted average of the
lower heating values of lipids, carbohydrates, and proteins
in D. salina (24.7 MJ/kg); L% and OD are the percentage
of the weight of the lipids (25%) and density (864 g/L)
in D. salina, respectively.59 Biodiesel was considered to be
produced from the extracted lipids by enzymatic trans-
esterification. By using lipase, the need for free fatty acids
(FFA) reduction unit was eliminated, as unlike alkaline
catalysts, the enzyme is insensitive toward the FFA con-
tent in the feed.22 The biodiesel production conversion
was assumed to be 88% of the extracted lipids, in accor-
dance with the data from the literature, that is, biodiesel
yields up to 88% to 92.5% have been reported in previous
studies on the transesterification of microalgal oil. 60,61

The process for β-carotene extraction depends on the
market specifications of the desired product.62 The most
efficient form of extraction involves the use of organic sol-
vents, such as n-hexane, acetone, ethanol.20 However, if
a completely natural end product is required, hot jojoba
oil or vegetable oil are used for extraction.63 Jojoba oil,
for example, possesses high liquid wax penetration rates,
which give it a higher processing capacity. The portion
deployed for β-carotene production was considered to
contain a conservative β-carotene proportion of 12% of
dry biomass.64 Extraction of β-carotene from dry cells
was considered to be achieved using n-hexane (96% conc.)
and hot jojoba oil, according to Emeish.63 Freeze-drying
was considered to be applied in order to remove residual
solvents from the extracted β-carotene, according to previ-
ous studies on β-carotene extraction from D. salina.64,65

β-carotene was considered to be recovered at a freeze-
drying temperature of −85�C, the vacuum pressure of
32 Pa, and for a period of 4 hours. The energy consump-
tion of the freeze dryer was 2 kWh/kg.66 Freeze-drying
has emerged as a steady and effective bioseparation proce-
dure that helps to maintain the stability of heat-sensitive
substances, such as vitamins, proteins, and pigments.
Unlike other drying techniques, sublimation by freeze-
drying ensures minimized structural damage to both the
extracted product and the left-over biomass.

Electricity requirements include electricity for
pumping into and out of the open pond, harvesting,
dewatering, β-carotene extraction, lipid extraction, and
transesterification. Water pumping power requirements
were estimated from the water flow velocity in and out of
the pond (Equation (4)), which was operated by pumps
with an overall efficiency of 85%.

Required pumping power= v× h× gð Þ=ε: ð4Þ

In Equation (4), v is the flow velocity. v, is 12 ft/s,
that is, the maximum flow velocity that can be delivered
by an ANSI schedule 40 pipe considered in this study,

with a nominal pipe size of 4 in. h is the height at which
the pump is located, namely, the static head, which is
the vertical distance between the pump and the pond. h
is 10 ft. g is gravitational acceleration (9.8 m/s2), and ε
is overall efficiency (0.85). Electricity data for additional
process equipment were obtained from the Eco-Invent
database of Gabi 6 environmental management software
and the power ratings of the equipment.

2.4 | Environmental impact assessment

The sequential steps involved in performing an LCA study
define the goal and scope of the model, the evaluation of
the inventory required, assessment of the impacts and ulti-
mately, and the correct interpretation of the results. An
environmental impact assessment of the process has been
carried out using the Gabi 6 environmental management
software. Environmental impacts were quantified in terms
of five impact categories, namely, global warming potential
(GWP), eutrophication potential (EP), acidification poten-
tial (AP), ozone depletion potential (ODP), and photo-
chemical ozone formation potential (PCOP). These impact
categories result from the material and energy balances
and emissions from the system. They were quantified based
on in-built characterization factors in the Gabi software,
that is, in terms of analytical measures, inorganic emis-
sions, organic emissions, radioactive emissions, other emis-
sions, heavy metal discharge, and discharge of particulates
from the process, according to ISO14046.67

GWP impact category was indexed to CO2eq into
seawater, which is a representative indicator that assesses
the emissions of CO2, greenhouse gases, such as CO,
CH4, N2O, chlorofluorocarbons (CFCs), and other mole-
cules that exhibit the propensity to absorb the infrared
radiation reflected from the lithosphere. The contribu-
tions of other greenhouse gases to GWP were expressed
relative to the effect of CO2. The CO2eq was estimated
using an in-built numerical indicator for each stage or
unit process, known as characterization or equivalence
factor, which was developed by the Joint Research Center
of the European Commission (JRC; Sala et al). These
characterization factors are the values provided in the
Fourth Assessment Report (AR4) of the United Nations
Intergovernmental Panel on Climate Change.

The value of the EPwas expressed in terms of kg PO4
−3

eq.
Other nutrient enriching components, such as NO3

− and
NH4

+, were referenced to PO4
−3

eq using in-built equivalence
factors. The other three impact categories, namely AP, ODP,
and PCOP, were expressed in terms of in-built equivalence
factors for acidification, ozone depletion, and photochemical
ozone formation, respectively, that is, these impact categories
were estimated as SO2eq, CFCeq, and C2H4eq, respectively.
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The relative importance of the impacts of the stages
on the overall impact of the process was evaluated by
weighting the impact of each stage, computed from the
product of the stage's impact potential and a weighting
factor. The weighting factors for all stages were taken
as 1.12, 1.2, 1.3, 4.4, and 1.0 for GWP, EP, AP, ODP,
and PCOP, respectively, according to sociopolitical
targets.68,69

2.5 | LCCA and sensitivity analysis

The economic assessments found in the existing litera-
ture70-72 were not comprehensive and considered only the
costs of the microalgal oil conversion process to biodiesel.
Hence, a fundamental LCCA was performed, which is
extremely useful in presenting a clear insight on how sev-
eral cost variables may contribute to the total costs of a
production system. It also emphasizes the functional areas
of the entire process that require improvements to increase
the overall efficiency, thereby affecting the process eco-
nomics.73 In all previously conducted economic assess-
ments, the associated capital, transportation, and energy
requirements of the unit processes were mostly ignored. In
this study, these important factors were incorporated in
the cost estimations, which involved two chief compo-
nents: capital and operating costs.

The production life was fixed as 10 years while mak-
ing the following calculations. To calculate the total LCC
of the system, all costs involved were classified into
several key categories and was estimated using
Equation (5)74,75:

LCC=Ci +Co +Cm +Ce +Cd +Cr, ð5Þ

where, Ci is capital cost involved in setting up the system,
Co is the total operating cost, Cm is maintenance
cost, Ce is energy cost, Cd is cost due to production down-
time, resulting from microbial contamination or sudden
expected shutdown of the equipment, and Cr is residual
cost due to the disposal of the system after its estimated
production life. The capital cost was estimated from the
sum of the costs of civil and mechanical works for open
pond construction, laboratory supplies and building, and
office and process equipment. Total operational cost was
estimated from the costs of upstream material, transporta-
tion, maintenance and labor, and electricity for water fill-
ing, make-up water, D. salina harvesting, dewatering,
lipid extraction, and transesterification. Maintenance cost,
including regular servicing of the equipment, cleaning of
the pond, and so forth, was considered to be 10% of the
fixed capital cost. Energy cost, including the cost of elec-
tricity required for dewatering, harvesting, lipid extraction,

transesterification, office equipment, and so forth, was cal-
culated using the electricity fee of Abu Dhabi Distribution
Company, which is ¢4/kWh. The downtime costs were
not considered in this study, because it was covered in
the operational days of the year, which was taken to be
300 days. As previously mentioned, unoperational margin
of 65 days/y was taken to account for any loss of produc-
tion. The residual cost due to the disposal of the system
after its estimated production life is an integral value to be
considered while computing the total LCCs. To predict
the disposal value, the salvage or the residual value was
taken to be 10% of operating cost.

A local sensitivity analysis was carried out using the
one-at-a-time approach, which consider the variation of a
single variable from the base case to observe its sole effect
on the output variables. The energy produced to energy
consumed was not a suitable reference to be used, because
β-carotene does not possess a functional calorific value.
Three design parameters and one market force were identi-
fied to observe the effect of increasing their value on
the overall energy requirements and the projected revenue
of the system. The three considered design parameters
were (a) spray drying thermal efficiency (from 76% to 85%),
(b) β-carotene accumulation in D. salina (from 12%
to 14%, which is the maximum reported content) and
(c) transesterification efficiency (from 88% to 92%, which is
the highest reported conversion), and the market force was
selling price of β-carotene (from 200 to 300 $/kg).

For the purpose of conservative revenue assessment,
two cases were defined: the first one considered biodiesel
and β-carotene coproduction, whereas the second consid-
ered biodiesel production only. The second case assumed
that all the dried biomass was converted into lipids and,
then, to biodiesel. The revenues are computed from the sell-
ing prices of biodiesel and β-carotene. The revenue from the
commercial production of β-carotene was estimated from
the unit price of US$200/kg β-carotene, which is approxi-
mately the production price without any profit margins.
However, the unit price of β-carotene in the global market,
as documented by earlier studies,76 is found to between US
$300 and US$700/kg. For biodiesel to compete favorably as
an alternative to petroleum diesel in the energy market, its
selling price was taken to be the same as that of petroleum
diesel, which is US$0.7/L in UAE. The net present values
(NPVs) of the annual profits were estimated by discounting
the annual costs and revenues (computed for the future),
with the current discount rate of 2% adopted in the UAE.77

The payback period (PBP) of the coproduction process
was also computed. The PBP was the amount of time it
would take to recover the cost of investment, that is, the
length of time it would take the investment to reach the
break-even point. PBP estimation is important because it
is one of the economic appraisal techniques that provides
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information about the temporal profitability of a produc-
tion process. For the coproduction process, the cost of
investment was calculated as the NPV of the cost of pro-
duction over the process lifetime. PBP was then estimated
as the ratio between the cost of investment and net cash
flow per annum (Equation (6)).

PBP=
Cost of investment

Net cash flow per annum
=

NPV costð Þ
NPV profitð Þper annum

ð6Þ

The annual net cash flow was computed as the NPV
of profit per annum.

3 | RESULTS AND DISCUSSION

3.1 | Material and energy balances

The essential features used in commercial cultivation of
D salina, with the intended purpose of β-carotene accumu-
lation in large-scale open system, are the high salinity and
adequate sunlight to stimulate maximum caretogenesis, as
adopted in our model.78 Thus, with suitable conditions and
optimum nutrients, microalgae proliferate rapidly, owing
to their high multiplication rates, and biomass doubling in
24 hours.79 The material output from the cultivation stage
is wet D. salina. The areal productivity of D. salina biomass
from the open pond was determined to be 21 g/m2 d using
Equation (1). The productivity of D. salina per cultivation
area for each growth cycle and for the entire year was
estimated by multiplying Palgae by 14 and 300 days, respec-
tively. The total biomass productivity for the entire cultiva-
tion area was also estimated by multiplying the areal
productivity by the total cultivation area. Biomass cell den-
sity was estimated to be 0.98 g/L. Qw was estimated with
Equation (2) to be 6.42 m3/m2 y when water loss due to
evaporation was neglected. This value was higher than the
rate of 2.28 m3/m2 y predicted previously for arid regions.52

This component of total water requirement is vital

considering the extremely dry environment of UAE and
can impact the total process environmental footprint. Qw

increased to 8.7 m3/m2/y when considering the water loss
due to evaporation.

The material output from the harvesting stage is wet
D. salina, while the material outputs from the dewatering,
lipid extraction, transesterification, and β-carotene stages
are dry D. salina biomass, lipids, biodiesel, and β-carotene,
respectively. Using the Gabi 6 software, the flow rates of
D. salina outputs from the harvesting and dewatering
stages were found to be 19 and 15 g/m2 d, respectively.
The mass flow rate of extracted lipids was estimated to be
4 g/m2 d or a PL value of 4.6 cm3/m2 d, as obtained
from Equation (3). The mass flow rates of biodiesel and
β-carotene produced from the process were estimated using
the Gabi 6 software as 3.3 and 0.2 g/m2 d, respectively. This
areal productivity of biodiesel was equivalent to the func-
tional unit employed in this study. The areal mass flow
rates of all streams were converted to mass flow rates per
cycle, per year, and total mass flow rates over the entire
cultivation area using HRT, T, and As, respectively, as con-
version factors (Table 2).

The energy requirements for each stage were also esti-
mated. Equation (4) was used to calculate the energy
consumed by the pumps running the open pond, which
was estimated to be 1.28 MWh/y. Using the Gabi 6, the
total energy requirement for the open pond cultivation,
including electricity consumption for make-up water,
was estimated as 2.4 MWh/y. The energy requirements
for the harvesting, dewatering, and lipid extraction stages
were estimated as 101.8, 22.2, and 0.100 GWh/y, respec-
tively. Transesterification and β-carotene extraction con-
sume 0.025 and 4 GWh/y, respectively, according to the
functional unit employed in this study. The functional
mass (ie, 1 kg of biodiesel) and 0.07 kg of β-carotene
coproduct were found to be produced from 6.3 kg of
D. salina. The energy consumed and mass flow rates
across all stages are shown in Figure 2.

As shown in Figure 2, the harvesting stage was the
highest energy intensive stage. The energy requirement of
the harvesting stage outweighed the sum of the energy

TABLE 2 Flow rates of material

outputs from the process stages
Stage Material

Flow rates of material outputs

g/m2 d g/m2 cycle kg/m2/y t/y

Cultivation Wet D. salina 21 294 6.3 20 998

Harvesting Wet D. salina 19 266 5.7 18 998

Dewatering Dry D. salina 15 210 4.5 14 999

Lipid extraction Lipids 4 56 1.2 4000

Transesterification Biodiesel 3.3 47 1 3333

β-carotene extraction β-carotene 0.23 3.3 0.07 233
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requirements of all other stages and accounted for 79% of
the total energy requirement. This finding was in concor-
dance with previous studies on D. salina harvesting that
also reported that more energy was consumed in the
harvesting stage relative to other stage, although a previ-
ous study has concluded that algal harvesting contributed
to only 30% of the total production costs.38,72,79,80 High
harvesting energy can be attributed to the unicellular
nature of D. salina. In this study, harvesting was a two-
stage process, consisting of flocculation followed by gravity
settling. Flocculation was opted for as a preliminary step
to aggregate the cells for the second gravity sedimentation
step.81 It is highly imperative that preliminary flocculation
results in a dense algal mixture to further increase the effi-
ciency of gravity sedimentation process.82 The specific
energy requirement of the flocculation unit was a bit high
(0.458 kWh/kg), which might be responsible for its signifi-
cant contribution to the overall energy requirement. For
effective light penetration in open ponds, the pond depth
has to be limited and the culture cannot be over dense,
which directly influence the cost of harvesting.83-85 The

energy consumption of the other stages decreases in the
following order: dewatering, β-carotene extraction, lipid
extraction, and transesterification. Dewatering by spray
drying has been selected because it has been branded as
an appropriate choice when the recovered algal biomass is
of high value and its end use is for human consumption.86

Other factors to be considered when selecting the drying
technique is the production scale, and the preferred qual-
ity of the product, dictated by its end user applications.87

While considering the lipids as a feedstock for biodiesel
production, its fatty acid profile has to be carefully evalu-
ated, as it can affect the properties and stability of the pro-
duced biodiesel.88 Gas chromatography analysis of fatty
acid profile of D. salina lipid showed that the highest fatty
acid constituent was the unsaturated linolenic acid (C18:2)
accounting for 30.26%, followed by linoleic acid (C18:2) at
13.24%. The highest saturated fatty acids constituent was
palmitic acid (C16:0) at 18.2%.89

The total amount of energy required for the produc-
tion of the functional unit was estimated to be
128.1 GWh/y. One of the products, namely biodiesel

FIGURE 2 Estimated energy and mass flow rates of material inputs and outputs across all stages [Colour figure can be viewed at

wileyonlinelibrary.com]
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produced in the transesterification stage, was only con-
sidered in the final bioenergy-produced determination, as
the other product β-carotene is not an energy source. The
lipid accumulation rate was taken as 25% of the recov-
ered dry biomass from earlier documented studies.90 It
was estimated from the lower calorific value of biodiesel,
that is, 37.5 MJ/kg,91 which is equivalent to 9.1 kWh/L
or 10.4 kWh/kg of biodiesel. The annual production
of biodiesel from the functional unit would be 3333 t.
The annual total energy output from the process was
computed from the annual biodiesel production and
lower calorific value of biodiesel. The annual total energy
output was found to be 35 GWh/y, which was much
lower than the total energy input of 128.1 GWh/y. The
NER of the life cycle was estimated to be 0.27 only,
namely, as calculated from the ratio of the total energy
output to total energy input. Therefore, from an energy
perspective taking into account all the components that
can be quantified, the energy economics of this system
was unfavorable, which was mainly due to the energy-
intensive units used in the process, mainly harvesting,
dewatering, and extraction.

NER values lower than 1.0 have also been reported in
several previous studies on biofuel production from micro-
algae. For example, Monari et al,92 examined the energy
balance of biodiesel production from Nannochloropsis sp.
cultivated at industrial scale in photobioreactors in
Denmark. Different technologies were considered in the
cultivation stage (freshwater vs wastewater), harvesting
stage (flocculation vs centrifugation), and oil extraction
stage (drying + hexane extraction vs supercritical CO2

extraction). For every MJ of biodiesel produced, the
energy requirements for the fresh water cultivation, waste-
water cultivation, flocculation, centrifugation, drying,
hexane extraction, and supercritical CO2 extraction stages
were estimated to be 2.8 MJ (as electrical energy),
2.8 MJ (as electrical energy), 0.18 MJ (as electrical energy),
0.4 MJ (as electrical energy), 1.12 MJ (as thermal
energy), 0.04 MJ (as electrical energy) + 0.1 MJ (as thermal
energy), 0.65 MJ (as electrical energy), and 0.02 MJ
(as electrical energy), respectively. All combinations lead to
NER values lower than 1.0. The life cycle impacts of com-
bining different techniques of algae cultivation (raceway vs
wastewater effluent cultivation) with different fuel conver-
sion processes (whole cell pyrolysis vs oil extraction and
hydrotreatment) have been compared by Handler et al.93

Three scenarios were studied, namely, wastewater effluent
cultivation/pyrolysis, raceway cultivation/oil extraction,
and raceway cultivation/pyrolysis. Algal cultivation in
wastewater effluent involved the use of primary effluent
containing sizable nutrients from a wastewater treatment
plant while raceway cultivation involved the 2cultivation of
single-strain halotolerant algae (Nannochloropsis sp.) in a

high input/high yield fashion (after nutrient removal). In
all scenarios, hydroprocessing was considered for the
cleaning of the liquid fuel product to ensure a final product
of high quality. The raceway cultivation technique com-
bined with oil extraction and pyrolysis resulted in NER
values of 0.7 and 0.3, respectively, when dissolved air flota-
tion was employed for dewatering. On the other hand, the
combination of wastewater effluent cultivation with pyroly-
sis significantly reduced the NER due to energy credit allo-
cation to the biological nutrient removal, which was
not required in this scenario. In another study, pyrolysis
was compared with hydrothermal liquefaction.94 The
two conversion processes were considered for the conver-
sion of Scenedesmus dimorphus, which was cultivated with
laboratory-grade macronutrients. NER values of 0.8 and
0.44 were obtained for the hydrothermal liquefaction and
pyrolysis processes, respectively.

This suggests that, although the modeled process of bio-
diesel and β-carotene coproduction is technically viable,
measurable energy requirements outweigh the renewable
energy content of the biodiesel produced. Consequently,
the environmental impact and cost-profit assessments were
further carried out to evaluate the sustainability of the pro-
cess better.

3.2 | Environmental impact assessment

The contributions of the process stages to GWP per
100 years are shown in Figure 3. The emissions contribut-
ing to global warming are CO2, CH4, N2O, CFCs (11, 12,
113, 114, 115), HFCs (HFC-125, -134a, -152a), CCl4,
CCl3CH3, and CO. The energy-intensive units, namely,
dewatering, harvesting, and β-carotene extraction contrib-
ute significantly to global warming, relative to other
stages. Most of the GWP impacts for each stage were due
to organic/inorganic emissions and particulates. These
emissions were directly related to energy consumption
and disposal of the materials of the flocculation unit, spray
dryer, and freeze dryer at the end of the lifecycle. The
impact of particle discharge to the sea, contributed by
β-carotene extraction, was significantly higher than those
of the other stages. This might be due to the presence of
colloidal biomass particles in the sublimed phase that
moves directly to the vapor phase during freeze-drying.
As per the functional unit employed in this study, the total
GWP was estimated to be 128.3 kg CO2eq/y. As shown in
Figure 3, the contributions of the cultivation, harvesting,
dewatering, lipid extraction, β-carotene extraction, and
transesterification stages to the total energy input per
functional unit are 2.4 MWh, 101.8 GWh, 22.2 GWh,
100 MWh, 4 GWh, and 25.3 MWh, respectively. Therefore,
as for the “particles to seawater” emission only, the impact
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of β-carotene extraction is significantly higher than the
impact of any other stage. However, in terms of the overall
GWP, the dewatering stage has the highest overall GWP
due to the higher energy consumption and emissions from
the dewatering stage.

Normalizing the total GWP of the process with the
global normalization reference of 8700 kg CO2eq/capita y,
a normalized impact potential of 15 mPt per functional
unit was obtained. The normalization reference is the
approximate (subjective) effect contributed by one person

FIGURE 3 Global

warming potential (GWP)

contributions of the open pond

cultivation (CV), dewatering

(DW), β-carotene extraction
(BX) units, harvesting (HV),

lipid extraction (LX), and

transesterification (TE) stages

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 Eutrophication

potential (EP) contributions of

the open pond cultivation (CV),

dewatering (DW), β-carotene
extraction (BX), harvesting (HV),

lipid extraction (LX), and

transesterification (TE) per

functional unit of biodiesel

[Colour figure can be viewed at

wileyonlinelibrary.com]
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(1 Pt) to global warming, that is, the CO2eq derived from
the contribution of an average person.59

The eutrophication impact of the process was evalu-
ated in terms of EP, as shown in Figure 4. The total EP
was estimated to be 129 kg PO4

−3
eq (42 kg Peq) per func-

tional unit. Some research studies have verified that the
cultivation of microalgae can lower the EP of the marine
environment by the uptake of nitrogen and carbon from
water25 and it is the process technological steps that con-
tribute to this category. In alignment, we discovered that
the lipid and β-carotene extraction stages contributed
most significantly to the overall EP due to the seawater
nutrient enrichment that would arise when the sludge
from the extraction processes was disposed in seawater.

Seawater is the predominant source of freshwater in the
geographical area considered in this study. After extrac-
tion, the sludge consists of carbohydrate and protein
(major components) along with some amounts of water
and cellulose.17 Thus, the residue affects the quality
of seawater that is in turn used for freshwater production.
The EP of the process was normalized against a global
normalization reference of 0.73 kg Peq/capita.

94 The
normalized EP was estimated to be 58 Pt, indicating that
the tendency of the process to cause eutrophication was
high. This could be reduced by reusing the sludge or resi-
due from the extraction stages and minimizing the expo-
sure of the sludge to the marine ecosystem. Figure 5
shows the other impacts, namely AP, ODP, and PCOP,

FIGURE 5 Total and sectorial A, acidification potential (AP); B, ozone depletion potential (ODP); and C, photochemical ozone

formation potential (PCOP) of the harvesting (HV) and dewatering (DW) stages per functional unit of biodiesel [Colour figure can be viewed

at wileyonlinelibrary.com]
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of harvesting and dewatering stages and their total
values.

The effects of AP were contributed by substances that
discharge H+ ions to the environment (such as SO2, SO3,
and NOx), leading to the acidification of water bodies
and forest dieback. These gases are emitted from fossil
fuel combustion during electricity production. Likewise,
stratospheric ozone layer depletion was mainly caused by
halogenated gases, CH4 and N2O. Photochemical ozone
was formed from gaseous emissions (NOx, CO, and so
forth) and volatile organic compounds, such as ethene
that release peroxy radicals under the influence of sun-
light. Unlike the stratospheric ozone, photochemical
ozone is formed in the troposphere, making it hazardous to
human health.95,96 The high contributions of harvesting
and dewatering stages to AP, ODP, and PCOP is directly
related to the fossil emissions resulting from the electricity
requirements of these stages. Therefore, the two stages
shown in Figure 5 exhibit the largest share of the total
energy consumption, resulting in the highest AP, ODP,
and PCOP impacts. The AP, ODP, and PCOP impacts esti-
mated for the entire system per functional unit were 3 g
SO2eq, 0.18 μg CFCeq, and 0.22 g C2H4eq, respectively. The
harvesting stage alone was responsible for 89%, 88%, and
84% of the impact potentials due to acidification, ozone
depletion, and photochemical ozone formation, respec-
tively. Using global normalized references of 59 kg SO2eq/
capita y, 0.103 kg CFCeq/capita y, and 22 kg C2H4eq/
capita y,58 the estimated normalized potentials were
50 μPt, 1.7 nPt, and 10 μPt, respectively. These values were
lower than those obtained for GWP and EP, indicating
that the influence of the process on global warming and
eutrophication was more significant than on acidification,
ozone depletion, and photochemical ozone formation. The
weighted potentials per functional unit for GWP, EP, AP,
ODP, and PCOP were 16.8 mPt, 69.6 Pt, 65 μPt, 7.5 nPt,
and 10 μPt, respectively. This shows that even when
applying weighting, eutrophication and global warming
remain the major impacts of the process and no

substantial disparity between the weighted and non-
weighted potentials were observed. More importantly, the
cumulative GWP values fall well below the recommended
range, not representing a threat to the environment. This
proves that the process was environmentally friendly and
did not cause much damage to the environment in the
form of toxic gases, even though β-carotene is being
coproduced.

3.3 | LCC and sensitivity analysis results

The life cycle costs were calculated by summing up
the preliminary costs and anticipated costs during the
operational period, and the salvage value at the end of
operation,73 as given in Table 3. As given in the table, the
major constituent of the LCC cost is the energy costs
that is, the total electricity costs involved, from cultiva-
tion to the final product stage. The LCC cost increased by
$1.6 million/y when β-carotene production was incorpo-
rated into the system.

To further understand the shifting of energy and eco-
nomic balance, a sensitivity analysis was conducted to
analyze how the fluctuation of certain design variables
could impact energy requirements.6 In biological systems,
such as the one under investigation, enumerating all the
variables that may influence the energy and cost estima-
tions is challenging. In this work, three design variables
and a market force were considered to determine an
overall impact.

Case 1: For spray drying, a thermal conversion effi-
ciency of 76% was assumed, as indicated in Section 2.1.
However, with exhaust heat recovery, the efficiency of the
process could increase and energy consumption costs could
then decrease. With an increase in thermal efficiency to
85%, the recovered biomass would increase by 0.3 kg per
functional unit, leading to a decrease of 1.7 GWh/y in
energy consumption. This translates into an extra income
of $0.13 million/y from the net biodiesel produced.

TABLE 3 Breakdown of the total LCC costs comparing production of biodiesel alone and coproduction of β-carotene

Production of biodiesel Production of biodiesel and β-carotene

Per year For 10 years Per year For 10 years

Capital costs (Ci) $6.3 million $21 million $6.3 million $21 million

Operating costs/year (Co) $2.73 million $27.3 million $2.73 million $27.3 million

Maintenance costs/year (Cm) $0.63 million $6.3 million $0.63 million $6.3 million

Energy costs (Ce) $31.9 million $319 million $33.5 million $335 million

End of life/disposal costs (Cr) $0.63 million $0.63 million

LCCtotal = Ci + Cm + Co + Ce + Cr $42.19 million $374 million $43.79 million $389.6 million

Abbreviation: LCC, life cycle cost.
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Case 2: With proper stress conditions, optimum irra-
diance, and nutrient supply, β-carotene contents can be
increased from 12% to 14% (highest reported content).
Hence, the recovered β-carotene output would increase
from 0.07 to 0.084 kg, as shown in Figure 2. The increase
in energy costs due to this would be insignificant. How-
ever, this 20% increase in β-carotene production, relative
to 0.07 kg, per year translates into a significant added
income of $9.4 million. Possible mechanisms triggering
maximum accumulation of β-carotene are storage of car-
bon, oxygen quenching and solar radiation induction.
The consideration of these mechanisms could lead to an
increase in β-carotene output, which would translate to
an additional profit of $9.4 million.

Case 3: An increase in the conversion efficiency
of transesterification process from 88% to 92% (highest
reported conversion) could increase the biodiesel capacity
by 10% per cycle and reduce the energy consumption by
2.63 MWh/y, adding a production increase of 350 t/y.
That could generate a revenue of $0.28 million/y, assum-
ing biodiesel selling price of $0.7/L.

Market force: Taking the market selling price of
β-carotene as $300/kg, leads to a projected revenue of
$70 million/y in comparison to $47 million/y from a unit
price of $200/kg.

This sensitivity analysis shows that the highest
energy-saving step apart from the harvesting stage would
arise from the efficiency augmentation of the dewatering
process (leading to an energy saving of 1.7 GWh/y in
Case 1), followed by the transesterification process (lead-
ing to an energy saving of 2.63 MWh/y in Case 3). The
results from the energy consumption for all the cases

were converted to tentative profits, and the modified rev-
enues were calculated and shown in Figure 6. It was
found that although maximizing β-carotene content had
an insignificant effect on the energy consumption, a dras-
tic impact on the revenue was observed. The projected
revenue would increase from $49.7 million to $52.5 mil-
lion, $58.7 million, or $50 million if the base case is
changed to Case 1, Case 2, or Case 3, respectively. This
increase would translate to 5.6%, 18.1%, 0.6% additional
revenue by Case 1, Case 2, and Case 3, respectively, com-
pared to the projected revenue of the base case. The sen-
sitivity analysis also revealed that the market factor has a
greater effect on the projected revenue than the three
design variables. The market selling price of β-carotene
can capitalize on the revenues generated and by increas-
ing it to $300/kg would increase the projected revenue
by more than 40% compared with the selling price of
$200/kg. Increase in the three design variables, however,
would result in less than 25% increase in the revenues.

Figure 7 shows the estimates of the breakdown of the
production cost, including those associated with capital
cost, operating cost without electricity, and electricity per
year. An overview of the contributions of the different
cost sectors is also shown in Figure 7. The total capital
cost in the first year of production was estimated to be
US$6.3 million, with the civil and mechanical works
accounting for 94% of the total (Figure 7A). These works
include site investigation, topographical survey, excava-
tions, pond filling, impermeable membrane installation
inside the pond, the laying of plastic pipes, and installa-
tion of aeration and water pumps. These works were
preliminary demonstration-scale investigations carried

FIGURE 6 Projected revenues for all assumed cases
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out at Masdar City, Khalifa University. Other capital cost
components include the costs of laboratory and office
building, supplies, and equipment. The operating cost
without the electricity component was estimated to be US
$2.73 million.

The upstream material cost accounted for 92% and
transport, and labor cost accounted for the rest (Figure 7B).
The total electricity cost was estimated to be US$33.5 mil-
lion. The major portion of this amount was due to the

electricity required for harvesting and dewatering
(Figure 7C). Electricity cost accounted for 78% of the total
production cost followed by capital cost, and then by the
other operating costs. The contributions of capital,
upstream, electricity, and transport and labor costs to the
overall production cost are shown in Figure 7D. The total
cost of production in the first year was estimated to be US
$10.43/L, which was slightly higher than that reported for
another microalgae production process, which was US

FIGURE 7 Estimates of production cost components, including A, capital cost components; B, operating cost components without

electricity; C, cost of electricity consumed by unit processes; and D, an overview of the contributions of different sectors per functional unit

of biodiesel; E, annual discounted profits of systems producing biodiesel only and biodiesel with β-carotene [Colour figure can be viewed at

wileyonlinelibrary.com]
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$8.47/L.97 The discrepancy was due to the additional cost
of β-carotene production, which has not been considered
in the previous study.

Electricity cost accounted for the largest portion
of the total cost, followed by capital cost and, then,
upstream cost. Lower production costs would be required
after the first year because the construction and equip-
ment costs would no longer be included. The costs
for the subsequent years (after the first year) were
discounted with the current discount rate of 2% in the
UAE. The NPV of the cost of production over the process
lifetime of 10 years was computed as US$372.5 million,
as given in Table 4.

The revenues from biodiesel and β-carotene production
for the first year were estimated to be US$2.7 million/y and
US$47 million/y, respectively. The overall revenues from
the coproduction for the subsequent years were discounted
for inflation. The NPV of the total revenue over the process
lifetime was estimated to be US$493.2 million. This
shows that the system was profitable, as the revenue
exceeded the cost by 32%. For the second scenario, that
is, the scenario whereby only the production of biodiesel
was considered, the NPV cost and revenue were esti-
mated to be US$372 million and US$27 million, respec-
tively, as given in Table 4. The revenue obtainable
from biodiesel alone would be insufficient to counter-
weigh the cost of the production. Figure 7E shows the
annual profits, estimated as the difference between the
discounted revenue and cost for both single-product and
coproduct systems for each year. Losses would be accrued
annually in the single-product system. The NPV of the
accruable loss over the system lifetime was estimated to
be US$345 million. Hence, a clear outcome of this study
is that there is no economic justification for the exclusive
production of biodiesel. However, for the coproduction
system, the NPV of the total profit was US$120.7 million.
As seen in Figure 7, due to the high-value of β-carotene,
integrating the production of this natural antioxidant
with biodiesel from D. salina can significantly improve
the process economics by increasing the revenues from
both products.

PBP of the coproduction process was estimated from
Equation (6) to be 8 years. This is an economic advan-
tage, when the lifetime of real operating plants is taking

into consideration. The lifetime of real operating algae
plants is up to 30 years.

The global market size of β-carotene in 2015 was
US$425 million.75 The global market size in 2018 was
estimated to be US$464.4 million, with a compound
annual growth rate over 3%. The economic value of
β-carotene considered for production in this study is
estimated to be only US$47 million/y. The current
global market size is very much higher than the market
size considered in this study. As the human body
cannot synthesize β-carotene, the global demand of
β-carotene as an external source of vitamin keeps
increasing.98 Foods fortified with β-carotene often con-
tribute up to 30% of the daily supply of vitamin A.99

Natural β-carotene, obtained from microalgal sources, is
more commercially attractive than its chemically syn-
thesized forms. The natural ones offer higher antioxi-
dant activity, extended physiological effects, and higher
bioavailability rates.100 Therefore, it can be inferred that
β-carotene production is economically profitable, but
the key problem with the sole production of β-carotene
is its relatively higher energy demand, which leads to
more detrimental environmental effects, compared with
biodiesel production.

It is important to note that an energetic analysis is not
all-inclusive in this production system, since the valuable
coproduct, β-carotene is not an energy source. The feasi-
bility of the process can only be effectively addressed by
looking at both environmental concerns and economic
practicability. Therefore, (a) cultivating microalgae for
only biodiesel production is not economically attractive;
(b) β-carotene production is less environmentally friendly
than biodiesel production; (c) it is preferable to combine
biodiesel and β-carotene production in terms of both eco-
nomic profitability and environmental impacts. The other
possible routes to increasing the overall efficiency of
algae-to-energy systems is that the residual biomass left
after the lipid extraction could be used to generate biogas
through anaerobic digestion. And in turn, the left over
biomass could be employed as a fertilizer, since it contains
valuable nutrients. The algal cultivation system could be
set up to utilize the CO2 coming in from industrial flue
gases to combine the positive effect of reducing green-
house gas emissions. At present, several technologies for
biofuels are in the stage of conception or nascent research.
Some have already been implemented worldwide in dif-
ferent domains and have been successful. With thorough
research and technological advancements, harvesting,
dewatering, and oil extraction processes can become
more efficient and economical, and therefore the full
potential of biodiesel from microalgae can be attained.
In addition, the commercialization and feasibility of the
process can be enhanced by advancement in genetic

TABLE 4 NPVs of the production cost and revenue over the

lifetime of biodiesel and β-carotene coproduction system

Coproduction Biodiesel only

NPV cost US$ 372.5 million US$ 372 million

NPV revenue US$ 493.2 million US$ 27 million

Abbreviation: NPV, net present value.
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engineering research to manipulate biochemical pathways
for enhanced biomass and lipid productivities and stimu-
late accumulation and secretion of required valuable
derivatives, facilitating its easy extraction.

4 | CONCLUSIONS

Commercial cultivation of marine microalgae is favored
in countries geographically endowed with saline coastal
nonarable lands and harsh desert weather due to the
advantageous they hold. Nonetheless, the production of
biodiesel alone from D. salina is not favorable economi-
cally. The energy gained from biodiesel was only 27% of
the energy invested in the biodiesel production process.
In this study, it was shown that, biodiesel production
from D. salina would become profitable, if biodiesel was
coproduced with β-carotene. The revenue would exceed
the cost by 32%, according to the economic assessment
carried. However, coproduction would require an addi-
tional energy consumption for β-carotene extraction, lead-
ing to more environmental impacts, which would not alter
the environmental friendliness of the biodiesel production
process. From the LCA, global warming was the major
impact of the coproduction process but the cumulative
GWP value of 16.8 mPt was well below the recommended
range, indicating that the coproduction process was envi-
ronmentally friendly. In addition, β-carotene production
will not significantly influence the energy consumption of
the coproduction process.

Sensitivity analysis indicated that the increase in
β-carotene accumulation and market price have a clear
positive effect on the revenue and profitability. Other sce-
narios such as increase in dewatering efficiency and biodie-
sel conversion efficiency during transesterification would
have lower influence on the projected revenue, compared
with β-carotene accumulation and market price.
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