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Abstract

Current biodiesel production research has focused on improving its energy performance and identifying and decreasing
inefficiencies. To this end, exergy analysis can help develop, assess, and enhance biodiesel production plants. This study
presents the exergy assessment of microalgae biodiesel production, which includes mixers, a photobioreactor (PBR), cen-
trifuges, pumps, dryers, an extractor, tanks, heat exchangers, reactor, a washer, a distillation column, flash valve, and hydro-
cyclone. The first phase is algae cultivation, followed by oil extraction. The third phase is transesterification, where algal
oil is separated by methane into biodiesel and glycerin. The fourth phase is biodiesel purification, followed by methanol
recovery/glycerin separation. The model of the biodiesel production plant is based on mass, chemical species, energy, and
exergy balances. It was verified that 93.4% of the inlet exergy originates from sunlight, with a low exergy efficiency (11.46%)
obtained for the PBR. This component presented a very low energy efficiency (2.7%) and the highest destruction of exergy:
2287 Gl is destroyed, corresponding to 99.36%. The highest exergy efficiency was obtained for dryer #3 (99.99%), but other
components also presented values over 99%. Finally, this study critically compares the results obtained herein with scientific
literature data, highlighting data gaps and inconsistencies. The exergy assessment presented a detailed biodiesel production
process from microalgae and can be used to support the improvement of production costs to motivate widespread adoption.
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Introduction

The world energy matrix is predominantly fossil fuel based,
with almost 85% of global energy originating from fossil
fuels in 2019 [1]. The consumption of fossil fuels is associ-
ated with environmental problems such as air pollution, acid
rain formation, the greenhouse effect, and climate change
[2]. Diesel fuel is widely used in trucks, ships, and trains
and is essential to maintain the logistics of global industrial
flows.

Biodiesel is a renewable fuel with fewer environmental
impacts and is an alternative to diesel. Typically, transesteri-
fication reactions are used for biodiesel production, in which
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an animal or vegetable oil (fat) reacts with alcohol and yields
glycerol as a by-product. A catalyst is usually also present
to increase the reaction rate and yield. Despite the diver-
sity of raw materials for the production of biodiesel (e.g.,
animal fat, waste oil from frying, palm oil, and sunflower
oil, to name a few [3]), Brazilian biodiesel production is
dominated by soybean oil [4]. Because soy is a commodity,
it is influenced by variations in the stock exchange market,
and sometimes, biodiesel production from soybean oil is not
economically advantageous. The National Biofuels Policy
(RenovaBio) was launched in 2017 to support the Brazilian
Nationally Determined Contribution commitments under
the Paris Agreement and focuses on increasing biofuel con-
sumption and its expansion in the Brazilian energy matrix
[5]. RenovaBio included a plan to implement annual 1%
increases to the country’s biodiesel mixture mandate—how-
ever, supply and price concerns related to the COVID-19
pandemic forced adjustments in the original plan. Brazil’s
National Energy Policy Council approved an increase in
the mandatory mixture of biodiesel within diesel to 13% by
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April 2024, reaching 14% in April 2025 and 15% in April
2026.

Algae is an excellent alternative for biodiesel produc-
tion because it does not compete for land use, captures
carbon dioxide (CO,) during its production, and presents a
high growth rate [6]. Algae productivity was compared by
Ketheesan and Nirmalakhandan [7] in a raceway reactor,
considering different CO, ratios of enrichment: the highest
productivity was achieved at 1% CO, enrichment, at 0.19
dry g/(L.day).

For large-scale production, evaluating the required
energy for production and seeking ways to improve its
energy efficiency are essential, thus making production
more financially attractive. Although the importance of
energy analysis is indisputable, exergy analysis is more
complete as it considers the irreversibilities. Exergy, unlike
energy, is not conserved, so there will always be a portion
of exergy that will be destroyed during a process. Exergy
analysis considers the amount of energy and its quality,
proving to be an essential tool in optimizing energy conver-
sion systems [8].

In recent years, exergy assessments have been employed
to improve thermodynamic processes associated with
biofuels and algae growth. Ofori-Boateng et al. [9] and
Sorguven and Ozilgen [10] developed exergy assessments
on microalgae biodiesel production, reporting significant
process-related data such as masses involved, standard
chemical exergy, chemical formula, and equipment config-
uration. However, not all data are explicit—such as infor-
mation on the photobioreactor (PBR) of Ofori-Boateng
et al. [9]; also, the study reported a low growth rate: the
input mass of algae was 2302 kg, and after 12 days, the
output was 2321.8 kg. On the contrary, most studies report
higher growth rates [7, 11-14]. Chisti [15] reported that
algae commonly doubles its mass after 24 h. Sorgiiven and
Ozilgen [16] specified the inputs and outputs of the algae
photosynthesis process. Ofori-Boateng et al. [17] presented
a comparative exergy analysis of biodiesel production
from jatropha and microalgae, presenting exergy destruc-
tion values and exergy efficiency. The authors verified that
oil extraction units presented high exergy losses, and the
transesterification units presented the lowest exergy losses.

Karami et al. [18] evaluated the exergy, energy, and
emissions of different blends of biodiesel-diesel in a die-
sel engine. The biodiesel fuels were made from tomato,
papaya, and apricot, and the lowest emissions were achieved
by a tomato-apricot-papaya biodiesel-diesel ternary blend.
The authors also reported that the maximum exergy effi-
ciency was obtained for the tomato-papaya biodiesel blend
(29.63%), while the lowest was related to pure diesel
(28.46%). Hydrothermal liquefaction esterification and a
conventional esterification process of microalgae for bio-
diesel production were compared by Prasakti et al. [19], who

found similar energy results for both processes. However, the
exergy assessment revealed a higher total exergy loss for the
conventional transesterification process. Biodiesel produc-
tion has been analyzed from an exergy viewpoint [9, 10,
17], with exergy efficiency calculated from input and output
exergies. Sorgiiven and Ozilgen [10] focused on the transes-
terification and separation process and did not include algae
cultivation. Although Ofori-Boateng et al. [9, 17] analyzed
the entire process, some data were not explicit.
Recognizing that exergy analysis should encompass the
cultivation phase (in the photobioreactor) and algae oil
transesterification (in the reactor), the overarching aim of
this study is to analyze biodiesel production from microal-
gae, encompassing all production phases. Exergy efficien-
cies and exergy destruction in each piece of equipment are
calculated herein. The model hypothesis of algae growth
for evaluation of final biomass concentration is supported
by literature data. The specific chemical and physical exer-
gies are calculated herein. Explicit data on mass increase
(algae cultivation) and exergy efficiency are shown. The
specific contributions of this study are (i) development
of mass, energy, and exergy balances for biodiesel pro-
duction; (ii) evaluation of algae growth with CO,, H,O,
and sun energy consumption, with explicit consideration
of O, emissions and chemical exergy; (iii) assessment of
methanol recovery at distillation column, stripping, and
rectifying section and flash process; (iv) calculation of
global exergy efficiency and exergy destruction at each
component, with the proposition of changes to improve the
overall system; (v) modeling of the microalgae biodiesel
plant, providing support for further feasibility studies; and
(vi) identification of key components that affect global
performance. The novelty is the application of the spe-
cific exergy costing (SPECO) approach within the exergy
assessment, with a definition of the exergy flows of prod-
ucts and internal flows [20]. Data inconsistencies in scien-
tific literature data have been identified and are discussed.

Methodology
Plant Description

The microalgae biodiesel production plant was proposed by
Ofori-Boateng et al. [9, 17] to produce 1000 kg batches of
biodiesel. The biodiesel plant of Ofori-Boateng et al. [9, 17]
was adapted, assuming some initial data and changing some
equipment, as shown in Fig. 1. The system has five phases:
algae cultivation, oil extraction, transesterification, biodiesel
separation, and methanol recovery.

The plant includes mixers, a photobioreactor (PBR), cen-
trifuges, pumps, dryers, extractor, tanks, heat exchangers,
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Fig. 1 Microalgae production plant

reactor, washer, distillation column, flash valve, and
hydro-cyclone.

The first phase is algae cultivation. It starts with water
and fertilizer being mixed. After mixing, the mixture
and algae strain enter the raceway PBR and receive solar
energy for 12 days to produce more algae. The temperature
of the growth medium is maintained at 27 + 1 °C. After
12 days, algae concentration has increased. The PBR race-
way has 2912 m® water with a superficial area of 9705 m>.

The second phase is oil extraction. Centrifuge #1 sepa-
rates the excess organic medium from wet algae. The wet
algae concentration follows Ofori-Boateng et al. [9]. After
centrifuging, wet algae is pumped to dryer #1, which is
driven by steam and yields water and dry algae.

After dryer #1, dry algae enters the extractor, where
methanol is injected and algal oil is separated from the
algae cake. There are many solvents available for oil
extraction, such as N-hexane. Although N-hexane is more
efficient in microalgae oil extraction than methanol [21],
methanol is used herein, following Ofori-Boateng et al.
[9], due to its lower environmental burden. Both solvents
are organic substances producing respiratory damage in
humans and the environmental burden of methanol is
lower than that of N-hexane.

The algae cake and oil output temperatures are 55 °C
[9]. Algae cake is a product of the biodiesel production
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plant. Algal oil and methanol enter dryer #2, where metha-
nol is separated from the algae oil.

The third phase is the transesterification process. Algal
oil is heated in heat exchanger #1 and enters the reactor
with a mixture of methanol (100% excess) and a catalyst.
The transesterification process is carried out at 150 °C [9],
producing biodiesel and glycerin at high temperature and
pressure. The output solution is cooled in heat exchanger
#1, from 150 to 99.17 °C. The effectiveness of heat exchang-
ers is 80%. The solution then flows to the expansion valve,
where it reaches an environmental pressure at 64.67 °C in
an isenthalpic process.

In the transesterification process, the triglyceride (algal
oil) is separated by methanol into biodiesel and glycerin,
following the scheme shown in Fig. 2.

In the transesterification process, triglyceride and alcohol
bonds are broken. The energies of the bonds are shown for
a better understanding of the broken position of chemical
bond: C=C 828 kJ/mol, C=0 724 kJ/mol, C=C 607 kJ/
mol, O-H 456 kJ/mol, and C-H 410 kJ/mol [10]. The energy
of the C-O bond is 358 kJ/mol, which is weak and easily
broken.

The glyceride reacts with alcohol carbon producing
a fatty acid methyl ester (FAME) biodiesel. The decom-
posed structure C;Hjy of triglyceride reacts with the alco-
hol hydroxyl, forming the glycerin. Excess alcohol is used
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Fig.2 Transesterification reaction: triglyceride plus alcohol in the presence of a catalyst, resulting in glycerol, methanol, and methyl ester

for transesterification to increase the reaction’s efficiency,
according to Ofori-Boateng et al. [9] and Sorguven and
Ozilgen [10]. In Ofori-Boateng et al. [9], it is stated that
algal oil contains triglycerides C16:0 (palmitic acid), C18:1
(oleic acid), C18:2 (linoleic acid), C18:3 (linolenic acid),
and other triglycerides in traces. In Aspen Plus software,
triolein was used as the main triglyceride for the process
simulation. Acid-catalyzed transesterification was employed
using the solid acid catalyst sulfated zirconia (SO,>~/ZrO,).
The advantages of sulfated zirconia are the following [9]: it
has the highest activity among non-sulfated heterogeneous
catalysts and is a potential replacement for mineral acids
like H,SO,, HNO;, and HF in esterification and transesteri-
fication reactions. The solvent methanol is used at 6:1 by
volume ratio. At the optimal reaction temperature of 150 °C,
the overall biodiesel yield (OBY) is 98.7% of triglycerides
transformed into biodiesel. The reader is directed to [9] and
[10] for more details.

The fourth phase is biodiesel purification. The outputs
of centrifuge #2 are two mixtures with different densities.
The low-density solution (biodiesel-methanol) flows to the
washer, where it is sprayed with water at 25 °C and cooled.
The high-density solution (methanol-glycerin-catalyst)
flows to tank #4. Centrifuge #3 generates three solutions:
the first is methanol, which flows to pump #3; the second is
methanol and water, which flows to tank #4; and the third is
biodiesel and water, which flows to pump #5. The third solu-
tion is heated in heat exchanger #3, using the thermal energy
from the column distillation boiler. Then, it enters dryer #3,
where water evaporates and the product is pure biodiesel.

The fifth (and last) step is methanol recovery/glyc-
erin separation. The mixture in tank #4 is cooled in heat
exchanger #2 at 15 °C to improve the separation in the dis-
tillation column. This feed solution has a low concentration
of methanol and a high amount of water. The distillation
column recovers methanol at the top, using two condensers

(McCabe-Thiele method), while a mixture of water, glyc-
erin, and catalyst exits from the bottom and flows to the
flash separator. The thermodynamic package and equations
of state (EOS) were applied from the Engineering Equation
Solver (EES software [22]). The vapor-liquid equilibrium
follows Raoult’s law.

Due to the high boiling point of glycerin (290 °C at
atmospheric pressure), it is separated at a vacuum pres-
sure of 10 mm Hg abs. or 1.33 kPa [23]. The advantages
of vacuum distillation are reducing energy demand due to a
decrease in temperature and avoiding glycerin degradation.
The water vapor and the glycerin-catalyst solution are heated
to 63 °C. The water steam is almost pure water, and the
glycerin-catalyst mixture is separated in the hydro-cyclone.

Modeling and Assumptions

The model of the biodiesel production plant is based on
mass, chemical species, energy, and exergy balances.

The PBR requirements for photosynthetic growth are sun-
light, carbon dioxide, water, and inorganic salt [16]. Solar
energy data was available from Natal (Northeast Brazil).
The raceway PBR is 0.3 m deep [15]. CO, and H,O con-
sumptions and O, emissions were evaluated considering the
chemical species balance for biomass production, adapted by
Sorguven and Ozilgen [10] and shown in Eq. 1.

CpHy 04 + o (4.17CO, + 0.04NH4™) + 0, H,0 — 03C5,Hog O + 04 CyHyyOg + 050,

ey
o represents the number of moles of each chemical species
or the stoichiometric coefficients. The compositions of algae
oil (triolein) and microalgae leftover after oil extraction are
C5,HgO4 and C,,H, 4O, respectively. This assumption is
based on Sorguven and Ozilgen [10], which considered that
the algae consist of two parts: the lipids and the remainder
of the cell.
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The experimental characterization of algae can encom-
pass nucleic acid, proteins, carbohydrates, and lipids in
varying proportions. Lipids are extracted from the har-
vested algae and converted into algal oil. However, Ofori-
Boateng et al. [9] and Sorguven and Ozilgen [10] did not
show the characterization of algae, and therefore, the pre-
sent work assumed the two parts according to Sorguven
and Ozilgen [10].

Two chemical formulations were considered for the
produced biomass, as the oil extraction phase yields algae
cake and oil (and the specific exergy of cake is similar to
strained algae [9]).

The production of 100 kg of algae requires 0.22 kg of
Ca(OH),, 0.67 kg of KCI, 0.72 kg of MgSO,, 0.85 kg of
Na,SO,, 0.15 kg of FeCl,, 10.54 kg of NH,OH, 2.95 kg
of H;PO,, 249.79 kg of CO,, and 4894.84 kg of H,O [16].

The volumetric productivity (VP) of the PBR (dry g/
(L.day)) calculates the increase in biomass. The variation of
input and output concentration (dry g/L) per time (day) is used
according to Eq. 2.

(Cout - Cin)
time

VP = @)

The input concentration of algae strain in the raceway PBR
is 0.15 g/L; after 12 days, it is 0.8 g/L [7]. This variation of
biomass concentration corresponds to a volumetric productiv-
ity of 0.054 g/(L.day) in experiments with a lower CO, ratio
of 0.035% [7]. The environmental air is assumed wet with
volumetric composition of 20.59% O,, 77.48% N,, 1.805 H,0,
and 0.035% CO, [8].

The energy balance follows Eq. 3, considering a steady-
state volume control.

Z n.linhin - W= Z mouthoul+Q (3)

r and h are mass flow rate and specific enthalpy, respec-
tively (kg/s and kJ/kg), W represents power, and Q represents
heat rate, both in kW.

As some components operate in batches, the energy balance
follows Eq. 4 for a closed system.

10, = W, = myuy — myu, 4

Q, and ;| W, refer to the heat and work from state 1 to 2,
respectively (kJ), m is mass (kg), and u is the specific internal
energy (kl/kg).

When there is a chemical reaction in a piece of equipment,
such as in the raceway PBR and transesterification reactor, the
enthalpy of formation must be adopted in the energy balance.
It is necessary to evaluate the higher heating value (HHV) to
calculate the formation enthalpy of oil algae and biodiesel, as
given by Eq. 5, according to Miao et al. [24].

@ Springer

HHV = 0.3383C + 1422(H - %) )
F P

C, H, and O are the carbon, hydrogen, and oxygen mass
percentages. n is the number of moles, E is the enthalpy of
formation, and M is the molecular mass of fuel. Subscripts
F and P refer to fuel and product, respectively.

The following assumptions were made to model the
biodiesel production plant:

e The work of mixers #1 and #2 is 57.45 MJ and
22.00 MJ, respectively [17].

e The mass of NPK fertilizer mass is 304.7 kg [16]. The
work of centrifuge #1 is 12,785.73 MJ, proportional to
Ofori-Boateng et al. [9], which uses 4.39 kJ per kg of
solution.

e The energy efficiency of dryer #1 is 90%, according
to [25]. The steam temperature is 110 °C to evaporate
water with an assumed temperature gradient of 10 °C.
Such a low-temperature gradient is used to maintain
high efficiency.

e The energy efficiency of the extractor is 99%. The
steam temperature of dryer #2 is 100 °C to evaporate
methanol, corresponding to the saturation temperature
for atmospheric pressure, with an energy efficiency
of 95%.

e The energy efficiency of the reactor is 90%, according
to [25], with 160 °C steam temperature and an assumed
temperature gradient of 10 °C. The energy required to
mix the solution is 41 MJ [9].

e The efficiencies of dryers and reactor were considered
different because of the mass, temperature, and fluid to
evaporate.

e All heat exchangers have an effectiveness of 80% [25].

e In centrifuge #2, the work consumed is 48 MJ [9]; in
the washer, the work consumed was 16 MJ [9], and it
was considered that 20% of this work is converted to
thermal energy.

e In dryer #3, the steam temperature for evaporation is
110 °C with an assumed temperature gradient of 10 °C.

e Heat exchanger #2 uses chilled water at 8 °C to cool the
input solution of the distillation column.

e Flash heat exchanger #5 uses steam at 100 °C, corre-
sponding to the saturation temperature for atmospheric
pressure to heat the mixture to 63 °C.

¢ In the hydro-cyclone and all centrifuges, 20% of the
work is converted into thermal energy, and the remain-
der produces the kinetic energy of the solution.
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Table 1 Enthalpy of formation, specific heat capacity, and standard
chemical exergy of chemical species

Species hy(kJ/kg) cp (klkg) €2, (kl/kg)
Biodiesel (C,gH;,0,)® Calculated  2.64® Calculated
Algal 0il (C5,Hgs0,)® Calculated  2.66® Calculated
Algae strain (Co,H;,00)®  Calculated ~ 4.199 64,200.0@
Methanol (CH;0H)g - 6282 1.38@ 22,542.0M
Methanol (CH;0H)I — 7466 2.539 22,408.0™
Glycerin (C;HgO5) —7275© 2.39© 22,952.0©
Catalyst (Zr(SO,),) - 0.619 -

Water (H,0)g —13,423®  1.879 527.3W
Water (H,0)1 —15,865@  4.18W 49.9®
NH,OH —10,4660 4429 9384.0®
H,PO, —13,1109  1.08¥ 822.5@
Na,SO, —9766W 0.90@ 134.8®
KCl —5855@ 0.059 189.9®
MgSO, —-10,6809  0.80¥ 271.4®
Ca(OH), —13,3009  1.18@ 1395®
FeCl, —-26979 0.609 1259®
(a)[17]

®r10] adapted

(C)[IO]

(d)[26]

©27]

O[28]

(g)[16]

(h)[g]

0291

Table 1 shows the parameters employed to carry out
the simulations.

Exergy Analysis

Exergy rates can include physical, chemical, potential, and
kinetic shares. Potential and kinetic exergy shares are con-
sidered negligible. Physical (™) and chemical () exer-
gies are evaluated by Eqgs. 7 and 8.

e = (h—hy) — Ty(s — sp) (7

M= Z Yi€ey + RT, Z yiln(y;) ®

h is the specific enthalpy (kJ/kg), T is the temperature (K), s
is the specific entropy (kJ/kg.K); e(():H is the standard chemi-
cal exergy of each chemical species, R is the universal gas
constant, and y, represents the molar fraction of each chemi-
cal species. However, some components operate in batches
(e.g., dryer) and follow Eq. 9.

e = (u—uo) —TO(SO—SO) +P0(V—v0) 9)
u is the specific internal energy (kJ/kg) and v is the specific
volume (m3/kg).

Following the SPECO approach, fuel and product exer-
gies are defined in the productive structure, following Eq. 10.

Er=E,+E), (10)

Ey is the fuel exergy, Ep is the product exergy, and Ej, is
destroyed exergy. The fuel exergy is all exergy decreases
between inlet and output streams and all inlet exergy. Fuel
exergy encompasses the resources expended to achieve a
result. The product exergy is all increase of exergy between
inlet and outlet streams plus all output exergy that are in
accordance with the purpose of the equipment. The SPECO
approach separates the physical and chemical exergy into
product or fuel, depending on the definition of the device.

The exergy efficiencies (¢) can be calculated with Eq. 11.

Ep
‘T E an

The exergy rates of fuel and product for each component
are shown in Table 2, based on the SPECO approach.

The exergy rate of the Sun at the PBR raceway is evalu-
ated according to Petela [30], where the Sun’s temperature
is 5770 K.

Mass, chemical species, energy, and exergy balances were
modeled and calculated with EES [22].

Results and Discussions
Mass and Species Chemical Balances

The algae cultivation phase is designed to produce 1000 kg
of biodiesel. The input concentration is 0.15 g/L, and after
12 days, algae concentration reaches 0.8 g/L, yielding a PBR
volumetric productivity of 0.05417 dry g/(L.day) calculated
by Eq. 2. This results in dry algae production of 1892 kg.
A similar initial concentration of strain in the PBR raceway
is found in Ketheesan and Nirmalakhandan [7] and Morais
and Costa [14]. Other works used a slighter lower value,
such as 0.01 g/L in Ryu et al. [13] and 0.035-0.04 g/L in
Mtaki et al. [15, 16]. Ofori-Boateng et al. [9] reported an
initial algae concentration of 0.02 g/L (no explicit data
were included); however, mass balance calculations lead to
a much higher value (2302.1/11,529x 1000 g/1 kg=199.7
g/L). The production of algae was only 20 kg, which seems
inconsistent and does not follow literature trends [7, 11-14].
The output concentration of dry algae is within the scientific
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Table 2 Definition of the exergy
rate of fuels and products for
each component

literature range: 0.4—4.1 g/L after 20 days by Morais and
Costa [14], 0.8—-1.3 g/L by Ketheesan and Nirmalakhandan
[9], and 0.4-1.9 by Mtaki et al. [15, 16]. Ryu et al. [13]
reached 1.1-2 g/L operating with 6 days. This higher value
was achieved due to the aeration of gas, with CO, content
between 0.5% and 5.0%, while the present work was mod-
eled with a CO, content of 0.035%.

Considering the photosynthesis reaction (Eq. 1), the stoi-
chiometric coefficients are (o;) 111 kmol of CO,, (a,) 102.1
kmol of H,O, (a3) 1.115 kmol of algae oil, (a;) 3.207 kmol
of biomass (strain and cake), and (ot5) 152 kmol of O,.

Table 3 Formation enthalpies
and chemical exergies of
biodiesel, algal oil, and algae
strain

@ Springer

Equipment EF EP
i T_ T T_ T
Mixer 1 (e2 — e )mz = Wixer1 (63 —-¢ )ml
PBR raceway E;+E,+Es+ l;stm - % R Eg+E,
I 47 14
Egn=0 1‘57*‘5;3
Centrifuge 1 e — M, — W T_ T ph _ ph
( 7 8 ) 8 centl (69 —e7)m9 tle —e, )mg
Dryer 1 ch _ ,ch 298 T T ph _ ph
(€5 = €i6)mo + oy (1= TR womn (ef, —eg)mi + (el =5 )mio
T o_ T T o_ T _ T o_ T T o_ T
Extractor 1 (911 613)m130il + (911 814)m14algae Wex (613 elz)mlsmet + (914 612)m14met
Dryer 2 ch _ ch 298 T T ph _ ph
(€13 = €i5)mis + Opry (1 = TR oz (€16 — €13)me + (€5 — €l Jms
T T r _
Heat exchanger 1 (el — el )mag (efs, = lo)mie
Mixer 2 ch h )
(€5 —ef6)mis — Wi (efy — el )mg + (g — &b Jmy;
Reactor ch _ ,ch Ok 298 T
(616 - e2o)ml6 - Wi+ . 1 TK 1 (ezo - 619)m19 +\ €0~ €6 |6
Centrifuge 2 ch _ ch ph ch
(€55 = €55 ) + (€5, = €5, Jman = Weena (€5 = €55)may + (€5 — €5, )ma
T _ T T _ T
Washer (921 624 ) myy WWash (624 623 ) a3
Centrifuge 3 ch _ ch ph _ ph ph _ ph ch _ ch
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as Cs5,HycOq in Eq. 1.

As the intended production is 1000 kg of biodiesel, so
1.019 kmol of strain is necessary (Eq. 1). All stoichio-
metric coefficients (o) are multiplied by 1.019, resulting
in the capture of 5077 kg CO, from the environment and
5058 kg O, produced at points 5 and 6, respectively. This
result is similar to Sorguven and Ozilgen [16], which used
100 kg of algae (oil algae chemical formula CyqHggOy),
captured 249.79 kg CO, and released 249.23 kg O,. It
is important to note that herein 1000 kg of biodiesel is
obtained after algae oil production, considering oil algae

Chemical species hp(kl/kg) hr(MJ/kmol) e(kJ/kg) eM(MJ/kmol)
Biodiesel (C,gH;,0,) —1080 —-295.5 39100 10702

Algal oil (Cs5,HgsOp) - 1518 —1241.0 40100 32774
Algae strain (C,,H4,0¢) —1001 —-429.0 Ref. [17] Ref. [17]
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Energy and Exergy Balances

Table 3 shows the enthalpies of formation and chemical
exergy values of biodiesel, algal oil, and algae strain.

The formation enthalpy and chemical exergy of bio-
diesel are similar to those of Sorguven and Ozilgen [10],
which are —429.0 MJ/kmol and 14,299 MJ/kmol with
C,,H;340,. A higher carbon content C,, leads to a lower
formation enthalpy (negative) and higher chemical exergy

The formation enthalpy and chemical exergy of algae
oil also agree with Sorguven and Ozilgen [10], which
presented algae oil as C4oHggOg4 and values of — 1056 MJ/
kmol and 40,542 MJ/kmol for formation enthalpy and
chemical exergy. The difference in formation enthalpy is
due to the higher heat value (HHV) used in Eqgs. 5 and 6.
Sorguven and Ozilgen [10] did not mention the value of
HHYV used to calculate its formation enthalpy.

The formation enthalpy of algae strain was obtained

in relation to the value of the present work Cs.

based on its chemical exergy.

Table 4 Thermodynamic

properties at each point of the Point m (kg) o P (kPa) e’ (kl/kg) eM(kI/kg) el (kI/kg) E (G])
biodiesel production process 1 2,911,600.0 25.00 101.30 0.00 49.96 4996  145.46
2 304.7 25.00 101.30 0.00 6351.54 6351.54 1.94
3 2,911,904.7 25.00 101.30 0.00 50.55 5055  147.20
4 436.7 25.00 101.30 000 6420000  32,845.00 14.34
5 49772 25.00 101.30 0.00 451.49 451.49 225
6 4958.4 27.00 101.30 0.01 124.07 124.07 0.62
7 2,912,359.5 27.00 101.30 0.03 79.04 7907 230.28
8 2,908,880.4 2721 101.30 0.03 50.63 5067 147.39
9 3479.1 2721 101.30 0.03 23,859.16  23,859.19 83.01
10 1157.3 99.97 101.30 48735 49.96 53731 0.62
11 2321.8 99.97 101.30 28.93 3574426 35773.19 83.06
12 6965.4 25.00 101.30 000 2240798 2240798  156.08
13 6849.4 55.00 101.30 3.81 24,80431  24.808.12  169.92
14 2437.8 55.00 101.30 502 2836121 2836622  69.15
15 5920.7 64.87 101.30 134.66 2240798  22,542.64 13347
16 928.7 64.87 101.30 6.53 40,100.00  40,106.53 37.25
17 3285 25.00 101.30 000 2240798  22,407.98 7.36
18 70.8 25.00 101.30 0.00 0.00 0.00 0.00
19 399.3 30.00 101.30 0.10 1842748  18,427.58 7.36
20 13280 150.00  1399.78 53.59 33,804.41  33,858.01 44.96
21 1141.6 64.67 101.30 19.48 37,02091  37,040.38 4229
2 186.4 64.67 101.30 4.26 14,143.06  14,147.32 2.64
23 1246.4 25.00 101.30 0.00 49.96 49.96 0.06
24 2388.0 56.40 101.30 5.36 17,697.94  17,703.30  42.28
25 1124.6 57.47 101.30 464 3475906 3476370  39.10
26 1235.5 57.47 101.30 6.73 2082.50 2089.23 2.58
27 1124.6 97.01 101.30 21.11 34759.06 3478017  39.11
28 10000 100.00 101.30 2136 39,10000  39,121.36  39.12
29 279 57.47 101.30 4.43 22,407.98  22,412.40 0.63
30 279 57.47 101.30 4.43 22,407.98  22,412.40 0.63
31 1246  100.00 101.30 485.63 49.96 535.59 0.07
32 1421.9 5791 101.30 6.39 3651.38 3657.78 5.20
33 136.2 65.00 101.30 13472 2240798  22,542.70 3.07
34 1285.7 99.52 101.30 31.07 1692.44 1723.51 2.22
35 1285.7 11.74 1.33 1.19 1692.44 1692.13 2.17
36 1121.8 63.00 133 —114.99 49.96 —6503  —0.07
37 163.9 63.00 1.33 3.62 13,027.81  13,031.43 2.14
38 93.1 78.83 1.33 1038 22,951.81  22,962.19 2.14
39 70.8 78.83 1.33 2.64 0.00 2.64 0.00
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Table 4 shows the mass, temperature, pressure, physi-
cal and chemical specific exergies, specific total exergy, and
exergy at each point of the biodiesel production process.

The products are biodiesel at #28 and glycerin at #38.

The specific physical exergy of water is 0.00 at point
1, and the specific physical exergy of methanol is 0.00 at
point 17, both in kJ/kg and 25 °C and atmospheric pressure.
In Ofori-Boateng et al. [9], the values at these points are
0.076 MJ/kg and 5.205 MJ/kg, respectively. For the water
states, its temperature is 100 °C with a quality of 0.09292.
For the methanol state, its temperature did not converge at a
range from 175.6 to 570 K. These values of specific physical
exergy are inconsistent.

In general, the pressure is the same as the environment.
The transesterification process uses a metallic catalyst in
the reactor, and high pressure is desired. The pressure of
1.399 MPa at #20 is used to avoid alcohol evaporation, and
an expansion valve reduces the pressure to atmospheric
conditions. In flash distillation, the water and glycerin are
separated at vacuum conditions.

The specific physical exergy depends on temperature
and pressure. The water at #36 is at vacuum pressure
(1.33 kPa), and this condition produces a negative value
of physical exergy due to its higher specific entropy. From
Eq. 7,—114.99 kJ/kg. A similar behavior occurred in

Cavalcanti et al. [31], where the low pressure increases the
entropy of water in the gaseous phase.

The chemical exergy of each component of the mixture
influences the overall specific chemical exergy. The highest
specific chemical exergy occurs at #16 for algae oil, and the
chemical exergy of the catalyst at #18 is null. The chemical
exergy is used when there is a change of composition, such
as in combustion: a fuel is converted into gases of combus-
tion products. Nonetheless, the catalyst used its structure or
surface to favor the chemical reaction, and its chemical com-
position is the same. Therefore, its chemical exergy is null.

Figure 3 shows the exergy efficiency of each piece of
equipment, and Table 5 shows the destroyed exergy and the
breakdown of individual contributions to overall exergy
destruction for each piece of equipment.

The equipment with the lowest energy efficiency is the
PBR raceway: only 2.7%, because most energy is reflected
and spread in the water, and the PBR is not designed to
stock exergy. The exergy efficiency is higher (11.46%) than
its energy efficiency. The solar irradiance temperature is
reduced from 5770 K to the environmental temperature,
reducing efficiency. A similar result was found by Sorgu-
ven and Ozilgen [16], where 94.8% of exergy was destroyed
during photosynthesis. The authors investigated the ther-
modynamic efficiency of glucose and lipid synthesis and

Mixer 1 I 87.19

Photobioreactor PBR I 11.46

Centrifuge 1 I 90.88

Dryer 1 | 09.63
Extractor 1 | 99.43
Dryer 2 I 96.63

Heat exchanger 1 I 66.40
Mixer 2 | 98.17

Reactor | 99.42
Centrifuge 2 I 98.93

Washer I 99.60
Centrifuge 3 I 99,91
Heat exchanger 3 I 75.67

Dryer 3 I 99.99
Tank T4 | 99,11
HEZ I 99.88
Destillator 1 I 86.02
Flash 1 I 81.20
Ciclone I 98.00

Global mEEEESS————— 17.07

Fig.3 Exergy efficiency per component of the biodiesel product process
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Table5 Exergy destruction and breakdown of individual contribu-
tions to overall exergy destruction

Equipment E, M) %Ep

Mixer #1 253.28 0.01184
PBR raceway 2,123,660.59 99.30009
Centrifuge #1 12,680.00 0.59306
Dryer #1 159.92 0.00748
Extractor #1 225.08 0.01052
Dryer #2 522.97 0.02445
HE #1 14.79 0.00069
Mixer #2 24.36 0.00114
Reactor 35.76 0.00167
Centrifuge #2 39.71 0.00186
Washer 88.10 0.00412
Centrifuge #3 17.67 0.00083
HE #3 5.96 0.00028
Dryer #3 0.45 0.00002
Tank #4 17.32 0.00081
HE #2 6.30 0.00029
Distillation column 424.62 0.01985
Flash 430.08 0.02011
Cyclone 18.88 0.00088

breakdown by photosynthetic microalgae, concluding that
99.6% of the inlet exergy comes from sunlight and its exergy
efficiency is 4.93% (percentage of inlet exergy converted
into biomass). Herein, 93.4% of the inlet exergy comes
from sunlight, and the exergy efficiency is higher (11.46%).
The lower exergy efficiency obtained by [18] was a result
of considering many metabolic pathways, such as the stor-
age of inlet exergy in the algal lipid, conversion of glucose
into lipid, photosynthetic glucose production by microal-
gae, reconversion of storage lipids into glucose, production
of glycogen for storage, and reconversion of glycogen into
glucose. As more pathways are included, this lowers the
exergy efficiency. The inputs of CO,, H,O, strains, and solar
energy with O, emissions were considered herein and in
[18]. Castifieiras-Filho and Pradelle [32] obtained a 99.47%
exergy efficiency for microalgae cultivation; however, there
was no further information on the solar exergy rate (which
is very relevant to microalgae growth). The PBR raceway
presents the highest destruction of exergy: the sun provides
2379.0 GJ exergy, and 274.5 GJ is converted into the prod-
uct (2287 GJ is destroyed, 99.36%). In Ofori-Boateng et al.
[9], exergy destruction is 566 MJ, significantly lower than
herein—however, data on masses and solar irradiance were
not explicit.

Observing other components, the highest exergy effi-
ciency was obtained at dryer #3, but other components
also presented values over 99% (dryer #1, oil extractor,
reactor, washer, centrifuge #3, tank #4, and heat exchanger

#2). Similar results were obtained by Castifieiras-Filho and
Pradelle [32], who modeled biodiesel production from
microalgae integrated into a sugarcane ethanol plant. Many
of the components presented exergy efficiencies higher
than 90%, and the biomass drying reached an exergy effi-
ciency of 98.5%. Peralta-Ruiz et al. [21] obtained a lower
exergy efficiency when using hexane and methanol—chlo-
roform in the oil extractor: 50% and 30%, respectively. The
difference is because Peralta-Ruiz et al. [21] modeled the
microalgae composition using many components, such as
free fatty acids, triglycerides, amino acids, carbohydrates,
and water. Herein, algae were assumed to consist of lipids
and the rest of the cell [10].

The lowest exergy destruction was obtained at dryer
#3—although this device evaporates water, its initial tem-
perature is already high, and therefore, dryer #3 uses a
small quantity of exergy. In mixer #1, 138,4 MJ of exergy
was destroyed. Although a higher mass was considered
herein, Ofori-Boateng et al. [17] reported 171 MJ exergy
destroyed. Centrifuge #1 presented an exergy efficiency
of 90.88%, the second component with the highest exergy
destruction. In Ofori-Boateng et al. [9], this centrifuge
destroyed 925 MIJ; in this paper, exergy destruction is
12,680 MJ (due to higher water mass flow rate).

In dryer #1, Ofori-Boateng et al. [9] used 167 MJ to
evaporate water. However, calculations revealed that the
energy required should be 3746 MJ, with a 90% energy
efficiency. The exergy destruction calculated by SPECO
is 159.94 MJ, much lower than the 787 MJ obtained
by Ofori-Boateng et al. [9]. The oil extractor destroys
225.09 MJ of exergy against 158 MJ reported by Ofori-
Boateng et al. [9].

In dryer #2, the energy required to evaporate methanol
was calculated (6224 MJ), assuming 95% energy efficiency,
leading to an exergy destruction of 522.97 MIJ. In Ofori-
Boateng et al. [9], dryer #2 destroyed 887 MJ exergy. As the
output temperature of the reactor is high (150 °C), a heat
exchanger was included to harness thermal energy to heat
the algal oil before the reactor. Heat exchanger #1 increases
the algal oil temperature from 64.87 to 127 °C and decreases
the output reactor flow to 99.25 °C. Heat exchanger #1
presented an exergy destruction of 10.93 MJ with 75.13%
exergy efficiency. Mixer #3 presents an exergy destruction
of 24.89 MJ, similar to Ofori-Boateng et al. [9] (23 MJ).

During transesterification, the energy demand calcu-
lated by the first law of thermodynamics is 947 MJ for the
reactor. The reactor pressure is 1400 kPa to ensure that
all fluids are liquid and that methanol does not evaporate
at 150 °C. The exergy efficiency of the transesterification
reactor is 99.42%, with an exergy destruction of 35.76 MJ.
The transesterification phase includes the reactor, dryer #2,
centrifuge #2, washer, centrifuge #3, and dryer #3 [11].
Exergy destruction and exergy efficiency were calculated
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by input and output exergies. These values are 430.39 MJ
with 85.61% herein, respectively. Although Ofori-Boateng
et al. [9] used a different chemical composition of algae oil,
alcohol, and biodiesel, its values were similar, 629 MJ and
82.89%. The transesterification phase presented a better per-
formance herein due to the addition of heat exchanger #1,
which reduced the energy consumed. Castifieiras-Filho and
Pradelle [32] reached a lower exergy efficiency (77%) in the
transesterification reactor, due to the utilization of sugarcane
bagasse instead of microalgae.

Regarding centrifuge #2 in the biodiesel purification
phase, this component presented high exergy efficiency and
39.71 MJ of exergy destruction. Exergy destruction in the
centrifuge of Ofori-Boateng et al. [9] was 255 MJ. Ofori-
Boateng et al. [9] explained that this exergy destruction is
due to the composition or quality of the resource input to
the centrifuge.

The washer used water at 25 °C, and its exergy destruc-
tion is 88.10 MJ, while Ofori-Boateng et al. [9] used water
at 55 °C and reported 64 MJ of exergy destroyed. The input
of the washer includes gaseous methanol that should be con-
densed. The water temperature is herein selected at environ-
mental conditions to avoid environmental issues associated
with methanol leakage.

In centrifuge #3, methanol, glycerin, and water are sepa-
rated from biodiesel. The exergy destruction was 17.67 MJ,

0 0.02

while Ofori-Boateng et al. [9] reported 151 MJ. As men-
tioned by Kim et al. [33], centrifugation is more effective for
a fast separation but is not cost-effective for the mass pro-
duction of lipids [9]. After centrifuge #3, a heat exchanger
integrated with a distillation column boiler was used, with
7.29 MJ exergy destruction. Dryer #3 evaporates water and
requires 270 MJ energy, with 1.03 MJ exergy destruction
against 140 MJ of Ofori-Boateng et al. [9].

In the distillation column, the molar concentrations of
feed, methanol (at the column’s top), and water (at the
column’s bottom) are 5.17%, 97.00%, and 0.16%, respec-
tively. For this condition, the feed mixture temperature is
15 °C, due to the low feed methanol concentration. Heat
exchanger #2 supplies this temperature using 1365 kg of
chilled water at 8 °C and destroying 6.69 MJ exergy. The
distillation column boiler operates with 785 kg of steam
(110 °C), and the two condensers operate with water at
25 °C, using 8900 kg and 1165 kg of water, respectively.
Figure 4 shows the graph of the McCabe—Thiele method,
which displays the feed line (gray), the rectification line
(yellow), the curve (dark blue), the stripping line (light
blue), and all steps of the method.

The distillation column has 11 ideal stages, two con-
densers, and a reflux ratio of 7.5. The distillation col-
umn achieved an exergy efficiency of 87.75% with
432.84 MIJ exergy destruction. The distillation column of

Vapor-liquid equilibrium (VLE)
~— 45° [ine

Feed

Rectifying section

Stripping section

VLE
I ~— 45° [ine
/ : J Stripping section
/i y

i A - Rectifying line
Hy4

// Stages

)

0.04 0.06 0.08 0.10

Fig.4 McCabe-Thiele method to model the separation of substances by a distillation column
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Table 6 Comparison of results with scientific literature data

Parameters Present work Value References
Initial dry density of algae culture (g/L) 0.15 199.67 Ofori-Boateng et al. [9, 17]
0.01 Ryuetal. [11]
0.15 Morais and Costa [12]
0.15 Ketheesan and Nirmalakhandan [7]
0.035-0.04 Mtaki et al. [13, 14]
Final dry density of biomass (g/L) 0.80 (12 days) 201.38 (12 days) Ofori-Boateng et al. [9, 17]
1.1-2 (6 days) Ryuetal. [11]
0.4-4.1 (20 days) Morais and Costa [12]
0.8-1.3 (12 days) Ketheesan and Nirmalakhandan [7]
0.4-1.9 (12 days) Mtaki et al. [13, 14]
Dry algae mass produced (kg) 1892 19.7 Ofori-Boateng et al. [9, 17]

Water physical exergy (kJ/kg) 0.0 at point 1 (25 °C)
0.0 at point 17 (25 °C)

11.46%

Methanol physical exergy (kJ/kg)

Exergetic efficiency of cultivation unit

Exergetic efficiency of transesterification unit ~ 85.61%

Distillation column

Stages 11 N° min. stages 5

76.0 unknown condition Ofori-Boateng et al. [9, 17]

5,205 unknown condition ~ Ofori-Boateng et al. [9, 17]

4.93% Sorguven and Ozilgen [16]
99.47% Castifieiras-Filho and Pradelle [32]
99.47% Ofori-Boateng et al. [9, 17]
82.89% Ofori-Boateng et al. [9, 17]
77.05% Castifieiras-Filho et al. [32]
Stages 8 Ofori-Boateng et al. [9, 17]

Ofori-Boateng et al. [9] presented eight ideal stages, one
condenser, a reflux ratio of 1.5, and an exergy destruction
of 808 MJ. The low reflux ratio resulted in an almost hori-
zontal rectifying line, and the feed flow should be cooled
to reach the minimum reflux ratio. There is no explanation
for these data in Ofori-Boateng et al. [9]. The distillation
of Palacios-Bereche et al. [34] reached a similar exergy
efficiency value (94%). The authors separated ethanol and
water for ethanol production.

Glycerin is separated from water by flash distillation at
a low pressure of 10 mmHg abs (1.33 kPa). An expansion
valve reduces the temperature from 99.52 to 11.74 °C. Heat
exchanger #5 is driven by 1360 kg of steam (100 °C), heats
the mixed flow to 63 °C, and separates water and glycerin.
The flash separator destroys 499.34 MJ of exergy, with a
78.82% efficiency. The exergy efficiency obtained herein
for the column distillation is similar to Osuolale et al. [35],
who obtained efficiencies between 68.8 and 79% for the
water—methanol distillation process. The hydro-cyclone
separates the catalyst from glycerin, destroying 18.89 MJ
of exergy with an exergy efficiency of 98%. No data were
reported for the hydro-cyclone in Ofori-Boateng et al. [9].

The global exergy efficiency obtained in this work is 17.07%,
which is mainly due to the exergy destruction in the PBR. Ofori-
Boateng et al. [9] obtained an overall exergy efficiency of 36%,
and the pieces of equipment that destroyed the most exergy
were centrifuge #1 (925 MJ) and dryer #2 (887 MJ). The global
exergy efficiency of Castifieiras-Filho and Pradelle [32] was
28.97%. The lower global exergy efficiency obtained herein

is due to the lower cultivation efficiency in the PBR raceway
(11.46%), against 99.47% of [36].

Comparison of results with existing studies is somewhat
hindered because most focus on applications of biodiesel
within internal combustion engines, evaluating blends and
emissions. Few studies actually focus on the production pro-
cess itself, with wide variation in the results obtained. As
presented herein, some results are similar, of the same mag-
nitude. When a high divergence was found, we attempted
to reproduce the original results with the data included in
the studies (when available). Although we have employed a
different microalgae characterization model, we were able
to track the repercussions of this choice in the results. How-
ever, for other parameters, this was not possible, leading
to confirmation of inconsistencies, which could ultimately
unfortunately result in the drawing of erroneous conclusions.

Exergy analysis had already been suggested by Talens
et al. [36] as an environmental assessment tool for the com-
parison of energy sources and processes/routes in biodiesel
production, being an important tool to help formulate ade-
quate policies directed to the use of resources. Peralta-Ruiz
et al. [37] employed exergy analysis to help design the bio-
diesel and bioethanol production process from microalgae,
obtaining an overall exergy efficiency of 88.6%. The authors
highlighted that economic and environmental evaluations
should follow their study to provide a broader perspective
on the conclusions.

More recently, Khoobbakht et al. [38] conducted an exergy
assessment of transesterification in biodiesel production from
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waste cooking canola oil. The authors obtained 91.7% exergy
efficiency at 55 °C reaction temperature. It was verified that the
excessive use of methanol and catalyst reduced the yield of bio-
diesel and that the exergy efficiency decreased as exergy losses
increased by waste materials. Focusing on microalgae biodiesel,
Gozmen Sanli et al. [39] evaluated the thermodynamic per-
formance of an internal combustion engine using microalgae
biodiesel. The energy input and exergy converted into useful
work were slightly higher for conventional diesel fuel than for
microalgae biodiesel. However, the thermoeconomic assess-
ment revealed that energy and exergy losses per capital cost were
lower for microalgae biodiesel. Ojeda et al. [40] mentioned that
exergy analysis can compare microalgae-to-product pathways
and establish which products and technologies are more suit-
able. The authors carried out the exergy assessment of biodiesel
production from Chlorella vulgaris microalgae through acid
esterification and basic transesterification using methanol and
compared it with a process using pretreatment with ZnCl, and
basic transesterification with ethanol. Considering industrial bio-
diesel production, the former is recommended as it presented an
exergy efficiency of 82% against 50% for the pretreatment case.

However, even exergy assessments have limits for system
improvement. As mentioned by Babaie [41], there are limit-
ing factors for system performance that cannot be changed.
Nevertheless, there are margins for improvement of effi-
ciency when, for example, the minimum exergy required
for the algal production process is identified and compared
with the actual exergy consumed [42].

The main differences between our results and literature
data are summarized in Table 6, which shows a comparison
of the algae concentrations, increase in produced biomass,
specific physical exergies, exergy efficiencies, and distilla-
tion column.

Finally, exergy analysis can provide the degree of sustain-
ability of a biodiesel production process, with information
on irreversibilities and losses. Microalgae biodiesel can con-
tribute to achieving Sustainable Development Goal (SDG)
13 (climate action) and SDG 7 (affordable and clean energy),
becoming promising alternatives to increase sustainable
development in this sector. After pinpointing the sources of
exergy-related inefficiencies within the microalgae biodiesel
production, solutions and strategies can be recommended.

Conclusions

This study presented a detailed exergy analysis of microal-
gae biodiesel production, encompassing algae cultivation,
oil extraction, transesterification, biodiesel separation, and
methanol recovery. The products are biodiesel and glycerin.
The lowest energy efficiency is obtained at the photobiore-
actor raceway due to its high exergy destruction. The exergy
efficiency of the oil extraction process is higher than other

@ Springer

studies due to the algae characterization model employed
herein. This study critically compared the results obtained
with scientific literature data, highlighting data gaps and
inconsistencies. Further research should be carried out for
another cycle of biodiesel production to compare the com-
ponents and phases' efficiencies.
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