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Abstract

Similar to oil, biological origin feedstock can be converted into a number of products allowing to recover the maximum
value from the raw biological material, within what is nowadays called a biorefinery. Among other biological materials,
microalgae are a very interesting biomass due to the high economic value of certain cellular components, such as carotenoids
and polyunsaturated fatty acids. In this project, a genetically modified cyanobacteria, that produces ethanol as an extracellular
product, was used as the basis of this study. In order to assess the optimal configuration of the biorefinery, different scenarios
were designed, each one with different sequences of unit operations, equipment and products. With the design stage completed,
an economic analysis was performed to choose the 2 scenarios with the best economic performance.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

With the increase of the price of oil, the attention to find alternative, and more sustainable solutions for the
production of biofuels and energy sources grew. This led to an increased interest in the study of microalgae since the
fatty acids and carbohydrates contained in the cells could be used to produce biodiesel and bioethanol. In addition,
the much smaller land area required to produce high amounts of biomass compared to conventional feedstocks,
such as soy and sugar cane, made microalgae a very interesting and highly researched topic [1].

However, due to the high costs of harvesting and processing the biomass, the estimated cost of producing
biodiesel, or bioethanol is very high [2].
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Fortunately, some of the intracellular contents of microalgae, such as carotenoids, proteins and polyunsaturated
fatty acids (PUFA), have a high market value [3]. This led to the development of the concept of microalgae
biorefinery where, similar to a chemical refinery, not only would biodiesel and/or bioethanol be produced from/by
microalgae, but also different products with high value could be obtained from the same biomass in order to
compensate the previously mentioned high costs [4].

A typical microalgae biorefinery process can be described in five stages (Fig. 1):

e Microalgae Production Stage — Stage where the microalgae biomass is produced. This step is performed
either in open reactors (such as open ponds, raceways, cascade raceways...) or in closed reactors (such as flat
panel, tubular reactors...) [5];

e Harvesting and Dewatering Stage — This is done because usually the final concentration of biomass is around
0.1-10 g/L. The objective of this step is to increase the concentration 50 to 200-fold [6];

e Disruption Stage — In order to access the components found inside the microalgae, the microalgae cell
wall must be ruptured. The method used, efficiency and time that it takes to achieve cell wall rupture can
significantly differ, depending on the microalgae species [7];

e Extraction Stage — It is in this step that the different components of the microalgae are separated from each
other. The most common methods are solvent extraction and supercritical extraction [8,9];

e Conversion Stage — Certain components can be converted into other products (polysaccharides into simpler
sugars; proteins into amino acids). These conversions occur in this last step of the biorefinery [10,11].
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Fig. 1. Microalgae biorefinery stages.

The objective was to develop an optimal biorefinery process, using as a starting point and information source,
results from a European Project, the DEMA project [12,13], where it was used a genetically modified Synechocystis
strain that produces and excretes ethanol. In order to obtain the optimal process setup, different biorefinery scenarios
were designed, each one with different equipment and final products. The economic analysis of each scenario was
carried out and then, based on the economic parameters Return on Investment (ROI), payback time (PBT) and Net
Present Value (NPV), the 2 best scenarios were selected.

2. Economic parameters

For the economic calculations, the annual discount rate used was 5% and the time period used was 8 years (these
values were considered to be the minimum values for a rentable project [14].
The three indicators that will be calculated in order to assess the best economic performance are:

— The Return on Investment (ROI) — evaluates the efficiency of an investment. ROI directly quantifies the
amount of return on a particular investment, relative to the investment’s cost;

— The payback period (PBP) — is the length of time required to recover the initial investment. A desired payback
time should be under 5 years;

— The Net present value (NPV) — is the difference between the present value of cash inflows and the present
value of cash outflows over a certain period of time. A positive NPV indicates that the projected earnings
generated by a project or investment exceeds the costs.
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3. Results and discussion

Literature research and information from the DEMA project [12], found that besides ethanol, also phycocyanin,
a water soluble protein, and the carotenoid zeaxanthin were interesting components [15,16]. The composition of
the Synechocystis sp. and the most interesting components can be found in Table 1.

Table 1. Synechocystis sp. composition.

Component mg/g biomass % of total
biomass
Lipids [17] 102.3 10.2%
Proteins [18] 675 67.5%
Insoluble 314 31.4%
Soluble 246 24.6%
Phycocyanin [15] 115 11.5%
Zeaxanthin 9.1 0.9%
Carbohydrates 213.6 21.4%
Total 1000 100.0%

The biomass production stage was considered to be performed in 36 Unilayer Horizontal Tubular Photobiore-
actors (UHT-PBR), each with the total volume of 97 m®. With the production time of 350 days, the amount of
Synechocystis sp. biomass produced in a year was considered as 180.5 t and the amount of ethanol produced
considered was 421.7 m>.

For the Harvesting and Rupture stage, only available equipment, already used in microalgae or similar industries,
was selected. The chosen equipment can be found in Table 2.

Table 2. Harvesting and cell rupture equipment.

Harvesting Efficiency Max Ref. Cell disruption Efficiency ~Max Ref.
equipment concentration equipment concentration
Membrane 95% 100 g/1 Bhave et al. [19], Bead mill 99% 200 g/1 Postma et al.
Bilad et al. [20] and [22,23]
Drexler and Yeh
[21]
Centrifuge 90% 200 g/1 Gerardo et al. [24] High Pressure  96% 200 g/1 Patrignani and
and Monte et al. Homogenizer Lanciotti [26] and
[25] (HPH) Yap et al. [27]
Dissolved air 90% 60 g/l Al Hattab et al. [28] Ultrasonication 100% 100 g/ A4F [14] and
flotation and Kwon et al. [29] Kurokawa et al.
[30]
Flocculation 85% 50 g/l Branyikova et al.
[31] and Martinez
[32]

The second part was to design the downstream section. As was mentioned before, this Synechocystis sp. strain
produces ethanol that is excreted into the culture medium. In order to recover the excreted ethanol from the medium,
two methods were selected: distillation and pervaporation. However, since distillation columns cannot achieve 99.5%
of ethanol purity due to the azeotrope with water, it has to be coupled to the pervaporation membrane, so in fact
two options were considered: either only pervaporation, or distillation followed by pervaporation.

In order to obtain the phycocyanin, the stream containing the ruptured biomass that enters the process goes
through a diafiltration process with water, as phycocyanin is a water-soluble protein. The water stream containing the
phycocyanin is then further treated using chitosan in order to obtain a purer stream of phycocyanin for higher value
applications in the pharmaceutical or food industries [33,34] — Scenario 1. The remaining biomass will contain the
lipids, non-water-soluble proteins and carbohydrates, and can be further treated, by hydrolysing the proteins present
in the remaining biomass by enzymatic conversion producing a protein hydrolysate with bio-fertilizer potential
[35] — Scenario 2. However, to remove the zeaxanthin, the biomass can previously be treated using one of two
processes: One option would be to use supercritical solvent extraction with scCO;, + 5% ethanol as co-solvent to
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remove the zeaxanthin, and a small amount of lipids [36] — Scenario 3. The zeaxanthin can then be recovered
by an extra purification step, with several saponification and separation processes, producing a metal soap and a
stream of almost pure zeaxanthin — Scenario 4. The remaining biomass, without the zeaxanthin and polar lipids,
can be further treated, by hydrolysing the proteins present in the remaining biomass by enzymatic conversion and
producing a protein hydrolysate with bio-fertilizer potential — Scenario 5. The second extraction option would be
to perform a conventional solvent extraction, using a polar solvent, ethanol, to remove zeaxanthin and the polar
lipids [37] — Scenario 6. Once again, zeaxanthin can then be recovered by the extra purification step previously
mentioned — Scenario 7. The remaining biomass, can again be further treated, by hydrolysing the proteins present
in the remaining biomass through enzymatic conversion to produce a protein hydrolysate with bio-fertilizer potential
— Scenario 8.

After the design of the different scenarios, the Capex, Opex and Revenue were calculated by combining different
arrangements of the production, harvesting and rupture methods with one of the downstream processes. Using
information from the DEMA project as well as some information from suppliers, the values for the capital costs
and operational costs were obtained for the equipment used in the production, harvesting and rupture stage. Unlike
the harvesting equipment, the rupture equipment capacity depends on the type of harvesting equipment selected,
due to the final concentration. Therefore, the rupture equipment economic values are calculated for all the possible
concentrations. The ultrasonication system has only one economic value since it can handle a large range of
capacities (from 50 to 100 g/1). These values are shown in Table 3. Since the capacity of the downstream equipment
depends on the final concentration of the ruptured biomass, the Capex values have to be calculated for all different
concentrations. For each downstream scenario the Capex and Opex were calculated from 50 g/l to 200 g/l. these
values can be found in Table 4.

Table 3. Capex and Opex for the equipment possibly used for the production, harvesting and rupture stages.

Capex Opex
Production system € 13,838,941 € 1,966,384
Membrane system € 600,000 € 139,248
Harvesting stase Centrifuge system € 750,000 € 132,071
stng stag Flotation system € 27.000 € 91,103
DAF system € 60,000 € 61,227
Ball mill (200 g/I-50 g/1) € 93,253-€ 214,240 € 14,520-€ 46,967
Cell disruption stage HPH (200 g/1-50 g/1) € 104,583—€ 240,268 € 17,661-€ 56,249
Ultrasonication € 62,073 € 38,447
Ethanol recover Pervaporation system € 355,403 € 172,206
y Pervaporation system + Distillation column € 271,207 € 279,485

Table 4. Economic values for the Synechocystis ruptured biomass downstream scenarios (from 50 to 200 g/1) (for 20 kg ruptured biomass/h).

Biomass Conc. 50 g/l 200 g/1 50 g/l 200 g/l -

Scenario Capex (€ ) Opex (€) Revenue (€ )
1 640,719 299,749 1,319,932 1,240,459 3,672,362

2 661,515 320,545 1,948,289 1,868,815 8,235,125

3 1,625,397 1,284,426 1,805,144 1,697,994 4,146,715

4 1,646,193 1,305,223 2,351,329 2,244,180 8,660,819

5 1,070,170 989,282 1,804,126 1,754,910 3,842,191

6 1,090,679 1,009,791 2,340,808 2,291,593 8,080,093

7 1,779,309 1,698,421 1,976,664 1,927,448 4,176,821

8 1,799,818 1,718,930 2,513,347 2,464,131 8,414,724

As the downstream equipment values and the operation costs depend on both the final concentration of ruptured
biomass and the harvesting efficiency, the downstream scenario economic values were calculated for different
concentrations and a ruptured biomass stream of 20 kg/h (Table 4).

Afterwards, the economic values were used to calculate the economic parameters ROI, PBT and NPV and the 2
scenarios with the best economic performance were selected (Table 5).
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Table 5. Data for the 2 chosen scenarios for Synechocystis sp. biorefinery.

Combination ~ Harvesting step Rupture step Ethanol recovery step Downstream scenario NPV ROI% PBT years
1 Membrane filtration Ultrasonication Pervaporation 2 € 6,314,621 37 5
2 Membrane filtration Ball mill Pervaporation 2 € 5,839,274 34 5

As shown in Table 5, both conformations use a membrane to harvest the biomass. This is expected, as this is
the harvesting method with the highest efficiency, which means more biomass is harvested for further treatment.
In addition, the membrane is one of the harvesting systems yielding the highest maximum final concentration,
which leads to smaller and cheaper downstream equipment. Another conclusion is that the conventional solvent
extraction was favoured over the supercritical extraction. Concerning the ethanol extraction, the conclusion is that
the pervaporation is preferred over the combination distillation plus pervaporation membrane.

4. Conclusion

It is possible to conclude that the biorefinery approach has a positive impact on the production of products from
microalgae since all the chosen scenarios were found to be economically viable and payed for after 5 years. The
main reason behind this result is that biorefineries can produce a higher number of different high values products
bringing in higher profit. However, it was shown that the scenario 1 that does not produce all the possible products
possible has better economic results than the second scenario. This shows, that although biorefineries can have a
positive impact on the exploitation of microalgae biomass, some purification steps are not worth it and can cost
more than the profit obtained from those purifications. Moreover, all scenarios are using membrane filtration as a
harvesting method, which is comprehensible since it is the method with the highest harvesting efficiency. Another
conclusion is that the conventional solvent extraction was favoured over the supercritical extraction, mostly due
to the high cost of the supercritical extraction process equipment, but also due to the operation costs. Similarly,
the scenarios with pervaporation operation are the ones with the highest NPV as the operation costs, especially the
energy costs, are lower than the combinations of distillation with pervaporation. The same analysis also demonstrated
that the ethanol production is not economically viable as the revenue from the ethanol is only ca. 140,000 € and
the operation costs are higher, and therefore, alternatives/improvements have to be researched.
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