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A METHOD FOR ESTIMATION OF BIOMASS ENERGY UTILISATION
BY BIOGAS PRODUCTION

Abstract. Currently, about 10% of the energy in the world is biofuel energy from
plant biomass. Anaerobic fermentation is a sustainable technology in waste
processing and energy production. First-generation biofuels are made from dedicated
feedstocks and conversion technology bioenergy crops. Second-generation biofuels
are bio-based products derived from non-food feedstocks, which are agricultural and
forestry feedstocks. Third-generation biofuels are produced from aquatically
cultivated feedstocks. To assess the output of biogas from biomass, it is necessary to
perform calculations of anaerobic fermentation processes. The well-known Buswell
model allows for the theoretical determination of the amount of biomethane from a
substrate with organic substances. The method estimates the output of anaerobic
fermentation products based on theoretical stoichiometric evaluation. Theoretical
Biochemical Methane Potential considers all organic substances as biodegradable.
The amount of biomethane (nCH,) is a parameter that depends on the elementary
composition of organic matter. To determine nCH,, measurements and calculations
based on elemental analysis are required. The empirical formula of organic matter
can be determined using stoichiometric equations. Higher values are obtained for
grains and lignin - from 698.6 to 705.4 dm’/kg, for wood and straw the biogas yield is
from 476.5 to 514.2 dm’kg. Solid wastewater sludge - 570 dm’/kg. Biogas from
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anaerobic fermentation not only represents a clean energy source but also contributes
to reducing the volume of solid waste and greenhouse gas emissions. Anaerobic
fermentation can also be integrated into various agricultural and industrial
processes.

Key words: Biogas, Biomethane, Anaerobic Fermentation, Biothermodynamics.

Introduction. EU goals determine the decarbonization of the Member States.
One of the directions for decarbonization is the projects of renewable gases (biogas,
biomethane) and biofuels. The potential of the renewable gases industry, according to
European Biogas Association (EBA) exceeds the prospects for using hydrogen.
Biomethane is a biogas that is brought to a gas quality containing 95 % to 98 % of
methane. The production of biomethane is carried out by the technology of anaerobic
fermentation of waste and residues of agricultural biomass. Biomethane can be used
for the production of thermal and electricity, as fuel for compressed and liquefied
transport, as well as as a raw material for the chemical industry. In 2020, the
production of biomethane in EU countries will be up to 32 TW-h. In the period up to
2050, the production of biomethane will increase from 1000 to 1400 TW-h, which
will replace 20 % of the need for natural gas, according to EU plans. According to
EBA, the number of biomethane plants in EU countries is 729. Germany has the
highest proportion of biomethane installations (232), France-131, UK-80 [1-5].

Electricity production with biomass is possible by thermochemical technologies:
burning, rapid pyrolysis and gasification. Direct combustion is the simplest way to
produce thermal energy with efficiency of about 75 % and electricity with efficiency
of about 8-13 %. Rapid pyrolysis is the process of rapid heating of fuel and waste in a
boiling layer to high temperature in the absence of air. Charcoal particles and
pyrolysis gas come out at the outlet. The electrical efficiency of technology is from
20 to 30 %, and the thermal efficiency of modern installations reaches 91-93 %. The
technology of gasification of woody and plant waste is sold in high temperature and
pressure with restriction of air access. The electrical efficiency is 40 %, and thermal
efficiency is 40-45 %.

Gasificationis is thermal oxidation occurning at high temperature (750-900 °C) in
the environment (steam, air, oxygen, or a mixtuie of them). Gasification products are
gases-H,, CO, CHi, and CO,. There are also solid product (char), inorganic
contaminants (H,S and HCI) and organic contaminants (tar). Anaerobic Digestion
(AD) is process whereby microorganisms break down biomass in the absence of
oxygen. AD for biogas production involves four processes called hydrolysis,
acidogenesis, acetogenesis, and methanagenesis. Hydrolysis breaks down polymers
like cellulose, starch, and proteins into monomers by exoenzymes. Acetate, H,, CO,,
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and volatile fatty acids (VFA) are produced during acidogenesis while acetogenesis
produces acetic acid. The final process, methanogenesis runs parallel to the third to
transform the CO, and H; into methane.

The basics of biogas energy generation and thermodynamic principles

(The role of thermodynamics in enhancing anaerobic digestion efficiency)

By applying thermodynamic principles to biogas energy generation, we can
enhance the overall efficiency and maximize the benefits. The following are key
consideration:

-Heat exchange,

-Exergy analysis,

-Entropy optimization,

-Utilizing thermodynamics for maximizing energy generation from biogas

Relevance of the research. Biogas is the promising technology of decreasing
natural gas usage. Its burning simply returns the sequestrated CO, by plants and,
possibly, converted by animals. Thus, it doesn’t influence the CO, balance in the
nature instead of using fossil fuels releasing the CO, deposits accumulated dcuring
billion years. Biogas is a renewable resource. Thus, effective usage of it is one of the
solution of global warming problem.

Latest research and publications.

The basics of biochemical processes of carbohydrate breakdown. There are
two processes of carbohydrate breakdown - anaerobic breakdown of carbohydrates
(glucolysis) and aerobic breakdown (oxidation) of carbohydrates. The anaerobic
process of carbohydrate breakdown can be analyzed on the multi-stage process (12
intermediate stages) of the conversion of glucose into lactic acid according to the
reaction [6-7] with the difference in the Gibbs energy AG, [kJ/mol]:

CsH1,06= 2CH;—~CHOH-COOH, AGy=— 115.137 kJ/mol (1)

Glucose breakdown efficiency is 40% (cucumbers). Another direction of the
process is the transformation with the participation of acetylcoenzyme and the
formation of acetic acid CH;COOH (vinegar fermentation).

Aerobic decay (oxidation) of carbohydrates and glycolysis pass equally to the
stage of formation of pyruvic acid. In the presence of oxygen, the process of
converting pyruvic acid into lactic acid is inhibited and the process of oxidation of
pyruvic acid, which leads to several times more release of the amount of free energy
(up to 1250 kJ/mol). Fermentation refers to intracellular mechanisms. Due to
fermentation, many organisms receive chemical energy from glucose and other
subtractic without molecular oxygen. Fermentation is a life without air.

In 1857, the biological nature of the fermentation process caused by living cells
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of microorganisms was proved by Louis Pasteur. He found that in aerobic conditions,
yeast 1s formed from sugar 20 times more a small substance than in anaerobic. He
found that oxygen suppresses fermentation (Louis Pasteur effect). The process of
methane fermentation was studied at work [8]. The fermentation process was
considered from two phases. In the first phase of complex organic substances acids
(acetic, anthill, lactic, oil and others), alcohols (ethyl, propyl, butyl and others), gases
(carbon dioxide, hydrogen, hydrogen sulfide, ammonia), amino acids, glycerin and
others) are formed. The first phase is called acidic or hydrogen fermentation, because
In the process, the excretion of acids and pH is reduced to 5-4.5.The second phase
(alkaline or methane fermentation) - there is a further decomposition of substances
with the release of gases consisting of methane, carbon dioxide, hydrogen and
nitrogen. The Barker scheme is convenient for practical use. Other works distinguish
three and four phases of decay of organic matter and different groups of bacteria.
There are the following phases of methane synthesis from the substrate:

1. Hydrolysis phase. High molecular weight organic substances (protein,
cellulose, carbohydrates, fats) by hydrolysis bacteria are converted to low
molecular weight water-soluble compounds (monosaccharides, amino acids,
fatty acids and water). The polymers turn into monomers.

2. Acid-forming phase. Organic monomers are decomposed into acids (acetic,
propionic, oil), alcohols and aldehydes and compounds: H,, CO,, N,, H,S.
Anaerobic conditions are created necessary formation of methane bacteria.

3. Acetogenic phase. This phase is carried out by acetogenic bacteria. This forms
acetate with hydrogen and acetic acid by using hydrogen to restore CO,.

4. Methanogenesis.

Acetic acid is decomposed into methane, carbon dioxide and water according to

the reaction:

CH3COON — CH4 + COZ + Hzo (2)
Hydrogen and carbon dioxide turn into methane and water:
CO, +4H, — CH,4 + 2H,0 — (3)

stimulate the process of synthesis of biogas supplement of green amaranth plants,
corn and melafen.

Acetogenation - the process of converting fatty acids, amino acids and alcohols
into acetic acid at a temperature of 25°C. The duration of the process is about 24
hours with the formation of acetic acid. Methanogenic phase - methane and carbon
dioxide. The duration of the process is about 14-20 days. Most bacteria form methane
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of molecular hydrogen and carbon dioxide according to the reaction:
4H, + CO, — CH, + 2H:0. 4)
Some types of bacteria form methane from acetic acid.
CH;CON = CH,4 + CO; (5)

The processes of methane formation of cellulose and formic acid, methanol and
methylamine, carbon monoxide are known. Processes in the acid phase and
methanogenic phase occur at different speeds. Acid bacteria (aerobic) double the
mass for 5-10 hours. Methanogenic bacteria develop slowly and double the mass in
3-5 days.

The known McCarthy scheme [9], according to which the process of anaerobic
substance occurs in three phases:

e in the first phase, complex organic substances biological polymers (proteins,
lipids, polysaccharides) are subjected to hydrolysis with the formation of
organic acids (oil, propionic, dairy), under the influence of microorganisms,
hydrolysis of monosaccharides, organic acids and alcohols occurs, and, as a
result, hydrogen, ammonia, acids are formed.

* the second phase is acetogenic microorganisms — anaerobic bacteria that
convert organic acids into acetic acid, hydrogen, carbon dioxide;

* in the third phase, meta-forming bacteria break down organic matter using
metabolites formed in the first phases.

Methanogens use water to recover CO, to CHy

4H2 + CO2 = CH4 + 2H20 (6)

Biomass resources. The energy efficiency of plant biomass is determined by its
yield and annual production [10, 11]
Let us perform the the analysis of the influence of pyrolysis parameters in
thermal destruction on the composition of biofuels when using various raw materials.
Fundamental hydrolysis of cellulose from extraordinary wood. Using pre-
treatment of corn cobs with a deep eutectic solvent fraction of hemicellulose and
lignin of raw biomass, cellulose content increases by 140 %. Corn straw was pre-
treated with microorganisms and a microbiological agent helps to reduce the process
of biogas production. This reduces the content of lignin and cellulose, gas formation
increases.
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Table 1. Energy characteristics of biomass

. Yield/Dry matter Energy efficiency
Biomass [t/hm?] GJ/hm® | TOE/hm”
Cereal straw 2,6/2,2 40,3 1,38
Potato buds 1,7/1,3 19,5 0,67
Straw rapeseed 2,5/2,1 38,2 1,30
Potato tubers 21,2/5,3 85,9 2,93
Beet 38,7/9,7 155 5,3
Corn stems 55/15 274,5 9,37
Jerusalem artichoke stems 95,7/27,5 495 16,9

* TOE — Ton of Oil Equivalent 29.3 GJ/T

Anaerobic Biomass Conversion in Methane. The output of biogas from

vegetable biomass is given in Table 2 [12].

Table 2. Biogas exit from vegetable biomass

3
Type of raw material Gas output, m” per 1 kg of Methane content, %
dry matter
Tree leaves 0,219 -0,29 58
Corn stalks 0,38 — 0,46 59
Oat straw 0,29 -0,31 59
Barley straw 0,25-0,30 59
Rye straw 0,20 -0,30 59
Wheat straw 0,20 -0,30 59 - 60
Beet tops 0,40 —-0,50 85
Potato tops 0,28 — 0,49 60—75

The energy intensity (energy) of biogas is 22.3 MJ/m’ [13]. 0.30 m’ of biogas, or
180 dm’ of methane at a concentration of 60 %, can be obtained per 1 kg of dry
biomass. The energy consumption of dry biomass is 15...18 MJ/kg. When burning
biogas with an energy consumption of 6.7 MJ/kg.

Processing of plant biomass is determined by technological processes or exergy.
Analyzing various technologies and losses of exergy of vegetable fuel we get the
following:

1. Grinding, drying and pressing, packaging (98-99 % of output energy), seal 5-
10 times.

2. Fermentation (liquid fuel energy) efficiency - 30 %, low concentration of fuel
components in substrates; expensive technologies;

3. Methane fermentation (methane), efficiency 30...40 %, low gas formation;

4. Thermolysis (gas synthesis, CO + H,, efficiency 20...40 %), the disadvantage is
high temperatures.
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Comparing technological processes, it can be seen that solid fuels can be obtained
with low loss of degradation energy and are the most promising. Experimental studies
of the efficiency of transformation of aerobic fermentation products into biogas and
electrical power showed that the efficiency of biomass conversion in plant was
59.87 %. The efficiency of energy products in relation to the overall energy energy
reaches a low value of 27.66 %. Degradation of energy intensity is observed.

More effective is the production of animal manure (40-50 m*/10 m’ per day) or
biogas (Landfillgas) from dumps [15].

The elemental composition of vegetable biomass and the highest combustion heat
are shown in Table. 3. In Table 4, there are compositions of organic waste (manure).
And in Table 5, there is a biogas production for different substrates and additives.

Table 3. Elementary composition of vegetable biomass
and higher combustion heat

Elementary composition Wood Lignin Straw Crops
C, max. % 47..51 65,9 42..47 43...60
H, max. % 5,7...6,3 4,9 5,1...6,0 6,4...7,2
O, max. % 39...44 23,0 | 39,1..43,8 | 24...46
N, max. % 0,13..0,54 | 0,7 04..1,1 1,7..3,9
Ashiness 0,5...4,0 5,1 3,8..12,2 | 2,0..4,6
Higher combustion heat Q°, MJ/kg | 18,4...19.2 | 20,6 | 15,8...17,7 | 17,0...26,5

Table 4. Chemical composition of organic waste (manure)

Content, %, of
Substrate type C O S H N
Cattle Manure 61 12 1 8 18
Litter 82 9 0,9 1 7
Pig Manure 81 11 0,08 7 0,92
Horse Manure 77 13 0,07 9 0,75
Cattle Manure and Corn Grains 71 16 1 8 19
Pig Manure and Corn Grains 91 4 9 7 4
Horse Manure and Corn Grains 82 9 15 1 0,8

The decomposition of manure occurs through the process of anaerobic
decomposition — urease urobacteria — according to the reaction:

CO(NHz)z + HzO = (NH4)2 CO3 (7)
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Table 5. Biogas yield from different types of substrate
with active biological additives

Biogas yield [m’/10 kg of substrate]
Substrate without with the addition | with the addition of
additives of corn the drug Medosfon
Cattle Manure 9,19 9,8 10,92
Horse Manure 7,31 9,9 11,59
Pig Manure 13,92 14,8 16,66
Chicken Manure 7,7 9,33 10,38

Ammonium carbonate decomposes:
(NH4)2CO3 = 2NH3 + C02 + HZO (8)

The complete decomposition of fresh cattle manure according to the conditional
formula (in mass fractions of organic matter) is written as:

Cos1 Hoos Oo.12 Noag Sor +0.77 H,O —
— 0.275 NHi + 0.5HCOs + 0.413CO;, + 0.571CH4 + 0.011H,S 9)

Hence, 0.413 g of CO, and 0.571 g of CH, will be released per 1 g of ashless
substance.

Chemical composition of the degraded waste to predict methane production. The
formation of methane from decomposed waste (fermentation products) can be
determined from the chemical reaction as

b
5+§—Z)CH . (10)

b
H, ————H
C,H,O,+ 1 2) 0O—

————— )CO +

where C,H,O, — organic matter; a, b — stoichiometric coefficients.

This model did not include the production of hydrogen. In the process of glucose
decomposition, according to the reaction equation, methane can be obtained in the
amount of: from 1.0 g CsH1,06 we’ll obtain 0.25 g CH4, 0.69 g CO,, 0.06 cell mass,
and 632 kJ energy or (from 1 mole of glucose, 2.8 moles of CHs and 2.6 moles of
CO; are obtained [15]).

The aim of the work is to estimate the possibilites of biogas production from
different sources.

Main part. Currently, about 10 % of the energy produced in the world is biofuel
energy obtained from the fermentation of plant biomass. Biofuels from biomass have
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been widely implemented: sugar cane ethanol in Brazil, corn ethanol in the United
States. Anaerobic digestion is a sustainable technology used in waste treatment and
bioenergy production.

First generation biofuels are produced from dedicated on the feedstock and
conversion technology bioenergy crops. Second-generation biofuels are bio-based
products that that come from non-food feedstock. That is agriculture and forestry
feedstock. Third-generation biofuels are produced from aquatic cultivated feedstock.

The Buswell model [16] allows for the theoretical determination of the amount
of biomethane from an organic substrate. The model combines chemistry, biology,
mathematics and thermodynamics in a biosystem.

The stoichiometric Buswell’s equation (BE,) plays a paramount role in counting
quantity of biomethane either in pure or mixed organic matters.

The equation can be written as follows:

y z _
_Y_Zlg o=
YT

C H O+

x y oz

co, (1)

Theoretical biochemical methane potential (TBMP) considers all organic
matters are biodegradable. Quantity of biomethane (nCH4) is a parameter which
depends on the elemental composition of organic matters.

To determine nCH., measurements and calculations are necessary based on
elemental analysis, the empirical formula of an organic matter can be determined
using stoichiometric BEgq.

The most organic matters their C/H/N/S contents are analysed using elemental
analysis. The mass fraction w; [%] of elements i and of ash w, [%] in samples are in
Table 6.

The mathematical relationship for ultimate analysis is shown:

Wagn+ > wi = 100%.
For C,H,0O.CIN,S, matters [%]:
dwi=we + wa+ wo + wa + wy + ws.
For C,H,0.CI,N,S, matters [%]:
dSwi=we + wh+ wo + wa + wy + ws.

Mass fraction of the ash is calculated by the equation:
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Table 6. Mass fraction of elements

Element/Component
c | H | o | ca | N | s | Ash
Sample Atomic mass L [g/mol]
12.011 | 1.008 | 15999 |35.453| 14.007 |[32.065| -
Mass fraction w; [%]
Chicken |53, | 5g5 2738 | 035 5.16 045 | 15.49
litter
Feedlot | 4539 | 535 3098 | 1.16 0.96 029 | 15.87
manure
47-51 | 5.7-63 | 39-44 0.13-0.54 0.5-40
Wood - -
(50) (5.7) (39) (0.13) (5.17)
Lignin 65.9 4.9 23 - 0.7 - 5.1
42-47 | 5.1-6.0 | 39.1-43.8 0.4-1.1 3.8-12.2
Straw - -
(47) (5.5) (40) (1.0) (6.5)
Coreals | 43760 | 64-7.2 | 24-46 ] 1.7-3.9 ] 2.0-4.6
(60) (7.2) (24) (3.0) (5.8)

Note: in parentheses, there are values considered for calculations in this work
Wasn = 100 — Y w;.

The values taken into account in the calculations are indicated in Table 7 in
parentheses.

We can convert the element to mole by dividing the mass of element per it’s
atomic mass. Thus, the mole 7 relation

e _We Wy Wo W Wy Wy
12
NNy Ny R iRy i Ng=—": — Il =Xxlyizisiviu (12)
Le Uy Ho Hg Hy Hg

Let the mass of a waste be 100.0 g then the elemental ratios in chicken litter and
feedlot manure are counted (Table 7). The empirical formulas and masses are in
Table 8.

Stoichiometric coefficients BE, are determined from the equation:

4x—y—2z+s+3v+2u

C.H,O0.CI;N,S + 1 H,0—
- 4x+y—2z—8w—3v—2u CH4+4x—y+22gs+3v+2u CO,+
+sHCI+vNH ;+n H, S (13)
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Table 7. Elements ratios

Sample/mole Ne=X | nu=y | no=z | INn=V | ns=u | na=Ss

Chicken litter 3.773 5.804 1.711 0.368 | 0.014 | 0.90

Feedlot manure 3.779 5.308 1.936 | 0.069 | 0.009 | 0.033

Wood 4.167 5.655 2.437 0.009 -

Lignin 5.492 4.861 1.437 0.050 -

Straw 3917 5.456 2.500 0.071 -

Cereals 5.000 7.143 1.500 0.214 -
Table 8. The empirical formulas and empirical masses

Sample Empirical formula, Empirical mass,
C.H,0.CI,N,S. u(CH,0.CI,N,S,)

Chicken litter C3.773H5.80401.711Clo.010N0.368S0.014 84,510

Feedlot manure C3.770H5.30801.936Cl0.033N0.069S0.009 84,130

Wood Ca.167H5.65502.437N0.00 94,33

Lignin Cs.492Ha.86101.437No.050 94,5

Straw Cs.917H5.45602.500N0.071 93,5

Cereals Cs.000H7.14301.500N0.214 94,2

The values of stoichiometric coefficients are given in table 9

Table 9. Values stoichiometric coefficients

Sample Ny,0 HcH, Nco, NHcl VINH, Ny,s
Chicken litter 1,752 2,042 1,732 0,010 0,368 0,014
Feedlot manure 1,549 2,037 1,742 0,033 0,069 0,009
Wood 6,166 2,177 1,989 - 0,009 -
Lignin 3,595 2,976 2,516 - 0,050 -
Straw 1,356 1,989 1,928 - 0,071 -
Cereals 2,625 2,938 2,062 - 0,214 -

BE, for wood:

C4,167H5.65502.437N0.000 T 6.166H,O — 2.177CH4 + 1.989CO, + 0.009NH3

BE, for lignin:

C5,492H4,861O1,437N0.050 + 3,595H20 — 2976CH4 + 2,516C02 + 005NH3

BE, for straw:

(14)

(15)
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C3.917H5.45602.500No.071 + 1.356H0 — 1.989CH,4 + 1.928CO, + 0.071NH;  (16)
BE, for cereals:

Cs.000H7.14301.500No214 + 2.625H,0 — 2.938CH4 + 2.062CO, + 0.214NH;  (17)
BE, has the form for chicken litter:

C5.773H5.80401.711Clo.010No0.368S0.014 + 1.752H,0 — 2.042CH4 + 1.732CO; +
0.010HCI + 0.368NH; + 0.014H,S. (18)

BE, has the form for feedlot manure:

C3_779H5_30801_936C10.033N().06QSO_009 + 1.549H20 —> 2.037CH4 + 1.742C02 + 0.033HC1 +
0.069NH; + 0.009H,S. (19)

Biomethane and biogas can be calculated by the following formula:
Nc= X = Hcu, T Aco,
For mole of biomethane

_A4x+y—2z—s5—3v—-2y
nCH4_ 8

Mole of biogas
Ncn, T Nco, T Muct + Ang, T Aps =X + s +v+n.
The calculation results are in table 10.

The percentage parameters of anaerobic digestion can be determined by the
following two relations in per cents:

1 00 . nbiomethane (20)
n biogas
n
100 ——— (21)
Neg, T heo,
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Table 10. Calculation results

Sample | Mol | Molof | 100 x 100 x Volume,
of | biome- s Mbiomet y Ney, dm’
biogas | thane Poiogas| ey +co, CH,; | CO, | NH; | biogas
Mpiogas Npiomethane [%] [% ]
Chicken | 4 1es | 2042 | 49.03 54.12 M1 14500 — |1103.96
litter 11
Feedlot | 5 o711 2037 | 5130 53.90 2.1 e g !l — 11035.73
manure 29
Wood | 176 | 2177 | 2.1 _ 5124' 469.0 | 2.1 | 986.1
Lignin s 545 | 3.013 | 544 _ 735' 596.4 | 11.8 | 1313.2
Straw 3988 | 1.989 | 499 - 4756° 4619 17.0 | 955.4
Cereals | 57141 2937 | 563 - 6968' 4903 | 50.9 | 1239.8

Using the values of elemental composition (x, y, z, s, v, u) or stoichiometric
coefficients (7u,0, nicu,, Aco,, Mucl, ANk, Aus) We obtain [dm’]:

_22400(nCH,) 22)
“"nC.H,0,CIgN,S,
Viiogas = Ven,+ Veo, + Vil + Van, + Vas. (23)

In biotechnological systems, there are two kind of processes:
* isochoric in sealed apparatus;
 isobaric in open-type apparatus.
In isochoric processes, the volume is constant disregarding the volume change
due to heating or cooling the vessel. The heat amount amount

2 2

0,=[ldU+pav|=[ au=U,-U =AU, (24)

1 1

where U — internal energy [J]; p — pressure [Pa]; V' — volume [ms]; U, — the internal
energy at the beginning of a process [J]; U2 — the internal energy at the end of the
process [J]; AU — change of the internal energy [J].

In isobaric processes, the pressure is constant disregarding the barometric
pressure change during the process. The heat amount
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2 2
0,=[du+| pav=U,~U +pV,-pVv =
1 1

=(Vy+pV, =V \+pV,\|=H,~H ,=4H, (25)

where V; is the volume at the beginning of the process; V- is the volume at the end of
the process; H; is the enthalpy at the beginning of the process [J]; H> is the enthalpy
at the end of the process [J]; AH is the enthalpy change [J].

Hence, the heat of the process at p = const or V= const is a function of the state
of the system. This is a consequence of the first law of thermodynamics is the
theoretical basis of thermochemistry and is called Hess law.

According to the Hess’s law, the thermal effects of different physicochemical
processes are calculated: biochemical reactions, phase transitions, dissolution
processes, etc., when there are no experimental data. In biochemical transformations
there is a change in the internal energy of the system, due to the fact that the internal
energy of the reaction products differs from the internal energy of the substances that
reacted (the source products).

Hess’s law can be formulated as: the thermal effect of a reaction that occurs at
constant pressure or constant volume, does not depend on the path of the reaction,
and 1s determined only by the condition of the starting substances and reaction
products.

The thermal effect of isochoric reaction is equal to the increase in the internal
energy of the system [J]:

Oy = AU. (26)

The thermal effect of an isobaric reaction is equal to the increase in the enthalpy
of the system [J]:

0, =AH. (27)

The thermal effect of the endothermic reaction (which occurs with heat
absorption) is taken positive, and for the exothermic reaction, the thermal effect will
be negative (reaction with heat release).

When streamlining thermochemical equations of reactions, the aggregate state of
reagents should be indicated: (T) - solid, (P) - liquid, (d) - gaseous.

Using the consequences of Hess's law, it’s possible to calculate the value of
thermal effects for biochemical reactions.
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For comparison and use in calculations, thermal effects are calculated under
standard conditions: pressure p = 101325 Pa and temperature 7= 298.15 K (25 °C).

The thermal effect under standard conditions is denoted as AzH’ (R means
"reaction").

The standard thermal effect of the reaction is equal to the difference of standard
heat formation of reaction products and starting substances (taking into account the
steichiometric coefficients):

AVHOZZ(VI'AH?AI‘)_ZI'(VfAH?‘A/‘)a (28)

where i is the number of each initial material and j is the number of each final
products.

The standard heat (enthalpy) of the formation of a substance AH/ [J] (f means
"formation") is the thermal effect of the reaction of the formation of one mole of this
substance from simple substances (or elements) taken in the thermodynamically
stable state at 7= 298.15 K and p = 101325 Pa.

The heat of the formation of simple substances in thermodynamically stable state
under standard conditions is taken equal to zero (AH/(O,) = 0).

Knowing the thermal effect of the formation of a chemical compound in one
aggregate state, it is possible to calculate the thermal effect of its formation in another
aggregate on the basis of Hess's law:

AH ,|d|=4H ,|P|+4H (29)

evaporation®

AH,|P|=4H ,|d+AH (30)

melting
where AH...poraion — the enthalpy of evaporation [J]
There are three kinds of information that we must have for biochemical
engineering: balances, kinetics and thermodynamics.
The standard molar enthalpy of combustion A4.° [kJ/mol] of organic matter is
proportional to the number of electrons that it transfers to oxygen during combustion

[7,17]
h=—111.19"E 31
Where 111.19 kJ/mol is the energy amount per electron; E is the number of

electrons transferred to oxygen during combustion to COx(g), H>O(1), Na(g), P4O1o(s),
SOs(g) [kJ/mol]:
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E; bio:nc(%(} C02+§nH E; HZO_hg
h (i =Nco, Moyt Mo Wi .0= N Hc) (32)
or
_ W
h0~ . — f(bzo) (33)
/(bie) Mr(bio)
for the reaction
1 1
C.H, O, + nc+ZnH 02—>nCC02+EnHH20 (34)

Standard molar entropy can be determined according to the equation [7].

_ SY
§0.=0,187) —n, (33)

1

Where n; is the number of atoms of element in the empirical formula of the
biomass, S? — standard molar entropy of element i [kJ/mol], a; — the number of atoms
per molecule of element i in its standard state elemental form.

The standard state elemental form of carbon is graphite, which is simply written
as C, which makes ac= 1. The hydrogen, oxygen and nitrogen are in their standard
state in elemental forms. All diatomic gasses H,, O, and N,, respectively, which
implies that ay = ao = an = 2.

Equation (34) can be used to predict standard specific entropy of a wide range of
organic substances.

The equation for S}, looks like:

S? =0,187|S%n .+ SZHZ ny,+ Yo, v

ny (35)

Since the empirical formula contains n.=1 carbon atoms, ny=1.770 hydrogen
atoms, no = 0.490 oxygen atoms, ny = 0.240 nitrogen atoms.
The standard molar entropies [18] are:
§7=5.51J/mol - K; % =130,68]/ mol - K; S, =205.15J / mol * K;
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S5, =191.61J /mol - K.

Specific enthalpy and specific entropy depending on temperature can be
calculated as:

h',=h+h,=h}+C,[T-T,|,

(35)

0 Q0 T
§'=8°+S,,=8"+C In| - (36)

o

where C, — specific heat capacity; A and S, are corrections that need to be made
from 7, =298.15 K to T.
The specific heat capacity of dry biomass is 1.308 J/(g-K) [7].
Using the values 71;, b, and E;», », determines the standard molar Gibbs free

energy of formation using the Gibbs equation [J/mol]:

gof.biozzof.bio_To.gof.bio’ (37)

Table 12. Standard molar enthalpy, entropic, Gibbs free energy

Substance AH® [KJ/mol] AG® [KJ/mol] AS° [J/(mol-K)]
Ha(g) 0 0 130.6
H,O(c) -285.9 -237.2 70.0
H>O(g) -241.8 -228.6 188.7
CO(g) -110.5 -137.3 197.9
C(s) 0 0 5.7
COx(g) -393.7 -394.6 213.8
N(g) 0 0 191.4
Oa(g) 0 0 205.0
S(g) 0 0 31.9
CHa(g) -74.6 -50.5 186.3
CH;CHOHCOOH(T) -694.08 -522.92 142.26
CH;COCOOH(P) -584.5 -468.38 179.5
C12H2,01(T) -222.1 -1544.65 360.2
CeH 1,06 T 2802.04 205.03 29.37
Cr 0 0 5.74
COur -393.51 0 213.66
H,O -241.81 0 188.74
CH,4 -74.85 0 186.27
CH;COOH -484.1 -389.36 159.83
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To estimate the effectiveness of processes, we need performing not only energy,
but also the exergy analysis.

The mass, energy and exergy balance equations are presented here. The
governing equations for mass conservation are

SMjy — SMip =0, (38)

where ZM,, — the sum of all masses of components before the process; M, — the
sum of all final products.
The first law of thermodynamics gives the energy balance

QW= My~ M, (39)
where QO — supplied heat [J]; W — performed work [J].
The exergy balance equation [J]:
EXin — EXou = EXdest (40)

where Ex;, — the total exergy before the process [J]; Ex.. — the total exergy after the
process [J]; Exq.. — the exergy destruction [J].
The total exergy rate of each component is calculated using the equation [J]

Ex = expn — exXen, (41)

where ex,;, — the specific physical exergy; ex., represents the specific chemical exergy.
ex,, for the water, organic streams, and biogas streams are determined respectively
using:

expn = hy— ho — T+(8; — S0); (42)
€Xph = Cp (T— To — Toll’l(T/T()), (43)
Exph = Cp(T— Ty — T()ll’l(T/To) + RT) h’l(p/po) (44)

The specific chemical exergies of the organic streams are calculated using the
model of Song et al [19]

Ex.,=369.439 C+1075.633 H—86.308 O +4.14 N+ 190.798 S — 21.1 Ash, (45)
ithere C, H, O, N, S, and Ash determine the the organic content of the substances,

which are carbon, hydrogen, oxygen, nitrogen, sulfur, and ash, respectively.
The exergy destruction for each state point is defined as [J]
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Exdest = (1 - TO/T)QI - W+ Mn'exin - Mout'exout- (46)

Energy and exergy the efficiency of biogas systems is carried out according to
[20]

The maximum exergy efficiency of 35.52 % was attained at organic loading rates
of 0.5 dm’/day and hydraulic retention time of 15 days when food waste with fat
concentration of 0.5 % was used. The exergy loss associated with irreversibility of
AD, the biogas, liquid sludge and net waste heat accounted for 64.59 %, 23.19 %,
9.16 %, 2.96 % respectively.

Conclusions. The results allow assessing the potential of biogas production from
various raw materials. The proposed methodology for calculating the output of biogas
gives the opportunity to predict the biogas release. The proposed methodology of
thermodynamic analysis of the anaerobic fermentation process and the exergy
analysis showed that the exergy efficiency of the process is about 35.52 %.
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METO/I OLIIHIOBAHHSI BAKOPUCTAHHSA EHEPI'II BIOMACHU
HIJIAXOM BUPOBHUIITBA BIOTI'A3Y

Anomayia. Ha oanuii yac 6nuzvrko 10% enepeii, wo eupobnsiecmoca y ceimi — ye
eHepeis bionanusa, 00epxicy8ano2o 8 pesyivmami gepmenmayii pociurHoi biomacu.
bionanuso 3 6iomacu ompumano wupoxomacuimadOHe SUKOPUCMAHHA.! emAaHol i3
yykposoi mpocmunu 8 bpaszunii, emanon i3 kykypyosu 6 CIIIA. Anaepobne 6podinnus
ye cmilka mMexHoN02is, WO BUKOPUCTMOBYEMbC NpuU nepepobyi 68i0xo0ie ma
supobHuymei ewnepeii. Ilepwii noxoninHs 0Oionanus 6ucOmMoGIeHi 3 CUPOBUHU 3d
MEeXHON02IEN NepemBopenHsl 0i0eHePeMUUHUX KYIbmyp.
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bionanueo opyzozco noxoninnsa — ye npoodykmu Ha 0i0N02IYHIU OCHOBI, WO
BUPOOTAIOMBCSL 3 BUKOPUCTAHHAM HEeXAp4080i CUPOBUHU CLIbCLKO2OCNOOAPCHLKO20 |
Nic08020 noxoodicenus. Tpeme noxoninusa bionanue upooIeHo 3 60OHOI CUPOBUHUL.

s oyinku 6uxody 6iocasy 3 Oiomacu He0OXIOHO GUKOHAMU PO3PAXYHKU
npoyecié anaepodonozo 0podinna. [llupoxo eidoma modenv baszyena o0o3eonsae
meopemuyHoO GUHAYUMU KIIbKICMb Olomemany i3 cyocmpamy 3 OpeanidvHux pedosuH.
Mooenv noconye ximiuni, 6iOXiMIuHI | MepMOOUHAMIYHI Npoyecu, Wo 8i00Y8aOmMvbCsl 8
biocucmemi. Memoo bazyena oyinwoe 6uxio npooykmie amaepobHo2o OpOoOiHHA HA
OCHO8I meopemuyHoi cmexiomempuunoi oyinku. TeopemuyHi OIOXIMIYHI MemAaHO8I
nomenyianu (TBMP) pozensdaromes 6ci opeauiuHi pevosuHu 5K 0Ii0OpO3KIAOHL.
Kinvxicmo 6iomemany (nCH,) € napamempom, KUt 3aiexcums 8i0 enemMeHmapHoi
Komnozuyii opeauiunoi mamepii. /na euznauennss nCH, neoOXiOHi eumipto8anHs i
PO3DAXYHKU, W0 0a3ylomsvcsi HA eleMeHMHOMY aHali3l, a eMnipuuHy gopmyny
Op2aHiYHOI  peuoBUHU MOJCHA BUSHAYUMU 3d OONOMO20I0 CMEXiOMempUuiHO20
Memooy.

binvw eucoki 3nauenns ompumani 0 3epHOGUX ma JicHIHY - 610 698.6 0o
705.4 om’/xke, Ona Oepesunu ma conomu 6uxio 6Oiocazy cmanosume 6i0 476.5 0o
514.2 om’/xe. Teepouui ocao cmiunux 600 oae 570 om*/ke.

biocas, ooeporcysanuti y npoyeci anaepobno2o 6poOinHs, He MINbKU € YUCHUM
ooicepenom eHepeii, ane MAaKoMC CHPUSE 3MEHULeHHIO 00'emy meepoux 6i0xo0ie ma
3HUMICEHHIO BUKUOI8 napHukosux 2azie. lLle 6i00yeacmbca 3a6805KU  3MEHULEHHIO
VMBOPEHHs. Memawy, AKUU 3a36Udail GUOLTAEMbCS NI0 4acC PO3KIAOAHHS OP2AHIYHUX
8i0x00i8 'y NpupoOnux ymoeax. Anaepobne OpOOIHHA MaKoddC Modce Oymu
iHmezposane 6 pi3Hi CLIbCbKO20CNO0APCHKI MA NPOMUCTIOBI Npoyecu, Wo 00380JI5€
3HAYHO NIOBUWUMU ehEeKMUBHICINb BUKOPUCMAHHSL PECYPCIS.

Bukopucmanus pisnux munieé oOionanusa, sk-om 0ioouzens, 0iocaz ma
Oioemanosn, Mae 8ax)ciuge 3HayeHHs 0l nepexody 00 OLlbulL CMIUKOI eHepeemuyHol
cucmemu. bioouzenv modxcna ompumysamu 3 pizHUX 6U0i8 pOCIUHHOL Olii ma 8i0x00i6
Xapyoeoi  npomMuciogocmi, wjo pooumsv U020 NEPCNEeKMUBHUM  3AMIHHUKOM
mpaouyilino2o Ou3enbHo20 naauea. Bukopucmanusa OGioemamnony y mpanHcnopmuomy
CeKmMopi 00NoMa2ac 3MEeHUWUMUY 3a1eHCHICMb 8I0 BUKONHUX NAIUE MA CKOPOMUMU
BUKUOU WKIOTUBUX DEYOBUH.

Knrwwuoei cnoea: 6iocas, biomeman, anaepobre Opoodinus, 6iomepmoOUHaAMIKdA.
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