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Highlights

o Harvest timing was formulated as a multiobjective microalgal bioprocess decision.
e Twelve of 15 candidate harvest days remained Pareto-efficient for both strains.

o Day 12 provided the minimum equal-weight ideal-point distance in both strains.

e One-day earlier harvesting reduced methyl-ester output by approximately 49-51%.

o Day 12 remained robust across objective weights but was not a universal optimum.
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Optimised harvest decisions for more efficient and sustainable microalgal biodiesel production

Abstract

Harvest timing directly influences reactor occupancy, cultivation efficiency and downstream
product performance, yet microalgal biodiesel studies frequently identify harvest points from
individual production maxima rather than explicit multiobjective decision criteria. This study
developed time-resolved harvest-decision framework for Chlamydomonas sp. OWS and Euglena
sp. OW7 by integrating cultivation duration, experimentally measured methyl-ester output and
conversion yield. Fifteen candidate cultivation days were evaluated using Pareto-dominance
screening, normalized distance-to-ideal compromise analysis, harvest-displacement penalties and

exhaustive objective-weight sensitivity. Days 1-12 were Pareto-efficient for both strains,



reflecting trade-offs between shorter cultivation and improved product performance, whereas
Days 13-15 were dominated because prolonged cultivation increased process duration while
reducing methyl-ester output and conversion yield. Equal-weight ideal-point analysis identified
Day 12 as preferred compromise for both strains, with minimum distance of 0.4536. Harvesting
one day earlier reduced cultivation duration by 8.33% but decreased methyl-ester output by
48.99% in Chlamydomonas and Euglena (50.97%), demonstrating substantial production penalty
for limited time saving. Across 5,151 objective-weight combinations, Day 12 was selected in
71.7% and 70.3% of cases for Chlamydomonas and Euglena; these frequencies increased to
81.8% and 80.8% within the balanced interior weight space. Strong prioritisation of cultivation
time nevertheless shifted the preferred solution toward earlier harvest states. Despite quantitative
differences in absolute methyl-ester output and conversion performance, both strains therefore
converged on the same decision structure. Day 12 represents robust, preference-dependent and
system-specific compromise rather than universal microalgal harvest optimum. The framework
provides transferable process-engineering approach for distinguishing production maxima,

Pareto-efficient alternatives and robust operational harvest targets.

Keywords: Microalgal biodiesel; Harvest-time optimisation; Multiobjective optimisation; Pareto

efficiency; Methyl-ester output; Conversion yield; Ideal-point analysis; Process decision-making



1. Introduction

Microalgal biodiesel synthesis is a time-dependent bioprocess characterised by the progression
of biomass buildup, intracellular lipid accessibility, and downstream fuel conversion potential
throughout the cultivation period. The conditions of cultivation significantly influence biomass
and lipid production, while harvesting serves as a crucial connection between upstream
biological generation and downstream lipid extraction and conversion [1, 2]. Therefore, the
length of cultivation should not be seen only as a conclusive phase of experimentation or a
timeframe for sampling. Viewed through the lens of process engineering, it denotes an
operational decision variable that establishes when accumulated biological resources are moved

from cultivation to downstream processing.

The timing of this change can provide critical effects on process performance. Early harvesting
may shorten the cultivation period and reactor occupancy, but it also risks terminating the culture
before fully utilising its output potential. In contrast, increasing cultivation is not necessarily
favourable if lipid availability or the performance of downstream products has already stabilised
or begun to worsen [3, 4]. Consequently, harvest time has been identified as a significant
predictor of microalgal lipid output and the fatty-acid attributes essential to eventual biodiesel
generation [5, 6]. Consequently, the engineering challenge is not only the length of time a culture
may be sustained but also the appropriate moment for termination in accordance with the

advancing product-performance trajectory.



The date of harvest is commonly evaluated using distinct biological or production indicators,
including biomass levels, lipid concentration, lipid generation, or biodiesel yield. Even though
these measures are instructive on their own, selecting a harvest state from a singular maximum
may result in a partial understanding of process performance [7, 8]. The lipid titre indicates the
volume of lipid accessible for each unit of culture, whereas the mass of methyl ester produced
from transesterification signifies a concrete downstream product. The conversion yield of methyl
esters offers a relative assessment of conversion effectiveness, whereas the length of cultivation
indicates the time needed to achieve a certain process status [9, 10]. Thus, these signs relate to
distinct elements of the cultivation-to-product trajectory and should not be presumed in advance

to signify the same favoured harvest decision.

This differentiation assumes special relevance when the success of farming is clearly associated
with the generation of biodiesel. Microalgal cultivation creates a source of biomass and
intracellular lipids that may be used in later processing. After lipid extraction, transesterification
alters compatible lipid elements into fatty-acid methyl esters (FAMEs), where the feedstock
properties, catalyst system, and reaction parameters impact conversion efficacy [11, 12, 13, 14].
Focusing just on lipid accumulation does not adequately capture the whole quantity of methyl
ester that is eventually generated. The mass of methyl esters assessed by experimentation and the
percentage yield of conversion are notably beneficial complementing indicators, with the former
indicating total product yield and the latter illustrating relative conversion effectiveness. A
harvest condition can therefore be enticing due to its ability to yield a larger amount, enhance
conversion efficiency, decrease cultivation time, or present an acceptable trade-off among these

factors.



An extra methodological distinction is essential when associating lipid availability with later
methyl-ester synthesis. The lipid content is quantified based on culture volume (g L), whereas
the methyl-ester yield, obtained by experimentation, is shown as a definitive mass (g).
Consequently, the time-resolved paths may be evaluated to establish if greater lipid availability is
linked to elevated methyl-ester output, yet any numerical similarity between the two variables
must not be interpreted as direct physical mass closure without a unified processed-volume or
mass framework. Thus, the connection is primarily instructive as a cultivation-to-conversion link

rather than as a straight material balance.

These aspects imply that harvest selection is intrinsically compatible with a multi-objective
decision structure. Simultaneously assessing culture length, absolute methyl-ester production,
and conversion efficacy may lead to the necessity of sacrificing performance in one category to
increase another. Pareto analysis furnishes a structured method for pinpointing such trade-offs. A
harvest state is classified as dominated when another state meets or exceeds its performance in
all objectives and excels in at least one, whereas non-dominated states are those where progress
in one objective cannot occur without detriment to another. The use of multiobjective strategies
in microalgal bioprocessing has increased, as a single performance optimum cannot adequately

represent conflicting productivity metrics [21, 22, 23].

However, Pareto efficiency alone fails to specify the favoured option for operation. An extensive
array of growing days might stay non-dominated, as early harvesting presents a time benefit,
while late harvesting improves product performance. Consequently, an additional decision layer
is essential to discern technically achievable trade-offs from an operational compromise.

Standardising the competing objectives allows for their evaluation on a shared scale, while



distance-to-ideal analysis determines how closely each option aligns with a theoretical state that
integrates the optimal values of all objectives. Objective weighting can thereafter signify
different process priorities, and systematic weight sensitivity can evaluate if the preferred harvest
state is consistent throughout an extensive preference range or reliant on a narrowly articulated
weighting system. Recognising the contrast between Pareto efficiency and compromise selection

is crucial for multiobjective engineering optimisation [26, 27].

Despite extensive research on microalgal culture, harvesting, lipid extraction, and
transesterification, much of the academic focus has been on enhancing specific unit operations or
optimising particular biological and fuel-production responses [28, 29]. Harvest time is deemed
critical for lipid synthesis and composition [30], and multiobjective methods have shown their
efficacy in tackling conflicting reactions in microalgal processes [21]. Yet, focus has been
disproportionately small regarding the treatment of culture termination as an empirically
determined multi-objective decision that concurrently assesses cultivation period, overall
downstream methyl-ester production, and conversion performance. This results in a crucial
analytical deficiency in recognising when a production response peaks and evaluating whether

that timing signifies a valid operational harvest.

The novelty of the present study lies in addressing this gap through an integrated harvest-
decision framework based on time-resolved experimental trajectories. Rather than defining
harvest suitability from an isolated production maximum, the framework combines Pareto-
dominance screening, normalized distance-to-ideal compromise analysis, quantitative assessment
of premature and delayed harvest displacement, and exhaustive objective-weight sensitivity. This

analytical hierarchy explicitly distinguishes a production maximum from a Pareto-efficient



harvest state and, subsequently, from a robust compromise harvest target. Accordingly, the
objectives were to: (i) characterise the time-dependent relationship between lipid availability,
absolute methyl-ester output and conversion performance; (ii) formulate cultivation duration,
experimentally measured methyl-ester mass and conversion yield as competing harvest-decision
objectives; (iii) identify Pareto-efficient and dominated cultivation days; (iv) determine a
distance-to-ideal compromise and quantify the performance consequences of premature and
delayed harvesting; and (v) evaluate the robustness of harvest-day selection across alternative
objective priorities. The resulting approach is intended to provide a process-engineering basis for
harvest planning without assuming that an experimentally observed production maximum

necessarily constitutes a universal optimum.

2. Materials and Methods

2.1 Experimental dataset

The experimental dataset included time-resolved culture and subsequent methyl-ester production
data for Chlamydomonas sp. OWS and Euglena sp. OW7 gathered throughout a 15-day
cultivation duration. For every day of culture, three trial observations were accessible for the
assessed production variables and were preserved as the foundational experimental observations.
The information encompassed culture responses detailing biomass and lipid generation with
subsequent measures acquired after lipid extraction and transesterification. The extracted lipid
underwent transesterification, and the resultant methyl-ester fraction was then recovered and

measured in grams. The associated amounts of methyl ester and other products, together with



their documented percentage yields, were preserved for future data integrity evaluation and the

formulation of the harvest-decision dataset.

2.2 Definition and dependency classification of harvest-performance variables

Harvest-performance variables were classified according to their measurement status,
dimensional basis and mathematical dependency before multiobjective analysis (Table 1).
Cultivation time, t(d), represented the temporal decision variable. Lipid titre, L (g L),
represented lipid availability within the cultivated biomass. Following transesterification,
methyl-ester mass, Mrame (g), represented the experimentally weighed absolute methyl-ester
output, whereas Mo (g) represented the experimentally reported mass of the accompanying other-
product fraction. Methyl-ester conversion yield, Yrame (%), was expressed from the relative
contribution of methyl ester to the combined measured product fractions. Methyl-ester
productivity, Prame (g d'), was calculated as Mrame/t and was therefore treated as a derived

time-normalised performance indicator rather than an independent baseline objective.

The complementary percentage yield of the other-product fraction was retained for data-integrity
assessment but excluded from the optimisation objective set because it contains no independent
decision information when expressed as the complement of Yrame. Similarly, Prame was not
simultaneously optimised with both Mrame and t, thereby avoiding duplication of

mathematically dependent information.

A dimensional distinction was also maintained between lipid availability and downstream

product output. Although L and Mrame were compared temporally, lipid titre is expressed per



unit culture volume (g L!), whereas methyl-ester output is an absolute experimentally measured
mass (g). Consequently, they were not equated as a physical mass balance or used to infer
conversion efficiency directly. Such reconciliation would require a documented common
processed-volume or mass basis. Lipid titre was therefore retained as a contextual feedstock-state

variable, while the baseline harvest optimisation used cultivation time, methyl-ester output and

conversion yield as the decision objectives.

Table 1: Experimental and derived variables used in the multiobjective harvest-decision

framework
Symbol
Variable ()imit) Data status Decision role Treatment in optimisation
o . . . Independent decision || . . .
Cultivation time ||t (d) Experimental design variable || . 3 ) Minimise
dimension
Methyl-ester Experimentally weighed after||Primary production
Y Mrame (8) P } y & yp Maximise
mass transesterification response
Methyl-ester YrAME Derived conversion Conversion- e
. . L. Maximise
yield (%) ratioa™{a} performance criterion
. . Feedstock- Not included as an independent
Lipid titre LgL! Cultivation response . S P
state/context variable ||Pareto objective
Methyl-ester . Time-normalised . . e .
Y .. Prame gd™! |[Derived: Mpames . Diagnostic/sensitivity metric
productivity secondary metric
Other-product Experimentally reported Input to conversion- o .
P Mo (g) P . yIep .p . Not an optimisation objective
mass product fraction yield calculation
Other-product Complementary derived uality-control S L
. P Yo (%) p i Q . Y Not an optimisation objective
yield fraction variable
Biomass a I Upstream contextual ||[Excluded from baseline Pareto
. XgL Cultivation response . .
concentration variable objective set




Notes: A

Y Fame=1 00Mrame/(MrametMo). The baseline multiobjective problem was formulated as mint, maxMrame, and
maxYrame. Yrame Was retained as a conversion-performance criterion despite its algebraic dependence on product
masses and was therefore not interpreted as statistically independent. Prame was not simultaneously introduced as an
additional baseline objective because it is derived from Mrame and t. Lipid titre was retained as process context
rather than an additional optimisation dimension. Lipid titre (gL"! and methyl-ester mass (g) were not interpreted as

a direct physical mass balance because their dimensional bases differ.

2.3 Construction of the time-resolved harvest-decision matrix

A time-resolved harvest-decision matrix was constructed separately for Chlamydomonas sp.
OWS and Euglena sp. OW7 across the 15 candidate cultivation days (Table 2). For each strain
and cultivation day, the three trial observations were consolidated as the daily mean + standard
deviation (SD) for the measured variables. The resulting matrix aligned cultivation time with
lipid titre, experimentally weighed methyl-ester mass and methyl-ester conversion yield, thereby
providing a common temporal basis for subsequent harvest-decision analysis. Original trial-level
observations were retained during data processing to preserve traceability between the

experimental measurements and the aggregated daily states.

To provide an additional time-normalised indicator of product formation, methyl-ester

productivity at cultivation day t, Pramet (g d!), was calculated using equation (1) shown below:

Pramer = Meamedt

where MrawmE, ¢ is the experimentally measured methyl-ester mass (g) at cultivation day tt, and tt
is cultivation duration (d). Prame:, was explicitly classified as a derived, time-normalised

performance metric, rather than an independent experimental response. Because it is



mathematically determined by methyl-ester mass and cultivation time, it was used for descriptive
and diagnostic interpretation but was not included simultaneously with both Mrame and t in the
baseline multiobjective optimisation. This prevented mathematical dependency from introducing

redundant weighting into the harvest-decision framework.

2.4 Multiobjective harvest-decision formulation

Harvest selection was formulated as a three-objective decision problem in which each
experimentally evaluated cultivation day represented a candidate harvest state. The baseline
optimisation simultaneously sought to minimise cultivation duration while maximising absolute

methyl-ester output and methyl-ester conversion yield:

Min¢, maxMFAME,max Y FAME

where t is cultivation duration (d), Mrawme is the experimentally weighed methyl-ester mass (g),
and Yrame is the methyl-ester conversion yield (%). This formulation explicitly represents the
operational trade-off between terminating cultivation earlier and allowing additional cultivation
time to improve downstream product performance. No predetermined harvest day was imposed

before the multiobjective analysis.

Lipid titre, L (gL™!), was retained as a feedstock-state variable describing the lipid availability
associated with each cultivation state rather than introduced as an additional baseline
optimisation objective. This treatment avoided over-representing closely related production
information within the objective space, because lipid availability provides upstream context for

the subsequently measured methyl-ester output but does not constitute an independent



downstream decision endpoint. Moreover, lipid titre and methyl-ester mass have different

dimensional bases and were therefore not treated as directly interchangeable quantities.

Similarly, the derived time-normalised methyl-ester productivity, Prame, was excluded from the
baseline objective set because it is mathematically determined by Mrame and t. The resulting
three-objective formulation therefore preserved distinct decision information while limiting

redundancy and potential double-counting among dependent performance variables.

2.5 Pareto-dominance and non-dominated-set analysis

Pareto-dominance analysis was applied to distinguish harvest states that represented defensible
multiobjective trade-offs from those that were inferior to another experimentally evaluated
cultivation day. Each candidate harvest day was represented by the three-objective vector
comprising cultivation duration, methyl-ester mass and methyl-ester conversion yield, with
cultivation time minimised and both product-performance variables maximised. For two
candidate harvest days i and j, harvest day ii was defined as dominating harvest day jj when ii
was no worse than j across all three objectives and strictly better in at least one objective.

Accordingly, dominance required

ti<tj, Mrame1 >MraMEj YFAME,i,= Y FAME,j

with at least one of these inequalities being strict. A harvest state was classified as Pareto-

efficient (non-dominated) when no other candidate day satisfied these dominance conditions



against it. Conversely, a state was classified as dominated when at least one alternative harvest

day provided equal or superior performance for every objective while improving at least one.

Each strain underwent independent Pareto categorization during all 15 days of experimental
culture. Notably, no weighting, composite score, or arbitrary performance criterion was
established during this stage. Consequently, Pareto analysis acted only as an objective
assessment technique reliant on the directional preferences designated to the three choice
variables. The non-dominated set produced depicted practical time—production—conversion trade-
offs, rather than a ranking of harvest days or the determination of a single optimum. The process

of compromise selection was later performed as a distinct analytical step.

2.6 Objective normalisation and distance-to-ideal compromise selection

Given that cultivation length, methyl-ester mass, and conversion yield were represented in
various units and numerical scales, the three objectives were standardized to dimensionless
desirability scores before conducting compromise analysis. Each strain underwent independent
normalization throughout all 15 proposed harvest days, where increased normalized values

signified enhanced performance.

For the minimisation objective, cultivation time was normalized as

St,i:[tmaX[z{‘}_ti]/ [tmax{ffg‘}_tmin]

whereas each maximisation objective j, corresponding to Mrame or Yrame, was normalized as

su={fi~fjmin] / Z0] fimax i



The resulting scores ranged from 0 to 1, with 1 representing the most desirable observed value

for an individual objective. The ideal normalized decision state was therefore represented by

(1,1,1).

The compromise performance of candidate harvest day i was quantified using its weighted

Euclidean distance from this ideal state:

Di= Yjw; (1-s)*,

where w; denotes the relative weight assigned to objective j, subject to > jwj=1. The baseline
analysis assigned equal importance to cultivation-time desirability, methyl-ester output and

conversion yield:

WEWm=wy=1/3

The candidate selection days were arranged in ascending order based on Di, where the smallest
value signifies the optimal equal-weight compromise solution. This label was purposefully set
apart from a universal biological standard: it denotes the candidate status that is closest to the
intended ideal position according to the provided objective criteria, normalization approach, and
weighting assumptions. The strength against different objective criteria was thus investigated

individually by a thorough weight-sensitivity study.

2.7 Harvest-displacement and performance-loss analysis

Following identification of the preferred equal-weight compromise state, harvest-displacement
analysis was performed to quantify the consequences of harvesting earlier or later than the

selected reference day. Day 12 was used as the reference state because it produced the minimum



equal-weight distance-to-ideal for both strains. For each product-performance criterion j, the

percentage performance loss at candidate harvest day tt was calculated as

Lossj= {[f*; )/ £*} x 100

where f*; is the value of criterion j at the Day-12 reference state and fj; is its value at the
displaced harvest day. Losses were calculated separately for methyl-ester mass and conversion

yield.

For harvest states preceding Day 12, absolute time saving was calculated as 12—t days, with
percentage time saving expressed relative to the 12-day reference duration. These values were
evaluated alongside the corresponding losses in methyl-ester output and conversion performance.
For post-Day-12 states, additional cultivation time was expressed as t—12 days and considered
together with the associated product-performance losses. This analysis therefore distinguished
premature-harvest trade-offs from delayed-harvest penalties. All reductions are reported as
performance losses or harvest-displacement penalties, rather than economic costs, because

monetary, energy and environmental consequences were outside the defined decision framework.

2.8 Objective-weight sensitivity and robustness analysis

The robustness of harvest-day selection to alternative decision priorities was evaluated by
systematically varying the relative weights assigned to cultivation-time desirability (wt), methyl-
ester output (wm) and conversion yield (wy). All weights were constrained to be non-negative

and to satisfy



wt+wM+wY=1.

The complete three-objective simplex was enumerated at 0.01 weight increments, producing
5,151 unique weight combinations. For every combination, the weighted distance-to-ideal was
recalculated for all candidate harvest days, and the day producing the minimum distance was
recorded as the preferred compromise under that specific weighting scheme. Selection frequency
was subsequently expressed as the proportion of evaluated weight combinations for which each

harvest day was preferred.

A second analysis examined a balanced interior weight space in which

wt, wM, wY>0.10

This restriction ensured that each objective retained a meaningful minimum contribution to the
decision while excluding extreme boundary preferences approaching effective single-objective
optimisation. The constrained simplex contained 2,556 weight combinations, again evaluated at
0.01 increments. Robustness was assessed from the persistence of the selected harvest day across
the complete and balanced-interior weight spaces. These frequencies represent deterministic
coverage of the specified objective-weight space and were not interpreted as probabilities of a

particular harvest day being optimal.

2.9 Statistical treatment and inferential boundaries

Trial-level observations were preserved during data reconciliation prior to the computation of
daily summary statistics. For every strain and day of culture, the measured responses were

compiled as mean + standard deviation (SD) from three experimental observations. No further



inferential biological importance was assigned to the optimisation results. Pareto classification,
normalised objective scores, distance-to-ideal metrics, harvest-displacement penalties, and
objective-weight selection frequencies were regarded as deterministic decision-analysis results
obtained from the experimental dataset, rather than as inferential biological statistics.
Consequently, weight-space frequencies characterise resilience across assessed choice
inclinations rather than sample probabilities or population-wide confidence levels. Software titles

or version details were not given in instances where they were undocumented.

3. RESULTS AND DISCUSSION

3.1 Temporal progression from lipid availability to methyl-ester output

The time-resolved profiles demonstrated a synchronised yet strain-dependent advancement from
lipid accessibility to methyl-ester synthesis (Table 2; Figure 1). Throughout the 15-day culture
duration, lipid concentration (L), empirically assessed methyl-ester mass (Mramg), methyl-ester
conversion efficiency (Yrame), and time-adjusted methyl-ester productivity (Prame) escalated to
a shared apex on Day 12, subsequently diminishing in the post-peak phase. This advancement is
mechanistically significant, as the generation of microalgal biodiesel relies on both lipid
accumulation and the subsequent transformation of the isolated lipid fraction into fatty-acid
methyl esters. The circumstances of cultivation and subsequent extraction/transesterification

might thus affect the ultimate generation of methyl esters [31, 32].

In the case of Chlamydomonas sp. OWS5, the lipid concentration rose from 0.797 g L' on Day 8

to 2.510 g L' on Day 12, whereas Mrame escalated from 0.333 + 0.006 g to 2.143 + 0.006 g



(Table 2; Figure 1). During the same period, Yrame rose from 41.84 = 0.12% to 85.39 + 0.18%,
whereas the average Pramre escalated from 0.0417 to 0.1786 g d'. Euglena sp. OW7 exhibited a
consistent temporal trend, but with reduced total lipid and methyl-ester levels. During the period
from Day 8 to Day 12, LL rose from 0.350 to 1.467 g L', whereas MFAME grew from 0.170 g
to 1.380 = 0.010 g. Simultaneously, Yrame rose from 48.57% to 94.09 + 0.34%, while the
average Prame escalated from 0.0213 to 0.1150 g d'. Consequently, the Day-12 condition
distinguished the two production phenotypes: Chlamydomonas produced a higher total methyl-
ester output, whereas Euglena attained a superior conversion yield. This differentiation illustrates
why the volume of product and conversion efficiency need not be regarded as synonymous

metrics of biodiesel-production efficacy.

The simultaneous rises in L and Mrame align with the function of stored microalgal lipids as a
substrate for transesterification. However, enhanced lipid availability does not inherently ensure
a corresponding proportional rise in methyl-ester conversion, as lipid accumulation is contingent
upon both strain and cultivation conditions, while extraction and transesterification parameters
further affect FAME yield and conversion efficacy. The timing of harvesting is therefore
significant: earlier studies have shown that the harvest period might influence the lipid output

and fatty-acid profiles of microalgae pertinent to future biodiesel synthesis [35, 36].

A significant turnaround ensued after the Day-12 peak. By Day 15, the MFAME levels
diminished to 0.430 + 0.010 g in Chlamydomonas and 0.157 = 0.006 g in Euglena, even after
three further days of culture. Consequently, Yrame decreased to 65.48 + 0.29% and 75.79 +
0.69%, respectively. The simultaneous declines in lipid availability and Prame after the peak

suggest that prolonging culture failed to maintain the productive condition reached on Day 12.



This behaviour aligns with the comprehensive notion that microalgal lipid synthesis is variable
and heavily influenced by physiological and cultural factors, rather than being a static

characteristic of the strain.

The temporal trajectories together indicate that Day 12 serves as the recognised common peak
for L, Mrame, Yrame, and Prame in both strains. Significantly, this description peak does not yet
correspond to an ideal harvesting period. A justifiable harvest choice must also evaluate if the
increases in methyl-ester production and conversion efficiency warrant the extra cultivation
duration needed to achieve that outcome. This differentiation between a recorded output peak

and a multi-faceted harvesting preference underpins the ensuing choice analysis.

Table 2: Time-resolved lipid and methyl-ester performance of Chlamydomonas sp. OWS5 and

Euglena sp. OW7 across candidate harvest days

Strain Day|| L(gL™") MraMmE (g) || Yrame (%) || Prame(gL™!)

Chlamydomonas sp. OWS5(I1  (10.020 £ 0.000(/0.002 + 0.000{{10.00 £ 0.00//0.0020 £ 0.0000

2 ]|0.050 £+ 0.000((0.007 £+ 0.000|14.00 £+ 0.00({0.0035 £ 0.0000

3 ]/0.090 £ 0.000}/0.020 £ 0.000(22.22 £+ 0.00/|0.0067 + 0.0000

4 ]/0.170 £ 0.000(/0.040 £+ 0.000{[23.53 + 0.00({0.0100 + 0.0000

5 ]0.303 £ 0.006(0.090 + 0.000(29.68 + 0.56//0.0180 £+ 0.0000

6 /0.443 £0.006(0.150 + 0.000(33.84 £+ 0.44{{0.0250 + 0.0000

7 1/0.650 £ 0.010}/0.240 £ 0.000(137.12 + 0.33//0.0343 + 0.0000

& 10.797 £0.012(0.333 £ 0.006(41.84 + 0.12(0.0417 = 0.0007

9 ]/0.987 £ 0.006/0.493 £ 0.012(]50.00 + 0.88//0.0548 £ 0.0013




Strain

Day

L(gL™)

Mrame (g)

Yrame (%)

Prame(gL™)

10

1.173 £0.072

0.770 £ 0.044

65.64 + 0.39

0.0770 = 0.0044

11

1.443 + 0.006

1.093 + 0.006

75.75 £0.10

0.0994 + 0.0005

12

2.510+£0.010

2.143 £ 0.006

85.39+0.18

0.1786 + 0.0005

13

1.663 £0.012

1.303 £0.012

78.36 £0.15

0.1003 + 0.0009

14

1.247 £0.015

0.903 £0.012

72.46 = 0.30

0.0645 £+ 0.0008

15

0.657+0.015

0.430+0.010

65.48 £0.29

0.0287 + 0.0007

Euglena sp. OW7

0.005 £ 0.001

0.001 £0.000

10.89 £5.00

0.0006 = 0.0003

0.020 = 0.000

0.002 £+ 0.000

10.00 £ 0.00

0.0010 + 0.0000

0.050 £ 0.000

0.008 £ 0.000

16.00 £ 0.00

0.0027 £+ 0.0000

0.100 £ 0.000

0.020 £ 0.000

20.00 = 0.00

0.0050 £+ 0.0000

0.150 +0.000

0.050 +0.000

33.33£0.00

0.0100 + 0.0000

0.210 £ 0.000

0.080 £ 0.000

38.10 + 0.00

0.0133 +0.0000

0.260 + 0.000

0.120 = 0.000

46.15 £ 0.00

0.0171 + 0.0000

0.350 £ 0.000

0.170 £ 0.000

48.57 £ 0.00

0.0213 +0.0000

0.477 £ 0.006

0.280 + 0.000

58.75+£0.72

0.0311 + 0.0000

10

0.593 £ 0.006

0.470 £ 0.000

79.22 +£0.77

0.0470 £+ 0.0000

11

0.780+£0.010

0.677 £ 0.006

86.76 £ 0.59

0.0615 £+ 0.0005

12

1.467 £ 0.015

1.380 £ 0.010

94.09 £ 0.34

0.1150 + 0.0008

13

0.927 £ 0.006

0.797 £ 0.006

85.97 £0.09

0.0613 = 0.0004

14

0.653 +0.006

0.523 £ 0.006

80.10 £ 0.17

0.0374 + 0.0004




Strain Day

L(gL")

Mrame (g)

Yrame (%)

Prame(gL™)

15 0.207 £ 0.006

0.157 £0.006

75.79 + 0.69

0.0104 = 0.0004

Notes: Values are mean + SD from three trial/replicate observations. L, lipid titre; Mrame, experimentally weighed

methyl-ester mass following transesterification; Yrame, calculated methyl-ester conversion yield; Prame, time-

normalised methyl-ester productivity calculated as Mrame /t. Day 12 is shown in bold because it represents the

observed maximum of all four displayed performance indicators in both strains. This descriptive maximum is not

itself used to define the multiobjective optimum; harvest-day preference is established subsequently through

Pareto dominance and compromise analysis.
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Figure 1: Time-resolved progression of methyl-ester output and conversion yield across

candidate harvest days

Time-resolved changes in experimentally weighed methyl-ester mass (Mrame) and calculated methyl-ester
conversion yield (Yrame) during 15-day cultivation of (A) Chlamydomonas sp. OWS and (B) Euglena sp. OW7.
Both performance indicators increased progressively toward Day 12 and declined thereafter. The vertical dashed line
identifies Day 12, the common observed maximum for methyl-ester output and conversion yield in both strains. The
figure describes the temporal production trajectory; identification of the preferred harvest compromise was
subsequently established through Pareto screening, normalized distance-to-ideal analysis, and objective-weight

sensitivity rather than from the observed maxima alone.

3.2 Lipid availability and absolute methyl-ester output

The association of lipid accessibility with the experimentally determined methyl-ester mass
delineates a strong process-level relationship between the culture and conversion phases (Figure
2). Across all strains, Mrame showed a steady ascent in association with lipid titre (L) during the
pre-peak culture period, resulting in a well-defined arrangement by Day 12. In Chlamydomonas
sp. OWS5, the advancement shifted from very low lipid and methyl-ester quantities during early
development to a lipid concentration of 2.510 g L™" and 2.143 + 0.006 g of methyl ester by the
twelfth day. Euglena types. OW7 demonstrated a reliable directional association, reaching a lipid
content of 1.467 g L' and 1.380 + 0.010 g of methyl ester by Day 12. The heightened lipid
content seen on Day 12 in Chlamydomonas was linked to an enhanced total methyl-ester
synthesis, while the lower lipid supply in Euglena caused a decline in methyl-ester output. These
conclusions are consistent with the fundamental purpose of retained microalgal lipids as the
material that is later altered into fatty-acid methyl esters by transesterification [38]. It is vital that

the association shown in Figure 2 be not seen as a direct mass balance or conversion ratio. The



volumetric quantification of lipid content was expressed in grams per litre (g L"), whereas

MFAME signifies the methyl-ester product assessed in grams.

As aresult, L (g L™) is not equivalent to Mrame (g) when assessed on a direct dimensional basis.
Despite the two variables demonstrating similar numerical patterns, their distinct dimensional
foundations hinder the interpretation of their numerical disparity, ratio, or perceived closeness as
indicators of mass closure. Creating a physical lipid-to-FAME mass balance necessitates the
relevant processed culture or extraction volume along with a standardised mass foundation. This
certification is especially significant, as the manufacture of microalgal biodiesel encompasses
unique phases of growth, lipid extraction, and transesterification, all of which might influence

the quantity of FAME finally produced.

The path following Day 12 improves the understanding as a temporal connection instead of a
fixed proportional one. Following Day 12, both lipid titre and MF diminished simultaneously in
both strains, resulting in a deviation of MFAME from the shared peak seen in Figure 2. On Day
15, Chlamydomonas maintained a lipid concentration of 0.657 g L' and 0.430 + 0.010 g of
methyl ester, but Euglena's figures decreased to 0.207 g L™" and 0.157 £+ 0.006 g, respectively.
This type of synchronised motion is biologically plausible, as the potential for biodiesel
correlates with the quantity and characteristics of stored lipids, and the final conversion stage is
also affected by lipid composition and transesterification variables. Consequently, Figure 2
substantiates a robust correlation between lipid availability and methyl ester yield throughout the
culture progression, without asserting dimensional mass closure. Day 12 exemplifies the

acknowledged peak of both variables; nonetheless, this correlation alone fails to determine the



optimal harvest schedule, as it overlooks the culture duration necessities and conversion yield

targets that will be analysed in the next multiobjective research.
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Figure 2: Lipid availability versus experimentally measured methyl-ester mass across candidate

harvest days Relationship between lipid availability and experimentally measured methyl-ester mass across

candidate harvest days for (A) Chlamydomonas sp. OWS5 and (B) Euglena sp. OW7. Points represent daily mean

states and connecting lines preserve their chronological sequence from Day 1 to Day 15. Day 12 is highlighted as

the common observed maximum for both lipid titre and methyl-ester mass. The post-Day-12 reversal illustrates that

extending cultivation beyond the production maximum did not increase methyl-ester output, providing experimental

context for the subsequent multiobjective harvest-time analysis.



3.3 Why single-objective peak extraction is insufficient for harvest selection

The standardised objective trajectories indicate a significant difference between determining a
production peak and choosing a harvest moment (Figure 3). When analysed separately, the
production-related reactions significantly align with Day 12 in both strains. The normalised
methyl-ester production (sm) and conversion yield (sy) steadily rose during the pre-peak
cultivation phase, peaking on Day 12. Conversely, the normalised desirability of culture time (s;)
diminished consistently as cultivation advanced, since earlier harvesting is favoured when the
duration of cultivation is considered a factor to minimise. As a result, the three choice
dimensions fail to pinpoint a shared optimal condition: extending the cultivation period to Day
12 enhances methyl-ester output and conversion efficiency; however, it concurrently undermines

the benefits linked to an earlier conclusion of the process.

This differentiation reveals a constraint of traditional single-objective peak extraction. If harvest
selection relied just on Mrame, Day 12 would be chosen, as both strains achieved their maximum
empirically determined methyl-ester mass on that date. The identical result would be derived
from Yrame, as the conversion yield similarly attained its peak on Day 12. Nevertheless, these
individual peaks fail to indicate whether the performance improvement justifies the additional
cultivation duration required to reach Day 12. This matter pertains to microalgal biodiesel
systems since the period of culture is a crucial aspect of operational processes, with biomass and

lipid yield being significantly influenced by cultivation circumstances and physiological status.



This discrepancy is especially apparent in Figure 3. In the case of Chlamydomonas sp. OW5 and
Euglena sp. OW7, the shift from prior harvest conditions to Day 12 led to a rise in sm and sY,
accompanied by a steady reduction in st. Therefore, Day 12 excels in the production targets,
although achieving this status demands the longest growing time among the pre-peak
alternatives. Harvesting earlier results in reduced methyl-ester output and conversion yield while
preserving increased temporal desirability. This finding indicates a legitimate choice trade-off
rather than the commonly referenced biomass-lipid antagonism in microalgal production.
Multiobjective methodologies are relevant when the simultaneous maximisation of process
responses is unattainable under one operational preference; recent studies on microalgal
optimisation have similarly utilised Pareto-based approaches to tackle competing productivity

objectives rather than limiting process performance to a single maximum response.

The suggestion is that Day 12 should not be labelled the ideal harvest simply because it
encompasses the identified production maxima. Harvesting on Day 11 ends culture one day
earlier, whereas Days 10, 9, and 8 increasingly conserve cultivation time; nonetheless, whether
these efficiencies justify their reduced Mfme and Y fame cannot be discerned from the analysis of a
solitary response. In contrast, continuing culture beyond Day 12 provides no similar output
benefit, as both production parameters eventually decrease. This separation of pre-peak trade-
offs and post-peak degradation delineates the conceptual move from descriptive production
analysis to formal harvest optimisation. The harvest-selection problem is reformulated as three

simultaneous objectives:

Min;, maxMeame, maxYrame



The appropriate question is therefore not simply “On which day is methyl-ester production
highest?”, but rather “Which harvest states remain defensible when cultivation time, absolute
methyl-ester output and conversion yield are considered simultaneously?”” The Pareto-dominance
analysis in the following section addresses this question without imposing an arbitrary preference

among the three objectives.
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Figure 3: Normalized objective trajectories reveal the temporal trade-off between

cultivation time, methyl-ester output and conversion yield

The figure shows normalized desirability trajectories for cultivation time (s;), methyl-ester mass (sm), and methyl-
ester conversion yield (sy) for (A) Chlamydomonas sp. OWS5 and (B) Euglena sp. OW7. Increasing cultivation
duration progressively reduces time desirability, whereas methyl-ester and conversion-yield desirabilities generally

increase toward Day 12 before declining. The dashed vertical line identifies Day 12, where sM=sY=1 for both



strains. The opposing trajectories establish the explicit time—production—conversion trade-off underlying the

subsequent Pareto and compromise analyses.

3.4 Pareto-efficient and dominated harvest states

The application of Pareto-dominance analysis drastically modified the comprehension of time-
resolved production profiles. According to the core three-objective model—minimisation of
cultivation time (t) in conjunction with maximisation of the experimentally quantified methyl-
ester mass (MFAME) and the calculated conversion yield (Yrame)—Days 1-12 were Pareto
efficient for both Chlamydomonas sp. OWS and Euglena sp. OW7, while Days 13—-15 were
Pareto dominated (Table 3; Figure 4). This conclusion reveals that the recorded production apex
on Day 12 does not rule out earlier harvesting options from consideration when the period of

cultivation is distinctly included in the decision-making equation.

A harvest state is identified as Pareto-dominated when another candidate day performs at least
comparably in all three objectives and outperforms it in at least one. On the other hand, a non-
dominated state cannot achieve improvement in one target without sacrificing progress in at least
one other objective. This notion is distinctly applicable for bioprocess optimisation when
competing objectives impede a sole response maximum from embodying the full choice
challenge. In microalgal biodiesel systems, multiobjective frameworks have similarly been
implemented to reconcile competing performance indicators instead of depending on isolated

peaks [21].

The Pareto efficiency achieved in Days 1-12 resulted mostly from the opposing orientation of
cultivation time concerning the production aims. Although previous eras usually generated lesser

amounts of Mrame and Yrawmg, they also needed a briefer cultivation period. To exemplify,



shifting from a previous harvest condition to Day 12 steadily augmented methyl-ester output and
conversion rates; however, this enhancement was only possible by lengthening the culture
period. Thus, Day 12 failed to overshadow the preceding states because its advantageous
production performance was counterbalanced by a deficiency in the time-reduction target. In the
same vein, the earlier nations failed to excel on Day 12, as their time advantage was hindered by
lesser production and conversion capabilities. Therefore, the Days 1-12 set indicates a
succession of non-dominated time-production trade-offs, rather than twelve harvest periods of
equal desirability. This perspective is consistent with the core goal of Pareto analysis: identifying
choices in which advancement in one criterion necessitates a sacrifice in another, therefore

safeguarding the decision-making scope before preferences are enforced [21].

A significantly different state arose on Day 12. Days 13 to 15 exhibited Pareto dominance in
both strains, as extended culture time led to a decline rather than an enhancement in the two
production goals (Table 3; Figure 4). On Day 13, an extra culture day was necessary compared to
Day 12, resulting in reduced Mrame and Yrame yields. The drawback became more apparent on
Days 14 and 15. As a result, Day 12 exhibited an earlier occurrence, an increased methyl-ester
production, and a superior conversion yield compared to all post-peak conditions. No
compensatory benefit was present for maintaining Days 13-15 inside the foundational aim
framework. This sharply contrasts with Days 1-11, where a shorter cultivation period resulted in

a significant opposing advantage.

The outcome is significant since Pareto efficiency must not be mistaken for optimality or
hierarchy. A Pareto-efficient condition is one where no evident alternative excels unequivocally

across all goals. Multi-criteria methodologies are beneficial because they require balancing



multiple relevant criteria in decision-making processes, rather than relying exclusively on a
single response variable [48]. Consequently, the extensive Pareto set derived here does not
designate Days 1-12 as a comparable harvest period, nor does it confirm Day 12 as the

singularly favoured option.

Pareto screening yields the manuscript's initial significant optimisation outcome: it divides the
cultivation timeline into a pre-peak decision zone (Days 1-12), where time and production are
authentically conflicting goals, and a post-peak dominated area (Days 13—15), where further
cultivation offers no advantageous return based on the evaluated objectives. The pertinent
inquiry is not which days are technically non-dominated, but rather which element of this
extensive Pareto-efficient collection offers the most justifiable compromise among cultivation
duration, methyl-ester production, and conversion efficiency. This differentiation drives the

examination of distance to the ideal in the next section.

Table 3: Pareto-dominance classification of candidate harvest days under the production—

conversion—time decision framework

Strain Harvest day|| Pareto status |[Dominated by earlier harvest state?
Chlamydomonas sp. OW5||1 Non-dominated ||No
2 Non-dominated ||No
3 Non-dominated ||No
4 Non-dominated ||No




Strain Harvest day|| Pareto status |[Dominated by earlier harvest state?
5 Non-dominated ||No
6 Non-dominated ||No
7 Non-dominated ||No
8 Non-dominated ||No
9 Non-dominated ||No
10 Non-dominated ||No
11 Non-dominated ||No
12 Non-dominated||No
13 Dominated Yes
14 Dominated Yes
15 Dominated Yes

Euglena sp. OW7 1 Non-dominated ||No
2 Non-dominated ||No
3 Non-dominated ||No
4 Non-dominated ||No
5 Non-dominated ||No
6 Non-dominated ||No
7 Non-dominated ||No
8 Non-dominated ||No
9 Non-dominated ||No
10 Non-dominated ||No
11 Non-dominated ||No
12 Non-dominated||No




Strain Harvest day|| Pareto status |[Dominated by earlier harvest state?

13 Dominated Yes
14 Dominated Yes
15 Dominated Yes

Notes: Pareto dominance was evaluated using the baseline objective vector comprising minimisation of cultivation
time (t), maximisation of experimentally weighed methyl-ester mass (Mrame, and maximisation of calculated
methyl-ester conversion yield (Yrame). A harvest state was classified as dominated when another candidate state was
no worse across all three objectives and strictly better in at least one objective. Accordingly, Days 1—12 constitute
the non-dominated candidate set for both strains, whereas Days 13—15 are dominated by an earlier harvest state.
Non-dominated status does not itself identify a unique optimum; selection of the preferred compromise from the

Pareto-efficient set is subsequently resolved using normalized distance-to-ideal analysis
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Figure 4: Pareto-efficient and dominated harvest states under the production—conversion—time

decision framework. Pareto classification of candidate harvest states for (A) Chlamydomonas sp. OW5 and (B)

Euglena sp. OW7 under simultaneous minimisation of cultivation time and maximisation of methyl-ester mass



(Mrame) and conversion yield (Yrame). Days 1-12 remained Pareto-efficient because improvements in production
and/or conversion required additional cultivation time, whereas Days 13—15 were dominated by earlier harvest
states. Day 12 is highlighted as the subsequent robust compromise target identified through distance-to-ideal and
objective-weight sensitivity analyses. Connecting lines indicate chronological progression and do not represent fitted
relationships. This figure makes the important distinction that Pareto-efficient does not mean equally preferred:
Days 1-12 constitute the admissible trade-off set, while the subsequent analyses determine which state provides the

strongest compromise

3.5 Ideal-point compromise identifies a common harvest target

The Pareto screening indicated that Days 1-12 were non-dominated, although this
comprehensive Pareto set did not determine which option produced the most balanced mix of
cultivation time, methyl-ester production, and conversion efficiency. Consequently, the
normalised ideal-point analysis established a supplementary choice layer by measuring the
geometric nearness of each harvest state to an imagined solution that amalgamates peak time
desirability, maximum Mgrame, and maximum Yrame (Table 4; Figure 5). This divergence has
significance since Pareto efficiency acknowledges justifiable alternatives yet fails to evaluate

them based on their comprehensive compromises.

Applying equal weighting (wt=wM=wY=1/3), Day 12 achieved the minimal distance-to-ideal
metric across both strains (D12=0.4536), revealing a unified balanced harvest goal despite
differing absolute output levels. Within Chlamydomonas sp. OWS5, Day 11 represented the
subsequent closest condition (Di=0.5056), trailed by Day 10 (Di=0.5457). The same arrangement

was noted in Euglena sp. OW7, where Di=0.5092 for Day 11 and Di=0.5415 for Day 10 (Table



4). As a result, the compromise environment steadily approached Day 12 in the late pre-peak

timeframe rather than revealing a sharp, isolated maximum.

The determination of Day 12 is clearly articulated through the normalised goal architecture. Even
if the appeal for culture duration was lessened (st=0.2143), Day 12 simultaneously reached
sm=1.000 and sy=1.000 across both strains. Previous states held a time benefit while still being
farther distant from the optimal production coordinates. Day 11 saw an increase in time
desirability to s—=0.2857s; however, the normalised methyl-ester production fell to 0.5097 in
Chlamydomonas and 0.4902 in Euglena. Thus, the little progress in time desirability was
insufficient, when equally weighted, to offset the displacement caused by the two production

goals.

This interpretation, based on compromise, is more advantageous than choosing a harvest day
exclusively based on the highest value of a single answer. The manufacture of microalgal
biodiesel encompasses cultivation, biomass and lipid creation, and subsequent conversion;
hence, the efficacy of the process relies on interrelated rather than independent operational
parameters. Ideal-point analysis does not eradicate trade-offs; rather, it clarifies the preference

framework by assessing all normalised objectives on a unified decision scale.

Significantly, the distance ranking illustrates why Pareto efficiency and favoured compromises
are not equivalent. The initial twelve days were Pareto-efficient, although their deviations from
the optimal condition varied somewhat. In contrast, Day 13 was positioned fourth by geometric
distance in both strains, even though it was Pareto-dominated, demonstrating that scalar
closeness should not supplant dominance evaluation. The two evaluations are therefore

synergistic: Pareto analysis delineates the non-dominated decision realm, while ideal-point



analysis refines that extensive realm into a harmonised preference based on designated weights.
Consequently, Day 12 is identified as the favoured equal-weight solution, rather than a universal
ideal. The necessity for a follow-up weight-sensitivity study arises to see if this preference

persists when the relative significance of cultivation duration, yield, and conversion is altered.

Table 4: Normalized objective performance and distance-to-ideal compromise ranking of

candidate harvest days

Strain Day St Sm Sy Di Rank

Chlamydomonas sp. OW5||1 |/1.0000 0.0000 0.0000 0.8165 15
2 ||0.9286 0.0023 0.0531 0.7952 14
3 |l0.8571 0.0084 0.1623 0.7540 12
4 ]|0.7857 0.0178 0.1797 0.7492 11
5 |0.7143 0.0411 0.2612 0.7182 10
6 |(0.6429 0.0692 0.3164 0.6980 9
7 |l0.5714 0.1112 0.3599 0.6792 8
8 |(0.5000 0.1547 0.4226 0.6578 7
9 |l0.4286 0.2295 0.5305 0.6166 5
10 ||0.3571 0.3587 0.7385 0.5457 3
11 ||0.2857 0.5097 0.8720 0.5056 2
12 ||0.2143 1.0000 1.0000 0.4536 1




Strain Day St Sm Sy Di Rank

13 ||0.1429 0.6077 0.9061 0.5469 4
14 ||0.0714 0.4208 0.8279 0.6395 6
15 {/0.0000 0.1998 0.7356 0.7550 13

Euglena sp. OW7 1 ||1.0000 0.0000 0.0112 0.8122 14
2 ||0.9286 0.0007 0.0000 0.8171 15
3 |l0.8571 0.0051 0.0713 0.7900 13
4 ||0.7857 0.0138 0.1188 0.7734 11
5 /0.7143 0.0355 0.2772 0.7149 10
6 ||0.6429 0.0572 0.3337 0.6974 9
7 ||0.5714 0.0862 0.4294 0.6691 8
8 {|0.5000 0.1225 0.4581 0.6614 7
9 /0.4286 0.2023 0.5790 0.6162 5
10 ||0.3571 0.3403 0.8341 0.5415 3
11 ||0.2857 0.4902 0.9286 0.5092 2
12 |j0.2143 1.0000 1.0000 0.4536 1
13 ||0.1429 0.5777 0.9027 0.5546 4
14 ||0.0714 0.3788 0.8302 0.6521 6
15 ||0.0000 0.1129 0.7786 0.7819 12

Notes: S;, Sm, and Sy denote normalized desirability scores for cultivation time, methyl-ester mass, and calculated
methyl-ester conversion yield, respectively. Cultivation time was treated as a minimisation objective, whereas
methyl-ester mass and conversion yield were treated as maximisation objectives. Normalization was performed on a

0-1 scale, with larger values indicating greater desirability.

For cultivation time,

St = tmax —t / tmax — tmin



whereas benefit objectives were normalized as

Under equal weighting (wt=wM=wY=1/3), distance from the ideal point (1,1,1) was calculated

as

Di= V1/3(1-st)>+1/3(1-sm)?+1/3(1-Sy)?

Candidate harvest days were ranked in ascending order of DiD i, such that a smaller value

represents a closer compromise to the ideal multiobjective state
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Figure 5: Distance-to-ideal compromise landscape across candidate harvest days



Note: Equal-weight distance-to-ideal (D;) across candidate harvest days for (A) Chlamydomonas sp. OWS5 and (B)
Euglena sp. OW7 under simultaneous consideration of cultivation-time desirability, methyl-ester output and
conversion yield. Lower D; indicates closer proximity to the ideal multiobjective state. Day 12 produced the
minimum distance in both strains (D;=0.4536) and therefore represents the preferred equal-weight compromise.
Days 10 and 11 approach the compromise minimum from the pre-peak region, whereas Days 13—15 move
progressively away from the ideal and are Pareto-dominated. The dashed vertical line identifies Day 12, while

crosses distinguish dominated post-peak harvest states.

3.6 Asymmetric consequences of premature and delayed harvesting

The tangible relevance of the Day-12 compromise was shown when harvest displacement was
conveyed in terms of the output maximum (Figure 6). The investigation uncovered a marked
disparity between premature and postponed harvesting: early harvesting offered a temporal
advantage in culture but adversely affected methyl-ester quality, whereas delayed harvesting
increased cultivation time and concurrently lowered product effectiveness. This differentiation
holds special significance in process engineering since the length of cultivation is an operational
variable, and the cultivation and harvesting of microalgae are critical restrictions in biodiesel

production systems [28].

The most robust evidence was gathered for the nearest pre-peak alternative. The decision to
harvest Chlamydomonas sp. OWS5 on Day 11 instead of Day 12 resulted in a culture duration
decrease of one day, which corresponds to an 8.33% time efficiency gain, but caused a 48.99%
drop in Mrame and an 11.29% reduction in Yrame. The relevant trade-off was rather elevated for
the total methyl-ester yield in Euglena sp. OW7: the same 8.33% savings in cultivation time led

to a 50.97% drop in MFAME and a 7.80% contraction in Yrame. As a result, around half of the



Day-12 methyl-ester mass was relinquished to end cultivation just one day ahead. This
imbalanced exchange clarifies why Day 11, despite its Pareto efficiency and status as the second-

ranked equal-weight compromise, could not achieve performance comparable to Day 12.

The sanction escalated with increasingly premature harvests. On Day 10, a 2-day decrease in
culture (16.67%) correlated with MFAME losses of 64.07% in Chlamydomonas and 65.94% in
Euglena. Collecting the crop four days sooner, on Day 8, preserved 33.33% of the cultivation
time compared to Day 12, although it decreased methyl-ester yield by 84.45% and 87.68%,
respectively. Prior harvest conditions thus continued to be valid Pareto alternatives since they
provided genuine time savings, although at the cost of progressively greater reductions in
recoverable methyl-ester production. This underscores the wider acknowledgement that the
efficacy of microalgal biodiesel cannot be assessed in isolation from cultivation and harvesting

choices [51, 52].

The post-Day-12 area exhibited markedly distinct decision-making patterns. Delaying the
harvest to Day 13 added another culture day, but Mrame dropped by 39.19% in Chlamydomonas
and 42.27% in Euglena. At the same time, Yrame dropped by 8.24% and 8.63%, respectively. On
Day 15, the losses of methyl esters amounted to 79.94% and 88.65%, respectively. In contrast to
early harvesting, delayed harvesting yielded no beneficial enhancement in the evaluated criteria.
This finding statistically elucidates the Pareto categorisation of Days 13-15 as prevailing
conditions. The engineering differentiation may thus be articulated as early harvest = temporal
advantage + product-performance compromise, whereas delayed harvest = extended cultivation

duration + product-performance compromise.



This imbalance is more insightful than merely recognising Day 12 as the peak. It illustrates the
differing implications of departures on each side of Day 12. Premature harvesting may be
justified when the culture period is prioritised, whereas delayed harvesting is not endorsed in the
current three-objective framework due to the adverse effects on both Mrame and Yrame from
extended cultivation times. Consequently, the displacement analysis reinforces Day 12 as a solid
compromise objective while circumventing the unfounded interpretation of Days 10—12 or 11-12

as a comparable multi-day ideal harvest period.
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Figure 6: Harvest-displacement penalties relative to the Day 12 compromise target: Harvest-
displacement penalties in methyl-ester mass (Mramg) and conversion yield (Yrame) relative to

the Day 12 reference state for (A) Chlamydomonas sp. OWS and (B) Euglena sp. OW7. Negative



displacement denotes premature harvesting, whereas positive displacement denotes delayed harvesting. Day 11, the
nearest pre-peak alternative, reduced cultivation duration by one day (8.3%) but incurred methyl-ester mass losses of
49.0% and 51.0% in Chlamydomonas and Euglena, respectively, together with conversion-yield losses of 11.3% and
7.8%. Delaying harvest beyond Day 12 similarly increased cultivation duration while reducing both performance
responses. The asymmetric displacement profiles therefore distinguish earlier time-saving alternatives from the post-
peak penalty region and support Day 12 as the robust conditional compromise rather than an arbitrarily defined

multi-day harvest window.

3.7 Objective-weight sensitivity and robustness of harvest selection

The equal-weight ideal-point analysis determined that Day 12 is the favoured compromise for
both strains; nevertheless, a decision solution lacks robustness if it relies solely on a singular
arbitrary weighting method. The sensitivity of objective weights was assessed throughout the
entire three-objective simplex to ascertain if the chosen harvest day remained consistent as the
relative priorities attributed to cultivation time (wy), methyl-ester output (wm), and conversion
yield (wy) were altered (Table 5; Figure 7). This type of sensitivity analysis is crucial in
multiobjective optimisation, as the ultimate compromise may hinge on the prioritisation of

certain process criteria.

Throughout the whole weight space, consisting of 5,151 combinations assessed at 0.01
increments constrained by wt+wM+wY=1, Day 12 encompassed the most extensive choice area
for both strains. It was chosen in 71.7% of all weight configurations for Chlamydomonas sp.
OWS and 70.3% for Euglena sp. OW7 (Table 5; Figure 7). The resemblance of these frequencies
is remarkable due to the significant differences in absolute methyl-ester synthesis and conversion

characteristics among the strains. Nonetheless, over almost seventy percent of the complete



preference spectrum, the benefits obtained by persisting with cultivation until Day 12 were

adequate to surpass the corresponding decline in temporal appeal.

The strength of Day 12 was further amplified when attention was confined to the balanced
internal choice space, delineated by wi, wm, wy >0.10. From the total of 2,556 combinations, Day
12 was preferred in 81.8% of cases for Chlamydomonas and 80.8% for Euglena. By excluding
extreme border preferences, the frequency of the Day-12 solution rose by almost ten percentage
points in both strains. This implies that Day 12 is especially stable when all three objectives
preserve substantial decision significance, instead than allowing one criteria to gain exclusive

precedence.

Notably, Day 12 did not remain unchanged in relation to objective preference. Elevating the
importance of cultivation-time attractiveness redirected parts of the choice space toward more
premature  harvest scenarios. In the distinctly analyzed time-priority context
(W, Wwm,Wy)=(0.60,0.20,0.20), Day 5 was designated for both strains (Table 5). On the other hand,
the balanced (1/3,1/3,1/3), production-priority  (0.20,0.60,0.20), conversion-priority
(0.20,0.20,0.60), time-leaning (0.50,0.25,0.25), and production-leaning (0.25,0.50,0.25)
scenarios consistently maintained Day 12. The choice of earlier harvest selection, when
supported by robust time weighting, does not represent instability in the optimization framework;
it rather illustrates the intended result of intentionally modifying the decision maker's priorities.
The purpose of multiobjective optimization is to highlight trade-offs that depend on preferences

rather than hiding them in a unified performance measure [53].

The sensitivity landscape together offers more compelling evidence than the equal-weight

solution by itself. Day 12 is not globally ideal or mathematically unavoidable; nevertheless, it is



favoured throughout the majority of the assessed weight space and over eighty percent of the

balanced interior. It is thus best understood as a strong compromise harvest goal within the

current aim framework. Prioritising culture length allows earlier harvest states to be viable

options, maintaining the differentiation between a solid operational trade-off and a universal

biological ideal.

Table 5: Robustness of harvest-day selection under alternative objective-weight priorities

Weighting analysis / scenario We || Wn Wy Chlamy(d)o‘;n;)nas i Eu%e";i i

A. Exhaustive objective-weight analysis Day 12 selection Day 1?
selection

Full simplex, n=5,151 0-1 0-1 0-1 71.66% 70.26%
Interior simplex, n=2,556 >0.10 |>0.10 ||>0.10 81.77% 80.75%
B. Representative priority scenarios Selected day Selected day
Balanced 0.333 ]0.333 {|0.333 12 12
Time priority 0.600 {|0.200 |(0.200 5 5
Production priority 0.200 {|0.600 |(0.200 12 12
Conversion priority 0.200 {|0.200 |0.600 12 12
Time leaning 0.500 {|0.250 {|0.250 12 12
Production leaning 0.250 {|0.500 {|0.250 12 12

Notes: wi, wn, and wy denote the weights assigned to cultivation-time desirability,

methyl-ester mass, and

calculated methyl-ester conversion yield, respectively, with wt+wM+wY=1. The full simplex comprised all 5,151



weight combinations generated at 0.01 increments. The restricted interior simplex comprised 2,556 combinations for
which each objective received a weight of at least 0.10, thereby excluding extreme or near-zero objective priorities.
For each combination, the candidate harvest day giving the minimum weighted distance to the ideal point was

selected. Percentages in section A represent the proportion of evaluated weight combinations for which Day 12 was

selected.
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Figure 7: Objective-weight sensitivity maps for harvest-day selection in (A) Chlamydomonas sp.

OWS and (B) Euglena sp. OW7 across the complete three-objective weight simplex. The vertices
represent exclusive prioritisation of cultivation-time desirability (wt), methyl-ester output (wm), and conversion
yield (wy), with wt+wM+wY=1. Each point represents one of 5,151 weight combinations evaluated at 0.01
increments, and the mapped region identifies the harvest day producing the minimum weighted distance to the ideal

state. Day 12 occupied the largest decision region, being selected for 71.66% and 70.26% of the complete weight



space for Chlamydomonas and Euglena, respectively. Under the restricted interior weight space (wt, wM, wY>0.10;
n=2,556), Day 12 selection increased to 81.77% and 80.75%, respectively. The balanced solution retained Day 12 in
both strains, whereas sufficiently strong prioritisation of cultivation time shifted the preferred compromise toward

earlier harvest states. The maps therefore demonstrate that Day 12 is a robust but preference-dependent

compromise rather than an invariant or universal optimum.

3.8 Comparative harvest-decision landscapes of the two strains

Although there were quantitative discrepancies in lipid availability, absolute methyl-ester output,
and conversion yield between Chlamydomonas sp. OWS5 and Euglena sp. OW7, their harvest-
decision landscapes were surprisingly alike in shape. The methyl-ester mass for Chlamydomonas
on Day 12 was notably larger (2.143 + 0.006 g), whereas Euglena had a superior conversion
yield (94.09 £ 0.34% compared to 85.39 £ 0.18% for Chlamydomonas). These distinctions
showcase certain production qualities and point out the importance of not relying on a single
criterion for comparing the two strains. The differences in lipid accumulation and resulting
biodiesel performance across microalgal strains are recognised, since these variations are

determined by physiological parameters, culture settings, and lipid composition [54, 55].

Regardless of these statistical distinctions, both strains established a uniform core decision
topology. Days 1 through 12 maintained Pareto efficiency, Days 13 to 15 were surpassed, and
Day 12 yielded the smallest equal-weight distance to the ideal point (D12=0.453), with the
objective-weight sensitivity analysis predominantly indicating Day 12 for much of the analysed

preference space. The inner robustness frequencies exhibited a close alignment—81.8% for



Chlamydomonas and 80.8% for Euglena. Therefore, quantitatively diverse production routes

aligned on the same date jeopardise the harvest.

This convergence is shown by the comparative time structure of the goals rather than the
equivalence of their absolute sizes. The optimal-point model standardised the objective
trajectories of each strain prior to determining the compromise distance. Thus, the choice
analysis examined the position of each strain in relation to its respective achievable ranges for
cultivation-time preference, methyl-ester production, and conversion efficiency, rather than
solely favouring the strain with the highest absolute value. Both systems, Mrame and Yrawme,
exhibited enhancement until Day 12, although temporal desirability steadily diminished.
Following Day 12, both production outputs declined despite the extended cultivation period. The
collective arrangement of these temporal alterations produced analogous Pareto and compromise

frameworks despite variations in their absolute production values.

The displacement analysis offers additional proof of this structural resemblance. Collecting on
Day 11 instead of Day 12 decreased methyl-ester production by 48.99% in Chlamydomonas and
50.97% in Euglena, corresponding to an identical 8.33% decrease in culture time. In contrast,
postponing the harvest to Day 13 resulted in an extra day of culture, although the methyl-ester
yield fell by 39.19% and 42.27%, respectively. The intensity of these reactions varied, although

their decision-making trajectory was notably uniform.

Thus, the mutual Day-12 compromise need not be construed as proof that the two strains are
physiologically identical or that one is categorically better. Chlamydomonas exhibited a higher
total methyl-ester production, but Euglena demonstrated a superior conversion efficiency at the

current experimental parameters. The primary outcome of process engineering is that different



production phenotypes can align on the same harvest choice if their normalised temporal trade-
off frameworks are comparable. Harvest optimisation should thus be grounded in the framework
of pertinent choice goals instead of relying on cross-strain comparisons of a single maximum

response.

3.9 Engineering implications, limitations and transferability

The primary engineering consequence of the current research is that harvest time should be
considered a distinct multiobjective process choice instead of only the calendar date linked to a
singular peak response. In the examined batch systems, Day 12 yielded the optimal balance of
culture time, total methyl-ester production, and conversion efficiency, whereas extending
cultivation to Days 13—15 did not present any advantageous returns within the assessed
objectives. This differentiation is functionally significant, as culture and harvesting are critical
elements of microalgal biodiesel production systems, and erroneous harvesting choices might

jeopardise overall process efficacy.

From a batch-scheduling viewpoint, the findings suggest that prolonging cultivation over the
productive peak should not be considered operationally neutral. Given the current circumstances,
postponed harvesting concurrently used more cultivation time and decreased Mrame and Yramk.
Circumventing this post-peak phase might enhance reactor scheduling by liberating cultivation

capacity sooner instead of prolonging batches once the observed output benefit has vanished. On



the other hand, early harvesting constitutes a legitimate technical compromise: reactor utilisation
is diminished; however, the resultant time efficiency must be balanced against significant
decreases in methyl-ester production. The roughly 49-51% loss of methyl esters linked to
harvesting just one day prior to the Day-12 objective demonstrates that choosing harvest time

solely based on scheduling convenience may be similarly deceptive.

The framework also offers techno-economic or life-cycle benchmark groundwork for future
online or at-line harvest decision-making help. By utilising proper process measures, regularly
revised indicators of biomass and lipid conditions, as well as product-related reactions, these
elements may be integrated into a dynamic multiobjective decision framework for techno-
economic or life-cycle benchmarks, where prospective harvest states are reviewed throughout the
cultivation process. Developments in observation, modelling, and data-informed governance are
increasingly allowing for more adaptive management of microalgal farming processes [21, 58,
59, 60, 61]. This expansion would need established connections between quantifiable online data
and the resulting methyl-ester responses employed here; hence, it is a future application rather

than a capacity shown by the existing experiment.

Various restrictions establish the correct confines of interpretation. At the outset, the
optimisation addressed just three goals: period of culture, mass of methyl ester, and yield of
conversion. The analysis did not consider the financial implications, energy expenditure,
environmental effects, workforce requirements, energy harvesting, or downstream processing
demands. As a result, the outcomes signify an optimisation of process performance and must not

be construed as a techno-economic or life-cycle benchmark. The inclusion of TEA or LCA



objectives can change the optimal compromise and create an additional, broader decision

dilemma.

Secondly, the temporal search domain was confined to 15 empirically assessed daily harvest
conditions. Daily sampling fails to determine if a more advantageous compromise exists between
successive days, such as between Days 11 and 12, so the analysis can only pinpoint the most
substantiated target at the experimental temporal resolution. Subsequent research employing
abbreviated sample intervals in the transition zone may enhance the harvest objective. The
experimental dataset included three trial trajectories for each condition; hence, the decision
landscape must be understood in light of the replication and variability indicated by those

observations, rather than as a universally applicable optimisation principle.

Ultimately, Day 12 is tailored to the unique system. It encapsulates the strains, culture
parameters, reactor setup, analytical methodologies, and proposed temporal domain assessed in
this study. Alterations in light conditions, nutritional accessibility, thermal variations, inoculum
concentration, reactor fluid dynamics, culture volume, or post-processing methods may modify
the temporal pathways and hence displace the Pareto set and jeopardise the solution. The Day-12
objective should not be immediately applied to different microalgal strains or reactor dimensions
without experimental adjustment. The decision framework itself is more transferable: identify
experimentally validated candidate harvest states, differentiate between non-dominated and
dominated options, measure compromise distance, assess displacement penalties, and examine
the stability of the chosen state in relation to shifting objective priorities. This paradigm
preserves the engineering significance of the current research while refraining from asserting an

unsubstantiated universal ideal harvest time.



4., Conclusion

This research identifies harvest time as a multifaceted process-engineering choice instead of only
a singular peak-selection issue. Fifteen days of culture were experimentally evaluated by
concurrently reducing cultivation time and enhancing the experimentally determined methyl-
ester output (Mramg) and conversion yield (Yrame). Despite Day 12 aligning with the recorded
peaks of the primary production responses in both Chlamydomonas sp. OWS and Euglena sp.
OW7, the decision analysis revealed that only identifying these peaks is inadequate for

determining a justifiable harvest objective.

Pareto screening conceptually narrowed the decision space by designating Days 1-12 as non-
dominated states, illustrating authentic trade-offs between reduced cultivation duration and
enhanced product performance, while Days 13—15 were deemed Pareto-dominated due to the
fact that extended cultivation time resulted in declines in both methyl-ester output and
conversion yield. Equal-weight ideal-point analysis later determined Day 12 as the nearest
compromise condition for both strains (D12=0.4536). The practical importance was shown by
harvest-displacement analysis: harvesting just one day earlier saves 8.33% of culture time while
diminishing MFAME by 48.99% in Chlamydomonas and 50.97% in Euglena. Postponed
harvesting was evidently more detrimental, as it concurrently extended the culture period and
diminished product efficacy. A weight-sensitivity study indicated that Day 12 was consistently

chosen within 71.7-70.3% of the whole weight spectrum and 81.8-80.8% of the balanced



interior for Chlamydomonas and Euglena, respectively. Day 12 needs to be seen as a strong,
preference-based compromise within the assessed framework, rather than a universal ideal for

microalgal harvesting.

The findings are, however, constrained by the limits of the experimental and analytical
framework. The assessment of harvest states occurred at a daily resolution across just 15
candidate days, hindering the discovery of potentially advantageous sub-daily or intermediate
harvest intervals. The dataset included three experimental trajectories, and the optimisation
excluded considerations of economic cost, energy requirements, environmental effects,
downstream processing intensity, or scale-up uncertainty. Furthermore, the recognised
compromise pertains only to the examined strains, culture parameters, reactor setup, and

intended formulation.

Subsequent research should thus utilise enhanced temporal resolution during the Day 11-12
transition, augment independent experimental replication, and corroborate the decision
framework across various strains, operational settings, and reactor dimensions. Integrating
uncertainty-aware optimisation with empirically validated economic, energy, and environmental
goals would enhance the framework from process-performance optimisation to comprehensive
sustainable bioprocess decision-making. The significant contribution of this research is not Day
12 per se, but rather the analytical framework that differentiates Pareto-efficient harvesting

options from a resilient operational compromise.



Declaration of competing interest
The authors declare no conflicts of interest.

CRediT authorship contribution statement

Abideen. A. Adekanmi: Conceptualisation, Design, Investigation, Methodology, Writing the
original draft, final Review & Editing

Emmanuel. O. Garuba: Conceptualisation, Investigation, Methodology, Review & Editing,

Supervision

Nurudeen A. Azeez: Methodology, Review & Editing, Supervision, Review & Editing

Clinical trial number: not applicable

Consent to Publish declaration: not applicable
Consent to Participate declaration: not applicable
Declaration of competing interest:

The authors declare no conflicts of interest.
Funding:

Financial assistance from public, private, or nonprofit funding organisations was not provided

for this study. The authors state that this study was not supported by any particular grants.
Data Availability Statement:

This study's supporting data can be obtained from the corresponding author upon reasonable

request.
Ethics approval statement:

Not applicable



Patient consent statement:
Not applicable
Clinical trial registration:

Not applicable

References

[1] Chen, C.-Y., Yeh, K.-L., Aisyah, R., Lee, D.-J., & Chang, J.-S. (2011). Cultivation,
photobioreactor design and harvesting of microalgae for biodiesel production: A critical review.

Bioresource Technology, 102(1), 71-81. https://doi.org/10.1016/j.biortech.2010.06.159.

[2] Yin, Z., Zhu, L., Li, S., Hu, T., Chu, R., Mo, F., Hu, D., Liu, C., Li, B., 2020. A
comprehensive review on cultivation and harvesting of microalgae for biodiesel production:
Environmental pollution control and future directions. Bioresource Technology 301, 122804.

https://doi.org/10.1016/j.biortech.2020.122804.

[3] Oyama T, Kato Y, Hidese R, Matsuda M, Matsutani M, Watanabe S, Kondo A, Hasunuma T.
Development of a stable semi-continuous lipid production system of an oleaginous
Chlamydomonas sp. mutant using multi-omics profiling. Biotechnol Biofuels Bioprod. 2022 Sep

16;15(1):95. doi: 10.1186/513068-022-02196-w. PMID: 36114515; PMCID: PMC9482161.



[4] Duriova, L, Sofrankova, L., Kvasni¢ka, A., Balaz, M., Fabryova, 1., Friedecky, D., &
Balazova, M. (2026). Long-Term Static Cultivation Alters Lipid Metabolism and Bioenergetic

. [27(8), 3417

Capacity in A549 Cells. Llntemational Journal of Molecular Sciences

https://doi.org/10.3390/1jms27083417

[5]Adekanmi, A.A., Onilude, A.A., Garuba, E.O. et al. Optimisation of cultivation conditions for
enhanced biomass and lipid production in Scenedesmus obliqguus OSC and Chlorella vulgaris

UIA using a locally designed bench-scale cuboidal shaking photobioreactor. Phycol. J. 2, 7

(2026). https://doi.org/10.1186/s44377-026-00012-2

[6]Zhang S, Zhang L, Xu G, Li F and Li X (2022) A review on biodiesel production from
microalgae: Influencing parameters and recent advanced technologies. Front. Microbiol.

13:970028. doi: 10.3389/fmicb.2022.970028

[7] Temoche-Socola V, Sessarego E, Rodriguez A, Vasquez C, Riojas J, Ruiz J, Cruz J.
Optimizing harvest stage and drying time to enhance yield and nutritive quality of whole-plant
Tithonia diversifolia forage meal in arid tropics. Front Plant Sci. 2025 Sep 19;16:1644949. doi:

10.3389/1pls.2025.1644949. PMID: 41049188; PMCID: PMC12491292.

[8§]Machado, R. L. S., Depra, M. C., Dutra, D. A., Schneider, A. T., Machado, E. F., Zepka, L.
Q., & Jacob-Lopes, E. (2026). Microalgae Biofuels: Can Decades of Development Finally

Deliver Industrial Readiness? Processes), 14(14), 2267. https://doi.org/10.3390/pr14142267



[9] Salaheldeen, M., Mariod, A. A., Aroua, M. K., Rahman, S. M. A., Soudagar, M. E. M., &
Fattah, I. M. R. (2021). Current State and Perspectives on Transesterification of Triglycerides for

Biodiesel Production. (Catalysts), [11(9), 1121. https://doi.org/10.3390/catal 11091121

[10] Al-Quwaie DAH. Integrated Biorefinery of Rotted Date Fruits: One-Pot Co-Production of
Lipids and Pigments by Talaromyces atroroseus PZ091940 and Valorization of Residual
Biomass Wastes for Fungal Chitosan. Biology (Basel). 2026 Apr 28;15(9):688. doi:
10.3390/biology15090688. PMID: 42117827; PMCID: PMC13162831.

[11] Farouk SM, Tayeb AM, Abdel-Hamid SMS, Osman RM. Recent advances in
transesterification for sustainable biodiesel production, challenges, and prospects: a
comprehensive review. Environ Sci Pollut Res Int. 2024 Feb;31(9):12722-12747. doi:
10.1007/s11356-024-32027-4. Epub 2024 Jan 23. PMID: 38253825; PMCID: PMC10881653.
12] Kumar, D., Pratap, S., Gupta, N. et al. Transesterification-derived biodiesel: a
comprehensive assessment of feedstock diversity, engine performance, and pathways to
sustainable transportation. Discov Sustain 6, 1447 (2025). https://doi.org/10.1007/s43621-025-
02449-2

[13] Nisar, S., Hanif, M. A., Rashid, U., Hanif, A., Akhtar, M. N., & Ngamcharussrivichai, C.

(2021). Trends in Widely Used Catalysts for Fatty Acid Methyl Esters (FAME) Production: A

Review. Catalysts, [11(9), 1085. https://doi.org/10.3390/catal1 1091085

[14] Langseter AM, Dzurendova S, Shapaval V, Kohler A, Ekeberg D, Zimmermann B.
Evaluation and optimisation of direct transesterification methods for the assessment of lipid

accumulation in oleaginous filamentous fungi. Microb Cell Fact. 2021 Mar 3;20(1):59. doi:

10.1186/512934-021-01542-1. PMID: 33658027; PMCID: PMC7931520.



[15] Bonzanini V, Savolainen O, Palomo SM, Momeni MH, Olsson L, Geijer C. Optimization of
a fatty acid methyl ester protocol for quantification of odd- and even-chain fatty acids in yeast.
AMB Express. 2026 Feb 9;16(1):23. doi: 10.1186/s13568-026-02022-8. PMID: 41661423;

PMCID: PMC12932751.

[16] Stredanska, S., Kubincova, J., Kopuncova, M., Kiss, E., Baxa, S., & Stredansky, M. (2026).

Culture Medium Optimization for Lipid and Nervonic Acid Production in Mortierella capitata.

Applied Microbiologyl, 16(9), 110. https://doi.org/10.3390/applmicrobiol6090110

[17] Ahrends R, Baker ES, Ekroos K, Ellis SR. New Analytical Technologies to Resolve,
Interpret, and Understand Lipid Complexity. Annu Rev Anal Chem (Palo Alto Calif). 2026
May;19(1):49-74. doi: 10.1146/annurev-anchem-071525-093318. Epub 2026 Feb 24. PMID:
41729704; PMCID: PMC13066899.

[18] Pv E, Saleel CA, Gulbarga MI, Hussain F, Khan SA, Rajendran P, Kaewthep C, Yong X. A
multi-criteria sustainability and engine performance study of andropogon narudus biodiesel using
the PUGH matrix and ML. Sci Rep. 2026 Apr 10;16(1):16107. doi: 10.1038/s41598-026-46841-

y. PMID: 41957476; PMCID: PMC13199504.

[19] Singh D, Sharma PK, Pawar A, Godara SS, Sharma D, Goyal R. Parametric analysis of
biodiesel synthesis from palm oil using homogenous base catalyst: experimental and numerical
investigation. Sci Rep. 2025 Nov 25;15(1):41781. doi: 10.1038/s41598-025-25746-2. PMID:

41290751; PMCID: PMC12647890.

[20] Matthias Ehrgott, Murat Kdksalan, Mitosz Kadzinski, Kalyanmoy Deb, Fifty years of multi-

objective optimization and decision-making: From mathematical programming to evolutionary



computation, European Journal of Operational Research, Volume 330, Issue 1, 2026, Pages 1-25,

ISSN 0377-2217, https://doi.org/10.1016/j.€jor.2025.06.012.

[21] Kumar, R.R., Sarkar, D., & Sen, R. (2024). Simultaneously maximizing microalgal biomass
and lipid productivities by machine learning driven modeling, global sensitivity analysis and
multi-objective optimization for sustainable biodiesel production. Applied Energy, 358, 122597.

https://doi.org/10.1016/j.apenergy.2023.122597.

[22] Briones-Baez MF, Aguilera-Vazquez L, Rangel-Valdez N, Martinez-Salazar AL, Zuiiiga C.
Multi-Objective Optimization of Microalgae Metabolism: An Evolutive Algorithm Based on
FBA. Metabolites. 2022 Jun 29;12(7):603. doi: 10.3390/metabo12070603. PMID: 35888727;

PMCID: PM(C9325016.

[23] Sangregorio-Soto, V., Mayorga Lancheros, E. Y., & De La Hoz, R. (2026). Recent
Advances in Microalgae Cultivation Systems: Toward Autonomous Architecture. ,

(3), 147. https://doi.org/10.3390/fermentation12030147

[24] Lim MY, Yoon S, Kim SJ, Nam JH, Choi GL, Roh MY, Hwang HS. Multi-objective
optimization identifies cultivation strategies for balancing yield, quality, and resource efficiency
in hydroponic netted melon. Sci Rep. 2026 Jan 18;16(1):5710. doi: 10.1038/s41598-026-36171-

4. PMID: 41549099; PMCID: PMC12891713.

[25] Habyarimana E, Alhendi A, Ghosh K, Thakur NR, Are AK, Sharma R, Jaba J, Gupta SK,
Ojulong HF, Mohammed R, Hamidou F, Abdelmahoud A, Raman A and Almarri R (2026)

Index- and Pareto-based multi-trait selection identifies dual-purpose sorghum and pearl millet



cultivars for arid agro-ecosystems of Saudi Arabia. Front. Plant Sci. 17:1795221. doi:

10.3389/1pl1s.2026.1795221

[26] Miettinen, K. (1999). Nonlinear Multiobjective Optimization. Kluwer Academic Publishers,

Boston.

[27] Marler, R.T., & Arora, J.S. (2004). Survey of multi-objective optimization methods for
engineering. Structural and  Multidisciplinary Optimization, 26, 369-395.

https://doi.org/10.1007/s00158-003-0368-6.

[28] Kumar, L.R., Yellapu, S.K., Tyagi, R.D., Zhang, X., 2022. A comprehensive review on

microalgal biomass production and processing for biodiesel production. Fuel 324, 124773.

[29] Chhandama, M.V L., Satyan, K.B., Changmai, B., Vanlalveni, C., & Rokhum, S.L. (2024).
Biodiesel production from microalgae: A comprehensive review on influential factors,
transesterification processes, and challenges. Fuel, 367, 131547.

https://doi.org/10.1016/j.fuel.2024.131547.

[30] Shokravi, Z., Shokravi, H., Atabani, A.E., Lau, W.J., Chyuan, O.H., & Ismail, A.F. (2022).
Impacts of the harvesting process on microalgae fatty acid profiles and lipid yields: Implications
for biodiesel production. Renewable and Sustainable Energy Reviews, 161, 112410.

https://doi.org/10.1016/j.rser.2022.112410

[31] Liu, H., Liu, T.-J., Guo, H.-W., Wang, Y.-J., Ji, R., Kang, L.-L., Wang, Y.-T., Guo, X., Li,

J.-G., Jiang, L.-Q., & Fang, Z. (2024). A review of the strategy to promote microalgae value in



CO: conversion-lipid enrichment-biodiesel production. Journal of Cleaner Production, 436,

140538. https://doi.org/10.1016/j.jclepro.2023.140538

[32]Pandey, S., Narayanan, 1., Selvaraj, R., Varadavenkatesan, T., & Vinayagam, R. (2024).
Biodiesel production from microalgae: A comprehensive review on influential factors,

transesterification processes, and challenges. Fuel, 367, 131547.

https://doi.org/10.1016/j.fuel.2024.131547

[33] Langseter AM, Dzurendova S, Shapaval V, Kohler A, Ekeberg D, Zimmermann B.
Evaluation and optimisation of direct transesterification methods for the assessment of lipid
accumulation in oleaginous filamentous fungi. Microb Cell Fact. 2021 Mar 3;20(1):59. doi:
10.1186/s12934-021-01542-1. PMID: 33658027; PMCID: PMC7931520

[34] Oliveira, J., Costa, E., Maia Dias, J. et al. Biodiesel Production by Biocatalysis using Lipids
Extracted from Microalgae Oil of Chlorella vulgaris and Aurantiochytrium sp.. Bioenerg. Res.

17, 1080—-1089 (2024). https://doi.org/10.1007/s12155-023-10706-3

[35] Hawrot-Paw, M., Ratomski, P., Koniuszy, A., Golimowski, W., Teleszko, M., & Grygier,
A. (2021). Fatty Acid Profile of Microalgal Oils as a Criterion for Selection of the Best

Feedstock for Biodiesel Production. |[Energies,, 14(21), 7334. https://doi.org/10.3390/en14217334

[36] Chen Z, Wang L, Qiu S, Ge S. Determination of Microalgal Lipid Content and Fatty Acid
for Biofuel Production. Biomed Res Int. 2018 May 21;2018:1503126. doi:

10.1155/2018/1503126. PMID: 29951526; PMCID: PMC5987307.

[37] Udayan A, Pandey AK, Sirohi R, Sreekumar N, Sang BI, Sim SJ, Kim SH, Pandey A.

Production of microalgae with high lipid content and their potential as sources of nutraceuticals.



Phytochem Rev. 2022 Jan 23:1-28. doi: 10.1007/s11101-021-09784-y. Epub ahead of print.

PMID: 35095355; PMCID: PMC8783767

[38] Okolie, J.A., et al. (2024). A review on homogeneous and heterogeneous catalytic
microalgal lipid extraction and transesterification for biofuel production. Chinese Journal of

Catalysis, 59, 97-117.

[39] Sharma, A. K., Jaryal, S., Sharma, S., Dhyani, A., Tewari, B. S., & Mahato, N. (2025).
Biofuels from Microalgae: A Review on Microalgae Cultivation, Biodiesel Production

Techniques and Storage Stability. |Processes), [13(2), 488. https://doi.org/10.3390/pr13020488

[40] Raya MPP, Martinez Cartas ML, Sanchez S. Lipid Extraction and Cell Disruption Methods
for Improving Biodiesel Production by Scenedesmus sp. Microorganisms. 2026 Mar
24;14(4):731.  doi:  10.3390/microorganisms14040731. PMID: 42075128; PMCID:

PMC13118601.

[41] Oguz, A., Kdker, L., Ozbayram, E.G. et al. Comparative analysis of different catalysts in
conventional and [n-Situ transesterification for enhanced biodiesel yield and quality from
Scenedesmus  obliquus.  Biomass  Conv.  Bioref. 15,  23071-23086  (2025).

https://doi.org/10.1007/s13399-025-06857-2

[42] Shoaib A, Bhran A, Rasmey AH, Mikky Y. Optimization of cultural conditions for lipid
accumulation by Aspergillus wentii Ras101 and its transesterification to biodiesel: application of
response surface methodology. 3 Biotech. 2018 Oct;8(10):417. doi: 10.1007/s13205-018-1434-5.

Epub 2018 Sep 18. PMID: 30237964; PMCID: PMC6143489



[43] Nutan Mhetras, Digambar Gokhale; Sustainable biodiesel production: importance of
feedstock resources and production methods. RSC Adv. 2025; 15 (33): 26739-26754.

https://doi.org/10.1039/d5ra03084f

[44] Kabakci, H., Koger, A.T. & Balkanli, D. Microalgae cultivation in aqueous phases of
hydrothermal biomass processing: Composition, constraints, and integration into circular

biorefineries. J Appl Phycol 38, 2655-2669 (2026). https://doi.org/10.1007/s10811-026-03888-8

[45] Park SB, Lee YR, Yun JH, Choi HI, Sim EJ, Choi DY, Cho DH, Kim HS, Lee YJ. Towards
maximizing biomass and lipid productivity: high-throughput screening assay for prospecting
heterotrophic growth for new microalgal isolates. Microb Cell Fact. 2024 Nov 8;23(1):299. doi:

10.1186/512934-024-02550-7. PMID: 39511591; PMCID: PMC11545793.

[46] Briones-Baez MF, Aguilera-Vazquez L, Rangel-Valdez N, Martinez-Salazar AL, Zuiiga C.
Multi-Objective Optimization of Microalgae Metabolism: An Evolutive Algorithm Based on
FBA. Metabolites. 2022 Jun 29;12(7):603. doi: 10.3390/metabo12070603. PMID: 35888727;

PMCID: PM(C9325016.

[47] Trovao M, Cunha M, Santo GE, Pedroso H, Reis A, Barros A, Correia N, Schiiler L, Costa
M, Ferreira S, Cardoso H, Ventura M, Varela J, Silva J, Freitas F, Pereira H. Improving the

heterotrophic media of three Chlorella vulgaris mutants toward optimal color, biomass and



protein productivity. Sci Rep. 2025 Jul 2;15(1):23325. doi: 10.1038/s41598-025-05913-1. PMID:

40603439; PMCID: PMC12222848.

[48] Ubando, A.T., Culaba, A.B., Aviso, K.B., Ng, D.K.S., Tan, R.R., 2015. Biodiesel from
microalgae: The use of multi-criteria decision analysis for strain selection. Fuel 159, 241-249.

https://doi.org/10.1016/j.fuel.2015.06.074.

[49] Adekanmi, A.A., Garuba, E.O., Onilude, A.A. et al. Biomass optimisation and scale-up in
photobioreactor by Pediastrum duplex strain KT 003362.1 to produce microalgal lipids for

biodiesel production. Discov Sustain 7, 993 (2026). https://doi.org/10.1007/s43621-026-03910-6

[50] Mallick N, Bagchi SK, Koley S, Singh AK. Progress and Challenges in Microalgal
Biodiesel Production. Front Microbiol. 2016 Jun 30;7:1019. doi: 10.3389/fmicb.2016.01019.
PMID: 27446055; PMCID: PMC4927567.

[51] Wen, X., Du, K., Wang, Z. et al. Effective cultivation of microalgae for biofuel production:
a pilot-scale evaluation of a novel oleaginous microalga Graesiella sp. WBG-1. Biotechnol

Biofuels 9, 123 (2016). https://doi.org/10.1186/s13068-016-0541-y

[52] Patnaik R, Mallick N. Microalgal Biodiesel Production: Realizing the Sustainability Index.
Front Bioeng Biotechnol. 2021 May 28;9:620777. doi: 10.3389/fbioe.2021.620777. PMID:

34124015; PMCID: PMC8193856.

[53] Deb, K. (2001). Multi-Objective Optimization Using Evolutionary Algorithms. John Wiley

& Sons, Chichester.



[54] Casanova, L. M., Mendes, L. B. B., Corréa, T. d. S., da Silva, R. B., Joao, R. R., Macrae,

A., & Vermelho, A. B. (2023). Development of Microalgae Biodiesel: Current Status and

Perspectives. Wicroorganisms, (1), 34. https://doi.org/10.3390/microorganisms11010034

[55] Rawat, J., Gupta, P. K., Pandit, S., Priya, K., Agarwal, D., Pant, M., Thakur, V. K., &
Pande, V. (2022). Latest Expansions in Lipid Enhancement of Microalgae for Biodiesel
Production: An Update. Energies, 15(4), Article 1550. Advance online publication.
https://doi.org/10.3390/en15041550

[56] Usher, P. K., Ross, A. B., Camargo-Valero, M. A., Tomlin, A. S., & Gale, W. F. (2014). An
overview of the potential environmental impacts of large-scale microalgae cultivation. Biofuels,
5(3), 331-349. https://doi.org/10.1080/17597269.2014.913925

[57] Geng, Y., Shaukat, A., Azhar, W. et al. Microalgal biorefineries: a systematic review of
technological trade-offs and innovation pathways. Biotechnol. Biofuels Bioprod. 18, 93 (2025).

https://doi.org/10.1186/s13068-025-02694-7

[58] Wu Y, Shan L, Zhao W, Lu X. Harnessing Artificial Intelligence to Revolutionize
Microalgae Biotechnology: Unlocking Sustainable Solutions for High-Value Compounds and
Carbon Neutrality. Mar Drugs. 2025 Apr 25;23(5):184. doi: 10.3390/md23050184. PMID:
40422774; PMCID: PMC12113173.

[59] Sangregorio-Soto, V., Mayorga Lancheros, E. Y., & De La Hoz, R. (2026). Recent
Advances in Microalgae Cultivation Systems: Toward Autonomous Architecture. ,

(3), 147. https://doi.org/10.3390/fermentation12030147



[60] Algahtani A and Altoaimi B (2026) Innovative advances in microalgal high-value products:
unlocking potential from bioprocessing to bioindustrial applications. Front. Bioeng. Biotechnol.

14:1737889. doi: 10.3389/tbioe.2026.1737889

[61] Freitas, G. R., Badenes, S., Oliveira, R., & Martins, F. G. (2025). A Review of Intelligent

Modeling for Microalgae Systems: Integrating Data Mining, Machine Learning, and Hybrid

Approaches. Processes), 13(9), 2956. https://doi.org/10.3390/pr13092956



	Multiobjective Harvest-Time Optimisation of Microalgal Biodiesel Production: Balancing Methyl-Ester Output, Conversion Yield and Cultivation Time
	Highlights
	Abstract

	Keywords: Microalgal biodiesel; Harvest-time optimisation; Multiobjective optimisation; Pareto efficiency; Methyl-ester output; Conversion yield; Ideal-point analysis; Process decision-making
	1. Introduction
	2. Materials and Methods
	2.1 Experimental dataset
	2.2 Definition and dependency classification of harvest-performance variables
	Table 1: Experimental and derived variables used in the multiobjective harvest-decision framework
	2.3 Construction of the time-resolved harvest-decision matrix
	2.4 Multiobjective harvest-decision formulation
	2.5 Pareto-dominance and non-dominated-set analysis
	2.6 Objective normalisation and distance-to-ideal compromise selection
	2.7 Harvest-displacement and performance-loss analysis
	2.8 Objective-weight sensitivity and robustness analysis
	2.9 Statistical treatment and inferential boundaries


	3. RESULTS AND DISCUSSION
	3.1 Temporal progression from lipid availability to methyl-ester output
	Table 2: Time-resolved lipid and methyl-ester performance of Chlamydomonas sp. OW5 and Euglena sp. OW7 across candidate harvest days
	Figure 1: Time-resolved progression of methyl-ester output and conversion yield across candidate harvest days
	3.2 Lipid availability and absolute methyl-ester output
	3.3 Why single-objective peak extraction is insufficient for harvest selection
	Figure 3: Normalized objective trajectories reveal the temporal trade-off between cultivation time, methyl-ester output and conversion yield
	The figure shows normalized desirability trajectories for cultivation time (st), methyl-ester mass (sM), and methyl-ester conversion yield (sY) for (A) Chlamydomonas sp. OW5 and (B) Euglena sp. OW7. Increasing cultivation duration progressively reduce...
	3.4 Pareto-efficient and dominated harvest states
	Table 3: Pareto-dominance classification of candidate harvest days under the production–conversion–time decision framework
	Figure 4: Pareto-efficient and dominated harvest states under the production–conversion–time decision framework. Pareto classification of candidate harvest states for (A) Chlamydomonas sp. OW5 and (B) Euglena sp. OW7 under simultaneous minimisation of...
	3.5 Ideal-point compromise identifies a common harvest target
	Table 4: Normalized objective performance and distance-to-ideal compromise ranking of candidate harvest days
	3.6 Asymmetric consequences of premature and delayed harvesting
	3.7 Objective-weight sensitivity and robustness of harvest selection
	Table 5: Robustness of harvest-day selection under alternative objective-weight priorities

	3.8 Comparative harvest-decision landscapes of the two strains
	3.9 Engineering implications, limitations and transferability
	4. Conclusion
	References



