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Abstract Life cycle analysis (LCA) is a trending methodology for evaluating
environmental impacts associated with a product through its life cycle. This chapter
presents the general model formulation for life cycle optimization, as well as sys-
tematic approaches to solve the resulting multi-objective mixed-integer nonlinear
programming problems. We discuss the life cycle design of an algal biorefinery for
the production of sustainable biofuels and profitable by-products. We review the
existing articles for the simulation and optimization of the algal biorefinery pro-
cesses. We show the importance of superstructure optimization, and introduce the
technology alternatives that can be incorporated into an algal process superstruc-
ture. Subsequently, we show the optimization results of an algal biorefinery. We
further summarize the challenges and possible directions for future life cycle algal
biorefinery designs.

1 Introduction

The development of the chemical industry in the last 150 years has greatly shaped
our society, but the side effects are adversely influencing the environment we live in
and severely degrading the ecological foundation of all activities (Bakshi 2014).
The future growth, however, hinges on the effective solutions to the competition
with emerging impacts from a variety of sustainable factors, such as materials
availability, climate change mitigation, and inherent security. Therefore, it is of
significance to consider these impacts throughout the decision-making process via
establishing quantitative metrics to measure the level of sustainability for intended
processes, and employing efficient approaches to assist the selection of optimal
sustainable processes.
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This chapter shows the superstructure-based method for sustainable process
design and its application to life cycle design of an algal biorefinery. In the fol-
lowing sections, we first introduce a general modeling framework for sustainable
process design synthesis. Next, we review the current progress of life cycle design
of an algal biorefinery. Later, we briefly describe the methods in process design and
synthesis, and provide a large number of technology alternatives that could be
potentially considered in the six sections of an algal biorefinery process. Then
typical results of a life cycle algal biorefinery design are shown. Finally, we discuss
the challenges and opportunities for future development.

2 A Framework for Sustainable Process Design
and Synthesis

2.1 Life Cycle Analysis

Based on an emerging methodology named life cycle analysis (LCA), there is a
growing number of publications addressing the design of sustainable processes and
supply chains (Yue et al. 2014b; Garcia and You). LCA can be used to estimate and
assess the environmental impacts attributable to the life cycle of a product or a
service (Rebitzer et al. 2004). Early work of LCA can date back to the late 1990s
and the consensus of LCA results in the ISO 14000 series (Institution 2006). After
years of improvement, LCA becomes a comprehensive methodology and considers
all attributes of natural environment, human health, and resources. As an evolving
methodology, the recent development in LCA involves attributional and conse-
quential LCA, input–output LCA, and hybrid LCA (Finnveden et al. 2009).
Although effort is made in developing social LCA (Grießhammer et al. 2006), most
attention has been put on thriving and applying environmental LCA.

An LCA study encompasses four phases (Institution 2006): goal and scope
definition, life cycle inventory (LCI) analysis, life cycle impact assessment, and life
cycle interpretation. Goal and scope definition elucidates essential information of
the study, including the purpose of the study, the intended application and audience,
the system boundary of the analysis, and the functional unit to quantify the function
of the final product or service. In the next phase, LCI is investigated, which
specifies the amounts of input and output materials, emissions, and energy with
respect to the functional unit. In the impact assessment phase, the LCI is converted
to various indicators, which provide the basis for analyzing the contributions of
individual LCI entries to a number of environmental impacts. In the last phase, the
results of inventory analysis and impact assessment are explained, and uncertainty
analysis and sensitivity analysis can be conducted. And conclusions are made after
all the targets are met.
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Integrating LCA with process models and techno-economic analysis, researchers
are now able to develop sustainable processes and supply chains with respect to a
variety of environmental impact indicators of interest (You and Wang 2011).

2.2 Life Cycle Optimization

Most process design problems in the past decades were focused solely on
improving the overall economic performance. Minimizing the total annualized cost
and maximizing the net present value are prevalent objective functions in the
mathematical models if the superstructure optimization approach is employed.
A typical structure of such mathematical models contains mass balance constraints,
energy balance constraints, and economic evaluation constraints. Accordingly, only
one optimal solution will be returned if the problem is solved. However, sustain-
ability is made up of three pillars: economy, society, and environment (Finnveden
et al. 2009). The economically optimal solution may render undesirable social and
environmental performance. From a sustainability point of view, such optimal
solutions from single-objective formulations are unsurprisingly unfavorable,
because significant impacts on other aspects of sustainability may cause irreversible
consequences for the future development of mankind and the environment we are
dwelling in.

LCA is a systematic tool for evaluating the environmental impacts of a fixed
process, but such analyses require pre-defined processes and systems, therefore
lacking the ability to automatically generate feasible process designs from a process
superstructure and identify the best process performance. To bridge this research
gap, researchers develop a life cycle optimization framework to integrate
multi-objective optimization techniques with LCA and techno-economic analysis
(You and Wang 2011). The combination of rigorous mathematical programming
and LCA enables systematic generation and evaluation of design candidates. With
more than one objective functions allowing for simultaneous optimization of the
environmental and economic performances, we are able to obtain more sustainable
solutions for a great number of applications (Yue et al. 2013; Zhang et al. 2014).

In life cycle optimization, instead of including the whole package of LCA into
optimization models, goal and scope definition and LCI analysis are performed
following the development of a superstructure optimization model, the constraints
introduced in life cycle impact assessment are added to the original superstructure
optimization model, and one or more impact indicators are also included as
objective functions in the new model. In most applications, we selectively focus on
one environmental impact, such as the greenhouse gas emissions. The motivation
for such simplification is twofold: (1) compared to other environmental impacts,
climate change receives the most attention worldwide; (2) from the perspective of
optimization, including more objective functions leads to computationally
demanding optimization problems, especially when the process synthesis problem
itself contains complex nonlinear terms.
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min
x;y

TAC

min
x;y

GHG

s:t: hðx; yÞ ¼ 0
gðx; yÞ� 0
x 2 <; y 2 f0; 1g

ðP1Þ

A typical model formulation is shown above. This model has two objectives:
(1) minimizing total annualized cost (TAC), and (2) minimizing greenhouse gas
emissions (GHG). x denotes continuous variables, such as the mass flow rates and
energy consumption rates, while y represents binary variables and determines the
superstructure configuration. There are four types of constraints in the model: mass
balance constraints, energy balance constraints, economic evaluation constraints,
and environmental impact analysis constraints. Mass balance and energy balance
are based on mass and energy conservation relationships between input and output
materials of each equipment unit. Coefficients are extracted from experiments and
simulations results, and nonlinear terms are necessarily employed. For example, we
need bilinear terms as the upper bounds of specific mass flowrates (Gong and You
2014b); we employ power functions to estimate equipment capital costs
(Gebreslassie et al. 2013b); we formulate fractional objective functions to capture
the optimal economic and environmental values per functional unit (Gong and You
2014a).

As a result, the combination of nonlinear terms and the integer variables for
superstructure configuration leads to a bi-criteria mixed-integer nonlinear pro-
gramming (MINLP) problem, which cannot be solved directly by off-the-shelf
solvers. There are several methods proposed to handle the multi-objective opti-
mization problem, which are weighted-sum method, ε-constraint method, and
evolutionary algorithms (Deb 2014). The ε-constraint method is widely used due to
its efficiency and simplicity. The key step of the ε-constraint involves transforming
one of the objective functions, such as the environmental objective, into an addi-
tional bounding constraint and generates an auxiliary MINLP problem (P2).

min
x;y

TAC

s:t: hðx; yÞ ¼ 0
gðx; yÞ� 0
x 2 <; y 2 f0; 1g
GHG� e

ðP2Þ

The upper bound of ε is defined as the evaluated value of the environmental
objective when only the economic objective is maximized in problem (P1), while
the lower bound of ε is the optimal objective function value when we optimize only
the environmental objective in problem (P1). Next, the interval between the upper
bound and lower bound is equally partitioned. For each partitioned value of ε, we
solve the corresponding problem (P2) and obtain an optimal solution. The set of

366 J. Gong and F. You



optimal solutions can be plotted into a Pareto-optimal curve, which clearly reveals
the tradeoff between two objective functions (You and Wang 2011). In addition to
the traditional ε-constraint method, an improved method is also examined (Garcia
and You 2015).

Attractive alternatives to the objective functions in problem (P1) are unit
objective functions associated with the functional units defined in the goal and
scope definition. Optimizing unit objective functions considers the effects of both
total behavior and the product quantity, which enables direct and constructive
comparison with real market values. If the nonlinear terms in the mathematical
model appear only when evaluating equipment capital costs with sizing equations,
the corresponding bi-criteria mixed-integer fractional programing problem can be
effectively optimized with a global optimization strategy (Gong and You 2014a).

3 Process Design and Synthesis of Algal Biorefineries

The recent years have witnessed the thriving of renewable energy as one of the
solutions to climate change and energy uncertainties (Lal 2008). Readers are
referred to chapter “Biomass as Source for Chemicals, Power and Fuels” that
focuses on general biomass-based process design and synthesis. In this chapter, we
concentrate on microalgae and algal biorefineries, which have received increasing
attention for developing advanced biofuels. Microalgae refer to a diverse category
of microorganisms which, similar to most green plants, rely on photosynthesis to
thrive. Since carbon dioxide is captured and sequestered into biomass during
photosynthesis, green plants are naturally one of the most efficient contributors to
carbon mitigation. As an ancient creature on earth, microalgae have a much higher
lipid yield compared to traditional energy crops (Ferrell and Sarisky-Reed 2010).
Furthermore, microalgae cultivation does not require valuable arable land, thus
minimizing the competition with crops and the threat to food supplies. Given that
lipids are the precursor to biofuels, algal biofuels will be potentially affordable and
sustainable if the downstream processing is efficient and reliable.

Regarding the process design and synthesis of an algal biorefinery, which
integrates both algae production and algal biofuel production, there has been an
increasing awareness of the importance to develop sustainable algal systems in the
recent decade. National algal biofuel technology roadmap (Ferrell and
Sarisky-Reed 2010), released by the U.S. Department of Energy, is a critical report
that summarizes the progress made by the Biomass Program. It states the challenges
in commercializing algal biorefineries. It is believed that the realization of com-
mercially viable and environmentally benign algal biofuels requires the cooperation
among scientists, engineers, and investors across various disciplines. In a different
report from national laboratories (Davis and Aden 2012), specific attention was paid
on harmonizing the results for techno-economic analysis (Davis et al. 2011), life
cycle analysis (Frank et al. 2011), and resource assessment (Wigmosta et al. 2011)
with respect to the production of algal renewable diesel. Other thorough evaluations
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examined algal biorefineries from different angles (Alabi et al. 2009; Jones et al.
2014; Davis et al. 2014).

In addition to the official reports, a plethora of academic articles is concerned
with the process design and synthesis of algal biorefineries. Reviews with general
concepts and promising technologies of algal biorefinery processes were performed
by Chisti (2007), Mata et al. (2010), Brennan and Owende (2010), Chen et al.
(2011a), Gouveia (2011), and Kim et al. (2013). From a systematic point of view,
several attempts have been made to assess the algal biofuel production processes
using state-of-the-art simulation methods. Pokoo-Aikins et al. addressed the design
and techno-economic analysis of the production of biodiesel from algal oil using
ASPEN PLUS simulation and ICARUS cost estimation (Pokoo-Aikins et al. 2010).
Lundquist et al. evaluated the economics of microalgae biofuels production through
an analysis of five production scenarios and provided recommendations for
large-scale algae biofuel production (Lundquist et al. 2010). Delrue et al. developed
a model for process evaluation based on energetic, economic, and environmental
criteria and conclude that a wet-lipid-extraction route performed better, but this
route still has an unfavorable production cost (Delrue et al. 2012). The same authors
subsequently evaluated the application of hydrothermal liquefaction (HTL), oil
secretion, and alkane secretion in the algal processes (Delrue et al. 2013).
Furthermore, Silva et al. simulated an algae-to-biodiesel process with detailed
kinetics models, resulting in an attractive price $4.34/gallon (Silva et al. 2014;
Dunlop et al. 2013).

Beyond the use of simulation tools to establish feasible algal processes with
extensive details, superstructure optimization not only offers sustainable insights
into the performance of technology alternatives, but also generates optimal processes
with the most favorable biofuel products. Gebreslassie et al. proposed a detailed
superstructure of an algal biorefinery focusing on biofuel production (Gebreslassie
et al. 2013b). In order to explore the potential of algal biorefinery processes for
biological carbon sequestration and utilization, Gong et al. improved the overall
performance of the optimal algal biorefinery by incorporating more technology
alternatives into the superstructure (Gong and You 2014b). Later, the same authors
constructed an algae processing networking considering 7,800 processing routes,
highlighting the performance of HTL in the most environmentally sustainable
processing route (Gong and You 2014a). In a recent study, they developed the most
comprehensive superstructure to demonstrate the importance of coproduction of
algal biodiesel and bioproducts (Gong and You 2015). Martín and Grossmann
optimized the production of biodiesel from waste cooking oil and algae oil with the
consideration offive transesterification pathways (Martín and Grossmann 2012). In a
recent article, the authors explored the simultaneous production of algal substitutes,
including ethanol, biodiesel, and glycerol ethers (Martín and Grossmann 2014).
Rizwan et al. proposed a superstructure to quickly scan through the algal processing
pathways and identified the optimal routes with respect to various objective func-
tions (Rizwan et al. 2013; Quaglia et al. 2012). Additionally, much effort was also
made on polygeneration systems (Chen et al. 2011b, 2012; Liu et al. 2010), ther-
mochemical conversion system (Baliban et al. 2013; Wang et al. 2013),

368 J. Gong and F. You



and sustainability (Zhang et al. 2014; Gong and You 2014a; Gebreslassie et al.
2013a; Lira-Barragán et al.), offering useful ideas for the integration of energy
systems.

4 Superstructure of an Algal Biorefinery

The life cycle design of an algal biorefinery lays its foundation on superstructure
optimization. This chapter briefly discusses the advantages of superstructure opti-
mization and provides a thorough overview for the generation of a superstructure
for algal biorefinery processes.

4.1 The Role of Superstructure Optimization

Process synthesis determines the type, design, and interconnection of processing
units from an enormous number of alternatives after the task of a process is specified
with the input and output materials (Nishida et al. 1981). There are a variety of
systematic methods to evaluate and search among design alternatives (Biegler et al.
1997). The first method is total enumeration of an explicit space, which is done by
simply evaluating every alternative and selecting the one with the best evaluation
results. This method seems straightforward in principle but demands large amounts
of computation or human resources, unless the number of alternatives is consider-
ably small. The second is referred to as evolutionary methods, which begin with a
feasible base-case design and make incremental improvements to part of the design
in each iteration. The most significant drawback of this method is that it is unable to
locate and reach the globally optimal process design within the available design
space. In the third option, we could propose a superstructure containing all available
technology alternatives. Based on the superstructure, we then develop a rigorous
mathematical programming model which offers an opportunity to simultaneously
evaluate the performance of all alternatives and automatically generate the optimal
process design. This method is limited by the complexity of the superstructure and
the corresponding mathematical formulation. In the early stage of process design,
superstructure optimization can be substantially useful to provide initial process
configuration from a number of promising alternatives.

The above methods have their pros and cons depending on the specific problems
to be solved. Traditional goal for process design and synthesis is to develop
sophisticated designs based on the knowledge of existing ones and experimental
results. In concert with the developments in computing, process system engineering
has made rapid progress over the past 50 years. In order to pursue higher value from
a process, the goal, however, has been shifted to finding best designs from numbers
of possible options (Westerberg 2004). Assisted directly by the computation
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techniques, superstructure optimization is able to identify the globally optimal
process designs with adequate modeling details.

In superstructure-based process synthesis, the first step is to develop a super-
structure to include process/technology alternatives across multiple unit operations
from the feed to the products. A mathematical model is then developed to optimize
the superstructure using computational tools. The major decisions of superstructure
optimization involve choosing the optimal process network design, configuration and
equipment sizes, as well as the mass and energy balance of each unit operation. The
corresponding mathematical programming models are usually formulated as MINLP
problems, which can be solved by off-the-shelf global MINLP solvers, such as
BARON and SCIP. If, in some circumstances, the resulting MINLP models are
equipped with specific nonlinear functions, such as fractional functions, researchers
exploit the mathematical properties of these functions and develop tailored algo-
rithms to enhance the computation efficiency (Yue et al. 2013; Gong and You 2014a).

4.2 Technology Alternatives of an Algal Biorefinery

Before any methods are applied to superstructure optimization, the first step in life
cycle process design is to generate a superstructure with all possible technology
alternatives.

As shown in Fig. 1, an algal biorefinery can be divided into six sections, namely,
cultivation, harvesting, lipid extraction, remnant treatment, biofuel production, and
biogas utilization. We briefly describe the technology alternatives in the following
sections.

5 Cultivation

For autotrophic or phototrophic algae, the feed gas is usually a carbon dioxide-rich
source, but the corresponding carbon dioxide concentration should not be too high
to inhibit the growth (Hanagata et al. 1992). A widely used feed source is flue gas,

Fig. 1 The typical structure of an algal biorefinery
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the waste gas from coal-fired power plants. A common concern about using flue gas
for cultivation is the toxicity of the minor constitutes, such as SOx and NOx, to
algae (Wang et al. 2008). However, further discussion about the algal tolerance to
these chemicals exceeds the scope of this paper. We assume the upstream power
plants have installed effective pollution control units, including acid gas scrubbers
which are capable of reducing the concentrations of toxic species to the level that
their adverse effects to algae are negligible. We also assume the microalgae strain in
our discussion, Chlorella vulgaris, contains 25 wt% of the lipid materials in its dry
weight and the algal system is immune to the disturbance of weather and other
external factors. Although ambitious from a practical point of view, these
assumptions are significantly important in simplifying the design problem via
excluding the dynamic nature and inherent uncertainties from the system.
Therefore, these assumptions are widely used in the articles reviewed in the pre-
vious section.

There are two major types of algal bioreactors: open systems, or open ponds, and
closed systems, or photobioreactors (PBRs) (Razzak et al. 2013). Open ponds
include unstirred ponds, paddle-wheel raceway ponds, and circular ponds. PBRs are
more diverse, including tubular PBRs, flat plate PBRs, bubble column PBRs, and
plastic bag PBRs. Open ponds are economically favorable to set up and operate, but
the productivity is poor. Contrarily, PBRs are reliable and efficient, but they suffer
from much higher capital costs. Further idea of a hybrid system has also been
mentioned in order to take into account the inoculation into the system (Gouveia
2011). However, in most process synthesis problems, inoculation is omitted due to
its small contribution to the total cost.

6 Harvesting

The direct product from the cultivation reactors contains only 0.014 wt% of mature
biomass for open ponds and 0.4 wt% of mature biomass for PBRs (Chisti 2007).
However, the downstream lipid extraction and HTL equipment require the algae
concentration higher than 30 and 5 wt%, respectively (Valdez et al. 2012).
Therefore, we need a harvesting section to remove the undesired water content.
A reasonable harvesting design involves three steps (Davis et al. 2011). The first
step takes place in a sedimentation tank/basin, where a large proportion of the
surplus water is separated via autoflocculation assisted with dissolved air flotation.
This step achieves an algae slurry of 10 wt% (Uduman et al. 2010). There are a
variety of flocculants to be used for gravitational separation, including
poly-electrolyte, sodium hydroxide, poly-aluminum chloride, aluminum sulfate,
chitosan, and poly-γ-glutamic acid (Rizwan et al. 2013). They differ from each
other by the concentrations for effective separation, and the percentages of algal
biomass to the next harvesting step. The impact of flocculants on the downstream
processing is assumed negligible. The second step, or the dewatering step, involves
the use of pressure filtration or centrifugation to thicken the algae slurry to 30 wt%
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(Wang et al. 2007; Uduman et al. 2010). Pressure filtration consumes less energy,
but a centrifuge has a lower capital cost. In the last step, or the drying step, the algae
paste is dehydrated to over 85 wt% using freeze-drying or thermal-drying equip-
ment. This step is only necessary if the lipid extraction requires algae powder as
feed materials. In order to reduce both the operating cost and the environmental
impact, the surplus water from the first two harvesting steps is recycled and reused
in cultivation. 5 wt% of the separated water is purged to prevent the buildup of
salts.

Continuous operation is a crucial feature to produce bulk commodities in today’s
chemical plants. As a result, shutdowns and startups appear only during regular
maintenance, unexpected failures, and facilities upgrading, since frequent discon-
tinuities not only jeopardize the mechanical stability of devices, but also incur large
quantity of non-profitable off-spec products during transition. Constrained by the
availability of sunlight, the equipments in the cultivation and harvesting sections
have to stop operating at night. Therefore, a biomass storage tank would be sub-
stantially important at the end of the harvesting section. The storage tank can be
designed to reserve part of the biomass product during daytime operation and
release it to the downstream at night, so that the downstream processes receive
biomass feed continuously throughout the day. Another approach is to provide
artificial light to the cultivation system during nighttime production. However, this
idea proves both economically and environmentally unfavorable (Gong and You
2014b).

7 Lipid Extraction

The goal of this section is to separate the upgradable lipid materials from algae
cells. There are two major methods. In the first group, we take advantage of the
solvent extraction methods that have already been implemented in large-scale
biodiesel production from older generations of biomass. Nevertheless, the existence
of algal biological features like the cell wall and the cell membrane physically
prevents the contact of solvent with intracellular lipid materials. One solution is to
employ cell disruption technologies. Possible options for cell disruption include
sonication, high pressure homogenization, bead beating, freeze-drying,
microwaving, autoclaving, and hydrodynamic cavitation (Lee et al. 2012).
Although different in terms of the cell disruption efficiency, these methods share a
common drawback, which is high energy consumption. Hence, it is worthwhile to
consider the option of bypassing the cell disruption in a superstructure, which
lowers the lipid content available in solvent extraction, but avoids the exceedingly
high energy consumption.

A rough classification of extraction technologies with respect to algal biomass
shows a dry route and a wet route (Xu et al. 2011). The dry route aims at separating
lipid materials from algal powders, while the wet route does not require complete
drying in the harvesting section, but more energy is consumed in solvent recovery
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(Gong and You 2015). Quite a few publications attempt to find the most appropriate
extraction method at the laboratory scale (Halim et al. 2012; Bollmeier et al. 1989).
Multiple solvents and solvent mixtures have been examined, including water,
methanol, chloroform, butanol, hexane, ethanol, isopropanol, supercritical carbon
dioxide, etc. but these experimental results are less attractive in the context of a
complete process. Therefore, when we set up a superstructure involving solvent
extraction, it is crucial to consider the entire extraction–recovery cycle no matter
what routes and what solvents are included as alternatives (Gong and You 2015).

Another promising alternative to solvent extraction is HTL, which is able to
utilize algal slurry directly and convert it to biogas, lipids, and remnant. In addition
to the flexible requirement with respect to feed concentration, another advantage of
this technology is its high lipid yield. This is achieved by converting a portion of
the algal protein and carbohydrates into lipids (Valdez et al. 2012). However, the
operating condition of technology is close to the supercritical condition of water,
leading to both high capital cost and high energy consumption.

8 Remnant Treatment

After lipid extraction, a significant amount of energy captured in algal photosyn-
thesis still remains in the remnant. If this amount of biomass is discarded or sold
with low prices, the algal biorefinery will lose the potential for harvesting the most
value from algae. Two technologies are mentioned in the literature for utilizing
algal remnant: anaerobic digestion and catalytic gasification.

Anaerobic digestion is the most widely used technology in the remnant treatment,
resulting in a biogas stream with about 40 vol% of carbon dioxide and 60 vol% of
methane, and an aqueous stream rich in soluble nutrients for algae cultivation and
solid precipitates (Collet et al. 2011). Methane can be carefully purified from the
biogas stream through a pressure-swing-adsorption system. Simultaneously, solid
precipitates are separated by centrifugation and the liquid product is reused in cul-
tivation. Alternatively, according to Elliott et al. (2012), catalytic gasification gen-
erates four products, including a biogas product consisting of 0.5 % ethane, 2.1 %
hydrogen, 38 % carbon dioxide, and 57.1 % methane, a solid product rich in mineral
deposits, an aqueous product with nitrogen and phosphorus nutrition, and an oil
product which can enhance the biofuel yield.

9 Biogas Utilization

No matter what pathway is selected in remnant treatment, a biogas product is
guaranteed. After further separation using a pressure-swing-adsorption system, the
versatile methane can be concentrated and utilized onsite. Three technologies are
found worth considering in an algal biorefinery: direct combustion, hydrogen
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production, and methanol production (Gong and You 2014b, 2015). Direct com-
bustion process comprised an air compressor, a combustor, a gas turbine, and a
heat-recovery-steam-generation system. The chemical energy embedded in methane
is partially transformed to heat, and then to electricity through the energy con-
version in combustion, shaft work, and heat exchanging. In addition to the energy
utilization, the resulting off-gas is rich in carbon dioxide and could be treated as the
feed gas in cultivation.

Hydrogen and methanol are possible raw materials in the biofuel production
section. Integrating onsite generation of hydrogen and methanol into the algal
biofuel processes holds the potential for cost mitigation. Hydrogen could be pro-
duced by introducing methane into steam reforming, followed by water gas shift. In
contrast, if the syngas from the stream reforming reactor is sent to a demister,
followed by a methanol reactor, a second demister, and a distillation column, we
would obtain methanol instead (Cheng 1994). These intermediate products can also
be sold to the market if the production exceeds the demand in biofuel production.

10 Biofuel Production

Two major biofuel products can be derived from algal lipids: biodiesel and
renewable diesel (Albrecht and Hallen 2011). The former is formally referred to as
fatty acid methyl esters, or FAMEs, which are readily produced from transesteri-
fication reactions. On the other hand, triacylglycerides, free fatty acids, and FAMEs
can undergo deoxygenation reactions and become saturated hydrocarbons, usually
known as renewable diesel or green diesel. Renewable diesel has essentially low
oxygen content, thus compatible for blending with petroleum-based diesel and used
in the existing infrastructures.

From lab-scale experiments to process simulations, extensive research has been
done for transesterification pathways (Apostolakou et al. 2009; Xu and Mi 2011;
West et al. 2008; Sotoft et al. 2010; Meher et al. 2006). Available reaction con-
ditions include alkaline in situ transesterification, acidic in situ transesterification,
enzymatic in situ transesterification, sodium-methoxide-catalyzed transesterifica-
tion, supercritical methanol transesterification, enzyme-catalyzed transesterification,
and heterogeneous acid-catalyzed transesterification (Rizwan et al. 2013;
Gebreslassie et al. 2013b). Comparatively, much more research is needed to achieve
reliable and cost-effective conditions for algal renewable diesel. Existing super-
structures are based on the deoxygenation reaction conditions for vegetable oil
(Marker 2005). In this report, Co-Mo catalyst for a decarboxylation mechanism and
Ni–Mo catalyst for a hydrodeoxygenation mechanism can be introduced as two
alternatives in a superstructure. HZSM-5 catalyst is a tailored option for
hydroprocessing the oil product from HTL (Duan and Savage 2011).

Further attention is also paid to the utilization of by-products. For example,
transesterification reactions generate roughly one ton of glycerol per every ten tons
of biodiesel. When the biodiesel industry continually expands, the price of surplus
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glycerol will be pushed to a very low level and the conversion of glycerol into
value-added derivatives will undoubtedly benefit the economics of the algal
biorefinery. Potential chemicals from glycerol include hydrogen, propylene glycol,
glycerol-tert-butyl ether, and poly-3-hydroxybutyrate (Gong and You 2015).

11 Life Cycle Design of an Algal Biorefinery

Following the modeling framework introduced in the second section, we are able to
develop multi-objective MINLP models to simultaneously optimize the economic
and environmental indicators of possible processes in the aforementioned super-
structure. Optimal solutions of the multi-objective MINLP problems can be plotted
in a Pareto-optimal curve (Gong and You 2015) as in Fig. 2. The points on the
Pareto-optimal curve represent optimal solutions with trade-offs in the objective
functions, the points to the left side of the curve are infeasible, and the points to the
right side of the curve are suboptimal. Point 1 and Point 8 are two extreme points on
the curve, representing the most environmentally optimal process design and the
most economically optimal process design, respectively. Environmentally friendly
process designs favor technologies with less GHG emissions. For example, the
optimal process design represented by Point 1 employs pressure filtration, hexane
extraction, and enzyme-catalyzed transesterification, which involve less GHG
emissions compared to their counterpart technologies.

A good-choice optimal solution represented by Point 4 on the Pareto-optimal
curve is shown in Fig. 3. This optimal process employs pressure filtration in the
Harvesting section, supercritical carbon dioxide as the lipid extractant, direct
combustion for biogas utilization, enzyme-catalyzed transesterification for biofuel

Fig. 2 Pareto-optimal curve (Source Gong and You 2015)
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production, and GE synthesis for bioproduct manufacturing. The Pareto-optimal
curve provides a flexible way of selecting optimal algal biorefinery designs that
complies with environmental regulations, and investigates the optimal economic
and environmental performance of an algal biorefinery.

12 Future Directions

12.1 Modeling Details

When we develop the superstructure of an algal biorefinery, several aggressive
assumptions regarding algae cultivation are made in order to simplify the mathe-
matical models. However, if more accurate results are desired, these assumptions
should be revised to reflect more details in real situations. For example, it is a
difficult task to conduct stringent simulation for algal biorefineries as opposed to
petroleum refineries, because a large number of species are involved in the bio-
process and the physical properties of specific macromolecules are scarce. An
improved model considering more species and their reactions necessitates abundant
experimental data in every step of the algal biorefinery. Additionally, the lipid ratio
and the productivity of the algae strain is assumed immune to uncertain accidents
and external contamination. In order to address this assumption, we can impose
productivity uncertainties on the algae cultivation in the design problem.

In the current stage, operating conditions of most technology alternatives tend to
be fixed. Ideally, a process synthesis problem should be able to determine the
optimal solutions of a wide array of design variables, including separation
sequence, equipment sizes, temperatures, and pressures, as well as utility con-
sumption. However, in the case of an algal biorefinery, few fundamental models are
reported for correlations between the lipid reaction rate and temperature and
pressure. Even though they are available, modeling a biochemical process with all
the design variables leads to large numbers of nonlinear relationships. These

Fig. 3 The optimal process of Point 4 on the Pareto-optimal curve (Source Gong and You 2015)
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nonlinear functions unfortunately contribute to a computationally demanding
mathematical problem. Therefore, the challenge of superstructure optimization for
algal biorefineries is to develop solvable high-fidelity models for current and future
technology alternatives, and integrate them with the superstructure configuration
models.

12.2 Life Cycle Considerations

As mentioned earlier, the current life cycle designs of algal biorefineries focus
primarily on the economic and environmental performance. However, social con-
siderations have been overlooked from the definition of sustainability (You et al.
2012; Yue et al. 2014a). Also, more environmental impact categories, such as
acidification and ecotoxicity, are worth investigating when we intend to implement
an algal biorefinery in a specific area.

In terms of climate change evaluation, it has been reported that the widely used
metric GWP(100), or global warming potential based on 100-year time horizon,
generates significant overshoots of radiative forcing stabilization targets when it is
used to quantify the CO2-equivalent mass of GHGs (Edwards and Trancik 2014).
Therefore, improving the accuracy of the environmental evaluation results of a life
cycle process design problem can be achieved via switching to better metrics.

13 Conclusions

This chapter discusses the framework of life cycle process design and synthesis, and
its application to algal biorefineries. We summarize a large number of technology
alternatives that can be incorporated into an algal superstructure and present
methods for solving the corresponding multi-objective MINLP problems. Several
potential improvements are identified, including developing reliable cultivation
models based on experimental results, imposing productivity uncertainties to better
describe the influence of external conditions, and integrating social considerations,
more environmental impact categories, and better equivalency metric for climate
change evaluation into the life cycle optimization framework.
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