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1. Introduction

ABSTRACT

The object of research: the process of wastewater treatment using bioconversion for sub-
sequent motor fuel production.

Investigated problem: improving the efficiency of bioconversion process for biofuel pro-
duction with simultaneous wastewater treatment by removing nitrogen and phosphorous
compounds.

The main scientific results: providing the possibility of biofuel production with energy
and economic inefficiency. It is done by combining the process of motor biofuel produc-
tion with the process of treating wastewater from biogenic elements makes it perspective
for commercial use. Traditional technology for the production of motor biofuels from mi-
croalgae includes cultivation, harvesting, dehydration and drying of biomass, extraction of
oils from them and subsequent production of methyl esters and glycerol. Such technology
is often not economically effective. It requires significant amount of energy for carrying
out all necessary processes. In addition, it requires significant expenditures of water and
nutrients. The use of nutrient-rich wastewater as a culture medium for the cultivation of
microalgae allows not only to reduce costs, but also to purify wastewater from nitrogen and
phosphorus compounds, which makes this process economically effective.

The area of practical use of the research results: Sewage and gray water treatment
plants. Industrial and agricultural effluents treatment plants. Different types of enterprises,
which have wastewater enriched with nitrogen and phosphorous compounds.

Innovative technological product: The technology of microalgae cultivation using waste-
water as a culture medium. The technology allows effectively purifying used wastewaters
from nitrogen and phosphorous compounds with no waste at the end.

Scope of the innovative technological product: Improved technology of motor biofuel
production with simultaneous wastewater purification, which is economically effective
and environmentally safe.

© The Author(s) 2020. This is an open access article under the CC BY license http://creativecommons.org/licenses/by/4.0).

1. 1. The object of research
The object of research is the process of wastewater treatment, in particular wastewater pu-
rification from nitrogen and phosphorous compounds using bioconversion.

1. 2. Problem description

Energy consumption is increasing constantly [1]. At the same time, quality of traditional fuel is
deteriorating. Progress in means of combustion products purification does not keep up with the increas-
ing amount of harmful substances formed during energy production. As a result, the damage to the
environment is becoming more significant. In addition, if humanity continues to consume fossil fuels at
the current level (despite the steady increase in population), known oil and gas reserves may be depleted
in the 2050s—2060s. Therefore, the search for alternative fuels undoubtedly comes to the fore today.

Bioconversion is the process of converting one chemical compound into another with the re-
quired chemical characteristics, with the participation of microorganisms. Its main processes are ox-
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idation, condensation, decomposition and hydrolytic reactions. In addition to bioconversion of chem-
ical compounds, bioconversion of solar energy is possible. This is the conversion of solar energy into
chemical energy of organic matter in the form of biomass, through photosynthesis. In this case, solar
energy is stored in the form of chemical energy, which can then be released in various ways.

1. 3. Suggested solution to the problem

Photoelectric transformations are performed by semiconductor and other elements with di-
ode properties, i.e. a combination of p-n type semiconductors (p-n junction). There is separation
of negatively charged electrons and positively charged holes takes place as a result of photon ab-
sorption under the action of solar radiation at the contact boundary of semiconductors, resulting in
photo- electromotive force [2]. One of the disadvantages of this method is relatively low efficiency
(15-20 %) and inconvenience of accumulation and storage of electricity, given that the flow of solar
radiation is not uniform.

Thermodynamic transformations occur in accordance with thermodynamic cycles. Such
transducers include: systems for capturing solar radiation and its concentration; systems for receiv-
ing radiation, which converts its energy into heat, which is transferred to heat carrier; heat exchang-
ers that form a hot and a cold source of a heat engine. Solar energy can be converted directly into
thermal, mechanical or electrical energy with the help of thermodynamic cycles. The efficiency of
such transformations depends on many factors. It’s mostly higher than for photovoltaic cells, but
generally not very high. Additionally, the converters can have heat accumulators to store thermal
energy, which only partially smooths out the uneven flow of solar energy. Moreover, heat accumu-
lators are quite expensive.

Conversion of energy into biomass [3] is the conversion of radiant solar energy into chemi-
cal energy of biomass through traditional processes of photosynthesis. These processes occur con-
stantly in nature. Their result is the planetary biomass of major producers. This mass is 1.8-10'* tons
of dry matter, which stores 3-10?? J of chemical energy. Under artificial conditions, this can be done
by introducing special technologies for growing biomass. Its chemical energy can be converted into
other types and used to meet energy needs. The most promising transformation is the production
of such types of fuel from biomass (biodiesel, bioethanol, biogas, etc.), which can be used to obtain
useful energy in conventional internal combustion engines. Given this, the most promising types
of energy producers can be considered oil crops with high content of hydrocarbons in the oil [4].
They can be divided into soil crops (rapeseed, sugar cane, etc.) and aquatic crops (varieties of algae
and microalgae).

The disadvantage of growing soil crops is the need to allocate significant fertile areas, which
could otherwise be used for growing food crops.

The advantage of aquatic energy crops is that they can be grown using only small areas of
land, which can be completely barren. Among aquatic crops, microalgae deserve special atten-
tion. They inhabit places with high humidity. The main natural places of their reproduction are
swamps, lakes, other reservoirs, including salt ones. Growth of microalgae, as well as the growth
of other photosynthetic organisms, requires such components as light, carbon dioxide, biogenic
compounds and heat. Some of them have fairly high growth rate and, despite the small size of
individuals (from 2 to 50 microns), can double their biomass up to 8§ times a day under favorable
conditions [5]. The yield of the finished product (oil saturated with hydrocarbons) can reach 80 %
of their initial mass. Some cultures of microalgae are more than 20 times more valuable than palm
oil and almost 120 times more valuable than rapeseed oil in terms of energy containing products,
which can be obtained out from them. Finished products do not contain sulfur (as petroleum fuels),
do not contain toxic substances (such as lead) and are well decomposed by microorganisms in the
nature conditions. In addition, their combustion does not increase the concentration of CO, in the
atmosphere, like other types of biofuels, and, as a result, does not contribute to the development of
the greenhouse effect.

Microalgae can also accumulate a variety of lipids and fatty acids, which are also valuable
products. In addition, the significant content of fats, which are lighter than water, provides them
with buoyancy, i.e. the ability to stay close to the water surface and have more access to light.

There are technologies today for cultivating microalgae in open water and in special instal-
lations — photobioreactors or photobioconverters.
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The disadvantages of open water microalgae cultivation are possibilities to carry out the
process only during the warm season and in the presence of sufficient sun irradiation. Therefore,
such technology can be effectively used only in areas with warm climate. Cultivating processes
can also be negatively affected by other weather factors, uncontrolled changes in the properties of
the environment (water), such as its pollution, the appearance of various organisms in the water,
changes in acidity, and so on. In addition, it is difficult to automate the processes of cultivation and
harvesting in open water.

The technology of cultivation in bioreactors, as a rule, does not have these shortcomings.
There are photobioreactors of various designs. Here are the main ones [6].

Photobioreactors, shaped in the form of open troughs with a relatively thin layer of water, in
which algae are placed. Despite their advantages (the possibility to create an optimal environment
for cultivating, efficient mixing, automation, etc.), they have a number of disadvantages inherent in
open water bodies (for example, the impact of adverse weather conditions).

Photobioreactors, shaped in the form of transparent flasks and tubes filled with cultivating
medium and algae. Such installations are less sensitive to weather conditions, but have other disad-
vantages. Access to the light required for photosynthesis through transparent walls is complicated
over time due to plaque on the walls, which is formed inside, and the mass of microalgae near the
walls also complicates the passage of light inside, as the number of microalgae increases.

Photobioreactors, shaped in the form of large tanks made out of transparent material. In
general, they usually need artificial lighting because light does not penetrate well into the thickness
of microalgae, even when mixing takes place.

Photobioreactors, shaped in the form of pyramidal containers, which are open horizontal
troughs with cultivating medium and algae, located in a pyramidal body of transparent material.
Given the advantages inherent in open troughs, these installations are not significantly affected by
adverse weather factors. However, the disadvantage of such installations may be certain technolog-
ical problems with the saturation of the environment with carbon dioxide and its efficient use, as
well as problems with ensuring the continuity of the cultivation process.

The aim of the research is to show by economic calculation that combining the process of
microalgae cultivation for biofuel production with the process of wastewater purification from ni-
trogen and phosphorous compounds makes the technology economically inefficient.

2. Materials and Methods

The authors propose a number of microalgae strains, based on the analysis of the properties
of microalgae biomass growth, as well as the accumulation of lipids in them, suitable for cultivation
for the subsequent production of motor biofuel. Among them, strains of Botryococcus Braunii and
Chlorella Vulgaris may deserve special attention [7].

Specificity of Botryococcus Braunii strain is that the dry mass of these algae has a high
content of hydrocarbons, which varies depending on the race. Therefore, they can be considered as
a potential source of renewable fuel.

According to the characteristics of containing their dry weight hydrocarbons, there are three
races of Botryococcus Braunii:

—race 4 — the hydrocarbon content is about 61 % of dry weight;

—race B — the hydrocarbon content varies from 26 % to 86 % of dry weight;

—race L — the hydrocarbon content of 2—8 % of dry weight.

These three races differ in some morphological and physiological characteristics (Table 1).

It is possible to conclude that the most promising and interesting for research are algae races
A and B, because of having high content of hydrocarbons.

Another positive feature is that the hydrocarbons, obtained from Botryococcus Braunii have
a high octane number. So, they can be used as fuel for various modes of transport.

However, these algae have some drawbacks. First, their growth rate is low, which creates
the problem of their use on an industrial scale [8, 9]. To increase the rate of growth, it is necessary
to create the optimal temperature, ensure the content of nutrients in the water and provide other
favorable conditions.

Secondly, the known plants for their cultivation are not effective enough. In view of the
above, it is necessary to conduct further research to find new efficient designs of solar energy
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plants that can provide the most favorable conditions for the process of bioconversion of solar ener-
gy, namely the cultivation of algae Botryococcus Braunii.

Table 1
Distinctive characteristics of Botryococcus Braunii races
No Characteristics of Botryococcus Braunii races Race A Race B Race L
C,.—C, odd n-alka- Triterpenes C H,
1 Nature of hydrocarbons 25 Scllienes n=3 0_3; 20-10 Tetraterpenes C, H.

Orange-red or orange-brown due to the accumula-

2 Color of the colony stationary phases Pale yellow or green tion of carotenoids
3 Long chain phenols of alkenes Present Absent Absent
. Very long aliphatic chains, connected by ethe- Tetraterpenoid, connected
4 Nature of biopolymers ric bridges and fatty ethers by etheric bridges
3. Results

Conventional technology for biodiesel production out of microalgae includes cultivation, har-
vesting, dehydration and drying of biomass, extraction of oils and further processing to obtain methyl
esters and glycerin. Residual biomass (after extraction of oils) contains a significant part of organic mat-
ter and can be used for biogas production. This significantly increases the energy value of microalgae.

Cultivation process require energy, first of all electricity. According to the existing technologies,
specific consumption of electricity during cultivation in open photobioreactors is about 1 W/m? of the
cultivating area, for closed photobioreactors — 5 W/m?.

The microalgae cells must be collected and dehydrated after cultivation. Filtration or cen-
trifugation can be used for this purpose. There is a sufficient amount of equipment on the market
to perform this processes, because necessity for dehydration of microorganisms often arises in
various areas of economic activity.

The average values of energy costs per 1 m? of culture medium, according to open sources,
are: filter presses — 1.8 MJ/m?® (degree of dehydration 80 %); centrifuges — 3,6...14,4 MJ/m® (degree
of dehydration of 90 %).

The efficiency of removing oils from the dehydrated biomass of microalgae is 90 %. The
energy required to extract oils from dehydrated biomass at large production volumes can be taken
by analogy with the production of rapeseed oil from the initial biomass. The average specific ener-
gy cost per one kilogram of oil obtained is: 0.35 MJ/kg of electricity; 1.75 MJ/kg of thermal energy.

Energy efficiency of processing oils obtained from microalgae into biodiesel is 90 %. The
average specific energy costs for the production of one kg of biodiesel, for large production vol-
umes, can also be estimated by the existing conventional technologies: 0.043 MJ/kg of electricity
and 0.75 MJ/kg of thermal energy.

The energy efficiency of processing the residual biomass of microalgae (after removal of
oils) into biogas is 90 %. The average specific energy costs for the production of one normal m? of
biogas can be estimated according to the existing conventional technologies and are: 0.48 MJ/m? of
electricity and 1.5 MJ/m? of heat.

The total amount of potentially obtained energy stored in energy sources made out of cul-
tivated microalgae (biodiesel and biogas) is: for closed photobioreactors — 267.1 MJ/m?; for open
photobioreactors — 76.41 MJ/m?.

The total amount of potentially used electrical and thermal energy, respectively, spent on
the microalgae cultivation and biofuels production out of them is: for closed photobioreactors —
172.38 MJ/m? and 19.72 MJ/m?; for open photobioreactors — 44.43 MJ/m? and 5.65 MJ/m?.

The percentage of energy that is spent on biofuel production in relation to the energy stored
in biofuel itself is: for closed photobioreactors — 72 %; for open photobioreactors — 66 %

A positive energy balance changes to a negative one, assuming that the electricity consumed
is generated by thermal power plants, given their low efficiency. Let us assume that the electricity
is generated at a thermal power plant with cogeneration, which operates with efficiency of 60 %.
The amount of energy that is actually contained in the consumed electrical energy is: for closed
photobioreactors — 287.3 MJ/m?; for open photobioreactors — 74.05 MJ/m?.
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The percentage of energy consumed in relation to store in biofuels in this case will be: for
closed photobioreactors — 115 %; for open photobioreactors — 104 %. Thus, the production of bio-
fuels from microalgae becomes energy and economically inefficient.

Biogenic are chemical elements that are permanent part of living organisms and perform
certain biological functions in them. Biogenic elements include: oxygen, carbon, hydrogen, nitro-
gen, phosphorus, boron, sulfur, calcium, potassium, sodium, chlorine, as well as iodine, zinc, mag-
nesium, manganese, iron and other chemical elements needed by organisms in small quantities.

An important resource necessary for the cultivation of microalgae is water, as the basis of
the culture medium. Practice shows that the use of wastewater as the basis for the culture medium
makes it possible to reduce the consumption of clean water for these purposes up to 90 %. In this
case, the wastewater must be pre-treated, primarily to make it transparent.

4. Discussion

The main biogenic elements in municipal wastewater are nitrogen and phosphorus, which
are in the form of various compounds. These compounds, getting into water bodies, lead to their
eutrophication. They increase the rate of phytoplankton development on the water surface. It re-
duces the water permeability to light and oxygen. Insufficient light intensity leads to inhibition of
deep plants growth and to their death. Insufficient oxygen amount causes the death of other aquatic
organisms.

The consequence of eutrophication is not only the death of fish in water bodies used for fish-
ery, but also lead to a decrease in environmental safety if the water bodies are used for recreational
purposes (for water tourism), or as a source of drinking water. Cyanobacteria (blue-green algae)
that accumulate on the surface of a water body produce secondary metabolites such as a wide range
of toxins known as cyanotoxins. They are often considered pathogenic despite not developing in the
body because they have the potential to adversely affect human health.

Production of motor biofuels from plant raw materials is considered very promising [10].
There are several generations of biofuels depending on the biological raw materials from which it
can be made. The first generation — made from the biomass of soil plants specially cultivated for
these purposes. The second generation — made from biomass waste. The third generation — made
from the biomass of specially cultivated aquatic plants. Many researchers show that the most prom-
ising for the biofuel production can be microalgae due to their rapid growth rate and high lipid
content of their biomass [11]. However, the authors often do not take into account the economic
component. The cycle of biofuel production, starting from the cultivation of biomass to the fin-
ished product, includes many technological processes with significant energy and, consequently,
economic costs [12—14]. If the economic component is taken into account, then the calculations by
aggregated indicators, taking into account the costs of the entire production chain up to the finished
product, the process is not profitable [15]. Energy and economic costs of fuel production exceed the
energy and economic benefits of selling such fuel.

Practice shows that household wastewater that has undergone mechanical and biological
treatment at conventional sewage treatment plants contains a large number of nitrogen and phos-
phorus compounds. Their concentration at the outlet of the treatment plant is not constant, but
varies depending on many factors.

Microalgae are good absorbers of biogenic elements (phosphorus and nitrogen compounds are
used in photosynthesis) [16]. Many studies show a fairly high efficiency of nitrates and phosphates
removal out of wastewaters during their treatment by metabolism of microalgae [17, 18]. However,
many authors also do not take into account the economic component and do not show any economic
efficiency. The purification process is long-lasting and requires treatment facilities of large sizes.
Despite the technical efficiency, this often makes such treatment economically unfounded.

Thus, the process of cultivating raw materials for the production of motor biofuel can be
combined with the process of treating wastewater from biogenic elements. This combination takes
advantage of both processes and reduces overall energy and economic costs. The process in this
case becomes economically viable and preventing eutrophication of water bodies.

The main feature of the study is to confirm the prospects for the production of motor biofu-
els out of microalgae biomass. Despite the significant costs of cultivation and production process,
which are estimated to exceed the profit from the sale of the fuel received, the ways, which can
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change it, are shown. A common trend in the technological processes that are being developed is
the reduction of the use of new resources and the reduction of waste generated. The use of second-
ary resources, such as wastewater, significantly reduces the cost of the technological process, and
the manufacture of additional products along with the main one. It allows not only the reduction or
complete elimination of waste, but also the possibility of getting additional profits from the sale of
additional products. This makes it possible to turn the unprofitable process of biofuel production
into a profitable one while reducing the negative impact on the environment.

The advantage of the study is the use of an approach to solving the problem, which provides
the absence of waste. One of the processes of the proposed technology is wastewater treatment. The
waste of this treatment is biomass of microalgae, which is considered as raw material that then can
be used for producing biofuels and other additional products.

Microalgae based biofuel production has also some restriction. Not all strains of microalgae
that can absorb contaminants from wastewater pretty well, including nitrogen and phosphorus
compounds, can be considered as raw materials for biofuels due to the insufficient content of lipids
in their biomass. In addition, not all wastewater can be used as culture medium. Some types of
industrial effluents can have significant concentrations of toxic elements, including heavy metals.
When cultivating microalgae in such media, their biomass is saturated with these elements and
becomes unsuitable for the production of motor fuels or other products. Therefore, among the lim-
itations we can name the necessity to apply only strains of microalgae with high content of lipids,
as well as to use wastewater with low concentrations of toxic substances.

The question arises of increasing the efficiency of cultivation in the future by increasing
biomass growth rate and increasing the rate of lipid accumulation. The direction of further research
should primarily be the search for strains of microalgae with the highest efficiency of biogenic
elements absorption. Such strains must also have a high rate of biomass growth, high lipid content
of the biomass, and be undemanding to the cultivation conditions. On the other hand, the direction
of further research should also be the search for optimal cultivation conditions for the development
of highly efficient production technologies.

5. Conclusions

Given the constant rise in prices for traditional energy sources, the problem of finding al-
ternatives is one of the most actual. Solar energy, as an alternative source, has been used in various
countries around the world for a long time. One of the most interesting technologies for the use of
solar energy is its bioconversion, which is a relatively new but promising technology. This study
can make a significant contribution to solving energy problems in the future.

Obtaining hydrocarbon fuels through bioconversion of solar energy is also a promising way
to develop alternative energy in many countries, which can increase the country’s energy indepen-
dence and significantly reduce the negative impact on the environment associated with the use of
coal and petroleum products.
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