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In brief

This paper investigated the feasibility of
an integrated process that recycles olive
mill wastewater while concurrently
producing Arthrospira platensis for food
applications. From the experimental
results obtained at laboratory and pilot
scale, Arthrospira platensis produced
using olive mill wastewater is feasible
with food-grade quality and with a
production cost lower than 25 €/kg.

¢? CellPress


mailto:matteo.moglie@uniecampus.it
https://doi.org/10.1016/j.crsus.2024.100017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crsus.2024.100017&domain=pdf

¢? CellPress

OPEN ACCESS

Cell Reports Sustainability

Valorization of olive mill wastewater
for Arthrospira platensis production

Matteo Moglie,’** Giovanni Biancini," Alessandra Norici,? Alice Mugnini,® and Luca Cioccolanti’

1CREAT, Universita degli studi e-Campus, Via Isimbardi 10, Novedrate 22060, Como, ltaly

2Dipartimento di Scienze della Vita e dell’Ambiente, Universita Politecnica delle Marche, via Brecce Bianche, 60131 Ancona, Italy
3Dipartimento di Ingegneria Industriale e Scienze Matematiche, Universita Politecnica delle Marche, via Brecce Bianche, 60131 Ancona, Italy
4Lead contact

*Correspondence: matteo.moglie@uniecampus.it

https://doi.org/10.1016/j.crsus.2024.100017

SCIENCE FOR SOCIETY Currently, the olive oil industry is one of the most relevant agro-food sectors of the
Southern Mediterranean area, but the overall production process generates a huge amount of wastewater
with a high polluting and phytotoxic content. To reduce the environmental impact of wastewater generated,
we propose a novel integrated treatment to obtain (1) organic fertilizer and clean water for agricultural pur-
poses and (2) inorganic nutrients for Arthrospira platensis cultivation. The results of this study show that the
integration of the different sub-systems makes it possible to efficiently exploit the inorganic nutrients of the
olive mill wastewater to cultivate Arthrospira platensis.

SUMMARY

Intending to reduce the related environmental impact of olive oil wastewater while producing new by-prod-
ucts, this research paper proposes an innovative solution for the treatment of wastewater that combines
microfiltration and ultrafiltration techniques with microalgae cultivation. Laboratory scale analysis and pilot
scale operation have been performed to assess the techno-economic viability of the olive mill wastewater
for Arthrospira platensis production. More precisely, growth rate, time of division, and characterization
(lipids, carbohydrates, proteins, and so forth) of microalgae are evaluated. The results obtained from
the techno-economic analysis show that the integration of the systems makes it possible to efficiently
exploit the inorganic nutrients of the olive mill wastewater for the cultivation of Arthrospira platensis. In
particular, the quality of the obtained biomass complies with the food grade regulations, whereas avoided

costs for the olive mill wastewater disposal bring a reduction of 70% in the biomass production cost.

INTRODUCTION

The Water Framework Directive (WFD), also known as Council
Directive 2000/60/EC revised and amended by Directive 2013/
39/EU," affirms that “water supports life” and that water is a
crucial resource for humanity, generating and sustaining eco-
nomic and social prosperity. While the WFD considers all as-
pects of water use and consumption, good water management
must be integrated into all areas of water utilization (i.e., agri-
culture, industry, and services), reducing the utilization of tap
water when possible.? The correct exploitation and manage-
ment of water-related resources is a strict requirement of any
environmental regulation, even more for the achievement of
the Sustainable Development Goals (SDGs) set by the United
Nations General Assembly. The Responsible Consumption
and Productions Patterns goal aims to improve the use of re-
sources and reduce waste production by increasing recycling
and reuse.

Gheck for
Updates

Focusing on the olive oil industry, which is one of the most
important agri-food sectors in the South of Europe,® the gener-
ated wastewater causes a significant environmental burden
because the olive waste generated is highly phytotoxic due to
considerable concentrations of phenols, lipids, and organic
acids. The level of pollution they cause is affected by the method
used to extract olive oil, olive cultivar, and other factors related to
weather and localization of the orchard.” Therefore, the olive mill
wastewater (OMW) cannot be recycled directly but needs a pre-
treatment.

Traditional olive oil processing methods are estimated to pro-
duce between 500 and 1,100 L of OMW for each ton of pro-
cessed olives.® Furthermore, the pollution of 1 m3 of OMW has
been estimated to be equivalent to 200 m® of urban sewage®
due to its high chemical oxygen demand (COD)—up to
400 g L~'.” Removal of the organic compounds, mostly phenols,
from OMW is significantly hard and expensive.® The disposal of
OMW can be expensive, and, depending on the disposal
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Table 1. Chemical composition of wastewater after MF and UF

Value
Chemical element Unit MF UF (5 kDa)
Calcium mg L™ 146.20 166.30
Sodium mg L™ 35.40 71.90
Potassium mg L’ 30,330.00 28,190.00
Copper mg L™ 0.90 6.20
Zinc mg L™’ 7.70 8.60
Phosphates mg L™’ 130.00 470.00
Chlorides mg L™ 762.00 2,019.00
Nitrates mg L™ 2,817.00 3,321.00
Phenols (tyrosol) mg L™ 3,316.00 6,954.00
Magnesium mg L™ 138.00 155.00
Iron mg L™’ 25.50 4.60
Glucose gL <0.10 <0.10
Fructose gL <0.10 <0.10
Sucrose gL <0.10 <0.10

process, the price varies from a few tens to hundreds € m~3. The
cheapest and most used technique is spreading OMW on soils,
which can increase soil organic matter and nutrient contents, but
only in strictly controlled conditions and with a maximal
spreading rate of 80 m® Ha ' year~'.° An analysis of the literature
in the field has revealed that alternative treatment options for
OMW exist,'® which span from biological treatment after coagu-
lation and flocculation'" to co-digestion for biogas production'?
to solar still distillation’® and membrane filtration.'* Vuppala
et al."’ studied the coagulation and flocculation pre-treatment
process of OMW before treating the wastewater with a co-
ntinuous oxidating process. This research concluded that if an
optimal agent with appropriate process conditions is used, a
lower unitary treatment cost for OMW can be obtained
compared with wastewater sparging and hazardous water treat-
ment. As discussed by Maragkaki et al.,'® which conducted
different lab-scale experiments on co-digestion, OMW can be
used to boost the biogas yield (up to 170%) of sewage sludge
when diluted in different concentrations. However, a discussion
on an upscaled version is missing. The pilot plant of Mastoras
et al.’® demonstrated the feasibility of medium-scale OMW treat-
ment systems that use solar distillation for organic chemical re-
covery in the distillate. The unitary operating cost of the system is
low, down to 0.60 €/m?, but there is a relatively high payback
period of 16 years for the investment due to high capital costs.
A net present value of 25,000 € can be obtained after 25 years,
meaning fair profitability for this type of investment. In the review
of Hube et al.,'* numerous direct membrane filtration systems
reported in the literature were analyzed. As the authors claim,
the use of pressure-driven membranes for pollutant removal
and resource recovery may be used for decentralized facilities.
Despite some challenges concerning the contamination control
on an extended time frame, irreversible membrane fouling, and
flow decline, such systems can offer an enhanced permeate
quality suitable for markets focused on a circular economy while
decreasing the carbon footprint of wastewater treatment with a
sustainable realization cost. Elkacmi et al.'® proposed instead
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Table 2. Chemical composition comparison of Zarrouk medium
and diluted OMW medium

Chemical element  Unit Zarrouk Diluted OMW Difference
Calcium mgL~" 361 178.7 +182.3
Sodium mgL™"' 5664  54.1 +5,609.9
Potassium mgL~' 673 15,489.0 —14,816.0
Phosphorus mgL™' 88 84.1 +3.9
Chlorine mgL~' 612 1,109.3 —497.3
Nitrogen mgL™" 411 412.3 -1.3
Sulfur mgL™" 211 82.5 +128.5
Magnesium mglL™" 19 97.2 —-78.2
Iron mgL™" 1.8 25 -0.7

a new and simpler method based on centrifugation and fraction-
ation with urea that can be used for the extraction of oleic and li-
noleic fatty acids, phenols, biodegradable soap, and high-quality
glycerol from OMW. The implementation of this process-based
system on a large scale can reduce the overall environmental
load compared with traditional discharge on sewers (perfectly
represented by a linear economic model) and cover their relevant
realization cost, too. Therefore, the intrinsic value of the organic
compounds entrained in OMW fosters the circular economy
paradigm. This approach pursues optimal resource manage-
ment through promoting reuse, recycling, or other solutions
that move the interest to a more sustainable perspective. As its
name entails, this model shifts the supply chain from the tradi-
tional “linear” economy toward a zero-emissions framework."”

Another strategic approach based on the circular economy
model is using waste as a culture medium for other microorgan-
isms. In the framework of reduction and recycling of waste, the
use of OMW for microalgae production is considered an inter-
esting option to produce new high-value by-products.’® It has
been widely proven that microalgae are an important source of
high-value molecules such as pigments (i.e., B-carotene, astaxan-
thin, and phycocyanin), proteins, and fatty acids, which are
increasingly appreciated in the market, especially compared
with other synthetic and traditional alternative molecules.'® Inter-
ests in biodiesel production from microalgae are expected to
continuingly rise in the future. In the research work of Hodaifa
et al.”° the authors provided different laboratory analyses
regarding the feasibility of a new bio-physicochemical process
for OMW treatment that uses the microalga Scenedesmus obli-
quus. The high concentration of carbohydrates and lipids (from
44.9% to 72.5% of dry mass) justifies the scaling up of the process
attheindustrial level for biodiesel production from ayield perspec-
tive (0.21 g L™"). Nonetheless, any economic guidance for the
scale-up process is missing. On an industrial design level, micro-
algae biomass can be converted into biofuels such as bioethanal,
biodiesel, biogas, and jet fuel. Chiaetal.” reviewed these aspects
and concluded that the key points for a successful microalgae-
based biodiesel production plant are the robustness of the strain,
lipid/carbohydrate productivity, cheap lipid extraction methods,
and supporting policies from the authorities. The difficulties
encountered during the scaling-up attempts can be partially over-
come with closed systems and a slow adaption of the culture in the
growth medium. In this way, the substitute of fossil fuels is not a
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Table 3. Values of growth rate (1) and division time (T,) for A. platensis

Parameters Zarrouk medium Zarrouk + tyrosol Zarrouk + hydroxytyrosol Zarrouk + caffeic acid oMW
u (day ) 0.70 + 0.172 0.27 + 0.05° 0.32 + 0.03° 0.33 + 0.02° 0.11 +0.015
T4 (day) 1.02 + 0.242 2.53 + 0.52° 2.15+0.19° 2.11 +0.12° 6.12 + 0.827

Different letter in the superscript denotes significantly different means across treatments for each parameter (p < 0.05).

remote achievement but an alternative solution that can decel-
erate their depletion22; however, the economic sustainability of
microalgae cultivation still raises some concerns due to the high
realization costs, limited productivity, consistent energy demand,
sterilization of high volumes, and so forth. As reported by Peng
et al.,** a few large-scale microalgae systems exist. Companies
such as Algenol and Sapphire Energy accomplished different fa-
cilities with remarkable extension, which can produce multi-
stream microalgae products and not only biofuel. At smaller
scales, it is seldom preferred to use instead specified microalgae
cultures suitable for different markets, such as food or pharma-
ceutical, as pointed out by the techno-economical study conduct-
ed by Mennella et al.”® The authors pointed out how the selling
price significantly influences the economic sustainability. They
also assessed that profitability is expected for prices around 35
€ kg~ for their indoor production of Arthrospira platensis to be
sold in the food sector. Because the price perfectly represents a
niche business, with the relevant risk involved, additional sources
of revenues should be foreseen. Hence, linking to different mar-
kets linked within circular economies could strengthen and
improve the economic asset, for example, if the utilization and/
or treatment of waste fluxes such as'® flue gases, wastewaters,
and low-grade waste heat®” is pursued. Moreover, an optimal
pathway to achieve this goal could be the concurrent production
of several by-products extracted from microalgae biomass, lead-
ing to the minimization of raw material costs required by microal-

gae cultivation and the maximization of the revenue streams.* For
example, regarding wastewater treatment, marine and freshwater
microalgae have been used to treat dairy wastewater,”® municipal
wastewater,”” and food processing wastewater.?” In each case, it
has been proven that, by using microalgae, more than 90% effi-
ciency in total nitrogen, phosphate, and sulfate removal has
been obtained. In summary, to overcome production and eco-
nomic bottlenecks, the process should be designed to maximize
biomass quality, minimize the utilization of raw materials (i.e., ni-
trogen and carbon dioxide), and utilize local resources.?®
Recently researchers and microalgae producers are focused
on the production of extracts that can be used in food supple-
ments, nutraceuticals, and biopharmaceuticals.>® Within more
than 70,000 isolated species of microalgae, the renowned spe-
cies available on the market for food or food supplements are
A. platensis, Chlorella, Aphanizomenon flosaquae, Ulkenia,
Schizochytrium, and Haematococcus pluvialis.*® Among them,
Chilorella and A. platensis are the most produced microalgae in
the world.®" In particular, A. platensis was the first microalgae
harvested from the natural environment and used as food. It
grows in alkaline lakes with pH up to 11 and salts concentration
on the order of 30 g L. Being able to grow in extreme condi-
tions, A. platensis has been used to simultaneously treat aqua-
culture effluent while producing biomass to supplement fish di-
ets.®? Lim et al.®" reported the utilization of A. platensis in
numerous wastewater applications ranging from municipal to
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Table 4. Quality control parameters for microalgae for food applications

Parameters Unit Limit value Value obtained LQ
Heavy metals lead mg kg’ 1.2 <0.002 0.002
cadmium mg kg™’ 0.3 0.098 0.01
mercury mg kg™’ 0.1 <0.01 0.01
Microbiology total bacterial colony-forming 1.0E+5 3.1E+2 -
count unit (CFU) g~*
yeast CFU g™’ 1.0E+4 <1.0E+2 -
E. coli CFU g™’ <10 <10 -
Salmonella CFU g™’ negative negative -

cow effluents. In all these cases, the final use of microalgae
biomass was not intended for food applications but mainly for
biofuels or fertilizer production. However, A. platensis biomass
could be used directly as food or used in nutraceuticals,
cosmetic, and functional food applications. The biomass is rich
in proteins, phycocyanin, and allophycocyanin, i.e., compounds
that can be extracted separately and valorized on the market,**
thus generating positive cash flows. Markou et al.>** demon-
strated that OMW, after treatment with sodium hypochlorite, is
suitable as a medium for A. platensis production, raising environ-
mental issues on the method used and reducing the application
potentials of the produced biomass. Mollo et al.>® demonstrated
also that microalgae responses to phenols, which are present in
OMW, were species specific and that a scale of toxicity exists on
the base of the phenol type.

Literature review showed that to implement wastewater treat-
ment using microalgae, the final biomass must be used as fertil-
izer or for biofuel application, raising concerns about biomass
safety for food or nutraceutical applications. The biomass ob-
tained in this way could be used for food applications, unlocking
a new panorama of applications generally precluded to microal-
gae biomass produced from wastewater. From the olive mill
side, olive oil producers can benefit from a new way of OMW
treatment, which is cheaper than sewage treatment when
spreading on soil is not allowed. For these reasons, in this paper,
we perform a preliminary test of a novel integrated OMW treat-
ment process based on membrane filtration and microalgae
cultivation that ensures a correct techno-economic feasibility
of OMW recycling into raw nutrients used for A. platensis pro-
duction and hence promotes a model of circular economy.
Moreover, the characterization of the biomass quality has been
addressed to verify its safe designation for food markets as an
alternative source of healthy nutrients. Experimental activities
are conducted both at the laboratory scale to analyze the influ-
ence of phytotoxic compounds of OMW on the microalgae
growth and at the pilot scale through an indoor photobioreactor
(PBR) to assess the A. platensis production from OMW in real
conditions. Hence, the main novelty of the work relies on the
combined experimental analyses with techno-economic details
of the pilot scale plant to evaluate the potential uptake of the pro-
posed technology.

The paper is structured as follows. After this introduction, in
the results and discussion section, the material and methods
are described for both experimental facilities. Then, in the exper-

4 Cell Reports Sustainability 7, 100017, February 23, 2024

imental procedures section, the results of the experimental activ-
ities are presented in terms of A. platensis macromolecular
composition (lipids, carbohydrates, proteins, and so forth), and
in the end, the economic analysis is performed. Eventually, the
main conclusions are drawn.

RESULTS AND DISCUSSION

In this section, the results of the laboratory and pilot scale exper-
imental activities are presented and discussed. More precisely,
the results of the phytotoxicity analysis conducted at laboratory
scales were compared with the subsequent pilot scale analysis
in real operating conditions. To this aim, all the electricity con-
sumptions of all components of the pilot scale have been moni-
tored as further detailed.

Phytotoxicity and growth rate comparison

The growth rate of A. platensis has been assessed in real operating
conditions at the pilot scale with the final aim of estimating the po-
tential yearly productivity and the related cost-effectiveness of the
proposed OMW valorization process. In the first section, the OMW
collected from olive mills was passed through both microfiltration
(MF) and ultrafiltration (UF) membranes. Compounds can be
recovered down to the threshold of 5 kDa, while permeate passes
through. Table 1 details the composition of the permeate from the
MF step and of the retentate from the UF step.

The UF retentate was then diluted to reach a nitrogen concentra-
tion like Zarrouk medium,*® thus obtaining 1.82 L of growth me-
dium from 1 L of OMW. Table 2 reports the chemical composition
of the diluted OMW and its difference compared with the Zarrouk
medium chemical composition.

At the laboratory scale, the effect of the phenols content of
OMW on the microalgae growth was expressed as the
mean =+ standard deviations of the measures on at least three
biological replicates. The significance of mean differences
was tested with a one-way analysis of variance, followed by Tu-
key’s post hoc test, with a significance threshold of 0.05, using
GraphPad Prism 7.0. Regarding the growth rate (i) and division
time (Ty), it was statistically evident that the presence of the
phenols reduced the growth rate and division time of
A. platensis. Such difference due to the cytotoxic effect of phe-
nols on algal cells has an impact in terms of productivity of
A. platensis cultured with OMW. Table 3 reports growth rate
and division time of A. platensis in different media. The
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Table 5. Direct capital cost (DCC) based on 2018/2019 financial information provided by Greentech SrL

Item Value (€) Lifespan (year) Capital cost (€ year™)
Olive mill wastewater treatment

Microfiltration and ultrafiltration unit 46,500.00 15.00 3,100.00
Polyethylene tanks 1,000 L 390.00 15.00 26.00
Control system for temperature, 334.00 15.00 22.27
level, pressure

Piping 1,124.00 10.00 112.40
Electrical panel 1,450.00 15.00 96.67
Total olive mill wastewater treatment 49,798.00 - 3,357.33
Tubular indoor PBR

Glass tube OD 65 mm, 5.5 m length 41,817.60 50.00 836.35
“U” bends 11,664.00 50.00 233.28
Coupling 4,860.00 50.00 97.20
Support structure 30,201.60 25.00 1,208.06
Led tubes 2,580.48 1.00 2,580.48
Electrical connections 5,520.00 20.00 276.00
Diaphragm pump 10,848.00 10.00 1,084.80
Stainless-steel tanks 7,998.00 25.00 319.92
Control system for temperature, 1,800.00 15.00 120.00
level, pressure

Piping 31,944.00 20.00 1,597.20
Compressed air 4,722.00 20.00 236.10
Electrical panel 2,900.00 15.00 193.34
Thermoregulation 30,238.00 15.00 2,015.87
Total tubular indoor PBR 187,093.68 - 10,798.60
Growth medium preparation and supply

Polyethylene tanks 2,916.00 20.00 145.80
Control system for temperature, 900.00 15.00 60.00
level, pressure

Centrifuge pumps 1,020.00 10.00 102.00
Filtration kit 0.2 um 924.00 15.00 61.60
Sterilization kit UV 1,182.00 15.00 78.80
Piping 1,124.00 10.00 112.40
Mixing station 300 L 1,012.45 15.00 67.50
Mixer 3000 | tank 511.82 15.00 34.12
Electrical panel 1,450.00 15.00 96.67
Total growth medium preparation 11,040.27 - 758.88
and supply

Culture harvesting and medium reuse

Stainless-steel tank 1,000 L 940.00 20.00 47.00
Centrifuge pumps 340.00 10.00 34.00
Control system for temperature, 300.00 15.00 20.00
level, pressure

Vibrating screen 10,880.00 25.00 435.20
Piping 1,124.00 20.00 56.20
Drying 8,360.50 15.00 557.37
Electrical panel 1,450.00 15.00 96.67
Total culture harvesting and 23,394.50 - 1,246.43
medium reuse

Total 271,326.45 — 16,161.25

Cell Reports Sustainability 7, 100017, February 23, 2024 5
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Table 6. Electrical energy consumption characterization

Item Operation time (h year™) Energy(kWh year™) Cost (€)
Electrical energy consumption

Olive mill wastewater treatment

Centrifuge pump—400 V, 50 Hz, 3PH, 4,620.00 5,082.00 1,261.35
1,1 kKW

Centrifuge pump—400 V, 50 Hz, 3PH, 660.00 330.00 81.92
0,5 kW

Centrifuge pump—230 V, 50 Hz, 0,37 kW 990.00 366.30 90.92
Control system for temperature, level, 7,920.00 435.60 108.12
pressure

Total olive mill wastewater treatment - 6,213.90 1,542.29
Tubular indoor PBR

Led tubes 3,041,280.00 54,743.04 13,587.72
Control system for temperature, level, 7,920.00 435.60 108.12
pressure

Thermoregulation 3,960.00 25,715.27 6,382.53
Compressed air 3,960.00 15,840.00 3,931.49
Total tubular indoor PBR - 96,733.91 24,009.36
Growth medium preparation and supply

Centrifuge pump—230 V, 50 Hz, 0.37 kW 2,970.00 1,098.90 272.75
Centrifuge pump—230V, 50 Hz, 0.37 kW 2,970.00 1,098.90 272.75
Centrifuge pump—230 V, 50 Hz, 0.37 kW 2,970.00 1,098.90 272.75
Mixer—230 V, 50 Hz, 0.18 kW 330.00 59.40 14.74
Mixer—230 V, 50 Hz, 0.37 kW 330.00 122.10 30.31
Sterilization kit UV 2,970.00 163.35 40.54
Sterilization kit UV 2,970.00 163.35 40.54
Sterilization kit UV 2,970.00 163.35 40.54
Control system for temperature, level, pressure 7,920.00 435.60 108.12
Total growth medium preparation and supply - 4,403.85 1,093.04
Culture harvesting and medium reuse

Centrifuge pump—230 V, 50 Hz, 0.37 kW 4,290.00 1,587.30 393.97
Control system for temperature, level, 7,920.00 435.60 108.12
pressure

Vibrating screen—electric motor. 230/400 4,290.00 1,287.00 319.43
V, 50 Hz, 3 kW

Vibrating screen—pump. 230/400 V, 50 Hz, 4,290.00 6,435.00 1,597.17
1.5 kW

Dryer—400 V, 50/60 Hz, 5.1 kW 3,960.00 20,196.00 5,012.65
Total culture harvesting and medium reuse - 29,940.90 7,431.33
Total - 137,292.56 34,076.01

comparison shows that a direct utilization of the retentate from
OMW slows down the division time of A. platensis and hence a
penalization of the productivity expected from the harvesting in
pure Zarrouk medium.

Tyrosol, hydroxytyrosol, and caffeic acid have a similar effect
on A. platensis growth rate and division time, compared with
OMW medium, where we have a mix of the three types of phe-
nols at a greater concentration.

As shown by Figure 1, macromolecular composition of
A. platensis changed with the composition of the growth medium,
and the effect was phenol specific. In particular, normalizing all the

6 Cell Reports Sustainability 7, 100017, February 23, 2024

spectra on the protein proxy at 1,650 cm™", the relative abun-
dance of lipids was fairly similar among growth conditions while
the relative abundance of carbohydrates differed depending on
the treatment. Cells grown in OMW showed a macromolecular
profile with the lowest amount of carbohydrates while tyrosol
did not affect the relative abundance of such pool as compared
with that in control cells. Interestingly, when the three phenols
were added to the Zarrouk medium, algal profile of macromole-
cules was fairly similar to the control one.

The volumetric productivity®” of A. platensis obtained on pilot
scale where of 0.16 g L~ day~", leading to an annual biomass
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Table 7. Operating costs (OPEX) characterization

Direct Operating Costs

ltem OMW treatment [ Year™] Microalgae production [ Year™] Total [€]
Plant manager 13,750.00 13,750.00 27,500.00
Skilled worker - Biologist - 35,000.00 35,000.00
Unskilled Worker 23,000.00 23,000.00 46,000.00
Electricity 1,542.29 32,533.72 34,076.01
Consumables 1,174.29 1,174.29
Total Direct Operating costs (TDO) 38,292.29 105,458.01 143,750.30
Indirect Operating Costs

Maintenance (5% of TDC) 2,489.90 11,076.42 13,566.32
Overhead (10% of TDO) 3,829.23 10,545.80 14,375.03
Administration (10% of TDO) 3,829.23 10,545.80 14,375.03
Total Indirect Operating costs (TIO) 10,148.36 32,168.02 42,316.38
Total Operating Costs 48,440.65 137,626.04 186,066.68

productivity of 1,722 kg, calculated according to the equation as
follows,

Y =365xVxb

where Y represents the annual productivity (kg year™), V is the
pilot scale volume exposed to light (m®), and b is the volumetric
productivity (g L~ " day 7).

Considering an 8-h shift for 330 days of work, about 5,280.00 m®
of OMW would be treated annually by the proposed plant. Consid-
ering this input, the filtration system could generate the following
products: (1) 686.4 kg of organic fractions (used as fertilizer), (2)
3,168.00 m® of clean water (for olive mill reuse or conveyed directly
todrainage), and (3) 805 kg of nitrogen (for microalgae production).
The annual productivity of A. platensis grown in whole Zarrouk me-
dium can be estimated around 6,460 kg, considering a volumetric
productivity of about 0.6 (g L' day~).%®

Itis worth noticing that the OMW medium was not optimized for
algal growth except for the nitrogen concentration (equal to the one
in standard replete Zarrouk medium); balancing macro and micro-
nutrient availability is thus possible to improve productivity.***°

From an environmental point of view, the utilization of this inte-
grated approach could lead to the reduction of land required
for spreading the OMW. Taking into account the output of
the filtration system studied and the maximal annual rate of
80 m® Ha ' year™", we can save up to 66 Ha of land and up to
805 kg of raw nitrogen for microalgae production.

Next, the biomass produced in pilot scale has been analyzed
to check whether the regulatory requirements for the food mar-
ket are met. Some dried samples of A. platensis are sent in an
external laboratory. The outcome of the analysis is reported in
Table 4. The heavy metal and pathogen contents are far below
the acceptable limits prescribed for food consumption.

Economic analysis
The economic feasibility of the system was investigated by
quantifying both the direct capital cost (DCC) and the operational

cost of the production throughout the entire lifetime of the plant.
The annual cost of A. Platensis production has been assessed
accounting for the following costs of items: (1) labor cost, (2)
electricity consumption, and (3) amount of materials required.
Then, the overall production cost is divided by the annual pro-
ductivity of A. platensis biomass and OMW treated. Hence, the
production costs have been compared with the selling price of
the microalga in the wholesale market.*'** Furthermore, while
assessing the overall profitability of the plant, the avoided costs
brought by the MF-UF treatment section have also been taken
into account.

The DCC of the pilot scale is reported in Table 5, which in-
cludes the details of all the equipment required to fully operate
the system and their lifespan.

Electricity consumption has been evaluated for each piece
of equipment of each section, and an electricity price of
0.24 € kWh~' was considered for the estimation of the total
cost. Regarding the electricity price, it is worth noting that it
has been calculated as the mean value of the electricity
price in semester one of 2022 for non-household consumers
in Italy, Spain, and Greece,*® where olive mills are mostly
located.

From the analysis of the values reported in Table 6, the major
electrical energy expenditure is due to the A. platensis cultivation
section of the plant. The most energy-consuming parts of the pi-
lot scale are, indeed, the illumination, the thermoregulation of the
PBR, and the drying, which cover more than 70% of total electric
energy expenditure. Eventually, the cost of consumables, main-
tenance, overhead, and administration are reported in Table 7.
The labor cost required to run the plant amounts to 108,500.00
€. Salaries were taken from the average labor cost in Italy for
each staff category.

OPEX costs have been allocated to the OMW treatment and
the microalgae production separately. Regarding the former,
given a total operating cost for OMW treatment of 48,440.65 €
(Table 7) and a total fixed capital per annum of 3,357.33 €
(Table 5), the total annual cost for OMW treatment is
51,797.98 €. Considering an annual amount of treated OMW
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Table 8. Olive mill wastewater characterization

Parameter Value
pH 4.86
Conductivity (mS cm™") 3.70

P total (mg L™ 37.76
Total Kjeldahl nitrogen (TKN) (mg L™7) 162.38
Phenols (mg L") 1,925.28
Chemical oxygen demand (COD) (g L™7) 33.95
Total solids (TSs) (g L") 23.70
Total suspended solids (TSSs) (g L") 0.61
Total dissolved solids (TDSs) (g L") 23.10
Total salts (mg L") 31,508

of 5,280.00 m® (see section pilot scale), this comes to a waste-
water unitary cost of 9.81 € m 2. Regarding A. platensis produc-
tion, instead, the total operating cost is 137,626.04 € (Table 7),
whereas the total fixed capital cost per annum is 12,803.92 €
(Table 5), which means that a total annual cost for microalgae
production is 150,429.96 €. Considering the annual productivity
of 1,800 kg, as reported in section pilot scale, the biomass uni-
tary cost is about 83.57 € kg™, which is higher than the actual
selling price of the whole A. platensis biomass in the food market
(>50.00 € kg~ "), as reported by Bataller and Capareda®' and
Santini and Cavicchi*?

However, if the wastewater service cost is included in the anal-
ysis, considering the actual disposal cost of 30.00 € m~3, the
service brings to a profit of 106,602.02 € as avoided cost. There-
fore, the corresponding total annual cost for A. platensis produc-
tion is significantly reduced, and the corresponding unitary cost
decreases to 23.34 € kg~ with a 72% reduction of its produc-
tion cost mentioned above.

Media Preparation
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Conclusions

This paper investigates the feasibility of an integrated process that
recycles OMW while concurrently producing A. platensis for food
applications. From the experimental results, we obtain the
following:

e the analysis conducted at laboratory scale has proven that
the phenolic compounds present in OMW affect the
growth of A. platensis in terms of growth rate and division
time but do not have a negative impact on biomass quality,
thus making possible its valorization on the food market.
Further analysis should be performed to understand
whether A. platensis is mostly influenced by quality or the
concentration of phenols in diluted OMW.

® The results obtained at the pilot scale, instead, have shown
that the use of the OMW medium for the A. platensis cultiva-
tion is possible with food-grade quality but with a penaliza-
tion of the annual productivity (1,722 kg/year) compared
with what is achievable with the Zarrouk medium
(6,450 kg/year).

@ The production cost of A. platensis is about 83.57 € kg™’
but could be reduced if the treatment cost of OMW,
charged to mills, is considered. Thus, the production costs
fall down to 23.34 € kg~ ', which is significantly lower than
the selling price of A. platensis in the market.

® From the environmental point of view, the utilization of this
integrated approach could lead to the reduction of land
required for spreading the OMW up to 66 Ha for a single
mill and the recycling of 805 kg of nitrogen.

Nevertheless, the techno-economic analysis has shown that
further optimization is required to improve the profitability of
the system and its commercialization. Among the potential ac-
tions for improvements, the optimization of OMW culture me-
dium process and renewable energy integration are at the top

Figure 2. Experimental test bench for
A. platensis growth rate evaluation with
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Figure 3. Pilot scale layout of the inte-
grated OMW treatment—A. platensis pro-
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of the priority list. The first one is related to the optimization of A.
platensis growth rate and thus the reduction of division time with
possibly an enhancement in the biomass concentration. The
second point is related to the reduction of the thermal energy
required for culture temperature control by recovering low-grade
waste heat from other industrial processes or from renewables.

In conclusion, the use of OMW as an input stream for microal-
gae production can be considered an interesting option to
improve the sustainability of the olive oil sector while promoting
the circular economy paradigm.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to the lead
contact, Matteo Moglie (matteo.moglie@uniecampus.it).

Materials availability

No new materials were generated in this study.

l Dryed A. platensis

Data and code availability
The data are derived from existing studies (see experimental procedures).

To preliminary assess the suitability of OMW for A. platensis cultivation, some
samples of OMW were initially collected from an olive oil mill located in central
Italy on the Adriatic coast. The extraction of olive oil is performed using a tradi-
tional cold press extraction system, using a decanter to obtain olive oil, pomace,
and OMW. The treated olives are a mix of Leccino, Raggia, and Frantoio cultivar,
traditionally grown in Marche region. Hence, the OMW samples have been
analyzed by an independent external certified laboratory to limit the measure-
ment uncertainties related to the complex matrix of the samples. The OMW un-
der investigation has a density of 1,023.7 kg m~2, and its chemical characteriza-
tion is reported in Table 8.

Being its chemical characteristics are in line with the A. platensis cultivation, the
experimental activities have been conducted as detailed in the following.

Laboratory scale

To evaluate the toxicity of the phenols content of OMW on the A. platensis
growth and the related biomass quality,®® an experimental test bench has
been set up at the premises of Universita Politecnica delle Marche, as schema-
tized in Figure 2. In particular, A. platensis has been cultivated in different

Table 10. Geometric parameters of the PBR

Table 9. Aqueduct water characterization Parameters Unit Value
Chemical element Aqueduct water (mg L") Tube diameter M 0.065
Calcium 87.5 Long tube (Lt) M 9,504.00
Sodium 14.6 Land length (L) M 15.00
Potassium 1.0 Land width (W) M 15.00
Phosphorus - Surface exposed to light (St) m? 1,940.00
Chlorine 0.01 Land occupied (S) m? 225.00
Nitrogen 0.75 Volume exposed to light (V) m3 29.50
Sulfur 82.5 SV m?m~° 5.62
Magnesium 12.0 V/S m3 m—2 0.17

Iron - StV m?m—2 48.5
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conditions: whole Zarrouk medium and Zarrouk medium with the addition of
the most abundant phenols in OMW at a constant temperature of 28°C and un-
der a constant photon flux density (PFD) of 45 mmol photons m—2s~".
Effect of phenolic compounds on algal growth

In OMW, the three most abundant phenols potentially affecting microalgae
growth are tyrosol, hydroxytyrosol, and caffeic.** To test their influence on
the A. platensis cultivation at laboratory scale, all these phenolic compounds
were purchased from Sigma-Aldrich: caffeic acid (CoHgO,), molecular weight
(MW) 180.16 g mol~", purity > 98% (high-pressure liquid chromatography
[HPLC)); tyrosol (CgH1005), MW 138.16 g mol~" purity 98% (HPLC) and hy-
droxytyrosol (CgH1003), MW 154.16 g mol ™", purity > 98% (HPLC). The three
compounds were dissolved in water (tyrosol and hydroxytyrosol) or pure ethyl
alcohol (caffeic acid) for the creation of high-concentration stocks to be used
for the experiments. Because phenolic compounds are known to be toxic
already at low concentrations (for Chiorella pyrenoidosa when >5 mg L~")*°
and OMW valorization as algal growth medium implies dilution, the concentra-
tions of phenols used in these experiments were five times lower than the com-
mon concentrations found in OMW**: 40.5 mg L' of tyrosol, 63.2 mg L' of
hydroxytyrosol, 28.1 mg L~ of caffeic acid.

Cells acclimated to the experimental growth conditions were inoculated into
six-well plates to a final density of 50,000 cells mL~" for a volume of 15 mL per
well. Growth was evaluated both in the absence of phenols (control) and in the
presence of each phenol. For each condition, three biological replicas were
made. Growth was assessed approximately every 2 days for a total period
of 16 days (15 days post-inoculation). The growth of A. platensis was assessed
spectrophotometrically at a wavelength of 670 nm, using Beckmanmn DU 640
spectrophotometer. The absorbance was then converted into the biomass dry
weight thanks to a calibration curve where 0.005, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8,
1, and 5 mL of exponentially growing cultures were dried on pre-combusted
filters and weighted. For dry weight determination, an aliquot of culture was
filtered on 0.2 pm filters, washed with deionized water, and dried overnight
at 80°C.*°
Macromolecular composition by FTIR spectroscopy
Due to the complex matrix of microalgae biomass, Fourier transform infrared
(FTIR) spectroscopy has been used to profile the relative abundance of carbo-
hydrates, lipids, and proteins in A. platensis.

Cells were harvested by centrifugation at 1,500 g for 10 min, washed once
with an iso-osmotic solution of ammonium formate to minimize medium
carry-over, and re-suspended in a small volume of the latter. Aliquots of
50 pL of this suspension containing intact cells were deposited on silica win-
dows (Crystran, Poole, UK) and desiccated in an oven at 80°C for at least 3
h. Silica windows with 50 pL of iso-osmotic ammonium formate solution
were treated as the samples and used as blanks.

FTIR spectra were acquired with a Tensor 27 FTIR spectrometer (Bruker Op-
tics, Ettlingen, Germany), and at least 3 distinct spectra were averaged and cut
between 1,800 and 900 cm™', baselined and normalized on the amide |
peak.*” Band assignment was performed according to Giordano et al.*®

Pilot scale

Later, the techno-economic feasibility of growing A. platensis in OMW was
verified through a pilot scale test at the premises of Universita Politecnica delle
Marche Spin-off GreenTech S.r.l. The pilot scale apparatus was composed of
four distinct blocks: (1) OMW treatment, (2) growth medium preparation and
supply, (3) A. platensis cultivation, and (4) A. platensis harvesting and drying.
Figure 3 depicts the layout of the process, with an overview of the single unit
involved in the system.

The OMW was stored in a 1 m® polyethylene tank and delivered to the filtra-
tion unit using a centrifugal pump. The OMW treatment consists of a two-step
filtration, based on MF and UF membranes, which have different pore sizes
and employ diverse retention materials to separate bacteria and concentrate
macromolecules or colloids from OMW. More precisely, the UF filtration mem-
brane was made of polysulfone with a total filtration area of 12 m2. Therefore, in
the first step, the organic compounds were removed from OMW while the
permeate was delivered to the second filtration step. The permeate from this
second filtration step was sent directly to the sewage while the retentate
was recovered and used in the medium preparation of A. platensis. To evaluate
the correct amount of OMW retentate in the medium for microalgae cultivation,
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the obtained OMW retentate from the two-step filtration process has been
analyzed by an external independent certified laboratory.

The OMW retentate was blended with water from the aqueduct whose
chemical composition is reported in Table 9. The tap water was softened,
deprived of chlorine and microorganisms, and then conveyed into a polyeth-
ylene tank with a capacity of 3 m®. The tank was previously sterilized with a
bleach solution of sodium hypochlorite. To prevent microorganism build-up
during the storage and then microalgae culture contamination, the stored wa-
ter was then recirculated through a 0.2 um filter and UV sterilizer. Then, the wa-
ter and the OMW nutrient mixture were mixed for 30 min using a mixer. Hence,
the prepared medium was continuously recirculated through a 0.2 um filter and
UV sterilized. Once this operation was completed, the medium was delivered
to the PBR.

The PBR consists of horizontal tubes with a total volume of 40 m®. It is ar-
ranged in 6 modules as depicted in Figure 3. Each module is composed of
288 glass tubes, 144 “U” bend, and 108 couplings and was supported by a
metallic structure. The geometric parameters of the PBR are summarized in Ta-
ble 10. Each module is equipped with a diaphragm pump, a stainless-steel tank,
and 128 led tubes for artificial lighting. The illumination system ensures 130 pmol
photons s™' m~2and a 12:12 h photoperiod. The plant has a heating and air con-
ditioning system that ensures a constant room temperature of 27°C during the
illumination period.

Therefore, the A. platensis strain 85.79 SAG Culture Collection of Algae
at Gottingen University*® was cultured in the PBR with a continuous oper-
ation mode. Based on their growth rate, the microalgae were harvested
and delivered to a stainless-steel tank, and the equivalent volume of fresh
media was supplied back to the PBR. To follow growth rate of A. platensis,
a daily sample of 30 mL was collected and filtered through a glass fiber fil-
ter in a filtration ramp. Once filtered, the sample was washed twice with
distilled water, dried overnight at 95°C, and weighted using an analytical
scale.”®

In the harvesting and drying section of the pilot plant, the A. platensis was
then separated from the liquid medium with a vibrating screener having a
screening net of 50 um and able to treat up to 2 m® h~" of the input stream.
Then, the microalgae paste obtained from the screener with a moisture con-
tent of about 80% was dried with an electric dryer at 40°C overnight. At the
end of the drying process, the A. platensis biomass reached a moisture con-
tent of 10%. To verify the compliance of A. platensis biomass produced us-
ing OMW medium with food regulations, the dried biomass was then
analyzed again by an independent external certified laboratory.®®>" The re-
sidual medium from the harvesting and drying section was instead sent back
to one of the polyethylene tanks of the growing medium section and reused
for its preparation.

All the spent medium resulting from the cultivation of A. platensis is equivalent
to domestic waste water, as defined by Legislative Decree 152/2006,° and can
be discarded directly to the sewerage system without any further treatment.
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