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Biodiesel production based on microalgae and using carbon dioxide as feedstock consti-

tutes an attractive biofuel alternative. Technology development and process optimization

are  necessary to minimize the overall production cost. Moreover, in the framework of pro-

cess  sustainability, social and environmental impacts should include process safety aspects.

In  this context, the objective of this work is to develop a biodiesel production process based

on  microalgae and the subsequent estimation of the associated risks, thus contributing to

more  sustainable and safe processes.

The biodiesel biorefinery is optimized, taking into account alternative configurations for

algae  cultivation and lipid extraction. Algae cultivation options are open ponds and tubular

photobioreactors. Regarding lipid extraction, dewatering and subsequent n-hexane extrac-

tion, and combined ethanol/n-hexane extraction are the studied alternatives. Numerical

results showed that open ponds and n-hexane extraction provide maximum net present

value. However, n-hexane consumption dramatically rises, and industrial hazards have not

been considered in the optimization process. To overcome this issue, a preliminary hazard

analysis is carried out to identify hazardous materials and operations. Event trees are for-

mulated to derive the frequencies of different accident scenarios, further determining the

consequences. The major consequences of accidents involve toxic releases of high quanti-

ties of n-hexane. By comparing the proposed alternatives, this work aims to highlight the

need  to consider not only economic but also safety and environmental objectives in the
development of a biodiesel production project.

© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Jiang, 2011; Rulong et al., 2012). Microalgae represent several
.  Introduction

ossil fuel energy resources have shown many  drawbacks,
hus enhancing the development of alternative energies such
s renewable solid, liquid and gaseous biofuels (Giotitsas et al.,
015). In this context, significant growth has taken place in dif-
erent countries for biodiesel production, to meet both internal
nd external demand for home consumption. First and sec-
Please cite this article in press as: Pinedo, J., et al., Microalgae biorefine
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nd generation biofuels were previous attempts to obtain
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renewable energy resources from food crops and forest
residues, respectively. However, they have raised concern over
the use of arable land and food competition (Mata et al., 2010).

Third generation biofuels derived from microalgae turns up
as promising, carbon neutral and technically viable alternative
energy resource, overcoming the major drawbacks presented
by first and second generation biofuels (Chisti, 2007; Gong and
ry alternatives and hazard evaluation. Chem. Eng. Res. Des. (2015),

benefits as sustainable biofuel feedstock, posing high growth
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Nomenclature

AD anaerobic digestion
AEGL acute exposure guideline level
CHP combined heat a power
ECu energy consumption for unit (u)
ECRu energy consumption ratio per unit of mass

flowrate relative to unit (u)
ERPG Emergency Response Planning Guideline
FF flash fire
Fp net cash flow calculated in period p ($)
GAMS General Algebraic Modeling System
I0 initial investment ($)
LCA life cycle assessment
LEL lower explosive limit
LOC loss of containment
LOCon level of concern
mu mass flowrate
MINLP mixed integer nonlinear programming
N total number of periods (15 years)
NLP nonlinear programming
NPV net present value
PF pool fire
PHA Preliminary hazard analysis
r discount rate (10%)
STCi stoichiometric number of the component i for

the reaction in (l)
TPBR tubular photobioreactor
TR toxic release
VCE vapour cloud explosion
�1* extent of reaction in reactive unit (l)
ṁin

i,l
component i flowrate entering unit (l)

ṁout
i,l

component i flowrate leaving unit (l)
�i,l conversion of the reactant i in the reactive unit

(l)
rates and cultivation of large biomass amounts, as well as
presenting the ability to thrive in harsh environments (Zhao
et al., 2012). First, second and third generation biofuels have
been evaluated to be applied in the EU (Čuček et al., 2014).
Microalgae, and their entrained lipids, can provide differ-
ent types of biofuels and bioenergy production options, such
as biodiesel from transesterification, fermented bioethanol,
photo-biological hydrogen, or methane produced by anaerobic
digestion of the algal biomass (Chisti, 2007; Grossmann et al.,
2014; Scott et al., 2010; Ullah et al., 2015).

Chisti (2008) stated that only biodiesel from microalgae has
the potential to completely displace petroleum-derived fuels,
having the ability to be directly consumed by conventional
diesel engines. Algal biodiesel presents several advantages
over petroleum diesel in the pursuit of sustainability: it is
a renewable energy source, biodegradable, non-toxic, quasi-
carbon neutral under sustainable production and contains
reduced levels of non-desired contaminants (particulate mat-
ter, carbon monoxide or SOX). Another major advantage of
algal biodiesel over petroleum diesel is the need to consume
CO2 for algae cultivation, drastically reducing CO2 emissions
an even requiring CO2 supply for an external source. This issue
may produce a synergistic effect if a microalgae biorefinery is
located close to CO2-disposal industry, such as thermoelectric
Please cite this article in press as: Pinedo, J., et al., Microalgae biorefine
http://dx.doi.org/10.1016/j.cherd.2015.10.039

(Brennan and Owende, 2009; Gong and Jiang, 2011; Singh and
Singh, 2014).
Nonetheless, biofuels extracted from microalgae present
higher costs of process technology than petroleum diesel,
hindering their commercial exploitation. To overcome this
problem, highly integrated production processes can be imple-
mented, not only to reduce wastes, but also to create efficient
processing of biomass into energy, fuels, chemicals, polymers
or food additives, among others (Sadhukhan et al., 2014). Addi-
tionally, if an anaerobic digester is considered to produce
energy from process waste streams, it can also be fed by
waste paper and sludge from water treatment plants, reducing
other environmental problems and promoting the sustaina-
bility within a life cycle assessment (LCA) perspective.

However, within a sustainable framework, not only eco-
nomic issues should be evaluated, but also potential impacts
on the environment and population must be taken into
account.

Several studies highlighted the need to couple economic
and environmental aspects of sustainability for the biodiesel
production, usually applying LCA approaches to assess the
environmental impact (Yue et al., 2014). Gutiérrez-Arriaga
et al. (2014) complemented biorefineries with CO2 biofix-
ation, following LCA principles. Martinez-Hernandez et al.
(2013) combined economic value and environmental impact
(EVEI) analysis to define sustainability indicators based on
LCA. Menetrez (2012) reviewed the potential, environmen-
tal, and human health impacts of different microalgae for
biofuel production, including genetically modified organisms.
Andiappan et al. (2015) proposed a multiobjective optimiza-
tion approach to trade off different criteria simultaneously,
for the incremental environmental burden within a reaction
pathway. A systematic method combining process simulation,
economic, environmental and energetic assessment and heat
integration was proposed by Brunet et al. (2015). The multiob-
jective program formulated by Santibañez-Aguilar et al., 2014
included process profitability, environmental impacts through
LCA and social issues by means of job generation.

However, process safety tends to be overlooked as a factor
in biorefinery process studies. In this sense, the evaluation of
industrial hazards would suppose an approach to the process
sustainability, since no methodology has been developed for
the minimisation of work-related casualties due to the unpre-
dictable nature of workplace accidents (Ramadhan et al., 2014).
Nevertheless, only a few recent papers deal with the integra-
tion of economic and risk topics (Medina-Herrera et al., 2014;
Shahriar et al., 2012).

The risk of an undesired event is a function of a set of
scenarios, likelihood of occurrences and the consequences of
events (AIChE, 2000). Risk analysis is a systematic method
to prevent the occurrence of undesirable events by inte-
grating information of potential causes, consequences, and
likelihood. In particular, likelihood of an event refers to a quan-
titative measurement of occurrence, which is expressed either
as frequency (i.e., events per unit time) or probability (i.e.,
the chance of event to occur in defined conditions) of occur-
rence. Then, the risk assessment (RA) of industrial processes
is an interesting tool for identifying hazards and evaluating
the risks of use, handling, transport and storage of dangerous
substances. In the event of a spill or leak, this methodology
helps to establish whether there will be a threat to people,
property or the environment (Mannan, 2012).

The purpose of this work is the development of sustainable
and safe biodiesel production processes based on microal-
ry alternatives and hazard evaluation. Chem. Eng. Res. Des. (2015),

gae by process economic optimization and subsequent risk
evaluation. The study evaluates two alternatives for the algae

dx.doi.org/10.1016/j.cherd.2015.10.039
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Fig. 1 – Process methodology for the optimization and subsequent hazard estimation.
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ultivation system and two alternatives for lipid extraction
rom algae, presenting different energy and chemical require-

ents. We formulate a mixed integer nonlinear programming
odel to determine the optimal alternative for biodiesel pro-

uction in terms of an economic objective function, the net
resent value. Furthermore, alternative schemes are assessed

n terms of industrial hazards after economical optimization,
ince the potential solvents for lipid extraction had set out
everal issues not only in terms of economic assessment, but
lso regarding safety requirements. In this sense, within the
ustainability concept, we  evaluate the hazards arising from
he storage and handling of dangerous chemicals. Numerical
esults give a quantitative support for the future decision-

aking regarding acceptable risks and pave the way to further
roposing multi-objective optimization studies.

.  Methodology

he present work aims at determining the need to comple-
ent process optimization with industrial risk estimation, as

llustrated in Fig. 1. Unit operations and process alternatives
onsidered are firstly identified to subsequently define an opti-
ization model based on energy and material consumption.
ptimization results are compared to the potential risk assess-
ent evaluated for different scenarios according to alternative

rocess schemes. To better understand the influence of the
conomic and the safety aspects, hazard evaluation has been
ecoupled from the optimization problem. Risk is defined by
he consequences and the frequency of a non-desirable event
o occur. Whether the industrial hazards are identified as sig-
Please cite this article in press as: Pinedo, J., et al., Microalgae biorefine
http://dx.doi.org/10.1016/j.cherd.2015.10.039

ificant in the process definition, multi-objective formulation
ill be explored in future work.

Fig. 2 – Simplified process flow diagram fo
2.1.  Process  description

An integrated, microalgae-based biorefinery diagram for
biodiesel and energy production is shown in Fig. 2. The main
operations included in the proposed biodiesel production pro-
cess are algae cultivation (A), harvesting (Lee et al., 2010) and
dewatering (B), lipid extraction (C), algal oil processing for
obtaining biodiesel (D) and anaerobic digestion, followed by
energy generation (E) (García Prieto et al., 2014; Gebreslassie
et al., 2013). The oilcake, which is a waste stream obtained
after lipid extraction from algae biomass, and glycerol are
introduced to the anaerobic digester to produce biogas (mainly
methane and carbon dioxide). Glycerol, a by-product from
biodiesel production, can be also sold as a final product from
the integrated biorefinery (Martín and Grossmann, 2013). From
the anaerobic digestion process, there is a liquor stream, rich
in nutrients such as nitrogen and phosphorus, which is re-
circulated to the biodiesel process. Solid wastes are generated
in this step, as well. These residues can be used as fertilizers to
give an added value to the process. Finally, biogas is enhanced
in a biogas upgrading unit where water, rich in carbon dioxide,
is eliminated from the process stream and sent to the algae
cultivation step. Purified methane is sent to a combined heat
and power cycle to generate electric and thermal power to
partly supply the plant energy requirements.

Lipid content of microalgae biomass and growth rate are
key factors to evaluate the potential of microalgae for biodiesel
production. High lipid production has been searched for many
years by testing many  microalgal species, being isolated and
characterized numerous oleaginous species. Li et al. (2010)
have evaluated the behaviour of Enteromorpha prolifera at
ry alternatives and hazard evaluation. Chem. Eng. Res. Des. (2015),

different heating rates distinguishing dehydration, primary
devolatilization and residual decomposition. Algae species

r the proposed integrated biorefinery.

dx.doi.org/10.1016/j.cherd.2015.10.039
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should provide high biomass productivity and the ability
to accumulate large amounts of lipids, subsequently trans-
formed into biodiesel (Sforza et al., 2012).

2.2.  Microalgae  based  biodiesel  production  process

Microalgae require carbon dioxide, nutrients and light for
growth. We consider Haematococcus pluvialis, which is a uni-
cellular biflagellate freshwater chlorophyte, due to its high
lipid production capacity (lipid 18.3%, carbohydrate 50.4%
and protein 31.3%). This work aims at comparing two cul-
tivation systems, presenting different energy requirements
and biomass productivity. Carbon dioxide is supplied by the
flue stream from a thermoelectric plant, which is previously
treated to reduce its sulphur concentration.

Algae concentrations in the cultivation systems are not
high enough to directly extract lipids. Therefore, a primary
harvesting step concentrates algae biomass and a dewater-
ing step is further required to reduce water content in the
algae sludge before lipid extraction. Two alternative extraction
methods are evaluated, in which the required algae biomass
concentration depends on the type of solvent.

Transesterification is the final step to obtain biodiesel from
microalgae. Several techniques are being evaluated to opti-
mize the process, including microwave or sonication (Guldhe
et al., 2014). For this study, we  have considered the reaction
of triglycerides from the oil with methanol in presence of
sodium methoxide, to finally produce mono-esters that are
termed as biodiesel. Other alkali and enzymes have been stud-
ied to catalyse the transesterification reaction (Martín and
Grossmann, 2014).

2.3.  Cultivation  system

As mentioned before, production systems need carbon
dioxide, nutrients and light for the algae cultivation, and
they can be mainly classified into open and close systems.
The open pond or raceway pond systems only use sunlight,
resulting in an important advantage for algae production
due to the usage of a free natural resource (Brennan and
Owende, 2009; Gebreslassie et al., 2013). Nonetheless, sun-
light availability depends on the number of sunshine hours of
the area; thus seriously limiting the efficiency in areas with
low solar radiation. In these cases, artificial light is supported
to ensure a stable growth rate in a close system, known as
photobioreactor (PBR). These systems also enable to control
the process variables, allowing the growth of single-species of
microalgae for long periods, with lower risk of contamination
Please cite this article in press as: Pinedo, J., et al., Microalgae biorefine
http://dx.doi.org/10.1016/j.cherd.2015.10.039

(Saeid and Chojnacka, 2015). Therefore, biomass produc-
tion rates in PBRs are higher than in open pond systems.

Table 1 – Alternatives considered for algae cultivation and lipid

Alternative A

Algae cultivation Open  pond •Low energy con

TPBR •High productivi
lamps
•Comprehensive

Lipid extraction Dryer + n-hexane •Efficient lipid ex
•Moderate solven

Ethanol + n-hexane •Wet  algae biom
energy-consump
Artificial lighting enables continuous productivity, but
presents significant energy requirements, as compared to
open ponds systems.

2.4.  Dewatering  and  lipid  extraction

Several solvents have been commonly applied to remove lipids
from the oil cake, developing novel approaches for an effec-
tive eco-friendly process (Burja et al., 2007; Li et al., 2014). The
most commonly applied solvent at industrial level is n-hexane
(Gebreslassie et al., 2013). An oil cake enriched in proteins
and carbohydrates is obtained and can be used as feed for
the anaerobic digester system. In a second step n-hexane is
removed from the lipids and recirculated to the recycling sys-
tem.

However, in such processes, a previous drying operation is
mandatory and may consume about 80% of total energy in
the process (Gebreslassie et al., 2013; Lardon et al., 2009; Yang
et al., 2014). For this reason Chen et al. (2012), have proposed a
methodology to recover lipids without the need to completely
dry biomass, applying a 3:1 hexane–ethanol mixture as extrac-
tant at 90 ◦C and 1.4 MPa. Nevertheless, the ideal method for
industrial-scale extraction is still under development. For this
study n-hexane in dry biomass and ethanol/n-hexane in wet
biomass will be evaluated to determine the pros and cons of
each technology.

2.5.  Energy  production  by  anaerobic  digestion  process

Energy recovery from the biodiesel production process may
be implemented by the inclusion of an anaerobic digester
(AD), and CHP steps. In our case, the input materials are the
remaining glycerol produced in the transesterification step,
the oil cake, and the external supply of sources enriched in
carbon and nitrogen. In order to promote more  sustainable
and cost efficient processes, the waste paper and sludge from
a wastewater treatment plant will be fed to provide organic
carbon and nitrogen, respectively. After methanogenesis, the
final product is mostly composed by methane (60%) and car-
bon dioxide (40%).

C/N ratio in the digester must be between 20 and 25 for
optimal operation of the biodigester, with high methane pro-
ductivity (Yen and Brune, 2007). Liquor enriched in nutrients
is obtained and it can be re-circulated to the algae cultiva-
tion system. Solid residues are also formed, with applications
as high quality fertilizers. The CO2-enriched stream is sent to
the algae cultivation system. The purified biogas is the feed for
the CHP to generate electric and thermal power. Table 1 sum-
ry alternatives and hazard evaluation. Chem. Eng. Res. Des. (2015),

marizes the advantages and disadvantages of each alternative
for algae cultivation and the lipid extraction process.

 extraction.

dvantages Disadvantages

sumption •Limited productivity
•Low control process

ty, usage of fluorescent

 process control

•High energy consumption

traction
t consumption

•High energy consumption during
drying process

ass (less
tion in drying step)

•Intensive solvent consumption

dx.doi.org/10.1016/j.cherd.2015.10.039
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Based upon the selected alternative technologies, four
ifferent alternatives are defined: case 1 (open pond and dry-

ng + n-hexane), case 2 (TPBR and drying + n-hexane), case 3
open pond and ethanol + n-hexane) and case 4 (TPBR and
thanol + n-hexane). These alternatives entail variations in a
et of variables such as energy consumption, volume of reac-
ants, size of equipment and process efficiency, thus requiring
he assessment of industrial hazards to complement and sup-
ort the decision-making study.

.6.  Modelling  and  optimization

he integrated biorefinery for biodiesel and energy production
odel is formulated as a mixed integer nonlinear opti-
ization problem (MINLP), in which discrete decisions are

epresented with binary variables. The model is implemented
n GAMS (General Algebraic Modeling System, Brooke et al.,
014).

The objective function is net present value (NPV) for the
ntegrated biorefinery. The model equality constraints include

ass and energy balances, equipment design equations and
apital cost functions Mass balances for component i in a reac-
ive unit l are formulated as:

i

ṁin
i,l + �1∗ STCi =

∑

i

ṁout
i,l (1)

l∗ STCi = �i,lṁi,l (2)

�l∗ is the extent of reaction in reactive unit l; STCi is the
toichiometric number of the component i for the reaction in
; �i,l is the conversion of the reactant i in the reactive unit l; ṁin

i,l

s component i flowrate entering unit l; and ṁout
i,l

is component
 flowrate leaving unit l.

To evaluate energy consumption, we  have considered lin-
ar functions, as follows:

Cu = ECRumu (3)

here, ECu corresponds to energy consumption for the main
ection of process u, mu is the mass flowrate processed in unit

 or reactor volume if u corresponds to algae cultivation units;
CRu is energy consumption per mass flowrate unit relative to
; ECRu values are listed in Table 2.

Net Present Value (NPV) is used to evaluate the economic
rofitability of the project, as:

PV = −I0 +
N∑

p=0

Fp

(1 + r)p
(4)
Please cite this article in press as: Pinedo, J., et al., Microalgae biorefine
http://dx.doi.org/10.1016/j.cherd.2015.10.039

here, the summation is over all time periods p; N is the total
umber of periods (15 years); I0 is initial investment ($); Fp is

Table 2 – Energy consumption per mass flowrate unit in biodie

Energy consumption ratio Value 

ECRA,1 0.089 

ECRA,2 48 

ECRB 0.00088 

ECRC,1 0.581 

ECRC,2 0.1016 

ECRD 0.299 

ECRE 1.140 
net cash flow calculated in period p ($) and r is the discount
rate (10%).

Four binary variables are considered. They represent the
alternative technologies for microalgae cultivation (A) and
lipid extraction (C). yA,1 is associated to open ponds; yA,2 to
TPBRs, yC,1 to lipid extraction with n-hexane and yC,2 to lipid
extraction with n-hexane and ethanol. Big M constraints are
formulated as bounds to the corresponding continuous vari-
ables as it is shown in Eq. (7) where, Fi

s is the mass flow rate of
the component j in flow s, which represents the flows  involved
in the general mass balance, associated to binary variable yu,j.

yA,1 + yA,2 = 1. (5)

yC,1 + yC,2 = 1. (6)

Fi
s − Myu,j ≤ 0 ∀i ∈ I, s ∈ S, u ∈ U, j ∈ J. (7)

Additionally, the alternative cases are solved as NLPs to set
up energy consumption and solvent requirement, thus allow-
ing to carry out hazard evaluation.

2.7.  Risk  evaluation

The potential risks associated to industrial processes must
be evaluated to prevent and reduce the frequency of the
accidents. Different conceptual methods have been proposed
during the last years depending on the maturity level of the
process design and the background information available. A
preliminary hazard analysis (PHA) is applied when there is lit-
tle information on design details; in this case it was performed
to identify hazardous materials and process areas of the plant.
To evaluate the industrial risks associated to the biodiesel
production plant defined, the potential consequences of an
accident must be determined together with the frequency of
such accidental event.

2.7.1.  Consequences  calculations
The effects of managing hazardous materials are quantified
through the consequence analyses. This analysis includes
the estimation of physical effects (radiation, overpressure
and toxic doses) and the subsequent vulnerability evaluation
(D’Alessandro and Tonelli, 2011).

Event tree analysis is a logical modelling technique for
identifying and evaluating the sequence of events in a poten-
tial accident scenario following the occurrence of an initiating
event. A set of initiating events, defined as loss of containment
events (LOCs), are established from the Purple Book guidelines
(PGS-3, 2005). The consequences of each scenario are evalu-
ated by means of models (AIChE, 1995), resulting in distances
ry alternatives and hazard evaluation. Chem. Eng. Res. Des. (2015),

at which a certain damage level is expected. Finally, the levels
of concern for each accident enable discern the impact for a

sel production process.

Unit Ref.

kWh/m3 Jorquera et al. (2010)
kWh/m3 Jorquera et al. (2010)
kWh/kg water Shelef et al. (1984)
kWh/kg algae oil Elsayed et al. (2003)
kWh/kg algae oil Spirax-Sarco, 2014
kWh/kg biodiesel Morken et al. (2013)
kWh/kg biogas Morken et al. (2013)

dx.doi.org/10.1016/j.cherd.2015.10.039
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4.66 ·103 t/y

Sludge
1.27 ·104 t/y 

≤ 1.27 ·104 t/y 

Oil cake
2.65 ·105 t/y 
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4.38 ·104 t/y 

Electri c Energy

1.62 ·106  GJ/y 
Thermal Energ y

9.44 ·105 GJ/ y 

Ferti lize r
2.6 ·104 t/ y 

Methanol
4.74 ·103 t/y 

9.31 ·103 t/y 

Waste Pap er
1.87 ·104 t/y 
≤ 1.87 ·104 t/y 

Fig. 3 – Main optimization results for biodiesel biorefinery.
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defined scenario. These threshold values are specific for each
physical effect studied.

2.7.2.  Frequencies  estimation
Event trees developed in the consequences analysis can be
quantifying to evaluate the frequency of the potential acci-
dent scenario identified. Each possible path has a probability
of occurrence, resulting in different sequences. The probabil-
ity of each sequence is defined based upon the properties of
the material released and other specific factors (Vílchez et al.,
2011). The event trees used in this case correspond to the
release of toxic and flammable materials. They are based on an
initial event and the probabilities of the intermediate factors
to produce a final accident. The consequences to be evalu-
ated in this study are flash fire (FF), pool fire (PF), vapour cloud
explosion (VCE) and toxic release (TR) as illustrated in Fig. 4.

Regarding the initial event, several LOCs have been defined
for the proposed biorefinery plant, including stationary atmo-
spheric tanks and pipes. With respect to stationary tanks, the
following LOCs were considered: instantaneous release of the
total inventory to the atmosphere, continuous release of the
total inventory to the atmosphere in 10 min  and continuous
release to the atmosphere with a 10 mm opening. For pipes
with a nominal diameter below 75 mm,  the leaks simulated
correspond to a full bore rupture and an equivalent hole of a
10% of the pipe diameter. The frequencies of the LOCs were
obtained from the Purple Book (PGS-3, 2005).

3.  Results  and  discussion

3.1.  Process  optimization

The resulting MINLP model for the production of 120 t/d of
biodiesel has 2264 continuous variables, 4 discrete variables
and 1946 constraints. It has been implemented in GAMS,
selecting DICOPT as MINLP solver (CONOPT3 for NLP and
CPLEX for MILP). Upper bounds on substrate availability are
given by the amount of CO2 produced in a medium-size ther-
Please cite this article in press as: Pinedo, J., et al., Microalgae biorefine
http://dx.doi.org/10.1016/j.cherd.2015.10.039

moelectric power plant and equal to 1.46 × 106. The limits
defined for the sludge and waste paper are 1.27 × 104 and
1.87 × 104 t/y respectively, which are the volumes produced
in a medium city size (300,000 population). The C/N ratio in
the algae cultivation system must be between 20 and 25 for
an optimal operation. Besides, a lower bound constraint is
required to ensure biodiesel production of 4.38 × 104 t/y.

Numerical results show that the optimal configuration con-
sider OP for microalgae cultivation and hexane extraction as
the lipid extraction method. Main streams of the process are
shown in Fig. 3.

Based on the considered market values for raw materi-
als and products, the optimal net present value is negative
(−3.36 × 108 US$). Biodiesel production cost for this alternative
is 2.49 $/kg biodiesel. Fig. 4 shows operating cost distribution.

Costs include operating and maintenance (0.25 $/kg), util-
ities (0.58 $/kg), raw material (0.09 $/kg) and equipment
(0.68 $/kg), while the revenue includes glycerol and fertil-
izer sales, as well as incentives to promote renewable fuels
(0.99 $/kg). These results clearly show the well-known fact
that the production of high added products is required to
make a microalgae based biodiesel biorefinery economically
attractive. However, in this work, we focus on the biodiesel
production plant to also take into account risk considerations
and compare the different alternatives.

The assessment of energy consumption in the integrated
process determines harvesting and dewatering operations as
ry alternatives and hazard evaluation. Chem. Eng. Res. Des. (2015),

Fig. 4 – Biodiesel operating cost distribution.
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s compared to 2.13 × 106 kWh  required in microalgae cultiva-
ion, 8.61 × 104 kWh  in the lipid extraction and 3.59 × 104 kWh
n the transesterification step.

.2.  Risk  analysis

ased on the potential technologies taken into account in the
ptimization model, four different alternatives are defined:
ase 1 (open pond and drying + n-hexane; yA,1 = 1, yC,1 = 1),
ase 2 (TPBR and drying + n-hexane; yA,2 = 1, yC,1 = 1), case 3
open pond and ethanol + n-hexane; yA,1 = 1, yC,2 = 1) and case

 (TPBR and ethanol + n-hexane; yA,2 = 1, yC,2 = 1). Fig. 5 shows
ain solvent amounts required in the process extraction

teps: n-hexane, ethanol, methanol and sodium methoxide.
ethanol and sodium methoxide volumes remain constant

or all the cases since the overall biodiesel production is the
ame. Hence, to carry out hazard evaluation, the last two are
ot considered. Differences are focused on solvent amounts
equired for the lipid extraction. In cases 1 and 2, no ethanol is
equired to carry out the extraction, while moderate n-hexane
onsumption is necessary. However, cases 3 and 4 require high
olumes of ethanol and n-hexane. Although solvent recovery
s above 95%, large quantities of solvent are available within
he system and the facility has storage tanks in case of an
ventual production shutdown to safely retain the total vol-
me  of solvents.

The PHA results suggest that pumping and storage of
oxic and flammable substances like n-hexane, ethanol and

ethanol pose the major hazard within the industrial facility,
hus entailing a more  detailed risk evaluation.
Please cite this article in press as: Pinedo, J., et al., Microalgae biorefine
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The event tree shows the relationship among the conse-
uences (FF, PF, VCE and TR) and their frequencies, according

Ini�al event Inmediate ign i�on Retarde

YES
P1 = 0.065

YES
P2 = 0.07

ON
P1 = 0.935

NO
P2 = 0.93

Fig. 6 – General event tree prop
to the intermediate events, as illustrated in Fig. 6. The fre-
quencies of the LOCs were adopted from the Purple Book
(PGS-3, 2005). As a general trend, risk analysis does not take
into account substances with a flash point over 55 ◦C. Since
biodiesel has a flash point higher than 130 ◦C, this com-
pound is not considered for the comparison and assessment
of alternatives. The remaining chemicals such as n-hexane,
ethanol or methanol pose flash point values below 21 ◦C, thus
requiring the subsequent risk assessment. To store and handle
the huge amounts of chemicals required for the lipid extrac-
tion (mainly n-hexane and ethanol, cases 3 and 4) a set of six
industrial tanks with 500 or 1000 m3 are adopted depending
on the required volume.

To compare the potential accidents, the level of concern
(LOCon) selected for the final accidents are, for the n-hexane:
toxic release, AEGL-2 level of 3300 ppm; flash fire, LEL of 12,000;
VCE, pressures above 3.5 psi to pose serious damage; pool
fire, radiation of 5.0 kW/m2 produces second-degree burns in
60 s. The LOCon for the Ethanol: toxic release, ERPG-2 level of
3300 ppm; flash fire, LEL of 33,000; VCE, pressures above 3.5
psi to pose serious damage; pool fire, radiation of 5.0 kW/m2

produces second-degree burns in 60 s. This analysis does not
include methanol because the quantity involved is the same
in all alternatives. According to the proposed limit values,
the maximum distance in which the LOCon can be exceeded
is estimated, distinguishing four hazard levels: green, there
is no effect or the LOCon is exceeded in distances lower to
10 m;  yellow, the LOCon can be exceeded up to 100 m;  orange,
unacceptable values can be reached up to 1000 m;  and red, dis-
tances larger than 1000 may exceed the LOCon. Table 3 shows
the maximum distances obtained for n-hexane in both cases.

Numerical results show that the major area under the
LOCon was detected for TR in n-hexane storage tanks. FF and
VCE present similar distances with harmful effects whether
pool fire shows the minor distance values. Attending to the
individual accidents, a different behaviour is found between
larger breaks (instantaneous release and continuous release of
the complete inventory) and the minor spills. In these cases,
the spilled amount of product does not entail different risk lev-
els, but the duration of the spill may vary. On the other hand,
pool fire does not suffer any distance variation for the differ-
ent cases due to the identical dike size. However, the radiation
time is directly proportional to the volume of spilled product,
so the exposure could be longer.

Simplified risk estimation for all cases is shown in Fig. 7.
ry alternatives and hazard evaluation. Chem. Eng. Res. Des. (2015),

Frequencies corresponding to case 1 and 2 are lower than case
3 and 4, due to the fact that the last two alternatives involve 6

d ign i�on Confined Acc ident

YES
P2 = 0.4

NO
P2 = 0.6

Poo l fire

Explosion

Flash fire

Toxic release

osed for all initial events.
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Table 3 – Maximum distance for which the established LOCon for each scenario are exceeded.

Toxic release Flash fire VCE Pool fire

C. 3–4 C. 1–2 C. 3–4 C. 1–2 C. 3–4 C. 1–2 C.3–4 C. 1–2

Instantaneous release of the
complete inventory

2400  2800 1100 1300 1200 1400 653 653

Continuous release of the
complete inventory in 10 min

618  3400 310 1600 312 1600 653 653

Continuous release from a hole
with an effective diameter of
10 mm

13  13 <10 <10 <10 <10 <10 <10

Full bore rupture of pipe 67 68 30 30 27 27 17 17
Pipe leak <10  <10 <1

1.0E-06

1.0E-05

1.0E-04

1.0E-03

0 1000 2000 3000 4000

Fr
eq

ue
nc

y 
(y

-1
)

Distance  (m)

Case 1 & 2

Case 3 & 4

Fig. 7 – Relationship between the frequency of an event and

the maximum affected distance.

tanks providing the largest amount of stored n-hexane, being
then more  unfavourable from the safety point of view. Conse-
quently, the economical optimum is also the more  convenient
alternative regarding safety issues.

4.  Conclusions

In this work we  have evaluated biodiesel production based
on microalgae and carbon dioxide as feedstock, in terms of
economic optimization and safety assessment. The process
integrates the valorisation of by-products such as glycerol
and fertilizers, and the energy production. The work pro-
poses four technological alternatives evaluated in terms of
cost efficiency, complementing the study of each alternative
with a safety risk assessment to determine the need to include
human risk factors in the optimization model.

Two technological alternatives have been considered for
algae cultivation, open pond and tubular photobioreactor,
as well as for lipid extraction, drying and n-hexane and a
mixture of n-hexane and ethanol. Net present value optimiza-
tion determines that the implementation of open pond with
extraction via drying and n-hexane is the optimal alternative,
giving a biodiesel production cost of 2.49 $/kg biodiesel.

The hazard assessment supports the idea of using a mini-
mum amount of solvent, thus the most favourable technology
for the extraction of lipids is drying and n-hexane. There-
fore, for the studied biorefinery, safety assessment has been
successfully evaluated for each scenario and compared to
economic optimization to determine the most favourable
alternative, which is also the use of open ponds for algae culti-
vation and the use of a drier and n-hexane to recover the lipid
content.

In this work, economic optimization shows the need for an
Please cite this article in press as: Pinedo, J., et al., Microalgae biorefine
http://dx.doi.org/10.1016/j.cherd.2015.10.039

integrated biorefinery that produces high added value prod-
ucts as biodiesel co-products, to make it economically feasible,
0 <10 <10 <10 <10 <10

with acceptable net present values. Furthermore, economic
aspects have been complemented with safety analysis to
move forward on sustainable processes, determining the same
process and solvent selection that satisfies both the econom-
ical optimization and safety criteria.
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