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ABSTRACT: Significant reductions in anthropogenic green-
house gas (GHG) emissions, particularly of fossil carbon
dioxide (CO2), are necessary worldwide in order to prevent
adverse impacts of global climate change on the socio-
economic sectors, ecological systems, and human health. In
this context, this study aims to investigate the economic and
environmental aspects of sustainability associated with the
integration of algal biodiesel production with a steam electric
power plant for microalgae biofixation of CO2 in flue gases and
then algal biomass conversion to biodiesel. This integrated
energy system is a multipurpose process that provides the CO2 required by the microalgae cultures as well as electricity, biodiesel
produced from the algal biomass, and lipid-depleted biomass which is in turn used as an auxiliary fuel in the power plant. A multi-
objective optimization strategy based on genetic algorithms is proposed to yield a set of optimal solutions providing the best
compromise between the profit and the environmental impact of regenerative Rankine power generation plants coupled with
algae-to-biodiesel production facilities. The power plant operates continuously, but CO2 is fed to open pond raceways only
during the daytime (12 h a day) for algae growth. The rigorous IAPWS-IF97 formulation is used to calculate the thermodynamic
properties of water and steam in the steam power cycle. The environmental impact is measured by the Eco-indicator 99
methodology that follows LCA principles. The optimization problem includes the selection of multiple primary energy sources
for the power plant boiler, such as fossil fuels (coal, oil, and natural gas), biofuels, and biomass (switchgrass, softwood, and
hardwood) in order to achieve significant reductions of CO2 emissions. The optimal trade-off designs are obtained by
implementing the ε-constraint method. The optimization method has been applied to a case study in Mex́ico. The Pareto optimal
solutions indicate that the current price for biodiesel of $3.91/gal on average would make the integrated energy system under
consideration profitable. In addition, the system could achieve significant environmental improvements due to life-cycle GHG
reductions that result not only from biofixation of CO2 from combustion flue gases by microalgae and then algal biomass
conversion and use as renewable fuels (i.e., biodiesel and lipid-depleted biomass) that substitute for fossil fuels, but also by
significantly reducing the fossil fuel requirement compared to stand-alone coal-fired power plants.

KEYWORDS: GHG mitigation, Biological capture of CO2, Microalgae biodiesel production, Steam power plants,
Sustainable energy system, Multi-objective optimization, Life cycle assessment

■ INTRODUCTION

Worldwide electricity consumption is growing rapidly and is
expected to rise significantly in the coming decades because of
population growth and economic and social development,
especially in developing countries. In fact, the International
Energy Agency1 estimated that the worldwide consumption of
electricity will increase by 95.8% over the period of 2008−
2035; using the reference case “current policy” scenario, it is
expected to increase from 16,800 TWh to 32,900 TWh (3.55%
average annual growth). For meeting this growing global
demand for electricity, projections from IEA2 show that fossil
fuels, especially coal and natural gas, will be our main source for
electricity generation in fossil fuel-fired power plants at least

over the next couple of decades. Because fossil fuel combustion
power stations are responsible for over 65% of estimated
carbon dioxide (CO2) emissions caused by power generation
systems,1 a major challenge facing this electric power sector is
how to reconcile the growing global electricity demand with the
increasing urgency to reduce CO2 emissions due to carbon
dioxide being the main greenhouse gas (GHG) and,
consequently, one of the most important contributors for the
increase in anthropogenic climate change and global warming
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that distorts the ecological balance and environmental
sustainability.
In this context, it is clear that no single strategy will achieve

over the next decades the required reduction in CO2 emissions
to stabilize GHG concentrations at 350 ppm in the atmosphere,
which is the sustainable level to avoid dangerous long-term
climate change.1 Instead, it is widely accepted3 that a portfolio
of social and technological options that can be used singly or in
combination will be needed for achieving significant reductions
in anthropogenic CO2 emissions from various sources, ranging
from industrial flue gas to exhaust emissions from personal
transportation vehicles. The main components of this portfolio
include changes in lifestyles to promote energy conservation
and population control, improvements in the efficiency of
energy conversion and demand-side use, fuel switching (i.e.,
switching from coal to less carbon intensive fuels such as
natural gas), large-scale adoption of low- and zero-carbon
renewable sources (i.e., wind, solar, and biomass), carbon
capture and storage (CCS) of CO2 emissions from fossil fuel
and biomass combustion, and biological carbon mitigation.
Because fossil fuels will remain as dominant source of energy

to generate electricity in the coming decades even with very
strong expansion of the use of alternative energy sources,1 in
recent years, many studies have been conducted to develop
innovative process designs that integrate CCS with fossil fuel-
burning power plants to prevent CO2 emissions from building
up in the atmosphere and to reduce the climate impact of
power generation in the near-term future.4−9 However, CCS
still resides in its precommercial phase in the context of power
generation.10 In addition, before its implementation on the
industrial scale, CCS is a strategy that must overcome several
technological challenges such as the decrease in power plant
efficiency due to high energy consumption11 and the lack of a
long-term safe storage method of carbon dioxide for volumes of
injected CO2 that will be larger than anything previously
attempted.7

A combination of biological removal of CO2 emitted by fossil
fuel-fired power plants and production of biofuels to replace
fossil fuels is an alternative GHG abatement strategy consisting
of two steps.12−15 First, autotrophic organisms and plants
produce biomass in the process of CO2 fixation through
photosynthesis. Then, produced biomass can be converted into
biofuels through several conversion technologies as well as
some value-added chemicals.16−34 Therefore, biofuels from
renewable biomass can be an important part of any sustainable
and cost-effective strategy to avoid an increase in the
atmospheric CO2 concentration by replacing fossil fuels and
thus their associated CO2 emissions. In this context, nowadays
culturing of microalgae for CO2 biofixation is receiving

considerable attention around the world because microalgae
are fast-growing, unicellular, and simple multicellular photo-
synthetic microorganisms that have the ability to fix CO2 while
capturing solar energy with an efficiency of 10−50 times greater
than that of terrestrial plants35 and can double their biomass in
less than 1 day for most species under favorable growing
conditions.36 In addition to their high growth rate, productivity,
and photosynthetic efficiency, microalgae are considered an
ideal raw material for production of both biofuels and valuable
byproducts because they offer several advantages19,20 including
(i) feedstock based on nonfood resources, (ii) utilization of a
wide variety of water sources (fresh, brackish, saline, and
wastewater), (iii) use of otherwise nonproductive non-crop
lands, (iv) high capacity to capture CO2 emissions as
approximately 2 kg of CO2 are fixed for every kg of biomass
generated, and (v) higher oil yields (60 m3 ha−1) than those of
conventional raw materials for biodiesel such as jatropha (2 m3

ha−1) and soybean (0.45 m3 ha−1).
The integration of algal biofuel production (i.e., cultivation of

microalgae for simultaneous biofixation of CO2 from
combustion flue gases and biofuels production) with fossil
fuel-fired power plants can increase the amount of electricity
produced per unit of CO2 released. In addition, this integrated
energy system could generate synergistical electricity and liquid
biofuel from microalgal biomass. It should be noted that in
biofuel production the CO2 fixed by microalgae is essentially
being recycled because this carbon dioxide will be released to
the atmosphere when the microalgae-based biofuel is
combusted. Then, it will be absorbed back by higher plants
and microalgae through the photosynthesis process, and finally,
in the biomass-to-energy chain, the resulting biomass can be
converted again into biofuels using existing technologies, thus
creating a balance between energy and carbon cycle in a more
sustainable way. Under this scenario, there is no permanent
CO2 capture; however, there is a net cumulative reduction in
net flows of carbon to the atmosphere when the biofuel
produced from microalgae is used for the generation of work
instead of some fossil fuel (displaced fossil fuel). Furthermore,
after removal of the lipid component, the remaining biomass
can be co-fired with fossil fuels in the power plant to reduce the
total fossil fuel consumption and subsequent GHG emissions of
the integrated system. Also, the power plant can supply the
required thermal loads and electricity demands of the algal
biofuel production subsystem. Therefore, there is a significant
net benefit in terms of overall CO2 emission avoided when
fossil fuel electricity generation is coupled with microalgae
biofuel production. Figure 1 sums up these relevant energy and
mass interactions between the components of the integrated
energy system under consideration.

Figure 1. Schematic representation of a conceptual system for biofixation of CO2 from steam power plants with microalgae for biofuel production.
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Despite their aforementioned advantages, no systematic
study has been undertaken to optimize these integrated energy
systems involving the economic and environmental aspects of
sustainability. So far, there are several studies about the life
cycle assessment of stand-alone systems for biofuel production
from algae feedstocks.37−53 Although these research works can
provide insight into the economic and environmental impacts,
as well as technical feasibility of different options for culture
conditions, photobioreactor configurations, algae harvesting,
and algal biomass processing, they fail to achieve significant
improvements in both economic and environmental objectives
due to assessing the microalgal biofuel production independ-
ently of the fossil fuel-fired power plant. In addition, Brune et
al.54 and Pokoo-Aikins et al.55 have presented preliminary
analyses of the conversion of CO2 from fossil fuel-fired power
plant flue gas into biomass by microalgae. Although these two
methods have shown that biofuel production from microalgae
is both economically and environmentally sustainable, they are
based on specified values for the flow rate and composition of
the flue gas stream to design the microalgae biodiesel
production system. Therefore, both methods optimize algae-
to-biofuel systems independent of the power plants because
they do not account explicitly the interactions shown in Figure
1 between the system components.
The purpose of this paper is to present a multi-objective

optimization strategy for the synthesis of integrated energy
systems that consist of a 400 MW fossil fuel-fired power plant
with a fixed flowsheet structure and a facility for biofuel
production from algae. In the proposed approach, the multi-
objective optimization model by Gutieŕrez-Arriaga et al.56 for
steam power plants together with the model for the algal

biofuel production are combined in a general mathematical
model for the multi-objective optimization of integrated energy
systems. In this way, interactions between both system
components can be taken explicitly into account in the
formulation of the optimization problem where the environ-
mental impact needs to be minimized while maximizing the
system’s annual gross profit. Only microalgae cultivation in
open ponds is investigated considering that CO2 is delivered 12
h a day only during the daytime. The proposed procedure
involves the selection of suitable primary energy sources (i.e.,
fossil fuels, biomass, biofuels, and solar energy) for sustainable
electricity generation. The life cycle assessment (LCA)
technique57,58 is used to quantify the overall environmental
impact and GHG emissions resulting from different combina-
tions of energy sources and operating conditions of the
integrated system. This technique is based on the quantitative
Eco-indicator 99 framework that expands the system
boundaries to incorporate the environmental impacts asso-
ciated with its life cycle stages (all processes associated with raw
materials extraction and processing, energy generation, and
capital manufacture), so it can generate and evaluate environ-
mentally conscious design alternatives that are at the “global”
level (expanded production system) rather than at a plant level.
The thermodynamic properties for liquid water and steam are
calculated rigorously using the IAPWS-IF 97 formulation.59

Additionally, the impact of a trading price for carbon emissions
(i.e., carbon tax/credit) on system profit is included in the
mathematical formulation. The trade-off between economic
and environmental objectives is obtained through the ε-
constraint method to generate the Pareto curve. An illustrative
case study is presented, which consists of an advanced

Figure 2. Integrated energy system proposed for the biological capture of CO2 emissions from steam power plants using microalgae cultivation for
biodiesel production.
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regenerative−reheat steam power plant integrated with a facility
for algal biodiesel production in the central part of Mexico.
Results show that the integrated energy system could be
profitable. Furthermore, it could contribute to enhancing
sustainability because it can cultivate microalgal biomass using
CO2 emissions from thermoelectric power plants for
simultaneous CO2 biomitigation and biodiesel production.

■ MATERIALS AND METHODS
This section is organized as follows. We describe the system first and
then state the problem of interest. The environmental impact
evaluation is presented afterward. Finally, the solution procedure is
described.
System Description. The schematic diagram of the hypothetical

integrated energy system, summarizing the main processing operations
as well as mass and energy flows, is shown in Figure 2. The system is
concerned with the sustainable generation of electricity incorporating
an advanced regenerative−reheat steam power plant that uses different
energy sources (i.e., fossil fuels, biofuels, and biomass), along with
microalgae biofixation of CO2 in the flue gas from the power plant,
conversion of algal biomass to biodiesel, and use of lipid-depleted
(LD) microalgal biomass for co-firing in the power plant. The system
is assumed to be located in a sunny area near Lake Cuitzeo in the
central part of Mexico due to the large amounts of water and land area
available to support the algal culture facility.
The advanced power plant is described in a previous work by

Gutieŕrez-Arriaga et al.56 on multi-objective optimization of steam
power plants. A detailed modeling of the power plant is carried out
using the IAPWS-IF 97 formulation59 for prediction of steam and
water thermodynamic properties. The power plant boiler can consume
fossil fuels, biofuels, external biomass, and the lipid-depleted algal
biomass coming from the oil extraction plant as energy sources to
generate electricity. The amount of 400 MW of electric power
produced by the power plant is chosen as the baseline scenario for the
system’s environmental assessment.
The algal biodiesel production starts with the biomass-cultivation

stage that requires culture inoculum (Chlorella vulgaris), water, flue gas
CO2, sunlight, and inorganic nutrients including mainly nitrates and
phosphates. The Chlorella vulgaris is cultivated in open ponds mixed
with paddle wheels over a 12-month growing season (the number of
cultivation days is 347 per year according to the climatic conditions of
the cultivation facility). The biomass model considers that the
production rate is 30 g/m2 d,17,45 and microalgal lipid content is 30 wt
%.60 Also, it considers that harvest water is recycled, so to generate 1
kg biodiesel, 0.182 kg nitrogen and 0.039 kg phosphate are required.47

The carbon dioxide in the flue gas from the adjacent power plant
that continuously operates 24 h/day is delivered directly to the ponds
through a system of distribution piping. CO2 is supplied at a ratio of
1.83 tonne/tonne of algal biomass.16 It is assumed that the overall CO2
uptake (i.e., utilization) is 70% efficient54 and that CO2 is delivered to
the algal growth medium for a total of 12 h only during the daytime,
ensuring that algal cells are exposed to a regular light−dark cycling of
solar radiation in order to maintain photosynthetic activity.
Each raceway pond design is assumed to be consistent with

industrial standards:51 100 m long, 10 m wide, and 0.3 m deep. Pond
water velocity is maintained at 0.25 m/s by paddle wheel mixers, and
the harvest−growth−harvest cycle is assumed to be 3 days.54 During
the culture process in open ponds, water is lost mainly due to
evaporation. In this study, it is assumed that the cultivation section
requires a makeup water addition due to evaporation and leakages
amounting to 0.5 cm/d.54

The microalgae cultivation stage is followed by algal harvesting that
consists of biomass recovery from the culture medium. Algal biomass
is first recovered using a coagulation−flocculation−settling operation
with the recovery yield of 97%.61 The concentration of alum coagulant
is 0.74 mg/L.62 It is assumed that the algal biomass leaving primary
harvesting has a concentration of 30 g/L.61 This concentrate is then
dewatered in a secondary harvesting step using self-discharged disc-
stack centrifuges with a recovery yield of 85%,17,62,63 wherein it is

obtained in a final concentration of 150 g/L algal biomass.53 The
aqueous broth-containing water-soluble nutrients from both harvesting
steps are captured and returned to the cultivation process to decrease
the fresh water and nutrient demands of the system, whereas the algal
slurry that comes out of the centrifuge units is dried to 12 wt %
moisture in a thermal dryer without biomass loss.53

In the oil extraction process, n-hexane is used for extracting lipid
molecules from microalgal biomass at a mass ratio of 0.5 (hexane/
biomass). This process has a lipid recovery yield of 80% and results in
solvent loss of 2 wt %.17 Solvent is recovered by distillation and reused.
After the extraction of oil, the lipid-depleted biomass (residual
biomass) is combusted in the power plant boiler to displace fossil fuel
sources. In the final stage, every gram of triglyceride extracted is
converted approximately into 1 g of biodiesel and 0.11 of glycerol via
transesterification with alkali catalyst (1.5 wt % KOH) and methanol
(in excess of 6 M).17 The excess unreacted methanol is recovered by
distillation at an assumed efficiency of 95%, whereas the crude
biodiesel is cleaned with phosphoric acid (1.5 wt % oil) and water (15
wt % oil).17

It is assumed that the electricity and thermal energy demands of the
algae-to-biodiesel process is supplied by the power plant. Rickman et
al.52 showed that algal biomass drying can be accomplished using
waste heat from the power plant flue gas. Thus, it is a reasonable
consideration to assume that the flue stream of the power plant
provides the thermal energy required by distillation columns to dry the
algal biomass using a waste heat recovery process.

The electric energy required for each stage of the algae-to-biodiesel
production process is shown in Table 1. These power demands were

taken from Ventura et al.53 Note that the power required for CO2
transport and injection, as well as for water and broth pumping and
mixing, are included in the analysis of the cultivation stage.

The resulting algae-to-biodiesel production model is presented in
Appendix A.

Problem Statement. The purpose of this paper is to address the
economic and environmental optimization of the system under
consideration. The economic objective function is to maximize the
annual gross profit (PROFIT), which is defined as the revenue from
the sale of electricity and bioproducts (biodiesel and glycerol) minus
the total annualized cost (TAC) plus the total subsidy (TAX
CREDIT) due to the reduction of GHG emissions

= − +PROFIT REVENUE TAC TAX CREDIT (1)

The equations required to calculate the terms REVENUE and TAC
of eq 1 are given in detail in Appendix B, while below, we present the
TAX CREDIT calculation. It should be noted that because our main
interest is in the preliminary design stage of the system, PROFIT has
been selected as an appropriate economic objective to evaluate the
potential system profitability and to decide if more detailed designs
can be justified.

The environmental objective function is to minimize the overall
environmental impact (EI99) associated with electricity and biodiesel
generation in the integrated energy system using different types of
primary energy sources. The environmental impact is defined by eq 7
and measured through the Eco-indicator 99 that is calculated following

Table 1. Electricity Consumption for the Stages of the Algae-
to-Biodiesel Production Process53

parameter
(kWh/tonne algae) value

parameter
(kWh/tonne algae) value

Cultivation Oil Extraction
CO2 transport 45 extraction 130.7
paddle wheel 200
CO2 injection/pumping 28.9
water and broth pumping 153

Harvesting Transesterification
alum coagulation 167 mixing 20.4
centrifugation 26.5
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the LCA methodology57,58 as presented in the next section. It should
be noted that this methodology evaluates the environmental impact
not only at the plant level of the integrated system but also includes
the assessment of the impacts resulting from the operations of each of
its associated life cycle stages (i.e., all processes associated with raw
materials extraction and processing, energy generation, and capital
manufacture). Thus, this approach determines the overall environ-
mental performance of the expanded integrated system (entire life
cycle of the system), which may be useful from a decision-making
standpoint.
The optimization problem of the integrated energy system is

addressed through a simulation−optimization approach aiming at the
maximization of the annual gross profit (PROFIT) and at the
minimization of the overall environmental impact (EI99). The
solution to the multi-objective problem is given by a set of Pareto
optimal points that involve alternative designs, each of which
represents an optimal compromise between the environmental and
economic criteria.
Environmental Impact Evaluation. LCA is a systematic

analytical method for environmental assessment (PRe-́Consultants,64

Guilleń-Gosaĺbez et al.,65 Ponce-Ortega et al.66), normalized by the
ISO55,56 environmental management system. The calculation of EI
follows the sequential steps of (i) goal and scope definition, (ii)
inventory analysis, (iii) impact assessment, and (iv) interpretation and
reporting. We describe next these four steps of the LCA methodology
in the context of our study.
Goal and Scope Definition. The goal of the LCA study is to

determine the environmental impact of the system to aid the decision-
making process for sustainable electricity generation in the steam
power plant integrated with the algal-to-biodiesel production facility.
The scope of the LCA study is to perform a cradle-to-gate analysis that
accounts for the generation of primary energy sources (i.e., fossil fuels,
biofuels, and biomass) and nutrients consumed by the system, as well
as the impact of the construction phase of the main equipment units of
the power plant and the emissions released to the atmosphere.
Therefore, the system boundary in Figure 2 is expanded to include all

processes from microalgal biomass production in open ponds through
to the biodiesel combustion, in addition to those associated with raw
material extraction and energy generation, as well as nutrients and
construction materials production for main equipment units of the
power plant. The environmental impact during the construction of the
algae-to-biodiesel subsystem is assumed to be negligible compared to
that during operation.39 Also, makeup water for microalgae culture is
assumed to be available at no environmental penalty. The amount of
400 MW of electric power produced by the power plant is chosen as
the functional unit or basis for comparison for this study, whereas the
temporal unit is 1 calendar year.

Because the production of electricity exceeds that of the biodiesel in
terms of both value and total energy content, it is assumed that
electricity is responsible for all of the environmental impacts of the
integrated system. This assumption also reflects that the main function
of the algae-to-biodiesel facility is to contribute to enhancing the
sustainability of the thermoelectric power plant by using its CO2
emissions for simultaneous CO2 biomitigation and production of
biodiesel to replace fossil diesel.

For classifying and characterizing the emission inventories of each
life cycle stage, the Eco-indicator 99 proposes 11 impact categories.
Each impact category is further aggregated under one of the three
main categories: damage to human health (HH), damage to ecosystem
quality (EQ), and damage due to resource depletion (RD). These
main categories are finally translated into a single metric, the total Eco-
indicator 99. In addition, life-cycle GHG emission reductions relative
to fossil fuels are modeled in this study to determine the TAX
CREDIT associated with the operation of the integrated system.

Inventory Analysis. In the second LCA step, mass and energy
balances are performed to quantify the inputs and outputs of materials
and energy associated with the operation and construction of the
system for electricity and biodiesel production. In this work, the
consumption rates of primary energy sources (fossil fuels, biofuels, and
biomass) and the flow rates of nutrients and water are regarded as
inputs, whereas emissions released to the atmosphere are outputs from
the system. The amounts of material (stainless steel, carbon steel,

Figure 3. Aggregation of impact and damage categories for calculating the Eco-indicador value.
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glass, or plastic) required for the construction of the main equipment
units of the power plants are also inputs. The inventory of direct
inflows and outflows of energy and mass (resources used and
emissions released) must be translated into the corresponding life
cycle inventory (i.e., environmental burdens) of all relevant feedstock
requirements and emissions released to the environment over the
whole life cycle of the system. Mathematically, the total life cycle
inventory entry (i.e., emissions and feedstock requirements) of
chemical b is represented by a continuous variable LCIb

tot, which is
expressed as a function of input streams of energy and mass as well as
emissions during the operation of the integrated energy system, as
shown in eq 2.

∑ ∑ ∑
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In this equation, LCIEb
f , LCIEb

bf, LCIEb
bm, and LCIEb

n denote the life
cycle inventory entries of chemical b per unit of fossil fuel f, biofuel bf,
external biomass bm, and nutrient n, respectively. On the other hand,
the parameter LCIEb

u represents the emissions released/feedstock
requirements of chemical b during the construction phase per unit of
mass of equipment u, and LCIEb

emis refers to the emissions of chemical
b per unit of emission emis released during the operation of the
system. Continuous variables Ff, Fbf and, Fbm are the flow rates of fossil
fuel f, biofuel bf, and external biomass bm burned in the power plant
boiler, respectively; Fn and Femis denote the consumption of nutrient n
and the total emissions released during the operation of the system.
Finally, weu represents the weight of construction material for main
unit u.
It should be noted that the values of the life cycle inventory entries

can be obtained either from environmental databases67−69 or by
performing an ad hoc LCA analysis for those components that are not
in the database.
Impact Assessment. As shown in Figure 3, this step involves the

aggregation of the emissions released and the resources used (energy
sources, nutrients, and construction materials) to quantify their
potential environmental impacts, which are then reduced to a single
measure of the system’s environmental performance (Eco-indicator
99). First, substances from the life cycle inventory are gathered in a
number of groups representing the 11 impact categories of the Eco-
indicator 99 framework, as stated in eq 3.

∑= ∀IMP DF LCI cc
b

b
c

b
tot

(3)

where IMPc is the environmental damage caused in impact category c,
LCIb

tot is the life cycle inventory of emissions and feedstock
requirements associated with chemical b, and DFb

c is the damage
factor associated with chemical b and impact category c.
The damage factors are given by specific environmental models that

are available in the literature for each impact category.58 As shown in
the above equation, these factors are used to translate inputs and
outputs from the life cycle into the environmental impacts to which
they may contribute. Also note that one substance from the life cycle
inventory can contribute to more than one impact category and that
several substances among one group can contribute to the same
environmental problem.
Figure 3 shows that the 11 impact categories are further aggregated

into the following three damage categories:
(1) Human health category includes the following impacts: (i)

carcinogenic effects on humans, (ii) respiratory effects on humans that
are caused by organic substances, (iii) respiratory effects on humans
that are caused by inorganic substances, (iv) damage to human health
that is caused by climate change, (v) human health effects that are
caused by ionizing radiations, and (vi) human health effects that are
caused by ozone layer depletion. The human health damages are
expressed as DALY, Disability Adjusted Life Years. A damage of 1

means that 1 life year of one individual is lost or one person suffers 4
years from a disability with a weight of 0.25.

(2) Ecosystem quality category includes the following impacts: (vii)
damage to ecosystem quality that is caused by ecosystem toxic
emissions, (viii) damage to ecosystem quality that is caused by the
combined effect of acidification and eutrophication, and (ix) damage
to ecosystem quality that is caused by land occupation and land
conversion. The ecosystem quality damages are expressed as PDF m2

year, Potentially Disappear Fraction of Species per square meter and
year. A damage of 1 means all species disappear from 1 m2 during 1
year or 10% of all species disappear from 1 m2 during 10 year.

(3) Resource depletion category includes the following impacts: (x)
damage to ecosystem quality that is caused by the extraction of
minerals, and (xi) damage to resources that is caused by extraction of
fossil fuels. The damages to resources are expressed as MJ surplus
energy. A damage of 1 means that due to a certain extraction of
resources, further extraction of the same resources in the future will
require one additional MJ of energy due to the lower resource
concentration or other unfavorable characteristics of the remaining
reserves.

Thus, the impact caused in each damage category is calculated as

∑= ∀
∈

DAM IMP dd
c IC(d)

c
(4)

where IC(d) denotes the set of impact categories c that contribute to
damage category d.

According to Figure 3, the damage categories are finally added and
multiplied by specific normalization (NFd) and weighting (WFd)
factors to calculate the single metric called Eco-indicator 99 (i.e.,
overall environmental impact)

∑=EI99 NF WF DAM
d

d d d
(5)

To perform the normalization process in this study, the damage to
human health is divided by a factor of 1.54 × 10−2, the damage to
ecosystem quality by 5.13 × 103, and the damage to the resources by
8.41 × 103. Also, the hierarchist perspective is used combined with the
default weighting factors (i.e., 400−400−200 for HH, EQ, and RD,
respectively).64

The previous equation can be considered further in terms of the
overall damage factor (ODFre) for each resource used and emission
released per unit of reference flow (i.e., fossil fuel, biofuel, biomass,
nutrient, emission) or per unit of weight of equipment u, which can be
calculated by the following general expression

∑ ∑ ∑=

∀ ∈

∈
ODF NF WF DF LCIE
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d d b
c

b
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(6)

As a result, the overall environmental impact of the integrated
energy system is calculated as the sum of the overall damage factor for
each resource used and emission released multiplied by its associated
flow rate or weight in the case of construction material, as given below
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(7)

Thus, the environmental objective consists of minimizing the overall
environmental impact given by eq 7. The overall damage factors for
resources used and emissions released are given in Table 2. These
factors were calculated based on environmental data given by PRe ́
Consultants Database.64

In addition, the reduction of life-cycle GHG emissions from
electricity and biodiesel production by the integrated energy system
must be considered to calculate the total subsidy attained as follows
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= × STAX CREDIT (Total GHG emissions reduction) GHG

where SGHG is the unit subsidy for reduction of life-cycle GHG
emissions ($/ton of GHG reduced).
The GHG contribution to global warming for each fuel takes into

account CO2, CH4, and N2O emissions that are grouped together in a
single emission factor, which is estimated using the IPCC Global
Warming Potential (GWP)70 model with a time frame of 100 years. In
fact, for each fuel, this GWP factor represents the total damage factor
associated with all its emissions of greenhouse gases and global
warming impact category. This factor is expressed in kilograms of
carbon dioxide equivalent emissions per unit of fuel energy (i.e., kg
CO2 equiv/kJ). Thus, the flow rate of each primary energy source (i.e.,
fossil fuel, biofuel, and biomass) that can be burned in the power plant
boiler is multiplied by the lower heating value and the GWP factor of
the fuel to give its life-cycle GHG emissions.
To determine the amount of life-cycle GHG emissions reduction,

the integrated energy system needs to be compared with the GHG
emissions of a reference system for the same amount of electric power
produced. The simplified schematic in Figure 4 illustrates fuel and
carbon flows for the reference system without the algae biofuel
production process and the integrated energy system, which includes
all the processes from the microalgal production from the power plant
flue gas to the biodiesel combustion. Because fuel switching from coal
to biomass feedstock in the power plant boiler could be achieved
without using the integrative approach proposed in this study, we only
consider the GHG emissions reduction due to the displacement of
fossil-derived diesel with biodiesel in the transportation sector to
calculate the TAX CREDIT for the integrated energy system. Thus,
this variable is given by

= −F F STAX CREDIT (HV Em HV Em )FD FD
LCA

FD BD BD
LCA

BD
GHG

(8)

where HVFD and HVBD are the heating values of fossil diesel and
biodiesel, respectively; EmFD

LCA and EmBD
LCA are the life-cycle GHG

emissions for fossil diesel and biodiesel, respectively. It should be
noted that direct emissions of CO2 removed from the power plant flue
gas by microalgae are not included in previous equation because such
carbon is embedded between two renewable fuels (biodiesel and
residual algal biomass), and it is immediately released to the
atmosphere during fuels combustion resulting in no long-term
sequestration (i.e., life-cycle GHG emissions reduction).

The flow rate of the displaced fossil diesel is calculated on the basis
of equivalent net energy content of fossil-derived diesel and biodiesel.
Therefore, this flow rate is defined as

=F
HV
HV

FFD
BD

FD
BD

(9)

Heating values and life-cycle GHG emissions for biodiesel and
fossil-derived diesel were taken from Stephenson et al.48 The lower
calorific values of biodiesel and fossil diesel were taken to be 37.2 and
43.1 MJ/kg, while their life-cycle GHG emissions for biodiesel and
fossil diesel were taken as 713 kg of CO2 equiv/tonne of biodiesel and
3707 kg of CO2 equiv/tonne of diesel.

Interpretation. The solution of the multi-objective problem consists
of a set of optimal points (i.e., Pareto optimal set) representing
alternative system designs, each achieving a unique combination of the
given optimization criteria. In the last step of the LCA methodology,
the Pareto solutions are analyzed to choose the best solution where
significant environmental improvements can be achieved at a marginal
decrease in the annual gross profit or according to the decision-maker
preference and applicable environmental regulations. Also, a set of
conclusions and recommendations for the system are formulated.

Solution Method. ε-Constraint Method. The main benefit of
using biofuels and biomass as energy sources in the steam power plant
along with microalgae removal of CO2 from the flue stream for
biodiesel production is the reduction of the overall environmental
impact. However, a lower environmental impact is associated with a
lower system annual gross profit. This poses a challenging multi-
objective optimization problem where the overall environmental
impact (EI99) needs to be minimized, while maximizing the system
annual gross profit (PROFIT).

We use the ε-constraint method71,72 for generating the set of
optimal solutions representing the trade-offs between economic and
environmental criteria. The basic strategy of this technique is to
transform the multi-objective optimization problem into a series of
single objective optimization problems, in which one of the objectives
is picked to be maximized while the other is turned into an additional

Table 2. Overall Damage Factors for Materials and Fuels
Considered

material/fuel
overall damage

factor units

steel 0.09 Eco-points/kg of steel
urea (nitrogen) 0.13 Eco-points/kg of urea
DAP (phosphate) 0.10 Eco-points/kg of phosphate
coal 24.13 Eco-points/tonne of coal
oil 157.99 Eco-points/tonne of oil
natural gas 124.52 Eco-points/tonne of natural gas
switchgrass 2.49 Eco-points/tonne of switchgrass
biogas 15.44 Eco-points/tonne of biogas
softwood 12.64 Eco-points/tonne of softwood
hardwood 11.42 Eco-points/tonne of hardwood
biodiesel 14.41 Eco-points/tonne of biodiesel

Figure 4. Schematic overview of fuel and carbon flows without and with the algae biodiesel production process.
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constraint that it is forced to be lower than the epsilon parameter.
Thus, the multi-objective optimization problem of interest can be
mathematically formulated as follows:
Maximize

x xPROFIT( ,u, )D

Subject to

ε≤

=

≤

x u x

h x u x

g x u x

EI99( , , )

( , , ) 0

( , , ) 0

D

D

D

l

E (P1)

where ε is an auxiliary parameter that takes different values to obtain
the entire Pareto set of solutions. The equality constraints hl are the
system of nonlinear algebraic equations (i.e., thermodynamic property
relations, mass, and energy balances, cost, and LCA constraints) that
model the problem, whereas the inequality constraints gE represent
design specifications (i.e., capacity limits and upper and lower bounds
on decision variables). The economic and environmental objectives
are defined by eqs 1 and 7, respectively.
The problem under consideration involves a set of D optimization

continuous variables called decision variables, which are denoted by
the vector xD
The vector x represents the continuous variables that are outputs

from the optimization process (i.e., thermodynamic properties, mass
flow rates, operating conditions, and sizes of equipment units). The
continuous variables are related to the decision variables xD by model
equations. The parameters not modified during calculations are
represented by the vector u.
Simulation Optimization Framework. The proposed solution

method has two outer-nested loops as the one proposed by Gutieŕrez-
Arriaga et al.56 In the outer loop, the method defines the ε values for
the environmental impacts. In the inner loop, the single optimization
problem (P1) is solved for a given value of ε. The algorithm to solve
the inner loop problem combines a system simulation module with a
two-level optimization methodology involving genetic algorithms
(GA)73 and linear programming (LP).
The steps of the coupled GA-LP algorithm for solving each single-

objective problem are as follows:
Step 1. An initial population of a specified size, Npop number of

individuals, is generated randomly. The identity of each individual (i.e.,
chromosome) of the population is determined by the problem
decision variables, which may change within the optimization process
according to previously established bounds. Therefore, there are Npop
different decision variable combinations or individuals. The set of
decision variables (i.e., independent variables) for the regenerative−
reheat steam power plants shown in Figure 1 includes main steam
pressure/temperature, reheat steam pressure/temperature, steam
extraction pressures, deaerator pressure, and condenser pressure.
Step 2. In each generation, the fitness function of each individual is

evaluated by simulation and individuals are sorted based on this
criterion.
In this paper, the fitness function corresponds to the economic

objective function (annual gross profit), and the aim is to maximize its
value. The simulation module provides the conditions of the power
plant components (i.e., dependent variables) for each individual: boiler
and steam conditions (temperature, pressure, flow rate, pressure
drop), reheater conditions (outlet temperature, and pressure drop),
steam turbines (inlet conditions and outlet conditions of temperature,
pressure, enthalpy, flow rate), extraction conditions (temperature,
pressure, enthalpy, flow rate), condenser (area as well as inlet and
outlet conditions of temperature, pressure, enthalpy, flow rate),
feedwater heaters (area, condensate inlet, condensate outlet, extraction
steam inlet, drain conditions of temperature, pressure, enthalpy, flow
rate), and pumps (pump power, inlet pressure, outlet pressure, flow
rate). Also, for each individual, the simulation module provides the
heat added in the boiler, emission flows, equipment cost as a function
of size, and other information to calculate the economic objective
function that corresponds to the fitness function.

The detailed description of the problem to obtain the minimum
energy cost is as follows:

For each individual, the heat required by the boiler can be provided
by multiple energy sources including fossil fuels, biofuels, and biomass.
Therefore, there are several feasible combinations of energy sources
rather than a single one to meet the energy demands of the boiler. But
only one of them allows the steam power plant to operate at the
minimum annual cost of energy for a given value of the environmental
impact (i.e., parameter ε of the constraint method). The problem of
optimal combination of energy sources can be formulated as a linear
programming problem for each individual as follows:

Objective function
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σ=F FCLD Algae O2 (A7)

=F F(0.0689)N2 CO2 (A12)

=F F(0.001475)PH CO2 (A13)
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where Z is the annual cost of the energy sources; HVf, HVbf, HVbm,
and HVLD are the heating values of fossil fuel f, biofuel bf, biofuel bm,
and lipid-depleted algal biomass, respectively. Emf

comb, Embf
comb, Embm

comb

and EmLD
comb are direct CO2 emission factors from combustion in the

power plant for fossil fuel f, biofuel bf, biomass bm, and lipid-depleted
algal biomass, respectively. F(nc) denotes the set of fossil fuels that
contribute to GHG emissions reduction (natural gas and oil) in
comparison to coal.

In constraint 7, EI99 is the environmental impact limit previously
fixed by the constraint method (parameter ε). Constraint 11, which
represents the energy balance over the boiler, shows that the energy
flow provided by the energy sources serves to satisfy the boiler heat
load QH. ηf, ηbf, ηbm, and ηLD are the boiler efficiency for fossil fuel f,
biofuel bf, biomass bm, and lipid-depleted algal biomass, respectively.
Cf, Cbf, Cbm, and CLD are the unit costs for fossil fuel f, biofuel bf,
biomass bm. and lipid-depleted algal biomass, respectively. Constraint
12 gives the total flow rate of CO2 from the combustion of the fossil
fuels, biofuels, external biomass, and algal biomass in the power plant
boiler. Finally, constraints A7, A12, and A13 are presented in detail in
Appendix A.

Table 3 presents the unit costs, heating values, and direct CO2
emissions for the fuels associated with the problem. Direct emissions
were obtained from the SENER-CONUEE report.74 As shown in this
table, the unit cost of the lipid-depleted algal biomass is very small, so
this always will be part of any optimal solution

Thus, the LP problem calculates the optimal types and amounts of
primary energy sources required by the boiler for each individual at
each generation (i.e., iteration) of the optimization process. For each
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individual, the LP model takes into account mass and energy
interactions between the power plant and the algae-to-biodiesel
production subsystem.
After solving the LP problem, the capital costs for the main units of

the system are calculated using cost relations given in Appendix B
which are based on correlations reported in literature75,76 as well as
cost data reported by Ventura et al.53 Additionally, the total operating
costs are evaluated following equations presented in Appendix A and
Appendix B.
Step 3. The individuals with the greater values of fitness function

(i.e., fittest individuals) are selected as parents to generate a new set of
individuals (i.e., a new set of decision variables).
In this work, the selection approach was the Roulette Wheel

approach, which is based on the selection of the parents through
simulation in a roulette, where the area for selection is proportional to
the fitness function. The parents selected are used to generate the new
population. For this purpose, reproductions of genetic operators, such
as elite count (the two best individuals without change go to the next

generation), crossover (two individuals randomly selected are
combined to yield a new individual), and mutation (a random change
is done in the search variables of a given individual to yield a new
individual) are applied to this selected group. In this way, a new
population with same number of individuals as the previous one is
generated.

Step 4. The individuals of the new population are again evaluated
based on the fitness function. The algorithm can continue evolving the
population in this manner indefinitely. However, the calculation
process continues until the stopping criterion is satisfied (if the
number of generations is greater than a fixed number). When the
convergence criterion is reached, the algorithm stops, and the best
solution is the one of the current generation with the highest profit.
Note that this approach satisfies the environmental constraint
previously fixed by the ε-constraint method.

A MATLAB model was developed and used in our analysis for
performing material and energy balances of the integrated energy
system to determine the raw material and energy inputs, as well as for
solving the optimization problem using GA. For the present study, we
used a population size of 120 chromosomes and an elite count of two
individuals. The crossover fraction was taken as 0.8 and the number of
maximum generations was selected as 2000. We run the model on a
Pentium 4 (1.7 GHz Due-core) processor.

■ OPTIMIZATION RESULTS AND DISCUSSION

The solution of the multi-objective problem provides the
Pareto curves (i.e., set of solutions representing the best
possible trade-offs between the economic and environmental
objectives) shown in Figure 5 for both cases, without and with a
subsidy for reduction of GHG emissions. These results were
obtained based on the following performance data for the
power plant units: efficiency for the pumps of 70%, isentropic

Table 3. Unit Costs, Heating Values, and Direct Emissions
Factors for Fuels Considered

fuels
unit costs
($/tonne)

heating values
(MJ/tonne)

direct emissions
(g CO2/MJ)

coal 97.1 35,000 94.60
oil 740 45,200 72.79
natural gas 855.2 54,000 56.10
switchgrass 45 4480 100.44
biogas 444 52,000 54.42
softwood 51.67 20,400 111.76
hardwood 53.31 18,400 111.95
algal
biomass

0.01 28,000 21.43

Figure 5. Pareto curves for the integrated energy system without and with different unit subsidies for reduction of GHG emissions.
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efficiency for the turbine of 90%, degree of subcooling in the
condenser of 5 °C, and terminal temperature difference of 5 °C.
The unit selling prices of electricity, biodiesel and glycerol were
taken as $0.14/kWh,77 $3.91/gal,78 and $90.91/tonne,53

respectively. It should be noted that the unit selling price of
biodiesel was obtained from the U.S. Department of Energy
(DOE).78

Points A and B in Figure 5 represent the optimal design
solutions with maximum gross profit and minimum environ-
mental impact, respectively. As shown in this figure, a reduction
in the Eco-indicator 99 can only be achieved at the expense of a
decrease in the annual gross profit (i.e., increase in the total
annual cost); thus, there is a clear trade-off between both
criteria. Table 4 shows that the Eco-indicator 99 for a subsidy of

$5/tonne of CO2 equiv was reduced from 15.03 × 106 Eco-
points/yr to 12.7 × 106 Eco-points/yr along the Pareto curve.
Also, Figure 5 shows that reducing the environmental impact
below about 13.45 × 106 Eco-points/yr requires huge total
annual costs that in turn lead to negative annual gross profits.
Furthermore, the larger value of the unit subsidy for reduction
of GHG emissions, the more profit will be made. Overall, the
calculated PROFIT is promising for both cases.
In the Pareto set of the problem, each point corresponds to a

different system design in terms of operating conditions and
selection of energy sources. As shown in Table 5 for a subsidy
of $5/tonne of CO2 equiv, extreme solutions use lipid-depleted
algal biomass as an energy source in the power plant boiler but
differ in the type of the other fuels of the energy mix: the
maximum annual gross profit solution (point A) uses coal,
whereas the minimum EI99 solution (point B) uses switchgrass.
These are the main differences between both solutions.
Notice in Table 6 that the income from the sale of biodiesel

is greater at point B (i.e., 90.74 × 106 $/yr) than at point A (i.e.,

85.86 × 106 $/yr). This is due to fact that the amount of CO2
generated in the power plant and delivered to the algae
biorefinery is greater at point B than at point A; as a result, the
algal biomass available to be converted into biodiesel is greater
at point B with respect to point A. Also note from Tables 4−6
that the energy sources selected for the labeled solutions
represent the most important contributions to the annual gross
profit and the overall environmental impact. In the optimal
solution A, only coal is selected as the external fuel in the boiler,
so it is the option with the highest environmental impact but is
also the most economical. On the other hand, point B uses
switchgrass instead of coal, reducing simultaneously the Eco-
indicator 99 and the associated annual gross profit.
Very recently, Gong and You79 addressed the optimal design

and synthesis of algal biorefinery processes for biological carbon
sequestration. Their optimization results indicate that the algal
biorefinery earns $12.23/t CO2 sequestrated for algal
cultivation in open pond raceways when the annual

Table 4. Points A and B of the Pareto Curve for a SGHG of
$5/tonne CO2 equiv

raceway ponds

solution PROFIT (million US$/yr) EI99 (million Eco-points/yr)

point A 105.17 15.03
point B −32.70 12.70

Table 5. Flow Rates of Materials and Fuels at Points A and B for a SGHG of $5/tonne CO2 equiv

raceway ponds

point A point B

material/fuel Q (MJ/yr) flow rate (tonne/yr) Q (MJ/yr) flow rate (tonne/yr)

coal 1.75 × 1010 501,015 − −
switchgrass − − 2.35 × 1010 3.86 × 106

biogas − − − −
softwood − − − −
hardwood − − − −
algal biomass (FAC) − 341,850 − 357,099
residual biomass (FLD) 5.99 × 109 214,210 6.26 × 109 223,765
CO2 generated (FCO2

) − 1.78 × 106 − −

steam at the outlet of the boiler − 7.36 × 106 − 7.44 × 106

consumption of urea − 12,277 − 12,825
consumption of DAP − 2641 − 2759
makeup water − 5.85 × 107 − 6.11 × 107

biodiesel produced − 67,645 − 70,662
glycerol produced − 7440 − 7772

Table 6. Economic Results for Points A and B for a SGHG of
$5/tonne CO2 equiv

raceway ponds

description point A (US$/yr) point B (US$/yr)

income from biodiesel sale 86,861,278 90,735,921
income from glycerol sale 676,459 706,634
income from NEP sale 402,112,545 400,653,236
REVENUE 489,650,282 492,095,791
TAX CREDIT 841,015 878,530
fuel cost 48,648,582 174,059,477
urea cost 5,524,929 5,771,381
DAP cost 1,717,006 1,793,597
makeup water cost 585,721 611,849
alum coagulant cost 126 132
hexane cost 4,227,830 4,416,422
methanol cost 4,464,589 4,663,742
KOH cost 369,952 386,454
H3PO4 cost 710,275 741,959
operating cost (OC) 66,249,014 192,445,017
annual capital cost (FC) 319,072,398 333,227,579
TAC 385,321,413 525,672,597
PROFIT 105,169,885 −32,698,273

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc400436a | ACS Sustainable Chem. Eng. 2014, 2, 1388−14031397



sequestrated quantity balances the emissions of a 2400 MW
coal-fired power plant and the feed gas is delivered to the
biorefinery only during the day. Thus, these results and the
results obtained in the present work reveal that the integrated
energy system could be a profitable strategy for mitigation of
GHG emissions from power plants.

■ CONCLUSIONS

This paper presents an optimization approach for the
integration of advanced steam power plants with algae-to-
biodiesel processes with economic and environmental con-
cerns. The proposed approach is based on the combination of a
simulation model of the system with GA and the ε-constraint
method for solving the multi-objective optimization problem.
The economic objective function considers the maximization of
the annual gross profit, whereas the environmental objective
function consists in the minimization of Eco-indicator 99
(overall environmental impact) that is evaluated following LCA
methodology. The optimization problem includes the selection
of primary energy sources (fossil fuels, biofuels, and external
biomass) using an LP model for each individual at each
generation of the GA optimization.
The capabilities of the proposed approach are illustrated

through a case study, which involves the integration of an
advanced regenerative Rankine power plant with a microalgae-
to-biodiesel production process. This bioprocess is based on
open pond raceways for algal cultivation that receive feed gas
(CO2 from the power plant) only during the daytime (12 h a
day).
The solution of the multi-objective problem provides a set of

optimal solutions (i.e., Pareto optimal set) that represent the
best possible trade-offs between the economic and environ-
mental objectives. Results show that the biological capture of
CO2 using microalgae cultivation for biodiesel production
could be a profitable strategy for mitigation of GHG emissions
from power plants. This is because the integrated energy
system reduces CO2 emissions from power plants using
microalgae cultivation for biological mitigation of CO2 and at
the same time produces renewable fuels (i.e., biodiesel and
lipid-depleted biomass that is combusted in the power plant)
from the algal biomass that displace fossil fuel sources (diesel
and coal). Furthermore, by incorporating a subsidy due to
GHG reductions in the problem formulation, the annual gross
profit is positive in a large portion of the corresponding Pareto
curve.

■ APPENDIX A. ALGAE-TO-BIODIESEL PRODUCTION
MODEL

This appendix presents a linear set of algebraic equations
describing the algae-to-biodiesel production process in terms of
the mass and energy flows shown in Figure 2.
The algal biomass (FAC) produced in the cultivation stage is

given by

α τ
δ

= =F
F

F
(0.7)(0.5)

1.83 CAC
AC
CO

DT CO

CO
O

2
2

2
2

(A1)

where αAC
CO2 is the efficiency of CO2 transfer into the algal

growth medium, δCO2
is the CO2 demand in kg-CO2/kg-

biomass, τDT is the fraction of the whole-day hours that CO2
from the power plant (feed gas) is delivered to the cultivation

stage, and FCO2
is the flow rate of CO2 generated by the power

plant boiler.
In this study, the feed gas delivery is restricted only during

the day, so τDT = 0.5. In addition, the parameter δCO2
is set to

1.83 because for 100 tonnes of microalgae produced, 183
tonnes of CO2 are consumed on average.16 Thus, removal of
CO2 from flue gases of power plants by microalgae and then
conversion of algal biomass to biofuels to replace fossil fuels can
yield an important reduction in GHG emissions to the
atmosphere.
The mass balance equations for algal biomass in both

harvesting steps are expressed as follows

α= =F F F(0.97)AH
FLOC

AH
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AC AC (A2)

α= =F F F(0.85)AH
CENT

AH
CENT

AH
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where αAH
FLOC and αAH

CENT are the recovery fractions of algal
biomass in primary and secondary harvesting, respectively;
αAH
FLOC and αAH

CENT represent the algal biomass flow rates leaving
the flocculation and centrifugation operations, respectively.
In the oil extraction stage, the amount of triglycerides

recovered (FOIL) from algal biomass is

α= =F w F F(0.8)(0.3)OIL OIL OIL AH
CENT

AH
CENT

(A4)

where αOIL is the recovery fraction of oil using n-hexane as
solvent and wOIL is the lipid content in algal biomass (wt % of
dry biomass).
The fresh consumption of hexane for oil extraction is given

by

= =F F F(0.5)(0.02) 0.0016HEX AH
CENT

CO2 (A5)

The lipid-depleted algal biomass or residual biomass (FLD)
generated by the extraction operation is given by

α= − = −F w F F(1 ) [1 (0.8)(0.3)]LD OIL OIL AH
CENT

AH
CENT

(A6)

Combining eqs A1, A2, A3, and A5, we get

σ=F FCLD Algae O2 (A7)

with

σ
α τ α α α

δ
=

−

=

w( )( )( )( )(1 )

0.1198

Algae
AC
CO

DT AH
FLOC

AH
CENT

OIL OIL

CO

2

2

(A8)

The biodiesel (FBD) and glycerol (FGLY) produced in the final
stage of the system are given by

=F FBD OIL (A9)

=F F(0.11)GLY OIL (A10)

Equations A1, A2, A3, and A9 give a simple expression for
biodiesel produced in terms of the variable FCO2
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The nitrogen and phosphate requirements for microalgae
cultivation can be determined from the following equations
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= =F F F(0.182) (0.00689)N BD CO2 2 (A12)

= =F F F(0.039) (0.001475)PH BD CO2 (A13)

The water losses due to evaporation and leakages (FWLOP in
tonne/yr) can be expressed as

γ
=

+
= =F x

h h
F F1 10

( )
31.8761WLOP

6 WEV WL

AB
AC CO2

(A14)

where hWEV is the daily evaporation depth (m/d), hWL is the
daily water loss due to leakages (m/d), and γAB is the algal
culture productivity (g/m2 d). In eq A14, 1 × 106 is the
conversion factor between g and tonne. In this study, the total
daily water loss (hWEV + hWL) is 0.005 m/d,54 providing a daily
water loss volume of 0.005 m3 per m2.
After the secondary harvesting step, all the water presents in

the outlet stream (FWLC) that is directed to the dryer is also
lost. This water loss is calculated as follows

ρ
= −
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(A15)

where ρSOL
CENT is the density of the biomass slurry leaving

secondary step, and CABS
CENT is the concentration of algal biomass

in that stream. This equation can be rearranged to another
useful form
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To obtain this equation, we let CABS
CENT = 150 g/L,53 and we

assume that ρSOL
CENT = 1000 g/L.

Thus, the amount of makeup water that must be added to the
algae-to-biodiesel process to compensate for the loss of water
can be expressed as

ρ ρ= + = +F W F F F0.9565 0.8936MW WLOP W WLC W CO CO2 2

(A17)

where ρw is the density of liquid water.
The annual net electric power for the integrated energy

system is given as the difference between the electric power
generated by the power plant and that consumed by the algae-
to-biodiesel subsystem

= − − − − −E E E E ENEP 400 MW AC AH OE BP PP
(A18)

where EAC, EAH, EOE, EBP, and EPP are the annual power
requirements for microalgae cultivation, algal biomass harvest-
ing, oil extraction from algal biomass, biodiesel production, and
pumping of feedwater in the power plant, respectively (Figure
2). The energy consumptions for the stages of the algae-to-
biodiesel system were calculated using the data shown in Table
1.53

■ APPENDIX B. CALCULATION OF THE REVENUE
AND TAC TERMS

This Appendix provides in detail the equations required to
calculate the terms REVENUE and TAC of eq 1. The term
REVENUE is given by summing the total annual revenues

obtained from selling the products (electricity, biodiesel, and
glycerol)

= + +C C F C FREVENUE NEPEP BD BD GLY GLY (B1)

where CEP, CBD, and CGLY are the unit selling prices of
electricity, biodiesel ,and glycerol, respectively; NEP is the
annual net electric power generated per year.
The total annualized cost (TAC) is the summation of the

annual capital (FC) and operating (OC) costs.

= +TAC FC OC (B2)

The annual capital cost (FC) is expressed as the sum of the
capital cost of each main equipment unit of the system (CAPu)
multiplied by the capital recovery factor (KF), as shown by

∑=
=

KFC CAPF
u 1

NU

u
(B3)

where NU is the number of main equipment units in the
system (e.g., boiler, turbines, condenser, pumps, open ponds, or
photobioreactors, centrifuges, tanks, etc.). For the present
study, the factor KF was taken as 0.3/yr.
The operating cost (OC) accounts for the cost of external

energy sources used in the power plant boiler as well as the
nutrients and water consumed by the algal biodiesel production
system.
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(B4)

where Cf, Cbf, Cbm, Cn, Cw, and Chex are the unit costs for fossil
fuel f, biofuel bf, biomass bm, nutrient n, makeup water mw,
and hexane hex, respectively. Note that all flow rates in this
equation are provided by the system simulator and
optimization process.
In this study, the unit costs of urea, phosphate, and hexane

were taken53 as $ 450/tonne, $650/tonne, and $1500/tonne,
respectively. It was assumed that the unit cost of makeup water
was $0.01/tonne because the microalgae cultivation facility
would be located near the Cuitzeo lake where water is available
at very low cost.
The capital costs for the main units of the power plant are

determined using the following correlations. The coefficients
for the costs functions were obtained from different reports.75,76

Capital Cost for the Turbine
The investment cost for the turbine is calculated as follows

= WCAP 2237TURB ST
0.41

(B5)

where WST is the power generated by the turbine in kW.
Capital Cost for the Condenser
The capital cost for the condenser is given by

= QCAP 43COND L
0.68

(B6)

where QL is the heat removed from the condenser in kW.
Capital Cost for Centrifugal Pumps
The capital cost for centrifugal pumps is calculated as follows

= + −P P fCAP (475.3 34.95 0.0301 )PUMP w w
2

pw (B7)

where Pw is the pumping power in kW and f pw is equal to 1 for
pressures until 1.03 MPa.
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Capital Cost for Feedwater Heaters
The cost for feedwater heaters is calculated as follows

= + A KCAP (30800 (1644 ))HEATER heater
0.81

f (B8)

where Aheater is the area of the feedwater heater.
Capital Cost for the Deaerator
The cost for the deaerator is calculated as follows

= FCAP 904DEAEATOR B
0.62

(B9)

where FB is the flow rate in tonne/h.
The capital costs for main units of the algae-to-biodiesel

process were calculated using the cost data reported by Ventura
et al.53
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■ NOMENCLATURE

Indexes
bf = biofuel
bm = biomass
f = fossil fuel
n = nutrient
NU = number of units in the system
u = main equipment unit

Parameters
CBD = unit price for biodiesel produced, $/tonne
Cbf = unit cost for biofuel, $/tonne
Cbm = unit cost for external biomass, $/tonne
Ce = unit price for electricity, $/MW
Cf = unit cost for fossil fuel, $/tonne
CGLY = unit price for glycerol produced, $/tonne
Chex = unit cost for hexane, $/tonne
Cn = unit cost for nutrient, $/tonne
Cmw = unit cost for makeup water, $/tonne
DFb

c = damage factor associated with chemical b and impact
category c
Embf

Comb = direct CO2 emissions for biofuel, kg CO2/kg
Embm

Comb = direct CO2 emissions for external biomass, kg
CO2/kg
Emf

Comb = direct CO2 emissions for fossil fuel, kg CO2/kg
EmBD

LCA = life-cycle GHG emissions for biodiesel, tonne of
CO2 equiv/tonne
EmFD

LCA = life-cycle GHG emissions for fossil diesel, tonne of
CO2 equiv/tonne
IC(d) = set of impact categories c that contribute to damage
category d
HVBD = heating value for biodiesel, MJ/tonne
HVbf = heating value for biofuel, MJ/tonne
HVbm = heating value for external biomass, MJ/tonne
HVf = heating value for fossil fuel , MJ/tonne
HVFD = heating value for diesel, MJ/tonne
KF = factor used to annualize the capital costs

LCIEb
bf = life cycle inventory of chemical b per unit of biofuel

LCIEb
bm = life cycle inventory of chemical b per unit of

biomass
LCIEb

emis = life cycle inventory of chemical b per unit of
emission
LCIEb

f = life cycle inventory of chemical b per unit of fossil
fuel
LCIEb

n = life cycle inventory of chemical b per unit of
nutrient
LCIEb

u = life cycle inventory of chemical b per unit of mass
equipment
NFd = normalization factor for damage category d
ODFbf = overall damage factor for biofuel, Eco-points/tonne
ODFbm = overall damage factor for external biomass, Eco-
points/tonne
ODFf = overall damage factor for fossil fuel, Eco-points/
tonne
ODFn = overall damage factor for nutrient, Eco-points/
tonne
ODFu = overall damage factor for material construction
material of unit, Eco-points/tonne
SGHG = unit subsidy for reduction of GHG emissions,
$/tonne
WFd = weighting factor for damage category d
wOIL = lipid content in algal biomass (wt % of dry biomass)
ε = parameter of the ε-constraint method
ηbf = boiler efficiency for biofuel
ηbm = boiler efficiency for biomass
ηf = boiler efficiency for fossil fuel
αAC
CO2 = utilization efficiency of CO2

αAH
CENT = recovery fraction of algal biomass in secondary

harvesting (centrifugation)
αAH
FLOC = recovery fraction of algal biomass in primary

harvesting (flocculation)
αOIL = recovery fraction of lipid in the oil extraction stage
δCO2

= CO2 demand in kg-CO2/kg-biomass
τDT = fraction of the whole-day hours that feed gas is
delivered to the cultivation stage

Variables

CAPu = capital cost of each main equipment unit, $
DAMd = overall damage for category d
EAC = power requirement for microalgae cultivation, MW/yr
EAH = power requirement for algal biomass harvesting, MW/
yr
EBP = power requirement for biodiesel production stage,
MW/yr
EPP = power requirement for pumping of feedwater in the
power plant, MW/yr
EOE = power requirement for oil extraction stage, MW/yr
EI99 = Eco-indicator 99 (overall environmental impact),
Eco-points/yr
FC = annual capital cost of the system, $/yr
FAC = flow rate of algal biomass produced in the cultivation
stage, tonne/yr
FAH
CENT = flow rate of algal biomass leaving secondary

harvesting (centrifugation), tonne/yr
FAH
FLOC = flow rate of algal biomass leaving primary harvesting

(flocculation), tonne/yr
FBD = flow rate of biodiesel produced, tonne/yr
FFD = flow rate of displaced fossil diesel, tonne/yr
Fbf = flow rate of biofuel, tonne/yr
Fbm = flow rate of biomass, tonne/yr
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FCO2
= flow rate of CO2 generated in the power plant boiler,

tonne/yr
FGLY = flow rate of glycerol produced, tonne/yr
Ff = flow rate of fossil fuel, tonne/yr
Fhex = flow rate (consumption) of hexane, tonne/yr
FLD = flow rate of lipid-depleted algal biomass, tonne/yr
Fn = flow rate (consumption) of nutrient, tonne/yr
FN2

= flow rate (consumption) of nitrogen, tonne/yr
FOIL = flow rate of lipid recovered from algal biomass, tonne/
yr
FPH = flow rate (consumption) of phosphate, tonne/yr
FMW = flow rate (consumption) of makeup water, tonne/yr
Femis = flow rate of emission released by the system, tonne/yr
IMPc = environmental damage caused in impact category c
LCIb

tot = total life cycle inventory of chemical b
NEP = net electric power for the integrated energy system,
MW/yr
OC = operating cost of the system, $/yr
PROFIT = annual gross profit, $/yr
QH = heat duty of the boiler, MJ/yr
REVENUE = revenue from the sale of electricity and
bioproducts, $/yr
TAC = total annualized cost, $/yr
TAX CREDIT = total subsidy due to the reduction of GHG
emissions, $/yr
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(65) Guilleń-Gosaĺbez, G.; Caballero, J. A.; Esteller, L. J. Application
of life cycle assessment to the structural optimization of process
flowsheets. Ind. Eng. Chem. Res. 2008, 47, 777−789.
(66) Ponce-Ortega, J. M.; Mosqueda-Jimeńez, F. W.; Serna-Gonzaĺez,
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