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INCREASING OF PROCESS ENERGY EFFICIENCY
OF BIOGAS PLANTS PRODUCTION PROCESSING

M.M. Maxcumos, B.O. [Jasuoos, I'.B. Kpycip, O.b. Maxcumosa. IlinBullieHHs] eHePreTHYHOI e()eKTHBHOCTI MpoLecy nepepodKu
npoaykuii 6iorazoBux ycraHoBok. B pesynbrati po3kiiaaHHs pOCIMHHOI OioMacH B 0i0ra30BHX YCTaHOBKAaX BUXOJMThH 3HAYHA KiIBKICTh
TaKOrO pecypcy sK 30pokeHuil 3anumok. dopmanbHO 1e IiHHE 0i0J00pHBO, aje Ha MPAKTUIl icHye Oe3mid (akTopiB, SKi MOXKYTb
00MEeXyBaTH HOr0 BUKOPHCTAHHS. CE30HHICTh B MOTPEeOU, HEOOXIAHICTh CKIIQJyBaHHA, ICTOTHI BUTPATH HA TPAHCIIOPTYBAHHS, HEOOXITHICTh
nonepeHpoi 00poOku i T.1. KpiM Toro, B 3aBIaHHIO BHPOINIyBaHHA OiOMacH I HOJANBLIOrO ii NEPETBOPEHHS B EIEKTPOCHEPTilo,
€KOJIOTi4HO YHUCTI 6i0700pUBa TAKOXK BTPavyalOTh CBOK aKTYaJlbHICTh. 3 iHIIOTO OOKY, 30POMKCHHI 3aJIMIIOK MA€ ICTOTHHN €HEpPreTHYHHI
MOTEHIIiaJl, BUKOPUCTAHHS SIKOTO MOJKE ICTOTHO MiZBUIIUTH MMOUHY nepepoOKu BHUXiTHOI Oiomacu B enekTpoeHepriro. [IpoBeneHa ouinka
SHEPreTHYHOr0 IMOTEHLIANy BHXIAHOI KyKypya3sHoi OiomMach Ta aHami3 e(pEeKTHBHOCTI TepMi4HOI OOpOOKM 30pOMKEHOro 3aIUIIKY B
nipomizHoi neui. I[Toka3aHo, mo yTumi3anis BCiX OPOLYKTIB MipoIi3y JO3BOIUTH IiBUIUTH BUX1J KOpHCHOI eHeprii Ha 62% B MOPIiBHAHHI 3
€HepreTHYHUM IIOTEHIIIaloM BUpOoOy Giorasy. YTumizamis TUIbKH Miporasy MmifABUINYe e(eKTHBHICTb BChOTO mpouecy Ha 38%.

Kniouosi crosa: 6iorazoBa ycTaHOBKA, 30pO/PKEHHN 3aJTUIIOK, MiPOJTi3Ha MY

M.M. Maksimov, V.O. Davydov, G.V. Krusir, O.B. Maksimova. Increasing of process energy efficiency of biogas plants
production processing. As a result of the decomposition of plant biomass in biogas digesters, a significant amount of such a resource as
digestate is obtained. Formally, this is valuable biofertilizer, but in practice, there are many factors can limit its use. For example, seasonality
in need, the need for storage, significant transportation costs, the need for pre-processing, etc. In addition, in the task of growing biomass for
its subsequent transformation into electricity, environmentally friendly biofertilizers also lose their relevance. On the other hand, digestate
has a significant energy potential. The use of this potential can substantially increase the depth of processing of the initial biomass into
electricity. The work evaluates the energy potential of the initial corn biomass and analyzes the efficiency of the thermal treatment of
digestate in a pyrolysis furnace. It is shown that utilization of all pyrolysis products will increase the yield of useful energy by 62% in
comparison with the energy potential of biogas produced. Utilization of pyrogas only increases the efficiency of the entire process by 38%.

Keywords: biogas digesters, digestate, pyrolysis furnace

Introduction. In 2014 within the framework of the EU directive, the government of Ukraine de-
cided to adopt a national plan of the action for renewable energy until 2020. Implementation of this
plan on attracting institutional as well as Ukrainian investors in 2020 will increase the use of renewa-
ble energy sources in the total balance up to 11 % [1].

Bioenergy is one of the directions of renewable energy development. It examines various aspects
of biomass into energy conversion - burning and pyrolysis, as well as production of biogas due to di-
gestion. First of all, these areas are designed for the agrarian sector and industry, since the most sus-
tainable and rapidly recoverable projects are created precisely on the basis of enterprises having own
raw materials, where the fuel is waste from the main activity.

Although bioenergy technologies were originally conceived as an effective tool for waste dispos-
al, recently there have been examples of purposeful technological growing of biomass with its subse-
quent transformation into biogas and production of heat and electric energy.

One of the problems of biogas production using anaerobic digestion technology is utilization of diges-
tate. The depth of processing of the initial substrate does not exceed 80 %, and, for example, for silage
corn is 50 %.

Theoretically, the digestate is an effective organic fertilizer. It balances the acid-base balance of
the soil, contributing to its less exhaustion. Unlike mineral fertilizers, which are absorbed by only
35...50 %, biofertilizers are absorbed almost completely. Biofertilizers do not increase the nitrate con-
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tent in products and soil, while maintaining a high yield. As practice of foreign countries shows, when
using liquid or solid biofertilizers, the yields increase by 40...50 %. The consumption is from one to
five tons instead of 60 tons of fresh manure for 1 hectare of land.

In practice, all the positive characteristics of biofertilizers, as part of the production of BM energy,
lose their attractiveness. If the task is to burn BM for the production of organized energy flows (electrici-
ty, gas), then the problem of accumulating nitrates in it loses its relevance. In addition, in order to take
the fertilizer to the fields it is necessary to spend fuel and to apply special equipment. Recall that if the
rate of manure application is 50...60 t/ha, biofertilizers — 1...5 t/ha, then mineral fertilizers are intro-
duced in an amount of 150 kg/ha. All this leads to the fact that even if the owner has biofertilizer as a
by—product of biogas production, exporting it to the fields economically has the maximum distance of
expediency, which depends on many factors. In addition, there are few interested in buying biofertilizers
of enterprises oriented to the production of agricultural crops, since the positive effect of transportation
of biofertilizers and their export to fields disappears at the 10...20km line.

Analysis of the Ukrainian fertilizer market shows that the compound NPK fertilizer can be pur-
chased on average for 10000 UAH/ton. Liquid biofertilizer will cost 35000 UAH per 1000 liters, and a
solid biofertilizer will cost 5400 UAH per 1000 liters. Although liquid biofertilizer is usually a con-
centrate, which before dilution into the soil is diluted with water in a proportion of 1:50, the cost of
mineral fertilizers will be lower. So the treatment of one hectare by mineral fertilizer on average will
cost the owner 1500 UAH. Liquid fertilizer — 3500 UAH. Solid fertilizer — 13500 UAH.

Another important aspect of the production of biofertilizer is its apparent seasonal nature of con-
sumption. It means that in off-season fertilizer has to be collected and stored and it leads to addition-
al costs.

Thus, when converting biomass into energy by anaerobic digestion, the task of finding technolo-
gy for economically feasible utilization of digestate arises.

Analysis of literary data and formulation of the problem. Today, the leading producers of bi-
ogas digesters, as the main method of CO disposal, use it as a fertilizer [2]. This approach has a num-
ber of shortcomings:

— CO cannot be used directly as a fertilizer, it requires preparatory processing (dewatering, sepa-
ration into liquid and solid fractions, dilution with water);

—any fertilizer is claimed seasonally and requires storage rest of the time;

— for applying biofertilizers to fields, both for liquid fraction and for solid, special equipment
is required;

— the cost of transporting biofertilizer over a distance of more than 10 km may in some cases ex-
ceed the economic effect of its use.

Therefore, recently there has been an increase in research in the field of alternative methods of
CO utilizing. The results of a study of CO use as a raw material for compost are presented in [3]. It is
shown that the storage of CO as a fertilizer is associated with the loss of nitrogen. Mixing bio fertilizer
with phosphate fertilizer will protect the nitrogen component.

During work [4], there is a great potential for using a solid fraction as a food additive for live-
stock.

It is proposed in [5] to use pyrolysis technology for pyrocarbon production. This approach seems
to be the most promising, as it allows to increase the output of fuel from a biogas digesters, and thus
potentially increase the yield of thermal and electrical energy.

If we consider a biogas digesters as a source of fuel for a gas power plant, then it would be more
logical to direct efforts to increase the yield of the gas component. This would improve the efficiency
of the process on existing equipment. Taking into account that the technology of pyrolysis of organic
nature substances (basic products in CO) has been sufficiently worked [6] and allows to control the
yield of gas, liquid and solid components, the most promising is the use of pyrolysis for maximum
extraction of CO from the gas component.
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Purpose and objectives of the study. The pur- Table 1
pose of this paper is to analyze the efficiency of the  paia on the sowing and harvesting of corn by years
digestate combustion process from biogas digesters in the Odesa region
in a pyrolysis furnace. This approach should lead i i i
to the appearance of an additional gas component, Year | Sowing, | Harvesting, | Period,
as well as a certain amount of charbon and resin, 1985 Af;l Sept;(;nber (135325
which potentially will provide additional heat and 1986 >7 2 148
electricity. 1087 21 22 154
To achieve the purpose, the following tasks 1988 19 8 142
were identified: 1989 17 11 147
—assess the energy potential of the initial 1990 19 11 145
substrate and efficiency of its transformation using 1991 19 18 152
methane digestion technology; 1992 21 15 147
— evaluate chemical composition of digestate; 1993 22 15 146
— estimate the energy potential when digestate 1994 18 14 151
is burned in a pyrolysis furnace with the maximum 1995 24 7 136
output of the gas component; 1996 23 19 149
—analyze the energy efficiency of the whole 1997 21 8 140

process.

Materials and methods for studying the con-
trol system of the technological section of steam generation.

1. Energy potential of the initial substrate.

One of the main sources of biomass for biogas production is silage corn.

On average, the corn vegetation period is 147 days.

We estimate the amount of insolation of the photosynthesis bound by the reaction and accumulat-
ed in corn during this period. For an example, we consider the statistical value of the mean solar inso-
lation for Odesa [7].

Table 2

Data of the mean solar insolation for Odessa, mJ m%/day

month |January | Feb. | March | April | May | June | July |August | Sept. | October | Nov. | Dec. | year
Odesa 450 |7.60|11.09 |15.77|20.34|21.06|21.74| 19.19 |14.15| 9.07 |4.90 |3.74 |12.78

We will take into account that the average efficiency of the process of photosynthesis for agricul-
tural crops is 3 %. Then, using the data of Table 3, we find that there are 2885.36x10000x0.03=865 GJ
per 1 hectare of cultivated area.

On average, from one hectare, 15 tons of dry corn are obtained [13]. From one ton of corn BM, a
maximum of 451.3 m® of biogas can be obtained with a methane content of 52 % [8]. The calorific
value of such gas according to Mendeleyev's formula is 18.7 MJ/m®. With 1 hectare we get
15x451.3=6769.5 m® of biogas. When it is disposed of, a total of 6769.5x18700000=127 GJ will be
produced. Taking into account that the maximum efficiency of gas power plants (combined-cycle
plants) reaches 60 %, more than 21.000 kWh of electricity can potentially be produced from the pro-
duced gas.

Thus, the process of obtaining biogas from corn BM by means of anaerobic digestion allows us
to extract and use up to 9 % of the energy contained in it.

In fact, this figure can be much smaller. Despite the active introduction and use of biogas digest-
ers, the mathematical apparatus for describing the output of biogas is poorly developed. It is impossi-
ble to accurately calculate in advance the depth of the decomposition of BM, the specific output of
biogas and its composition, depending on the chemical composition of the raw materials, the composi-
tion of the microbiological consortium for methane digestion, etc. The number of control actions af-
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Table 3 fecting the process technology is very

Calculation of the total specific insolation limited. Typically, this is temperature,

_ pH of the medium, temperature gradient

Amount of Specific _ Toul and rate of change in the temperature

Month days 'nj_c’lazt/'gn’ |nj9lzazt/|(;)n, inside the reactor, degree of hermeticity
April 9 m 11;77ay mlﬂlglay of the reactorz feed rate to thg reagtor
May 31 034 63054 and fresh portion of raw materials size,
June 30 51.06 631.80 cut-off frequency, frequency and dura-
July 31 2174 674.06 tion of the substrate mixing cycles in-
August 31 19.19 594.83 side the reactor. The natural factors are
September 15 14.15 21222 described by the set of possible parame-
Total 2885.36 ters. The only species of bacteria in-

volved in the process can be more than
a thousand, and there is still a chemical composition and physical condition of the raw material.

It's almost impossible to calculate everything. For a long time, a stoichiometric approach was
used to calculate the theoretically possible yield of biogas as a result of complete decomposition under
ideal conditions [9]. In fact, the output of biogas is much smaller. Therefore, in the design of biogas
digesters, experimental results are obtained using laboratory facilities simulating the required technical
process in miniature. The statistics of large biogas digesters are also collected. Statistics are processed,
grouped, and as a result, tables of recommended process parameters and approximate output parame-
ters are obtained when different types of raw materials are used. But the spread in these tables is up to
50 %. Therefore, it is possible to predict, for example, the daily yield and biogas composition for the
biogas digester being designed with exactly this accuracy. For example, according to various data, the
output of biogas from a ton of corn substrates varies from 187 m*/t to 550 m%t [8].

Nevertheless, the simplest calculations will allow us at least estimate the boundaries of the output
of biogas, especially the upper one. We carry out a similar calculation and estimate the chemical com-
position of the digestate.

2. Evaluation of the digestate chemical composition.

Calculated as a dry weight, the original corn BM has the following composition:

—74.43% starch ( CeH1p0s ),

-14.5% protein (NH,; —CH, —COOH);
-9.4% fat (C;sH3COOH );
—1.67 % mineral salts.

We determine the molar masses of the constituents.

M (CsH1005) =72M (C) +10M (H) + 80M (O) =162 g/mol.

M (NH; —CH, — COOH) =24M (C) + 5M (H) + 32M (O) +14M (N) = 75 g/mol.

M (CisH3:COOH) =192M (C) + 32M (H) + 32M (O) = 254 g/mol.

The molar masses of water, carbon dioxide, ammonia and methane are respectively equal to: 18,
44,17 and 16 g / mol.

Calculated as 1 ton of raw material, we get:

starch — 744 kg;

protein — 145 kg;

fat — 94 kg.

The content of mineral salts is neglected due to their low concentration.

Let's calculate the number of moles of each component.

Starch: 744.3x1000/162 = 4594.4 mol.

Protein: 145x1000/75 = 1933.3 mol.

Fat: 94x1000/254 = 370.08 mol.

Total 1 ton of corn BM is:

4594.4 CsH1005 +1933.3 NH; — CH, — COOH +370.08 C15sH3:COOH = C37354.50 He74540 27579 N1g33.3 .
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To determine the stoichiometric yield of biogas, we use the formula [10]:
CoHaOuNg +| N _a b H,0 e,
4 2 4 )

(Li—g—ﬁjcm+(ﬂ—3+9+ﬁ]002+dNH3
2 8 4 8

We put the data in (1) and obtain the theoretical yield of biogas at full decomposition under ideal
conditions:

Cs73sa50H67454027579N1ogz 3 +8151.7 H,0=19489.2CH,4 +17865.4C0O; +1933NHj5.

Calculated as kg, we get: 984.040 kg of corn BM+146.730 kg of water=311.828 kg of me-
thane+786.076 kg of carbon dioxide+32,867 kg of ammonia.

In practice, the yield of biogas is much smaller. According to [8], from an average of 1 ton of
corn substrate, 451.3 m*® of biogas comes out at 52 % methane, which corresponds to 237.384 kg of
methane and 213.916 kg of carbon dioxide, i.e. depth of processing is 54 %. Therefore, we assume
that the actual yield will be described by a generalized chemical formula: Caozss5Has671.2019221N1gas -

We assume that 54 % of the initial nitrogen contained in the substrate went to the construction of

protein compounds of the bacteria themselves and will be deduced from the digestate in the form of a
liquid fraction. Then the solid residue can be described by expression:

Cl7109.1H 21782.508358 N889.3 .

For convenience, in Table 4 there are given data on the change in the elemental composition of
the feedstock and products obtained during the methane digestion process of 1 ton of corn substratum.

Table 4

Elemental composition of raw materials and products in the process of methane fermentation calculated
as 1 ton of raw materials

Elements - Nurr|l|ber of elements,(r)nole - Weight, kg

Corn 37354.6 67453.6 27579 1933.3 984

Water - 16303.3 8152 - 146.7
Initial substrate 37354.6 83757 35731 1933.3 1130.8
Main products including 20245.5 45671.2 19221 1044 610.8
— methane 10634.8 42539.2 - - 170.2
— carbon dioxide 9610.67 - 19221 - 422.9
— ammonia - 3132 - 1044 17.7

Digestate 17109.1 38085.8 16509 889.3 520

Digestate after drying 17109.1 21782.5 8358 889.3 373.3

We analyze the energy potential of this mixture from the point of view of its further processing in
a pyrolysis furnace.

3. Energy potential of digestate when it is burned in a pyrolysis furnace.

Along with direct burning and gasification, pyrolysis is an effective method of thermochemical
processing of biomass, industrial and household waste, and at the same time one of the least developed
technologies for biomass energy use [11]. Pyrolysis is a process of thermal decomposition of organic
compounds without access to oxygen and occurs at relatively low temperatures (500...800 °C) in
comparison with the processes of gasification (800...1300 °C) and combustion (900...2000 °C).

The biomass pyrolysis reaction can be represented as follows: biomass + heat = C (carbonaceous
matter) + resins + CO + CO, + H, + H,O + CH4 + C,Hy,. Primary products can be liquid, solid car-
bonaceous matter and gases, depending on the type and parameters of the pyrolysis process, secondary
ones — energy, fuel and chemical products.

ENERGETICS. HEAT ENGINEERING. ELECTRICAL ENGINEERING
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Liquid pyrolysis products (“oils”, “pyrofuel”, “biofuels” or “resins”) in irreversible form repre-
sent a dense black resinous liquid, the yield of which can reach up to 80% of the mass of dry raw ma-
terials (with rapid low—temperature pyrolysis). Pyrofuel can be used as a substitute for boiler fuel (in
gas turbines and diesel units).

The pyrolysis solid product is a carbonaceous substance (Q°, = 30 MJ/kg), whose yield can reach
30...35 % of the mass of dry raw material during carbonization and slow pyrolysis, which can be used
as fuel for household fireplaces, as well as for technological needs of the industry metallurgical, elec-
tric, pharmacological, water purification and gases).

Gaseous pyrolysis products are a medium-calorie gas (Q°, = 15-22 MJ/kg), or low-calorie gas
(Q°, = 4-8 MJ/kg), in case of partial gasification. The yield of gaseous fuel reaches up to 70 % of the
dry raw material mass during high—temperature rapid pyrolysis. The composition of the gas depends
on the raw materials and process parameters. Such gas is usually used in the pyrolysis process itself to
maintain the process temperature and to dry the row materials.

Chemical products of pyrolysis are several hundred chemical constituents. The possibility of ex-
tracting individual chemical products opens up wide opportunities in obtaining additional combustion
components.

Modern technologies of BM pyrolysis are divided according to the following characteristics
(Table 5): rate, heating (fast, slow pyrolysis), medium in which pyrolysis takes place (vacuum,
hydropyrolysis, methanopyrolysis).

Table 5
Characteristics of the main pyrolysis technologies
Characteristics Fast pyrolysis, low Fast pyrolysis, high Slow Pyrolysis
temperatures temperatures

Process time 1s 1s 5...30 min
Size of raw material small small average
Humidity of raw materials very low very low low
Temperature, °C 450...600 650...900 500...700
Pressure, kPa 100 10-100 100
Gas:
yield, % mass of dry raw material Up to 30 Up to 70 Up to 40
heat of combustion, MJ/Nm3 10...20 10...20 5...10
Liquid:
yield, % mass of dry raw material” Up to 80 Up to 20 Up to 30
calorific value, MJ/kg 23 23 23
Solid:
yield, % mass of dry raw material Up to 15 Up to 20 20...30
calorific value, MJ/kg 30 30 30

We assume that using the technology of fast pyrolysis, the percentage composition of pyrolysis
products (gas, tar, coal) will be 70, 15 and 15 %.

Then:

gas composes 0.7x373.3=261.31 kg or 261.31/1.2=217.7 nm®;

resin 0.15x373.3=56 kg;
coal 0.15x373.3=56 kg.

Let's take the average heat of combustion of the resulting biogas equal to 15 MJ/Nm?. Then the
energy potential of pyrolysis products will be:

gas 217.7x15000000=3.27 GJ;
resin 56x23000000=1.29 GJ;
coal 56x30000000=1.68 GJ.
In total we receive 6.2 GJ.
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We will take into account that 15 tons of initial material are collected from one hectare. Then the
total yield of energy obtained in the pyrolysis furnace is 6.2x15=93.5 GJ. Of these, 49 GJ are account-
ed for by the gas component.

Thus, by exposing the digestate to a pyrolysis furnace, it is possible to increase the energy yield
by 93.5/127=73 %. Utilization of only the gas component on the existing equipment will increase the
energy output by 49/127=38 %.

In reality, the estimates obtained will be lower, since the amount of useful energy is determined
by the efficiency of the installation at which the conversion of fuel energy to electrical energy occurs.
So gas generators have an efficiency of up to 60 %, and thermal ones up to 40 %.

It should be specially noted that, despite the increased attention to the technologies of thermal
conversion of biomass in recent decades, there are no mathematical models and results of their use for
describing the processes of slow or rapid pyrolysis of biomass, even in small ranges of changes in
basic technological parameters. Such a state of the theory of the processes under consideration is most
likely due to the lack of experimental data sufficient for constructing mathematical models of pyroly-
sis and their subsequent use for predictive modeling of the results of thermal conversion technological
cycles of wood biomass (primarily in bioenergy).

Based on the analysis and generalization of the results obtained earlier on the regularities of the
regulated thermal decomposition of digester biomass, the following conclusions can be drawn.

1. It is established that for the group of specific materials studied the composition of pyrolysis
products depends on the heating conditions (temperature and rate of its growth) in an inert atmosphere

2. Fast heating leads to an increase in the fraction of solid residue in pyrolysis products.

3. The main experimental data on the dependence of the share of solid, liquid and gaseous prod-
ucts of pyrolysis on the temperature and the heating rate are obtained for agricultural waste (barley,
rice, wheat, straw, corn stalk, pomegranate seeds, cotton waste, sugar cane squeezes, etc.).

4. The results of generalizations of experimental data that would allow making an informed con-
clusion about the similarity (or similarity) of the mechanisms of thermal decomposition of different
types of digester biomass and, accordingly, the dependences of the composition of pyrolysis products
on temperature and the rate of its change, are not published.

5. Relationship between the yield of pyrolysis products and the structure or parameters of digest-
er biomass, characterizing its composition
or structure, has not been established. Water

2

6. There are no results of theoretical —] Mixture for 3
studies of the processes of both slow and Substare anaerobic / Biogas |_L\
| L]

. i . digesti
fast pyrolysis of digester biomass under 1} tgestion ’_* .
conditions of an inert atmosphere. /\v/\v/\ ——
7. Optimal technological parameters
for the implementation of specific technol-
ogies (thickness of the layer of ground Degistate | 5

vegetative biomass, temperature, heating |_)
rate, holding time, heat fluxes to the pyrol-

, Liguid 6
Dry molded fraction
granules

ysis zone, conditions for diversion of prod- 7 —
ucts, etc. have not been established. ol
Results of the energy efficiency
analysis of the whole process. In Fig. 1 molded . i
Electricity

there is presented the generalized structural
scheme of cogeneration complex of elec-  Fig. 1. General structural scheme of cogeneration complex

tricity-oriented deep digestate processing. of deep digestate processing: screw mixer (1);
As a rule, such complexes have a reactor-methanthenic (2); gas generator (3); electric
modular structure. The specific composi- generator on black oil (4); pyrolysis furnace (5); module

for the production of heating oil (a s.ubstitute for fuel oil) (6);

tion of the complexes depends on the indi-
P P drum granulator (7); drum dryer(8)

vidual needs of the customer.
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Fig. 3. Diagram of energy flows

in a pyrolysis plant

Typical modules can be oriented to:

— generation of electrical and/or thermal en-
ergy;

— production of synthesis gas;

— production of methanol;

— gas accumulation;

— rectification of the liquid fraction into fuel
products;

Cracking of the liquid fraction into the gas;

— gasification of the solid residue;

— production of activated carbon;

— manufacture of heating oil;

— production of carbon black;

— production of carbonic acid.

The proposed scheme allows to maximize the
output from the pyrolysis furnace of the gas com-
ponent.

In Fig. 2 there is shown a diagram of energy
flows in a biogas digester. The diagram corre-
sponds to the process of processing 15 tons of dry
matter collected from one ha of cultivated area. As
noted earlier, growing and harvesting of the origi-
nal corn BM requires an average of 146 days. Dur-
ing this period, BM perceives from the sun an av-
erage of 865 GJ of energy. Additional costs for
combustive and lubricating materials, water and
electricity are 2.5 GJ or 0.3 % of the energy inten-
sity of the raw materials.

We consider a biogas cogeneration digester,
oriented to the production of electricity with an
output electric power of 2 MW.

In Fig. 3 there is shown a similar diagram of
energy flows in a pyrolysis plant.

Preliminary digestate must be granulated and
drained. This will require 4.95 GJ or 5.3 % of the
energy consumption of digestate. After processing
of all the digestate received from the biogas plant,
the shares of energy intensity of pyrogas, resin and
coal will be 52, 21 and 27 % of the energy intensi-
ty of digestate, respectively. After the utilization of
the pyrogas, 29.4 GJ or 8165 kWh of useful ener-
gy will be received, which is 3.4 % of the energy
intensity of the feedstock. In this case, the yield of
the useful energy of the whole process is 12.2 %,
i.e. will increase by 38 % in comparison with the
utilization of biogas only.

Further increase in the depth of processing is
possible in the synthesis of furnace fuel from resin
and coal residues obtained during pyrolysis. The
energy content of this fuel is 44.5 GJ or 5.1 % of
the energy intensity of the feedstock. Its utilization
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will additionally provide 17.8 GJ or 4945 kWh of useful energy, which is 2 % of the energy intensity of
the feedstock. The yield of the useful energy of the whole process is 14.2 %, i.e. will increase by 62 %.

Thus, the use of pyrolysis technology for processing digestate will increase the yield of useful
energy by 38 % in case of utilization of only the gas component, and by 62 % in the case of utilization
of all pyrolysis products.

In Fig. 4 there is given a diagram showing the ratio of costs and revenues using the technology of
deep processing of biogas digesters products (BDP). The data are also given for 1 ha of cultivated ar-
ea. The costs of growing and harvesting are taken from the maize cultivation process sheet [12].
Maintenance of biogas digesters costs on average 4 % of the cost of the plant. The cost of considered
biogas digesters with a capacity of 2MW is 10 million euros. 10.5 hours of installation will cost to the
owner in 15139 UAH.

It should be recalled that this is the time required for the plant for the utilization of biogas ob-
tained from 1 hectare. With the current green tariff for electricity, which is 5.28 UAH/KWHh, the sale of
electrical energy, produced on biogas digester will bring to the owner 111760 UAH. The profitability
of the process is 600 %.

Electricity
UAH / ha from biogas
111760
Electricity
from pyrogas
Income pyrog
Electricity
43112 | Tomthe  Eeqricity
Ilqu.|d from coal
Cultivation fraction
and 11332 | 14781
harvesting
3481 N AN <
15139 600 144 580
Expenses Operatlloq of  Operation of a Diesel
- pyrolysis as generator
Biogas plant furnace gas g gener?tor
operation peration

Fig. 4. Cost-benefit ratio in biogas digesters deep processing technology

It was shown in that the average cost of operation and maintenance of electric generating sets is
10% of the cost of installation for one life cycle. The average life cycle is 100.000 hours. The calcula-
tions showed that the average costs for the utilization of CO in the pyrolysis furnace, gas and diesel
electric generators will be 600 UAH, 144 UAH and 580 UAH, respectively. At the same time, as be-
fore, we consider the residue obtained by processing the feedstock collected from 1 hectare.
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For the extra electricity, you can get 69225 UAH, which is 62 % of the income from the sale of
biogas only. At the same time, the profitability of the process increases up to 900 %.

Discussion of technology for deep processing of biogas digesters. The proposed technology al-
lows solve the problem of utilization of biogas plants digestate.

As practice shows, owners of biogas digesters in Ukraine are faced with a situation where there is
no demand for biofertilizer or its export to the field for a number of reasons becomes unprofitable.
Since fertilizer is in principle in demand only during the ripening period of plants, the use of digestate
as a fertilizer automatically implies the need for its collection and storage rest of the time. This means
the need to create specially equipped warehouses.

In some countries, the limits for the entry of various substances into the soil are strictly regulated.
Therefore, the storage location of the CO should exclude the percolation of the residue into the
ground. It should also eliminate the dilution of the remainder by rain. Given that the fermentation pro-
cesses continue in CO and carbon dioxide and methane are released, the warehouse should be well
ventilated.

If, however, the pyrolysis furnace is added to the complex of technical means, it is possible to
significantly increase the processing depth of the initial BM and increase the yield of useful energy by
65 %. Given that the pyrolysis process is well manageable, potentially a whole range of secondary
products can be obtained from digestate. In this paper, we consider a variant of the maximum produc-
tion of the gas component. This will allow us to generate additional power for existing equipment. The
installation of a diesel generator will also allow the utilization of furnace fuel that can be obtained by
mixing the liquid and solid fractions produced at the outlet of the pyrolysis furnace.

Abstracts.

1. Corn biomass accumulates an energy potential of 865 GJ on average during the growing sea-
son. In the process of anaerobic digestion, up to 50 % of the original biomass is processed. After the
utilization of biogas, 8.8% is converted into a useful electric power.

2. The chemical composition of digestate was evaluated. It can be described by expression
Ci71001H21782508353 Nage 3 Basically it is a mixture of cellulose, hemicelluloses, low-molecular carbohy-
drates, proteins and lignin.

3. Thermal treatment of digestate in a pyrolysis furnace and subsequent utilization of pyrolysis
products in appropriate power plants will additionally yield 47.2 GJ of useful energy, including:

— from the pyrogas 29.4 GJ;

—from resin 7.7 GJ;

— from carbon 10 GJ.

4. Application of the proposed technology for deep digestate processing will increase the yield of
useful energy by 62 %. In this case there will be no need to store and store the digestate. Also, poten-
tially there will be an opportunity in the subsequent reorientation of production for the production of a
number of products in demand in various industries. It can be the production of synthesis gas, heating
oil, activated carbon, carbon dioxide, a sorbent to collect oil products from the surface of the earth and
water, etc.

Thus, the proposed technology is a worthy alternative to using digestate as a fertilizer.
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