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Abstract: One of the unconventional, innovative ways of using biomass is using it as a component of
high-energy material. According to conceptual assumptions, biomass can act as an energy carrier in
modified high-energy materials-explosives (EX). Modification of the composition of the explosive
requires the development of a method of introducing an additional component and changes its
explosive and operational parameters (including safety). Thermodynamic calculation programs
allow you to model the predicted energetic parameters of an explosive in order to select prospective
compositions without the need to carry out a large number of costly and time-consuming field
tests. This enables more effective design of new explosives compositions by narrowing down
the scope of field tests using the “in situ” method. The use of renewable biomass as a corrector
of EX properties may be a pro-environmental approach and reduces the production costs of the
product. The thermodynamic simulations performed showed that, in the case of an appropriate
proportion of ingredients, comparable and better energy properties were obtained in relation to
the base composition. Moreover, the qualitative analysis of the sub-detonation products did not
reveal the emission of additional gaseous components harmful to the environment compared to the
reference explosive.

Keywords: biomass; high-energy materials; thermodynamic analysis

1. Introduction

Due to the development of urban planning and the increase in the global population,
huge amounts of waste are generated, and consumption contributes to the production
of biomass waste, which is a key social and environmental concern [1–3]. World produc-
tion of plant biomass waste (generated as a result of agricultural and forestry activities)
amounts to 140 Gt per year [4]. Proper management of such waste may contribute to
minimizing the harmful impact on the environment in the case of landfilling (an element of
waste management).

The guidelines for proper waste management are the waste hierarchy recommended
by the European Waste Framework Directive [5,6]. The five main points of the Directive
are ranked in the area of waste prevention and management:

1. avoidance/prevention;
2. re-use, through, among others, giving a new function;
3. recycling;
4. other recovery, incl. energy recovery (waste-to-energy WTE);
5. disposal.

In view of the adopted EU Directive [7] on the promotion of the use of energy from
renewable sources, the WTE method from biomass seems to be the most justified. This
direction of biomass use is promoted, among others, by the USA, Canada, China and
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Poland [8]. Agricultural biomass is primarily used for the production of biofuels. It is
estimated that by 2050, energy from biomass will cover more than 50% of energy needs
in most developed countries [9]. Poland plans to generate at least 80% of its total energy
from renewable sources, including biomass. More than 75% of biomass energy is to be
produced from agricultural biomass [10]. The potential of agricultural biomass as an energy
source has been the subject of research, among others, in India, China, Denmark, Poland
and Nigeria [11–15]. The conversion into energy can take place either directly or indirectly.
There are two main directions of using biomass for this purpose:

1. Biomass as a fuel;

The accumulated energy potential in biomass depends on the type of plant species
and ranges from 16.3 to even 26.5 MJ/kg [16].

2. Biomass as a fuel in various forms;

Agricultural biomass can be used as an energy source in various forms, depending on
its physical and chemical properties as well as availability:

• directly as combustible fuel;

Worldwide, over 30% of household energy comes from agricultural biomass for heat-
ing and cooking [17].

• as a gas fuel;

Biogas, produced from agricultural biomass, is stored and transported for domestic
use to meet energy needs for heating, cooking and lighting. It is estimated that about
1.5 billion m3 of biogas can be produced from biomass using gasification processes [18].

• as liquid fuel;

Agricultural biomass can be used to produce ethanol [19]. Poland is a leading country
that is taking steps to use agricultural ethanol additives in gasoline.

• as granular fuel (fuel pellets);

The fuel pellets market in Poland is significantly expanding, and according to reports,
over 720 Mg of pellets made of biomass are produced annually [20–28].

• to generate electricity.

Producing electricity from biomass is a viable option in developing countries [29].
The use of biomass for electricity generation has also been reported in Europe and North
America. In a study conducted in Poland in 2010 by the Ministry of Economy, it was found
that the structure of biomass use will change within 20–25 years. Most of the biomass
will be used to produce electricity and biofuels instead of producing heat [17]. Biomass
conversion mainly takes place through combustion, gasification, pyrolysis, fermentation
and chemical processes called transesterification [30]. The current use of biomass is invested
as a renewable energy source (mainly obtained as an energy raw material) - for combustion
or biogas production. Undertaking research will enable the use of waste biomass as an
energy source in explosives.

An ANFO explosive is a simple, two-component mixture most often containing 94.0%
ammonium nitrate (V) and 6.0% oil. Numerous attempts were made to modify the base
composition of ANFO with various additives, including aluminum, copper, zinc, mag-
nesium, coal dust, TNT, dolomite and silica powders [31–36] in order to improve the
performance properties of the explosive. The use of guar gum, CMC, petroleum jelly, cal-
cium stearates, kaolinite and polyurea to improve water resistance is described in [37–40].
The possibility of using biomass as a component of an explosive has not been described in
the literature so far. The effect of the addition of an organic substance (rice straw, corn cob,
sugar cane bagasse) on the ANFO detonation velocity (VOD) was presented only in [41].
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2. Materials and Methods
2.1. Characteristics of the ANFO Explosive

Explosives for civil purposes are commonly used in mining for rock mass loosening
and for engineering purposes (demolition, demining). It is the cheapest way of obtaining
rock and energy resources. Due to the relatively low cost of production, the simplicity of
production and the high availability of the necessary ingredients, a popular EX is Ammo-
nium Nitrate Fuel Oil, commonly called ANFO—two-component mixture of granulated
ammonium nitrate with liquid fuel (e.g., mineral oils, kerosene, mazout). Ammonium ni-
trate, which is the main component of ANFO, is characterized by a positive oxygen balance
of +20% (it is an oxidant), a low detonation temperature of about 1500 ◦C, and a detonation
speed of 1500–2300 m/s. It is hygroscopic and, therefore, lacks water resistance, which is a
disadvantage of this component. The chemical form of the nitrate used in the production
of ANFOs is of great importance. Granulated microporous nitrate has the best properties
because, due to its high sorption capacity, it permanently bonds with the oil, thanks to
which, due to the good mixing of ANFO ingredients, it obtains optimal blasting parameters.
The oil is a combustible component of the mixture, increasing the specific heat of the EX: it
has a low oxygen balance of about −300%, therefore it cannot be added in large amounts.
ANFO explosives can be produced in bulk and sold in bags used for manual loading, but
most often they are produced by mixing and loading systems at the point of consumption.
The currently used structures of production and loading systems have an open structure,
thanks to which they are relatively easy to expand with additional chambers. It is possible
to mechanize the production process of the modernized ANFO type EX. Despite some
disadvantages, ANFOs are often used in mining for blasting works. The currently observed
trend shows that, despite the fact that ANFOs may seem already technologically obsolete,
they are still an important group of explosives, therefore attempts to modify their chemical
composition or refining with additives seem justified and prospective [42].

2.2. IT Tool—Computer Program for Thermodynamic Calculations

The ZMWCyw computer program developed by the Military University of Technology
in Warsaw (Poland) was used to perform thermodynamic calculations. This program
performs thermodynamic calculations in the variant of constant volume. The calculation
algorithm is based on the European standard PN-EN 13631-15 [43]. The ZMWCyw program
uses the method of minimizing the chemical potential described in the works [44–46].
The program allows you to calculate the most important thermodynamic parameters
of explosives, such as explosion pressure, explosion temperature, heat of explosion in
a constant volume, explosion force and gas volume under standard conditions. These
parameters are the basic information about EX properties. The ZMWCyw program makes
it possible to determine the qualitative and quantitative composition of the resulting sub-
detonation products and the form of their aggregation (state: gas, solid or liquid).

2.3. Description of the Methodology of Calculating Thermodynamic Parameters

The ANFO explosive with the composition of 94% ammonium nitrate (V) and 6.0%
diesel oil was selected as the base - reference EX for modifying the composition (replacing its
components). The data of the basic ANFO components needed to perform thermodynamic
calculations were used from the database of the ZMWCyw program. The parameters
needed to perform the calculations for biomass with a simplified chemical formula were
adopted on the basis of research results [47]. The oxygen balance of individual explosives
compositions was calculated using a spreadsheet using the algorithm described in the
BN-80/6091-42 standard [48]. Thermodynamic simulations were performed by changing
the formulation composition of the base ANFO according to four calculation variants, each
time using a constant step of changing the proportion of components:

• variant 1.1—modification of the ANFO composition, replacing diesel oil with biomass;
• variant 1.2—modification of ANFO composition, replacing ammonium nitrate (V)

with biomass;
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• variant 1.3—modification of the ANFO composition, simultaneous replacement of
ammonium nitrate (V) and diesel oil with biomass;

• variant 1.4—searching for the optimal proportions of ingredients (oxygen balance
close to zero) of the composition at a constant biomass content of, respectively, 7.0%,
9.0%, 11.0% and 13.0%.

For the purposes of the calculations, the minimum step of the percentage change of
the content of components of 0.5% by weight was adopted. In this way, the thermodynamic
parameters (explosion temperature, explosion pressure, explosion heat, volume of explo-
sion products, and explosion force) were calculated for 16 explosives’ compositions and
the base ANFO. Each explosive has been assigned the abbreviated designations given in
Sections 3.1 and 3.2. The calculations performed under variants 1.1–1.3 allowed the gradual
impact of the change in the base composition of the ANFO explosive on the value of the
projected energy parameters to be determined. The simulations made according to the
assumptions for variant 1.4 made it possible to determine the influence of the determined
biomass content on the EX activities while maintaining an oxygen balance close to the
optimal ones.

3. Results and Discussion
3.1. The Results of Thermodynamic Calculations of Variants 1.1–1.3 and Their Discussion

The basic thermodynamic parameter influencing the action of an explosive is the oxy-
gen balance. It is considered that in the case of explosives consisting of several components
(the so-called mixed EX), optimal energy parameters are obtained when the oxygen balance
is close to zero. Excess or deficiency of oxygen in the structure of the explosive causes
the formation of poisonous or environmentally harmful gas sub-detonation products [49].
The use of an additional component changes the chemical and functional properties of
the mixture. The density also changes, which also affects the energy parameters of the
modified explosives. A summary of changes in the value of the oxygen balance and density
for individual EXs is presented in Tables 1–3.

Table 1. Oxygen balance and EX density of ANFO type with addition of biomass for variant 1.1.

Ingredients Density
[g/cm3] Oxygen Balance [%] Percentage of Ingredients

Ammonium
Nitrate (V) 0.82 20.00 94.00 94.00 94.00 94.00 94.00 94.00 94.00

Diesel 0.84 −348.25 6.00 5.50 5.00 4.50 4.00 3.50 3.00

Biomass 0.82 −139.05 0.00 0.50 1.00 1.50 2.00 2.50 3.00

EX density 0.821 0.821 0.821 0.821 0.821 0.821 0.821

EX oxygen balance −2.095 −1.049 −0.003 1.043 2.089 3.135 4.181

EX name ANFO 1.1/ B0.5 1.1/B1.0 1.1/B1.5 1.1/B2.0 1.1/B2.5 1.1/B3.0

Table 2. Oxygen balance and EX density of ANFO type with addition of biomass for variant 1.2.

Ingredients Density
[g/cm3] Oxygen Balance [%] Percentage of Ingredients

Ammonium
Nitrate (V) 0.82 20.00 94.00 93.50 93.00 92.50 92.00 91.50 91.00

Diesel 0.84 −348.25 6.00 6.00 6.00 6.00 6.00 6.00 6.00

Biomass 0.82 −139.05 0.00 0.50 1.00 1.50 2.00 2.50 3.00

EX density 0.821 0.821 0.821 0.821 0.821 0.821 0.821

EX oxygen balance −2.095 −2.890 −3.686 −4.481 −5.276 −6.071 −6.867

EX name ANFO 1.2/B0.5 1.2/B1.0 1.2/B1.5 1.2/B2.0 1.2/B2.5 1.2/B3.0
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Table 3. Oxygen balance and EX density of ANFO type with addition of biomass for variant 1.3.

Ingredients Density
[g/cm3] Oxygen Balance [%] Percentage of Ingredients

Ammonium
Nitrate (V) 0.82 20.00 94.00 93.00 92.00 91.00 90.00 89.00 88.00

Diesel 0.84 −348.25 6.00 5.00 4.00 3.00 2.00 1.00 0.00

Biomass 0.82 −139.05 0.00 2.00 4.00 6.00 8.00 10.00 12.00

EX density 0.821 0.821 0.821 0.821 0.821 0.821 0.820

EX oxygen balance −2.095 −2.890 −2.095 −1.594 −1.092 −0.591 −0.089

EX name ANFO 1.3/B2.0 1.3/B4.0 1.3/B6.0 1.3/B8.0 1.3/B10.0 1.3/B12.0

The oxygen balance of the base ANFO calculated in the ZMWCyw computer program
is −2.095%. In the case of variants 1.1 and 1.3, an increase in the EX oxygen balance
was observed, containing an additional component- biomass. Biomass with the chemical
formula given in [47] has an oxygen balance equal to −139.05%, and it is higher than in the
case of diesel −348.25%. Therefore, replacing a combustible component with biomass will
increase the resultant oxygen balance of the explosive. The optimal oxygen balance for the
variant 1.1 occurs when the biomass content is 1.0% (1.1/B1.0; oxygen balance: −0.003).
Even replacement of ammonium nitrate (V) and diesel fuel with biomass (variant 1.3) allows
for obtaining an oxygen balance of modified ANFO close to zero, with a higher component
content of 8.0% (1.3/B8.0; oxygen balance: −0.089) and 10.0% (1.3/B10.0; oxygen balance:
−0.591%). In the case of replacing the exclusion of the oxidant- ammonium nitrate (V) with
biomass (variant 1.2), a decrease in the oxygen balance is observed. Due to the obtained
negative values of this parameter, the remaining thermodynamic calculations for EX for
this variant were omitted. All compositions are of similar density.

The maximum heating temperature of the shot gases by the heat generated during the
detonation of the explosive is defined as the explosion temperature and it is a parameter
related to the explosion heat. Temperature is a catalyst that accelerates chemical reactions.
The list of explosion temperature changes for individual EXs is presented in Figure 1.
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Figure 1. Explosion temperature changes for individual explosives.

For the calculations of variant 1.1, the maximum value of the explosion temperature
was found for 1.1/B1.0, it amounts to 2693.80 [K] and is higher compared to the base
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ANFO (2663.00 K). At higher biomass contents, the explosion temperature drops sharply,
which correlates with the lowering of the oxygen balance of subsequent EXs. In variant 1.3,
the explosion temperature increases up to the content of 6.0% of biomass. For 1.3/B6.0 it
amounts to 2678.90 [K] and it starts to decrease rapidly when the content of this component
increases to 12.0%.

The basic parameter that determines the ability of an EX to perform work is the heat
of the explosion, i.e., the energy released during an EX chemical reaction. The higher the
parameter value, the greater the EX’s ability to do its job. By using the method of successive
approximations, it is possible to determine the temperature for the gaseous products of
the explosion. The list of explosion pressure changes for individual EXs is presented in
Figure 2.
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Figure 2. Changes in the explosion heat for individual explosives.

The highest value of the heat of explosion for the calculations of variant 1.1 was found
for 1.1/B0.5 (3989.30 kJ/kg) and 1.1/B1.0 (3985.30 kJ/kg). The calculated values are higher
than the base ANFO (3957.90 kJ/kg). When the biomass content exceeds 1.0% by weight,
the value of this parameter decreases in a linear manner. In variant 1.3, the obtained values
of the heat of explosion are lower than the base ANFO. With the content of 2.0% of biomass
for 1.3/B2.0, the obtained value was close to the reference EX, amounting to 3946.90 [kJ/kg].

The power of an explosion is defined as the amount of energy produced during an
explosive transformation of 1 kg EX. A higher value of the parameter increases the potential
of the EX’s ability to do its job. The list of changes in the explosive force for individual EXs
is presented in Figure 3.

Replacing small amounts of diesel with biomass in variant 1.1 causes a slight increase
in the explosion force for 1.1/B0.5–74.00 [kJ/kg]. With the content of 1.0% of biomass
for 1.1/B1.0 the parameter assumes the value of 969.90 [kJ/kg], and then it decreases. In
the case of calculations of variant 1.3, a decrease in the value of the explosive force for all
explosives was observed.

The volume of gaseous products is the total amount of detonation gases produced as
a result of the explosive transformation of the explosive. The greater amount of produced
gases in a constant volume increases the pressure on the rock medium. The addition of
biomass does not change the qualitative structure of the post-blast gases. The summary of
changes in the volume of explosion products for individual EXs is presented in Figure 4.
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Figure 3. Changes in the explosive power for individual explosives.
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Figure 4. Changes in the volume of explosive products for individual explosives.

As a result of replacing the basic components of ANFO with biomass, the volume
of gaseous products decreases with the increase of this component in both variants of
calculations. In the case of variant 1.1, the value of 977.80 kJ/kg obtained for 1.1/B3.0 is
1.97% lower than ANFO (997.40 kJ/kg). For EX 1.3/B12.0 the value of 950.90 kJ/kg was
calculated, which is a decrease of 4.66% in relation to ANFO.

The volume of gaseous products in a constant volume is directly related to the explo-
sion pressure. The list of explosion pressure changes for individual EXs is presented in
Figure 5.

The applied biomass reduces the explosion pressure of the explosive, which was con-
firmed by the results of calculations for both variants. The lowest values of the parameters
were recorded for variant 1.1 for 1.1/B3.0–2511.21 [MPa]. However, for variant 1.3 for
1.3/B12.0–2571.49 [MPa].
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Figure 5. Explosion pressure changes for individual explosives.

A summary of the percentage changes in the values of individual parameters calcu-
lated for variants 1.1 and 1.3 is presented in Tables 4 and 5.

Table 4. Percentage change in the value of individual parameters for EX from variant 1.1 compared
to ANFO.

Parameter Unit 1.1/B0.5 1.1/B1.0 1.1/B1.5 1.1/B2.0 1.1/B2.5 1.1/B3.0

Explosion temperature; K % 0.91 1.16 −0.70 −2.78 −4.89 −7.02

Constant volume heat of explosion; kJ/kg % 0.79 0.68 −2.27 −5.47 −8.69 −11.91

Explosive power; kJ/kg % 0.12 −0.30 −2.30 −4.46 −6.64 −8.85

Gas volume at standard conditions; L/kg % −0.78 −1.43 −1.61 −1.73 −1.85 −1.97

Explosion pressure; MPa % −0.38 −1.21 −3.36 −5.62 −7.91 −10.21

Table 5. Percentage change in the values of individual parameters for EX from variant 1.3 compared
to ANFO.

Parameter Unit 1.3/B2.0 1.3/B4.0 1.3/B6.0 1.3/B8.0 1.3/B10.0 1.3/B12.0

Explosion temperature; K % 0.21 0.42 0.60 0.49 −0.42 −1.58

Constant volume heat of explosion; kJ/kg % −0.28 −0.56 −0.88 −1.60 −3.36 −5.43

Explosive power; kJ/kg % −0.66 −1.34 −2.04 −2.96 −4.48 −6.16

Gas volume at standard conditions; L/kg % −0.87 −1.74 −2.62 −3.43 −4.07 −4.66

Explosion pressure; MPa % −1.01 −2.02 −3.07 −4.53 −6.23 −8.06

The most favorable distribution of energy parameters for the calculations of variant
1.1 was obtained for the content of 1.0% of biomass for 1.1/B1.0. In this case, the explosion
temperature (by 1.16%) and the heat of the explosion (by 0.68%) were higher than in ANFO.
Other energy parameters decreased (decrease by 0.30% to 1.43%). A similarly favorable
distribution of energy parameters values was obtained for 1.1/B0.5, i.e., higher than ANFO
explosion temperature, heat of explosion and explosion power (increase from 0.12–0.91%)
and slightly lower volume of gaseous products and explosion pressure (decrease from
0.38% to 0.78%). The observed dependence is the effect of equalizing the EX oxygen balance
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caused by a lower oxygen balance of biomass in relation to diesel fuel. For 1.1/B3.0, the
lowest values of energy indices were obtained (decrease by 1.97 to 11.91%).

The energy parameters of the explosives of variant 1.3, except for the explosion
temperature, are lower compared to the base ANFO. Nevertheless, the simultaneous
replacement of ammonium nitrate (V) and diesel allows for the introduction of more
biomass into the EX structure while maintaining acceptable values of energy parameters.
For 1.3/B2.0, the explosion temperature is slightly higher compared to ANFO (increase by
0.21%) and the decrease in the values of other parameters is insignificant (from 0.28% to
1.01%). With the content of 6.0% of biomass (1.3/B6.0), the highest value of the explosion
temperature was obtained (an increase by 0.60% compared to ANFO), and other indicators
decrease in the range from about 1.0–3.0%. In the case of the 1.3/B12.0 explosive containing
12.0% of biomass, the thermodynamic simulation showed a decrease in parameters by 1.58
to 8.06%.

3.2. The Results of Thermodynamic Calculations of Variant 1.4 and Their Discussion

A summary of changes in the value of the oxygen balance and density for individual
EXs analyzed under variant 1.4 is presented in Table 6.

Table 6. Oxygen balance and ANFO-type EX density with the addition of biomass for variant 1.4.

Ingredients Density
[g/cm3]

Oxygen
Balance [%] Percentage of Ingredients

Ammonium
Nitrate (V) 0.82 20.00 94.0 87.0 88.5 89.50 90.50

Diesel 0.84 −348.25 6.0 0.0 0.5 1.5 2.5

Biomass 0.82 −139.05 0.0 13.0 11.0 9.0 7.0

EX density 0.821 0.820 0.820 0.820 0.821

EX oxygen balance −2.095 −0.677 0.663 0.162 −0.340

EX name ANFO 1.4/B13.0 1.4/B11.0 1.4/B9.0 1.4/B7.0

Changes in thermodynamic parameters for the explosives analyzed in variant 1.4 are
presented in Table 7.

Table 7. Summary of calculated thermodynamic parameters for variant 1.4.

Parameter Unit ANFO 1.4/B13.0 1.4/B11.0 1.4/B9.0 1.4/B7.0

Explosion temperature K 2663.00 2652.80 2636.70 2650.20 2679.60

Constant volume heat of explosion kJ/kg 3957.90 3817.10 3784.40 3822.80 3913.40

Explosive power kJ/kg 972.80 924.90 921.10 928.30 949.10

Gas volume at standard conditions l/kg 997.40 952.00 953.80 956.30 967.00

Explosion pressure MPa 2796.85 2614.20 2597.17 2628.56 2695.24

The presented results show that despite the maintenance of an optimal oxygen balance
close to zero, explosives enriched with a larger amount of biomass (11–13%) achieve lower
values of thermodynamic parameters compared to compositions containing 7 and 9% of
the additive. In the case of 1.4/B9.0 and 1.4/B7.0, the temperature and heat of explosion
similar to ANFO were obtained. The highest in terms of the explosive power (949.10 kJ/kg)
the volume of sub-detonation gas products (967.00 L/kg) and the explosion pressure
(2695.24 MPa) in relation to ANFO were recorded for the composition containing 7.0%
biomass, i.e., 1.4/B7.0.

The summary of the percentage changes in the values of individual parameters calcu-
lated for variant 1.4 is presented in Table 8.
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Table 8. Percentage change in the values of individual parameters for EX from variant 1.4 compared
to ANFO.

Parameter Unit 1.4/B13.0 1.4/B11.0 1.4/B9.0 1.4/B7.0

Explosion temperature; K % −0.38 −0.99 0.10 0.62

Constant volume heat of explosion; kJ/kg % −3.56 −4.38 −2.40 −1.12

Explosive power; kJ/kg % −4.92 −5.31 −3.68 −2.44

Gas volume at standard conditions, L/kg % −4.55 −4.37 −3.77 −3.05

Explosion pressure; MPa % −6.53 −7.14 −5.34 −3.63

For explosive 1.4/B7.0, the explosion temperature increased by 0.62%, and other
thermodynamic parameters decreased by 1.12–3.63% compared to ANFO. In the case of
1.4/B9.0, when the content of biomass in the EX structure is 9.0% by weight, the explosion
temperature was close to that achieved by the base ANFO; other energy ratios decreased by
about 2.4–5.3%. The greatest decrease in the energy potential was recorded for 1.4/B13.0
by about 0.4–6.5% depending on the parameter. The introduction of larger amounts of
biomass to the EX causes a significant reduction in the amount of diesel. Too little or no
liquid phase may contribute to worse homogenization of individual components of the
mixture and thus achieve lower energy parameters in the case of biomass content above
11.0% by weight. With the given composition, it is not possible to obtain a zero oxygen
balance when the amount of the ingredient exceeds 13.0%.

4. Conclusions

The conducted thermodynamic analysis of the impact of modification of the chemical
composition of ANFO with biomass allows the following conclusions:

â In the case of thermodynamic calculations of variant 1.1—replacing diesel with
biomass, the most favorable energy parameters were found for the composition:
1.1/B0.5 (94.0% ammonium nitrate (V), 5.5% diesel, 0.5% biomass) and 1.1/B1.0
(94.0% ammonium nitrate (V) 5.0% diesel, 1.0% biomass);

â The calculations made for variant 1.3—simultaneous replacement of ammonium
nitrate (V) and diesel fuel showed that for EX containing 2.0% of biomass, i.e., 1.3/B2.0
(93.0% ammonium nitrate (V), 5.0% diesel, 2.0% biomass), 4.0% biomass; i.e., 1.3/B4.0
(92.0% ammonium nitrate (V), 4.0% diesel, 4.0% biomass) and 6.0% biomass; 1.3/B6.0
(91.0% ammonium nitrate, 3.0% diesel, 6.0% biomass), a decrease in thermodynamic
parameters (apart from the explosion temperature) is insignificant and ranges from
about 1.0–3.0%;

â Modification of the ANFO composition at a constant fixed biomass content while
maintaining the optimal oxygen balance (variant 1.4) confirmed that the most fa-
vorable thermodynamic parameters were obtained for 1.4/B7.0 (90.5% ammonium
nitrate (V), 2.5% diesel, 7.0% biomass), whose predicted thermodynamic parameters
are lower than the base ANFO by about 1.1–3.6%;

â Thermodynamic simulations made in the ZMWCyw program helped obtain esti-
mated values of the energy parameters of explosives calculated on the basis of a
mathematical algorithm. The program does not take into account, inter alia, the
distribution of individual components in the mixture (degree of homogenization),
their fragmentation, chemical form, functional EX form, diameter of the load or the
method of charge initiation;

â Initial tests (theoretical calculations) based on the general formula of biomass con-
firmed its suitability for use as a component in EX. Further research requires the use
of a specific type of biomass (plant or animal), determining the elemental compo-
sition and energy parameters of the samples, and developing a technology for its
introduction and homogenization with other components of the explosive. Due to the
promising results, “in situ” tests in field conditions are planned in order to verify the
theoretical assumptions;
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â The production of EX on the basis of ANFO with the use of biomass can contribute
to lowering the cost of producing the explosive. It is a widely available, renewable
and a low-cost component, unlike diesel fuel, the price of which depends on the
geopolitical situation in the world and taxation and is subject to significant fluctuations.
Industrial scale production of ANFO from biomass can reuse large amounts of waste
substances. The potential economic benefits appear to be of particular importance in
local conditions in economically developing countries. The use of energy properties of
biomass for the purposes of EX production may contribute to environmental benefits
consisting of the reuse of waste, which is part of the broadly understood idea of
recycling and the circular economy. In Poland, for the purposes of blasting works
only in opencast mines, about 7 million kg of EX are used annually (according to
data from 2020). Assuming the production of only 20% of ANFO, out of this value
containing 1.0% of biomass in its composition, it is possible to reuse 14,000 kg of the
waste substance per year.
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43. PN-EN 13631-15 2007; Materiały wybuchowe do użytku cywilnego—Materiały wybuchowe kruszące—Cześć´ 15: Obliczanie
właściwości termodynamicznych. In Explosives for Civil Uses—High. Explosives—Calculation of Thermodynamic Properties.
Polish Committee for Standardization: Warsaw, Poland, 2007.

44. Grys, S.; Trzcinski, W.A. Termodynamiczne modelowanie procesów spalania, wybuchu i detonacji nieidealnych ukladów
wysokoenergetycznych (Thermodynamic modeling of combustion, explosion and detonation processes of non-ideal high-energy
systems). Biuletyn WAT 2010, 59. Available online: https://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baztech-article-
BWA9-0041-0050/c/httpwww_wat_edu_plm000000biuletyndownload_phptable3bazaartykulowfielddodajpobierzkey1220.
pdf (accessed on 22 July 2022). (Only In Polish).

45. Mader, C.H. Numerical Modeling of Detonations; University of California, Berkley: Berkley, CA, USA, 1979.
46. White, W.B.; Johnson, S.M.; Danzig, G.B. Chemical equilibrium in complex mixtures. J. Chem. Phys. 1958, 28, 751–755. [CrossRef]
47. Peduzzi, E.; Boissonnet, G.; Maréchal, F. Biomass modelling: Estimating thermodynamic properties from the elemental composi-

tion. Fuel 2016, 181, 207–217. [CrossRef]
48. BN 80 6091 42; Górnicze Materiały Wybuchowe—Obliczanie parametrów użytkowych. In Mining Explosives—Calculation of

Utilities Parameters. Polish Committee for Standardization: Warsaw, Poland, 1980.
49. Sitkiewicz-Wołodko, R.; Maranda, A. Analiza wybranych parametrów saletroli i emulsyjnych materiałów wybuchowych (Analysis

of selected parameters of saletrols and emulsion explosives). Chemik 2016, 70, 3–18. Available online: https://miesiecznikchemik.
pl/wp-content/uploads/2016/03/1_16_Maranda_PL.pdf (accessed on 3 June 2022). (Only In Polish).

https://www.mdpi.com/1996-1073/14/8/2152/pdf
https://www.mdpi.com/1996-1073/14/8/2152/pdf
http://doi.org/10.3390/en14082152
http://doi.org/10.1016/j.jlp.2007.04.026
https://patents.google.com/patent/US4780156A/en
https://patents.google.com/patent/CA2812246A1/en
https://patents.google.com/patent/CA2812246A1/en
http://doi.org/10.14429/dsj.54.2062
http://doi.org/10.1590/S0370-44672014000300009
http://doi.org/10.22211/matwys/0153
https://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baztech-article-BWA9-0041-0050/c/httpwww_wat_edu_plm000000biuletyndownload_phptable3bazaartykulowfielddodajpobierzkey1220.pdf
https://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baztech-article-BWA9-0041-0050/c/httpwww_wat_edu_plm000000biuletyndownload_phptable3bazaartykulowfielddodajpobierzkey1220.pdf
https://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baztech-article-BWA9-0041-0050/c/httpwww_wat_edu_plm000000biuletyndownload_phptable3bazaartykulowfielddodajpobierzkey1220.pdf
http://doi.org/10.1063/1.1744264
http://doi.org/10.1016/j.fuel.2016.04.111
https://miesiecznikchemik.pl/wp-content/uploads/2016/03/1_16_Maranda_PL.pdf
https://miesiecznikchemik.pl/wp-content/uploads/2016/03/1_16_Maranda_PL.pdf

	Introduction 
	Materials and Methods 
	Characteristics of the ANFO Explosive 
	IT Tool—Computer Program for Thermodynamic Calculations 
	Description of the Methodology of Calculating Thermodynamic Parameters 

	Results and Discussion 
	The Results of Thermodynamic Calculations of Variants 1.1–1.3 and Their Discussion 
	The Results of Thermodynamic Calculations of Variant 1.4 and Their Discussion 

	Conclusions 
	References

