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Abstract Microalgae are considered to be a promising
source of biomass compared with first and second gener-
ation feedstocks. However, the high energy requirement for
harvesting and drying of the algal biomass poses challenge
to commercialization due to implications on both carbon
footprint (CF) and cost. In this work, we propose a sys-
tematic methodology for the multi-criteria evaluation of
alternatives for the harvesting and drying processes. A
fuzzy analytic hierarchy process (FAHP) approach is used,
where the pairwise comparison of the multiple criteria and
alternatives were done to prioritize the best harvesting and
drying method within the fuzzy bounds of the value
judgment that satisfies the consistency index. FAHP also
allows the degree of confidence of the expert to be quan-
tified. A case study of four alternatives each for the har-
vesting and drying process is used to demonstrate the
process. Technology capability, cost and environmental
impacts (comprised CF, land footprint and water footprint)
are identified as the selection criteria for harvesting and
drying process, respectively. Results show that flotation is
the best alternative for harvesting process, while sun drying
is the best among the drying alternatives. Sensitivity
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analysis is used to give insights on the robustness of the
decision model and enables the understanding of critical
criteria that would significantly influence the ranking of the
alternatives. The proposed FAHP approach therefore can
effectively deal with the uncertainty of judgment in the
decision-making process in the evaluation of microalgae
harvesting and drying processes.
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Introduction

Microalgae are organisms ranging in size from 1 to 50 pm
that grow in salt water or fresh water environments
(Demirbas 2010). Different species of microalgae have
been used extensively for various commercial applications,
such as food supplements for human consumption and as
animal feed. More recently, interest has grown in their
triglyceride content, which can be converted into biodiesel
(Harun et al. 2010). Growth of microalgae depends on the
availability of sunlight, carbon dioxide, and nutrients
(Vasumathi et al. 2012). Microalgae are effective at con-
verting solar energy into biomass via photosynthesis. Much
of the interest in their use as a biofuel feedstock is the
result of their high photosynthetic efficiency compared to
terrestrial plants (Demirbas and Demirbas 2011). Larkum
et al. (2012) also note that microalgae have significant
potential for biofuel production due to their high content of
oil and fatty acids. It is estimated that microalgae can
produce 20-760 times more oil than other conventional oil
crops for a given unit of cultivation area (Chisti 2007). For
example, potential oil yield per hectare is two orders of
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magnitude higher than that of oil palm, and three orders of
magnitude higher than that of corn.

Microalgae are capable of rapid growth, with life cycles
as short as a few days, thus enabling rapid start-up for
biomass production (Sheehan et al. 1998). As with terres-
trial crops, microalgae cultivation not only produces the
biomass, but also reduces greenhouse gases through CO,
fixation during the cultivation (Singh et al. 2011). Marine
microalgae such as Nannochloropsis sp. contain high levels
of lipids, ranging from 31 to 68 % dry weight (Chisti 2007).
Apart from the triglycerides, Nannochloropsis sp. has
other valuable products such as proteins, which comprise
approximately 30 % of dry cell weight, and various types of
metabolites, such as carbohydrates (Radakovits et al. 2012).
Furthermore, the relative proportions of such products can
be influenced by controlling growth conditions.

Because of the previously mentioned advantages,
microalgae have become the subject of research interest as
potential feedstock for producing biofuels and other bio-
chemical products (Guldhe et al. 2014). The demand for
biomass for both food and energy use is expected to
increase by more than 50 % in the next two decades, as a
result of world population growth coupled with increasing
of living standards (Foley et al. 2011). At the same time,
research effort has been placed on shifting to a biomass-
based global economy, in which biomass is the principal
source of energy and feedstock for the chemical industry
(Haveren et al. 2008). The technology for the production of
first-generation biofuel from commercial food crops (e.g.,
sugarcane, corn and palm oil) is already mature, and is
subject only to economic constraints; one major issue is the
conflict between food and fuel use. The global demand for
liquid biofuel had tripled between 2004 and 2014; this
trend has arguably affected the prices of food products
(Rosegrant et al. 2008). Second generation biofuel from
waste biomass (e.g., agricultural and forest residues) and
from non-food crop feedstock can potentially reduce this
“food-versus-fuel” competition. However, production
technologies for second generation biofuel are still rela-
tively immature. The technological immaturity suggests
potential gains in efficiency and cost-effectiveness in the
long run (IEA Bioenergy 2008). On the other hand,
microalgae are considered to be a promising new “third
generation” source of biomass. This perception is due to
the fact that microalgae production does not compete with
conventional agriculture, and has high biofuel yield per

unit of terrestrial area due to high photosynthetic efficiency
(Chisti 2008). Nevertheless, converting this promising
feedstock into biodiesel is energy intensive, which in turn
contributes to the system carbon footprint (CF) (Connell
et al. 2013).

It has been noted in the literature that algal biomass is
still subject to some drawbacks. For instance, large-scale
cultivation still requires use of synthetic fertilizers due to
the limits of natural nitrogen fixation (Razon 2015),
although recent work suggests potential to produce
ammonium sulphate (Razon 2012) and ammonia (Razon
2014) from some species of microalgae. Research has
shown that the energy consumption for algal biomass
production, which includes cultivation, harvesting, and
drying processes, is the limiting factor for algal biofuel
commercialization; these processes thus warrant further
detailed analysis (Lardon et al. 2009). Xu et al. (2011)
reported that the drying process via dry extraction con-
sumed significantly larger amount of energy as compared
to wet extraction. The main challenge in the upstream
processing of microalgae is in separating the microalgae
from the liquid growth medium. This step takes place in the
harvesting and drying steps. Dry biomass concentration
usually ranges from 0.5 g/L in open pond reactors to 5 g/L
in photobioreactor. Thus, a large volume of the water has to
be removed in order to harvest the biomass. Methods such
as centrifugation are too expensive and energy intensive for
commercial scale processing, while filtration methods
require significant maintenance, such as filter cleaning and
replacement. Razon and Tan (2011) have calculated that
these steps contribute significantly to energy use and CF of
algal biomass production systems. Development of cost-
effective harvesting and drying processes for microalgae is
considered to be the most significant challenge in com-
mercializing microalgae biofuel production (Greenwell
et al. 2010). Beach et al. (2012) also stated that to ensure
the economic and environmental sustainability of algae-
based fuels and materials, it is critical that harvesting
methods be efficient in terms of material and energy
demands.

Figure 1 shows the schematic diagram for the microal-
gae production and processing. The process chain begins
with cultivation, where open pond cultivation system is
often chosen as the best method, as it has the lowest
environment impacts (Tan et al. 2014a). Ubando et al.
(2016) developed a decision model via Monte Carlo

Fig. 1 Schematic diagram for
microalgae production and
processing (Uduman et al. 2010)
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simulation to show which cultivation system is preferred
for conservative (risk-averse) and optimistic (risk-inclined)
scenarios. After the cultivation step, it is then followed by
harvesting process. Shelef et al. (1984) reported that the
preferable harvesting method depends on algae species,
growth medium, algae production rate, end product quality
and production cost. Microalgae harvesting refers to the
separation and concentration of diluted microalgae from its
medium, until a solids content of 5-25 % is reached
(Shelef et al. 1984). Harvested microalgae needs to be
further dried to remove the remaining water content.
Removal of water is necessary for downstream processes as
well as for long-term storage (Chen et al. 2011). During the
drying process, microalgae slurry must be dehydrated to a
moisture content level of 12-15 %.

Studies show that 20-30 % of the costs of microalgae
biomass production arise from harvesting process (Mata
et al. 2010). In addition, estimated of 90 % of the equip-
ment cost for microalgae biomass production in open
systems is due to the harvesting and dewatering process.
Razon and Tan (2011) showed that removal of moisture is
the single most energy-intensive step in the process chain.
Microalgae can be harvested by employing different tech-
nologies, e.g., filtration, centrifugation, flocculation, sedi-
mentation and flotation. (Milledge and Heaven 2012).
Drum drying, spray drying (SPD), sun drying (SD) and
freeze drying are some of the technologies that can be used
in drying process (Chen et al. 2011). Each process method
has its own advantages and disadvantages.

In addition to such issues, systematic assessment of
environmental impacts is also needed to ensure sustainable
large-scale production of algal biomass. The typical
approach of using various environmental footprints is
necessary to aid in general decision-making (De Benedetto
and Klemes 2009) and assessment of process options (De
Benedetto and Klemes 2010). A comprehensive review of
various footprints is given in Cuéek et al. (2012), while
more updates are given in a recent book chapter (Cugek
et al. 2015a). The large number of potentially conflicting
environmental metrics may be problematic for decision-
making, but in the case of biomass systems, it has been
shown that representative footprints can be used as proxy
for a larger set of footprints due to correlations (Cudek
et al. 2013); for example, in some cases, CF can be used as
a proxy for energy footprint due to strong correlation
between these two metrics. Such reduced sets of footprints
can then be combined with conventional profitability
measures for comprehensive decision-making (Cugek et al.
2014). Cucek et al. (2015b) discussed the need to assess
other footprints that are important for ecosystem health in
regard to water, health, food and species security (i.e.,
nitrogen, phosphorus, biodiversity) and land footprints.
These previous works have used such strategies in the

context of multi-objective optimization models; neverthe-
less, a similar approach can be applied to multi-criteria
decision-making (MCDM) problems with predefined sets
of discrete alternatives.

In this paper, a systematic MCDM using fuzzy analytic
hierarchy process (FAHP) for evaluating the alternatives in
the microalgae harvesting and drying process is developed.
This technique is a variant of the well-known analytic
hierarchy process (AHP) which was originally introduced
by Saaty (1979) and has been widely applied in various
industries (Vaidya and Kumar 2006). It is especially
advantageous for decisions that require integration of
quantitative data with less tangible, qualitative considera-
tion such as value and preferences, especially in situations
where there are important qualitative aspects that require
consideration in conjunction with varying measureable
quantitative factors (Noh and Lee 2003). The objective of
FAHP is to incorporate in the decision modelling the
“fuzziness” or the uncertainties arising from vagueness
involved during the value judgment elicitation. It is often
unrealistic and difficult to give precise numerical values in
pairwise comparisons, due to complexity and uncertainty
involved in the prioritization process (Promentilla et al.
2008). Thus, fuzzy set theory is used to deal with the
uncertainty and vagueness, based on its capability to rep-
resent the uncertainty in the data (Zadeh 1965). Applica-
tion of fuzzy sets in the context of optimization of
processing pathways has been reported extensively in the
literature (e.g., Liew et al. 2013). In this work, FAHP
through the pairwise comparison of the multiple criteria
and alternatives is done to prioritize the best harvesting and
drying method within the fuzzy bounds of the value
judgment that satisfies the consistency index. This paper is
organized as follows. A brief description of the background
of methodology is presented. Then, an illustrative case
study on the harvesting and drying processes is discussed
using the FAHP technique. Sensitivity analysis is also
performed to study how robust the ranking of the alterna-
tives on the weighting of the criteria. Finally, concluding
remarks and future work are given in final section.

Methodology

Tan et al. (2014b) applied FAHP on selection problem in
process systems engineering that incorporates the fuzziness
of the judgment and the degree of confidence of the
experts. They also allow the inconsistencies in judgment to
be reconciled within the bound of fuzzy numbers to gen-
erate the solution ratios that will yield the priority weights.
Promentilla et al. (2014) extended the fuzzy preference
programming technique to derive the group priorities or
weights from fuzzy pairwise comparative judgment
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matrices in the fuzzy analytic network process. In this
paper, the FAHP technique is developed and applied to
multi-criteria selection of microalgae harvesting and drying
processes. The step-by-step procedure is as follows:

Step I Construct the AHP decision structure (Saaty
1979). Four alternatives for each harvesting and drying
process options were identified. Cost (COST), environ-
mental impacts (ENV) and technology capability
(TECH) were defined as the main criteria in the selection
of the most preferred option for harvesting and drying
process, respectively (Figs. 2, 3). There are three sub-
criteria under the environmental impact, i.e., CF, land
footprint (LF) and water footprint (WF). The definition
for each of the criteria and sub-criteria is defined in
Table 1.

Step 2 Pairwise comparisons based on the expert’s
judgment are done to derive the relative importance of
criteria, sub-criteria, and the relative preference of
alternatives. Questionnaire was constructed based on
this pairwise comparison technique. In this case study,
an expert has been consulted based on his technical
know-how and vast experience on the research area
related to microalgae harvesting and drying processes.
For example, such respondent with high confidence
perceived that the CF is very strongly more important
than land footprint with respect to the environmental
impact criterion for the selection of microalgae harvest-
ing and drying technologies. This value judgment is then
represented in fuzzy scale. The FAHP method requires
the pairwise comparison matrix, A (see Eq. 1) of size

Fig. 2 AHP decision structure GOAL [
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Table 1 AHP criteria definitions
Criteria Definition
Technology capability Efficiency is in the yield at which microalgae effluent is converted into microalgae cake. Process scale up
capability is the potential for the process to be scaled to commercial levels of output
Cost Operating cost includes: cost of electricity/power, cost of raw materials, cost of replacement of equipment parts,
and labour

Cost of investment is the capital cost to set up the process plant

Environmental impact Carbon footprint is the carbon dioxide released from the process

Water footprint is the total volume of direct and indirect fresh water used, consumed, and or polluted by the

process

Land footprint is the land area occupied by the process
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Table 2 Advantages and disadvantages of different harvesting alternatives

Alternatives

Advantages

Disadvantages

Centrifugation

Can handle most algal types (Mohn 1988)
Rapid cell harvesting (Milledge and Heaven 2012)

High capital and operational cost (Uduman et al. 2010;
Milledge and Heaven 2012)

Flocculation

Flotation

Able to handle large volumes at relatively rapid speed (Grima

et al. 2003)

High energy consumption 8 kWh/m® (Grima et al.
2003)

Available with wide range of centrifuge, i.e.: tubular centrifuges, May cause damage of cell structure due to high

multi chamber bowl centrifuges, decanter (Shelef et al. 1984)

For high-value product (Grima et al. 2003)
Dry solid output: 12-22 % (Shelef et al. 1984)

Filtration
and Heaven 2012)

Dry solid output: 5-27 % (Shelef et al. 1984)

Wide variety of filter and membrane types available (Milledge

gravitational and shear forces (Milledge and Heaven
2012)

Prone to fouling and clogging (Shelef et al. 1984)
Relatively slow process (Grima et al. 2003)
Species-specific (Uduman et al. 2010; Grima et al.

Low energy consumption 0.2-0.88 kWh/m® (Shelef et al. 1984)  2003)

followed by
sedimentation

Able to handle large quantity of microalgae culture (Uduman

et al. 2010)

Applied for wide range of species (Uduman et al. 2010)
More than 95 % removal of microalgae (Shelef et al. 1984)
More than 80 % of water removal (Grima et al. 2003)

solution using gas bubbles (Chen et al. 2011)

Efficient and cost-effective method to harvest algae from

wastewater (Wiley et al. 2009)
Low space requirements (Barros et al. 2015)

Relatively cheaper compared to centrifugation
(Sharma et al. 2013)

Inexpensive (Grima et al. 2003; Milledge and Heaven 2012)
Low energy consumption (Uduman et al. 2010) 1 kWh/m?

Effective to capture small particles up to 500 pm in aqueous

Process efficiency depends on the concentration of the
microalgae (Uduman et al. 2010)

Size dependency, suitable for large algal cell
(Milledge and Heaven 2012)

High operating cost (Grima et al. 2003)
For low-value product (Grima et al. 2003)
Low final concentration, solid output: 3-8 %

Uses of chemical may contaminate the final product
(Chen et al. 2011; Uduman et al. 2010)

Effective in low concentration microalgae system
(Grima et al. 2003)

Sensitive to pH level (Chen et al. 2011)

Dry solid output: 0.5-8 % (Milledge and Heaven
2012)

Species-specific (Milledge and Heaven 2012)

High capital and operational cost (Milledge and
Heaven 2012)

Chemical flocculation is used to increase the
efficiency of flotation process (Uduman et al. 2010)

Dry solid output: 7 % (Milledge and Heaven 2012)

n to be populated with fuzzy judgments which approx-
imate the solution ratios (%), i.e., the intensity of
J

importance or preference of one element over the other

element within the same level with respect to a common

element in the upper level. The ratio ' indicates the
J

relative importance of criteria in the ith row over the
criteria in the jth with respect to the goal. These weights
(w;) are typically computed with eigenvector method
using the Saaty’s fundamental 9-point scale (Saaty
1979). Note that the weighing of criteria/subcriteria will
depend on the value judgment of experts whose trade-off
among these criteria/subcriteria is made explicit in the
prioritization of alternatives (Tables 2, 3).

rwWr Wi w119
wp wz Wn
wi Wi Tow;
A=|— — . — (1)
wp w2 Wn
LW Wy wy, 4

However, instead of using a single crisp value to
approximate the solution ratio %‘ , a fuzzy scale is used to
represent the value judgments d; as triangular fuzzy
numbers (TFNs) (L;, M, U;) that will populate the
pairwise comparison matrix as shown in Eq. (2):
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Table 3 Advantages and disadvantages of different drying alternatives

Alternatives ~ Advantages

Disadvantages

Sun drying Low capital costs as does not require fossil fuel energy
(Zhang et al. 2014)

Spray drying  Established process used in food industry (Soeder 1980)

Slow drying process (Guldhe et al. 2014)
Require large areas of land size for drying
Weather dependent (Milledge and Heaven 2012)

Degradation of biomass due to long residence time
(Milledge and Heaven 2012)

Not suitable for products for human consumption (Shelef
et al. 1984)

High capital and operational cost (Brennan and Owende

Preferable method to produce high value microalgal products 2010)

(Brennan and Owende 2010)
Rapid drying process (Nindo and Tang 2007)
High drying efficiency (Nindo and Tang 2007)

Powdered product requiring no further size reduction
(Grima et al. 2004)

Rapid process (Grima et al. 2004)

Significant deterioration of microalgae pigments (Brennan
and Owende 2010)

Low thermal efficiency (Grima et al. 2004)

Drum drying  Effective for drying high-viscosity liquid (Nindo and Tang 2007) High energy efficiency (Tang et al. 2003)

Sterilizing the product (Shelef et al. 1984)
Fast and effective (Chen et al. 2010)

Rupture of cellulosic cell

Freeze drying Established process used in food industry (Grima et al. 2003) Very expensive for large-scale commercial recovery
Able to produce high-quality product (Nindo and Tang 2007) (Grima et al. 2003)
High capital and operating cost (energy) (Grima et al.
2004)
Table 4 Summary of fuzzy scale
Fuzzy number, d; Linguistic scale for comparison of criteria Linguistic scale for comparison of alternatives
< 411+ 8> More or less equally important More or less equally preferred
1+67 2
(max(1,3 — d), 3, min(9,3 + 9)) Moderately more important Moderately preferred
(max(1,5 —9), 5, min(9,5 + 9)) Strongly more important Strongly preferred
(max(1,7 —9), 7, min(9,7 + 9)) Very Strongly more important Very strongly preferred
(max(1,9 —9), 9, min(9,9 + 9)) Extremely more important Extremely preferred
(1,1,1) arn e ain An ad; representing a judgment of “moderately more
R dny (1,1,1) --- Ao important” could be represented by a fuzzy number (1,
A= . . . . 3, 6) if 0 is set to 3. Note that ¢ is the degree of confi-
é, d. i 1 N 2) dence of the decision maker wherein the higher value
nl n2 Y suggests lower degree of confidence. Zhu et al. (1999)
1 11 1 stated that as o increases, the degree of fuzziness
where @;; = — = increases and the degree of confidence decreases.

Ry Ay~
aj  \Uj My Ly
For example, if d;; is perceived to be more or less equal,

it is represented by the TFN <ﬁ, 1, 1+ 5> whereas if
one element is perceived to be more important or pre-
ferred over the other, d;; is represented in the following

fuzzy scale as summarized in Table 4.
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Figure 4 illustrates the graphical representation of the
fuzzy scale as TFN used in this case study. These are
based on the variation of widths to reflect the ambiguity
of judgment and confidence level as reported in the lit-
erature. For example, Geldermann et al. (2000) used 0
and 1 as weak and strict preference in measuring the
fuzzy outranking relation; meanwhile Tan et al. (2014b)
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Fig. 4 Fuzzy AHP linguistic scale for a low (fuzzy scale at § = 3),
b moderate (fuzzy scale at 6 = 2) and ¢ high (fuzzy scale ¢ at = 1)
degrees of confidence

suggested FAHP with a linguistic scale for low, mod-
erate, and high degrees of confidence to reflect the
spread of the distributions of fuzzy numbers. The fuzzy
numbers used in Fig. 4 are modified from the scale of
Tan et al. (2014b), using a value of one, two and three
for § to represent the high, moderate and low degree of
confidence in the value judgment, respectively.

Step 3 The weights that approximate the solution ratio in
the pairwise comparison matrix are computed using the
following nonlinear programming (NLP) formulation
(Promentilla et al. 2014) as shown in Eq. (3):

max A (3a)
subject to:
3b
A0y~ 1) > Wi+l <0 o)
AMMji — Lii) (wi) — wj + wiL; <0; (3¢)
MUz — My) (w ) +w; — w;U; <0; (3d)
(U Mj,) wi) +w; —w;U; <0; (3e)
Zwkzl; wr >0 (3f)
k=1

This NLP model computes the optimal priority vector
(w) by maximizing lambda (1), i.e., a consistency index
which measures the degree of satisfaction of all computed
pairwise comparison ratios that satisfy within the bounds of

the initial fuzzy judgments. Lambda (4) ranges from O to 1.
A value of 0 denotes that the fuzzy judgments are satisfied
at their boundaries and a value of 1 denotes perfect con-
sistency (Tan et al. 2014b). The sum of the weights of all
considered criteria, wy, must be equal to 1.

Case study

This case study illustrates the use of FAHP for the selection
of harvesting and drying processes. Firstly, FAHP is used
here for selecting the best method for the microalgae har-
vesting process (Fig. 2). A sample of the numerical cal-
culations is shown to demonstrate the proposed technique
in computing priority vectors from fuzzy pairwise com-
parative judgment matrices. The alternatives for harvesting
process are: (1) centrifugation (CG) (2) filtration (FL), (3)
flotation (FT) and (4) flocculation—sedimentation (FS).
These four alternatives were identified based on recom-
mendations of Uduman et al. (2010). The performance of
each alternative can be evaluated based on the rate of water
removal (Grima et al. 2003), the solids content of the
recovered slurry, and the efficiency of the alternative
(Uduman et al. 2010). Furthermore, a suitable harvesting
alternative should be scalable to handle large volumes of
microalgae in commercial processes (Grima et al. 2003).
Inappropriate selection of a harvesting alternative may
cause substantial problems, affecting the downstream
processing in terms of cost and equipment efficiency.
Centrifugation process is capable of separating
microalgae from liquid media without any difficulties
(Mohn 1988); however, it is also costly, time-consuming
and energy intensive when processing large quantities of
microalgae (Uduman et al. 2010). Filtration process uses a
permeable medium that retains solid particles as the liquid
component of the slurry is penetrates via as a result of a
pressure gradient across the filter medium (Shelef et al.
1984). There are many variations of commercial filtration
equipment (e.g., pressure filters, vacuum filters, micro-
strainers, and deep-bed filters). Filter media in microalgae
processing may tend to clog and hence require high
maintenance and replacement cost. Flocculation involves
inducing the formation of larger aggregates from small
particles; these flocs can then be separated from the liquid
medium by gravity (Vandamme et al. 2010). Coagulants
and flocculants such as ferric chloride (FeCls), aluminium
sulphate (Al,(SQy)3), and ferric sulphate (Fe,(SOy);) are
added to facilitate flocculation (Becker 1994). However,
these chemicals must be selected such that product quality
and downstream processing are not adversely affected by
their use (Grima et al. 2003). Gravity sedimentation is a
separation process that relies solely on gravity to generate
clarified liquid and thickened slurry from a given feed
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(Svarovsky 1979). On the other hand, flotation is a sepa-
ration process which is based on the attachment of solid
particles to air bubbles that carry them to the liquid surface
for subsequent mechanical separation (Garg et al. 2012).
The flotation processes are categorized by the method of
bubble production, such as electrolytic flotation, dissolve
air flotation and dispersed air flotation (Chen et al. 2011). A
comparison of the advantages and disadvantages of the
different harvesting alternatives is shown in Table 2.

The expert performed a pairwise comparison to indicate
his preferences. The fuzzy evaluation of the relative
importance of sub-criteria with respect to each main-cri-
terion, and the relative preference of alternatives with
respect to each sub-criterion are shown in Tables 5, 6, 7, 8,
9, 10, 11, respectively. Using LINGO 14.0 to solve the
NLP, the preference weight of the alternatives for har-
vesting process with respect to the sub-criteria of envi-
ronment impact (ENV) and main criteria (TECH, COST
and ENV) were computed (see Tables 12 and 13). Note
that the A value is greater than zero suggesting the con-
sistency of the judgment in the pairwise comparison
matrix.

Table 5 Fuzzy pairwise comparison matrix of main criteria for
harvesting and drying process

TECH COST ENV
TECH 1 0.5, 1,2) 2,3, 4)
COST 1 2,3,4
ENV 1

Table 6 Fuzzy pairwise comparison matrix of environmental
impact’s sub-criteria for harvesting and drying process

CF LF WF
CF 1 6,7, 8) 05,1,2)
LF 1 (0.125, 0.143, 0.167)

WF 1

Table 8 Fuzzy pairwise comparison matrix of harvesting alternatives
with respect to cost

Alt1: CG  Alt2: FL  Alt3: FT  Alt4: FS
Alt1: CG 1 05,1,2) (13,5 (4,5.6)
Alt 2: FL 1 (1,3,5) (2.3.4)
Alt 3: FT 1 0.5, 1,2)
Alt 4: FS 1

Table 14 summarizes the overall priorities and ranking
of the alternatives using the proposed method as described
in Tables 12 and 13. Results show that the most preferred
harvesting method is FT (with an overall score of 0.259)
followed closely by centrifugation (CG) (with an overall
score of 0.254). On the other hand, FL is ranked third
followed by FS. This is mainly due to the cost effectiveness
of the dominant alternatives in terms of their lower energy
requirement. The ranking of the alternatives is based on the
equal importance weighting of technology capability and
cost (0.429) provided by the domain expert, whereas
environmental impact was rated at a relatively lower
weight (0.143).

Likewise, these steps are applied for the selection of the
drying process alternatives. The alternatives for selecting
the best drying process are: (1) drum drying (DD), (2)
freeze drying (FD), (3) spray drying (SPD) and (4) SD. Due
to the energy consumption incurred in removing water
content, drying process causes major economic issues, and
accounts for up to 30 % of the total production cost (Chen
et al. 2011). The requirements for the drying method
depend on the scale of operation. In addition, it also
depends on the uses of the dried product. Different end
products will result in the limitation of choices for the
drying alternative. There are some common methods for
drying microalgae after secondary dewatering: DD, SPD,
SD and FD.

Sun drying is potentially the most economical, but is
suited only to places with good weather conditions (Zhang
et al. 2014). In SD, the concentrated algae slurry is spread

Table 7 Fuzzy pairwise

compatison matt of harvesting Alt 1: CG Alt 2: FL Alt 3: FT Alt 4: FS
?;Lehr[?slt;‘g with respect to Alt 1: CG 1 0.5, 1,2) (0.167, 0.2, 0.25) (0.25, 0.33, 0.5)
Alt 2: FL 1 (0.167, 0.2, 0.25) (0.167, 0.2, 0.25)
Alt 3: FT 1 0.5, 1, 2)
Alt 4: FS 1
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Table 9 Fuzzy pairwise Alt 1: CG Alt 2: FL Alt 3: FT Alt 4: FS

comparison matrix of harvesting

alternatives with respect to Alt 1: CG 1 (0.125, 0.143, 0.167) (0.167, 0.2, 0.25) 1, 2,3)

environment’s sub-criteria i

(carbon footprint) Alt 2: FL 1 6,7, 8) 6,7, 8)
Alt 3: FT 1 0.5, 1,2)
Alt 4: FS 1

Table 10 Fuzzy pairwise Alt 1: CG Alt 2: FL Alt 3: FT Alt 4: FS

comparison matrix of harvesting

alternatives with respect to Alt 1: CG 1 (0.125, 0.143, 0.167) 05, 1,2) 033, 1, 3)

environment’s sub-criteria (land )

footprint) Alt 2: FL 1 6,7, 8) (6,7, 8)
Alt 3: FT 1 033, 1, 3)
Alt 4: FS 1

Table 11 Fuzzy pairwise Alt 1: CG Alt 2: FL Alt 3: FT Alt 4: FS

comparison matrix of harvesting

alternatives with respect to Alt 1: CG 1 (0.125, 0.143, 0.167) (0.125, 0.143, 0.167) (0.25, 2, 4)

environment’s sub-criteria )

(water footprint) Alt 2: FL 1 05, 1,2) 05,1, 2)
Alt 3: FT 1 05,1, 2)
Alt 4: FS 1

Table 12 Normalized weights of harvesting alternatives with respect to each environment’s sub-criterion

Alternative Carbon footprint® Land footprint® Water footprint® Overall score
w! = 0.467) w? = 0.067) w! = 0.467)
Alt 1: CG 0.100 0.100 0.062 0.082
Alt 2: FL 0.669 0.700 0.374 0.534
Alt 3: FT 0.099 0.100 0.374 0.228
Alt 4: FS 0.099 0.100 0.191 0.142
Weighting from FAHP method (1 = 0.999)
* Weighting from FAHP method (4 = 1.000)
® Weighting from FAHP method (X = 0.999)
¢ Weighting from FAHP method (4 = 0.043)
9 Criteria weights based on Table 6
OT;‘E;‘;ngi";ﬁiﬁ?&eljﬁf Alternative TECH® COST® ENV Overall score
respect to main criteria W" = 0429) (" = 0.429) (W = 0.143)
Alt 1: CG 0.119 0.446 0.082 0.254
Alt 2: FL 0.087 0.325 0.534 0.253
Alt 3: FT 0.397 0.132 0.228 0.259
Alt 4: FS 0.397 0.096 0.142 0.232

Weighting from FAHP method (4 = 1.0)
? Weighting from FAHP method (1 = 0.627)
" Weighting from FAHP method (/. = 0.628)
¢ Criteria weights based on Table 5
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Table 14 Overall priorities and ranking of harvesting alternatives

Alternatives Overall score Ranking
Centrifugation (CG) 0.254 2
Filtration (FL) 0.253 3
Flotation (FT) 0.259 1
Flocculation—sedimentation (FS) 0.232 4

on plastics-lined trays and exposed to the sun under the
dust-protected condition. The lining ensures easy removal
of dry algae flakes. On the other hand, SPD is also suit-
able for drying of algae mass for use as human food
(Soeder 1980). Spray drying causes deterioration of the
microalgae pigment due to high temperatures (Brennan and
Owende 2010). Freeze drying is widely used in the phar-
maceutical and food industries, but is too expensive in the
large-scale production process low-value products (Grima
et al. 2003). Freeze drying tends to cause less damage to
organic materials and is suitable for ensuring high-quality
products (Shelef et al. 1984). Finally, in DD, the microal-
gae slurry is spread on the surface of a heated, rotating
drum and dries into solid flakes to be scraped off using a
stationary blade; the drum is typically heated with steam
from the inside. Table 3 summarizes the advantages and
disadvantages of different drying methods.

Tables 15, 16, 17, 18 and 19 show the fuzzy evaluation
of the relative importance of sub-criteria with respect to

Table 18 Fuzzy pairwise comparison matrix of drying alternatives
with respect to environment’s sub-criteria (land and water footprint)

Alt 1: DD Alt2: FD  Alt3: SPD  Alt 4: SS
At 1: DD | 05 1,2) (05,1,2) (05, 1,2)
Alt 2: FD 1 05,1,2) (05, 1,2)
Alt 3: SPD 1 0.5, 1,2)
Alt 4: SD 1

each main-criterion, and the relative preference of alter-
natives with respect to each sub-criterion. Tables 20 and 21
indicate the results of the prioritization method for drying
process alternatives. It shows both the aggregate scores and
the resulting ranks of the available options. The most
preferred method for microalgae drying is SD, followed in
descending order by DD, FD and SPD when ones evaluate
from the multiple criteria perspective.

Sensitivity analysis

Sensitivity analysis was conducted to examine how varia-
tions in criteria weights influence the selection of har-
vesting or drying alternatives. Figures 5 and 6 demonstrate
the sensitivity analysis by changing the respective criteria
weights in harvesting and drying alternatives. This is done
by parametrically adjusting the weight of one criterion,

Table 15 Fuzzy pairwise

, patrwise Alt 1: DD Alt 2: FD Alt 3: SPD Alt 4: SS

comparison matrix of drying

alternatives with respect to Alt 1: DD 1 (0.11, 0.11, 0.125) (0.25, 0.33, 0.5) 6,7, 8)

technology
Alt 2: FD 1 4,5, 6) 8,9,9)
Alt 3: SPD 1 6,7, 8)
Alt 4: SD 1

Table 16 Fuzzy pairwise Alt 1: DD Alt 2: FD Alt 3: SPD Alt 4: SS

comparison matrix of drying

alternatives with respect to cost Ay 1. pp 1 (0.125, 0.143, 0.167) (0.125, 0.143, 0.167) 6,7, 8)
Alt 2: FD 1 2,3, 4) (8, 9,9)
Alt 3: SPD 1 6,7, 8)
Alt 4: SD 1

Table 17 Fuzzy pairwise Alt 1: DD Alt 2: FD Alt 3: SPD Alt 4: SS

comparison matrix of drying

alternatives with respect to Alt 1: DD 1 (0.125, 0.143, 0.167) (0.250, 0.333, 0.500) 0.5, 1,2)

environment’s sub-criteria }

(carbon footprint) Alt 2: FD 1 4.5,0) (8.9,9
Alt 3: SPD 1 2,3, 4
Alt 4: SD 1
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Table 19 Normalized weights of drying alternatives with respect to each environment’s sub-criterion for drying process

Alternative Carbon footprint® Land footprint® Water footprint® Overall score
w! = 0.467) w! = 0.067) w! = 0.467)
Alt 1: DD 0.083 0.250 0.250 0.172
Alt 2: FD 0.667 0.250 0.250 0.445
Alt 3: SPD 0.167 0.250 0.250 0.211
Alt 4: SD 0.083 0.250 0.250 0.172
Weighting from FAHP method (4 = 0.999)
? Weighting from FAHP method (1 = 0.4366 x 107%)
® Weighting from FAHP method (/. = 1.000)
¢ Weighting from FAHP method (4 = 1.000)
94 Criteria weights based on Table 6
OT;‘E’;;ig aﬁgﬁﬂ‘vizdwvivfﬁghts Alternative TECH" CosT® ENV Overall score
respect to main criteria (w” = 0429) (w” = 0429) (W =0.143)
Alt 1: DD 0.11 0.656 0.172 0.353
Alt 2: FD 0.015 0.094 0.445 0.110
Alt 3: SPD 0.109 0.031 0.211 0.090
Alt 4: SD 0.765 0.219 0.172 0.447

Weighting from FAHP method (A = 1.00)
? Weighting from FAHP method (/. = 1.00)
" Weighting from FAHP method (1 = 1.00)

¢ Criteria weights based on Table 5

Table 21 Overall priorities and ranking of drying alternatives

Alternative Overall Score Ranking
Drum drying (DD) 0.353 2
Freeze drying (FD) 0.110 3
Spray drying (SPD) 0.090 4
Sun drying (SD) 0.447 1

while keeping constant the relative proportions of all the
other criteria. For example, Fig. 5a shows how the ranking
of alternatives changes when the CF’s weight varies from 0
to 1. It can be seen that when the CF is not taken into
consideration as one of the sub-criteria of environmental
impact, FT and centrifugation (CG) are still the dominant
alternatives but rank reversal occurs between FL and FS. In
contrast, if CF is considered as the sole criterion for
environmental impact, filtration is the most preferred
followed by centrifugation, flotation and FS. Note that
centrifugation (CG) alternative was still ranked second
regardless of the changes of weights for each environ-
mental impact criterion. Indications also suggest that the

ranking of harvesting alternatives compared to that of
drying alternatives is more sensitive to environmental
impact (ENV) criteria such as CF, land footprint and
water footprint. As shown in Fig. 6a—c, no significant
changes in the ranking for drying alternatives were
observed as the weights of the environmental footprint
change. In this case, SD and DD remained to be the
dominant alternatives.

As for the sensitivity of the ranking of harvesting
alternatives on the technology criterion, major rank rever-
sal occurred when the relative importance of technology
was changed to above 0.43 (see Fig. 5d). Below this value,
FL was the most preferred alternative whereas FS was the
least preferred one. However, FT and FS became the most
preferred harvesting process and FT was least preferred one
if the technology criterion is given more weight, i.e., above
0.43. This rank reversal also occurred for the first and
second most preferred alternatives for the drying process
when the weights of technology criterion were changed to
below 0.34 (see Fig. 6d). Above this value, SD is the most
preferred drying process but became second to DD when
the weight of technology is below 0.34.
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Fig. 5 Sensitivity analysis of the priority weights of alternatives for harvesting process at each different criteria’s weight interval (0, 1): a carbon
footprint, b land footprint, ¢ water footprint, d technology, e cost; and f environmental impact

As for the sensitivity of the ranking of harvesting
alternatives on the cost criterion, major rank reversal
occurred when the importance weight of cost was changed
to above 0.43 (see Fig. 5e). Below this value, flotation was
ranked first but above this value, centrifugation became the
most preferred harvesting process. Likewise, Fig. 6e shows
the sensitivity of the ranking of drying alternatives when
the cost’s weight varies between 0 and 1. Major rank
reversal occurred for the first and second most preferred

@ Springer

alternatives when the relative importance of cost was
changed to above 0.53. Above this value, DD was the most
preferred alternative, followed by SD, FD and SPD. Below
this value, SD was the most preferred drying process
whereas DD became the second preferred alternative. Sun
drying (SD) remained to be ranked first when the impor-
tance weight of cost criterion is less than 0.53. In addition,
DD was ranked third whereas SPD became second if the
importance weight of the cost is very small.
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Fig. 6 Sensitivity analysis for the priority weights of alternatives for drying process at each different criteria’s weight interval (0, 1): a carbon
footprint, b land footprint, ¢ water footprint, d technology, e cost; and f environmental impact

Conclusion

In this paper, a FAHP model was developed and applied to
evaluate and prioritize for the harvesting and drying pro-
cesses in the microalgae industry. The model used fuzzy
numbers to reflect the ambiguity-type uncertainty and
degree of confidence of expert judgment. In this case,
flotation and SD are the most preferred alternative for
harvesting and drying process, respectively. Sensitivity
analysis is performed to gain insights on the robustness of
the decision model and to understand critical criteria
that would significantly influence the ranking of the

alternatives. Filtration is preferred alternative when CF and
land footprint are the dominating environmental criteria.
However, a rank reversal may occur wherein the combi-
nation of flocculation and sedimentation becomes the most
preferred alternative when decision maker tends to give
more weight on the water footprint and technology capa-
bility criteria. In the scenario when environmental criteria
are given more weight, filtration and FD are the most
preferred alternatives for harvesting and drying process of
microalgae, respectively.

Future work can extend this approach to consider more
alternatives or consider the problem in more detail using
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more sub-criteria elements in the decision structure. It may
also be applied for evaluating different areas of microalgae
production and solving a large-scale decision-making
problem. Group decision-making model to integrate inputs
of multiple experts with uncertainty analysis is also another
possible extension.
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