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ABSTRACT

The paper presents a proposal to reduce the cost of the pipeline transport of hydromixture in the lime production
process. The purpose of the research was to reduce the energy and water demand during the flow of lime hydromix-
ture with a deflocculant of a specific composition in a selected pipeline. Since the addition of an appropriate defloc-
culant significantly reduces the effect of particle size on the flowability of the suspension, the selection of optimal
transport conditions is a fundamental issue. To provide the most efficient transport condition of the hydromixture
tested in the analysed pipeline, a mathematical model has been developed that assumes the most influential factors
in the operation of the investigated enterprise technology. The input parameters were proposed using a statistical
method. In the article, the consumption costs of the components (materials and energy) in the process of piping a
lime hydromixture of different mass concentrations were compared. The analysis carried out aimed to reduce the
amount of electrical energy needed to drive the pump during the flow of a hydromixture of four different mass
concentrations and its volumetric flow rate in the pipeline, while maintaining a constant amount of the transported
mass of the solid phase in the hydromixture. The results of the analysis revealed that controlling selected operating
factors, such as the mass concentration of the hydromixture, the flow rate, and the pump head, improves the energy
efficiency of the hydrotransport process in the limestone mine. As a result of the investigation, significant reduction
of the total cost of the pipeline transport is possible.

Keywords: limestone hydromixture, deflocculant, energy consumption, cost savings.

INTRODUCTION

In recent years, an issue of replacing fos-
sil fuel energy sources with renewables caused
growing difficulties with obtaining cheap energy,
felt especially by energy-intensive industries.
This effect has been intensified by the influence
of the COVID-19 pandemic on the global econ-
omy and Russian aggression against Ukraine at
the beginning of the year 2022. This led to sig-
nificant increases in energy prices even for indi-
vidual recipients in Europe. Energy is currently
one of the most desirable resources because of
the economic and energy crisis, but it needs to be
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used in a sustainable manner [Jasinska-Biliczak,
2022]. According to the data presented in Table
1, over the years 2013-2023 the average annual
sales price of electricity in Poland increased by
318% [URE: Energy Regulatory Office]. In the
years 20132018, a relatively stable price situ-
ation was noted, and the last three years (since
2021) have been characterised by sharp increases.
Moreover, the cost of 1 kWh of electricity for the
C21 tariff intended for medium and large enter-
prises (according to PGE: Polish Energy Group
S.A.) increased from PLN 0.7166 in 2021 to PLN
1.1706 in 2024 (by 63%). Therefore, it is neces-
sary to develop new energy-saving technologies
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and methods of media transport that enable the
reduction of energy consumption in many indus-
trial processes, among them in mining.

In the study, an analysis of method of reduc-
tion of the electrical power consumption in the
lime production plant was performed. Such stud-
ies are part of the issues of industrial process in-
tensification and have wide practical applicabil-
ity, for instance for determining the optimal en-
ergy consumption under varying tariffs in a steel
plant [Ashok, 2006], in optimal scheduling at iron
and steel production sites [Wang et al., 2023] or
optimal decision making during ore haulage in
copper mine [Skoczylas et al., 2023].

When the hydromixture transport process is
considered, substantial energy consumption re-
sults from a reduction of the frictional pressure
drop in the pipeline [Shook and Roco, 1991,
Chhabra and Richardson, 2008]. For this reason,
it is necessary to control the power requirements
to pump through a given pipeline system. The
search for an effective method of controlling elec-
trical power consumption during slurry transpor-
tation in mining enterprises is attracting consider-
able attention from many researchers, for instance
[Grobler and den Heijer, 2006]. As stated by Wu
et al. [2010], to improve the energy efficiency of
the hydrotransport process, it is crucial to operate
at a suitable concentration of solids characterising
the pumping hydromixture.

In the literature, there are many recommen-
dations for using the mathematical model con-
sidering the technological parameters of pump-
ing installation facilities to estimate the power

Table 1. Average sales price of electricity on the
competitive market in Poland

Years Average annual. §ales price of electricity on
the competitive market [PLN/kWh]
2023 0.75929
2022 0.52371
2021 0.27808
2020 0.25269
2019 0.24544
2018 0.19430
2017 0.16370
2016 0.16970
2015 0.16999
2014 0.16358
2013 0.18155

Note: compiled by the authors [available online: ure.
gov.pl].

consumption and the corresponding costs in the
field of mining. Knowledge of these parameters
facilitates controlling the total plant cost installa-
tion operation [Zhang et al., 2012]. General pro-
cedures for creating operational efficiency opti-
misation models are presented by Xia and Zhang
[Xia and Zhang, 2015]. Brand reported an exam-
ple of analysis on the identification of parameters
focused on reducing the consumption of large
energy consumers, such as cooling, pumping,
ventilation, and compressed air systems as well
as their ranges in gold mines [Brand et al., 2015].
Several studies are available in the literature to
improve energy efficiency during hydromixture
flow [Van Staden et al., 2009], but few of them
are related to limestone hydromixture [Jaworska-
Jozwiak, 2023].

Significant effort has been put into determin-
ing general techniques in energy system operation
efficiency modelling and creating an adequate
predictive control approach to obtain energy
optimisation in mineral processing. Recent find-
ings of [Sinchuk et al., 2023] confirm that suit-
able selection of input parameters with required
precision has a great importance in mathemati-
cal modelling of the electric energy distribution.
The authors of the cited publication conducted
an extensive analysis to determine the daily cost
of energy consumption by mining equipment in
the iron ore mine, which is reflected in the cost
of extraction of raw materials and proportionally
influences the cost of obtaining raw materials
by the final consumers. In the above-mentioned
paper, a mathematical algorithm considering the
identification of electric consumption capacity by
mining facilities, the average electric energy con-
sumption during specified time and the electric
consumption peaks for the interval, as well as the
average duration of their surges, has been defined.
The procedure assumed a mathematical determi-
nation of the cost of electric consumption by un-
derground iron ore enterprises in relation to the
real mining conditions. However, the selection of
input parameters in the proposed algorithm de-
pends on the kind of analysed extraction process
and the specificity of the operation technology
and cannot be treated as uniform for all types of
mining industries.

Several studies have found an exact method
of determination an algorithm of energy con-
sumption in coal mining, among others optimal
control conveyor belt systems [Middelberg et al.,
2009] and supporting energy-efficient decisions
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in open-pit coal mines [Patterson et al., 2016].
However, the method presented by Patterson is
based solely upon corresponding procedure of
the coal mining enterprises and should be person-
alised individually for each case.

Recent studies, for example [Sinchuk et al.,
2022] and [Hao et al., 2024], investigated ad-
vanced mathematical models to control the en-
ergy efficiency of raw material extraction, which
changes the cost of energy consumption depend-
ing on the time of day. Such a model includes the
use of electricity tariffs as the input parameters
for a goal function.

The research methodology on the develop-
ment of the expected structure of the algorithm
should result in the achievement of sufficiently
qualitative final decrease of the total cost of the
operation of the enterprise [Xia and Zhang, 2013].
However, it seems essential to constantly moni-
tor the level of energy consumption by specific
equipment and correct possible deviations on an
ongoing basis.

In the paper, the amount of electricity re-
quired to drive the centrifugal pump transporting
the hydromixture in one hour was determined.
Calculations of the energy demand of the motor
driving the centrifugal pump during slurry trans-
port in a pipeline were carried out for a basic
slurry without the addition of deflocculant (C_
= 21.30% pure) compared to those for hydro-
mixtures with mass concentrations of 28.14%,
35.00%, 42.75% and 50.00% with the addition of
deflocculant. The power consumption of the elec-
tric motor driving the pump exerts influence on
the power consumed by the pump. Thus, deter-
mining the hydromixture flow pressure drop was
necessary. In turn, the power in the pump shaft
is in accordance with the efficiency of the elec-
tric motor that drives the pump at a certain load.
The presented procedure allows one to determine
the amount of electricity consumption required to
pump the hydromixture with selected mass con-
centrations. The parameters that characterise the
hydromixture were set when a constant amount of
the solid phase mass is transported.

On the basis of these assumptions, an investi-
gation was conducted in a selected lime produc-
tion enterprise on possible reduction in energy
and water consumption during the discharge of
lime hydromixture to the settling tank in the pro-
duction process. The tested lime hydromixture is
a residue of the washing of crushed limestones.
Taking into account the specificity of the flow
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installation in the analysis company, an own
model was designed to predict the energy con-
sumption of a centrifugal slurry pump during
the transport of hydromixture in a pipeline. The
starting point of the analysis was the identifica-
tion of the boundary conditions of the process
according to the technology adopted in the study
case. It allowed for further development of the
mathematical algorithm and to choose the most
efficient operation mode of the power complex.
The presented method is a combination of clas-
sic multifactor regression modelling with digital
modelling methods used for drainage facilities.

In the presented article, the cost of pumping
hydromixtures of four different mass concen-
trations with the addition of a deflocculant was
compared, taking into account the reduction in
the amount of industrial water pumped and the
electric energy consumed by the centrifugal slur-
ry pump. The results of rheological studies have
shown that the use of a deflocculant reduces the
friction of the hydromixture flowing through
the pipeline. At the same time, the inverse pro-
portionality between the mass concentration of
the hydromixture and its volumetric flow rate is
maintained. This results in a reduction of the total
cost of the hydromixture transport in the analysed
pipeline by about 17-55%, depending on its mass
concentration.

METHODOLOGY

This paper outlines the results of the calcula-
tion of the total cost of the flow of the lime hydro-
mixture in a pipeline after the addition of a select-
ed deflocculant. The calculated total cost is based
on the energy and water consumption during the
flow of the hydromixture with different mass con-
centrations and different volumetric flow rates,
but with a constant amount of solid phase, and
the cost of the deflocculant purchase.

The analysis was preceded by rheological
measurements of the lime hydromixture tested af-
ter the application of the deflocculant. The hydro-
mixture sample subjected to experimental tests
was taken from the industrial installation of the
lime production plant. The composition of a self-
developed deflocculant consists of sodium-water
glass and the remains of the lime slaking process,
known as calcareous groats.

To achieve the objectives of the study, the fol-
lowing methodology was presented:
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e In the first step of the investigation, the math-
ematical model of power consumption of the
transport in the analysed pipeline was specified.
The hydromixture flow model was previously
determined.

e Inthe second part of the study, the consumption
costs of the water, energy, and deflocculant used
in the process of piping a lime hydromixture of
different mass concentrations were analysed.

Model of the hydromixture flow

The subject of the research was the transport
of the fine dispersive lime hydromixture from a
reservoir (detail A in Figure 1) to the settling tank
(detail B in Figure 1) in a pipeline of a total length

of 632 m. The analysed pipeline is an industrial in-
stallation located in a Polish limestone mine. The
distance of the reservoir from the settling tank mea-
sured in a straight line is 436 m. The Warman 4/3
AH centrifugal slurry pump operates with inflow.
Hydromixture flows down by gravity from the res-
ervoir (A) to the pump suction nozzle. The centrifu-
gal pump is located under the reservoir (Figure 1).
The flow calculations in the pipeline were car-
ried out for the hydromixture transported under
industrial conditions, that is, with a solid phase
concentration of C_=21.30% and a volumetric
flow rate of Q = 110 m*/h, which corresponds to
a solid phase mass transport of 27 t/h. To deter-
mine the effect of the deflocculant on reducing
friction losses in the flow installation, a diagram
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Figure 1. Drainage pipeline diagram — top view
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of the installation was drawn and a physical and
mathematical model of the turbulent flow of the
hydromixture was developed. The results of the
calculations performed for the base hydromixture
were compared with the flow parameters for hy-
dromixtures with mass concentrations of 28.14%,
35.00%, 42.75% and 50.00%, to which the defloc-
culant additive was applied. The physical model
assumes that the flow of the tested hydromixture
is fully developed, axially-symmetrical and iso-
thermal. The detailed assumptions made in the
physical model are as follows:

e The flowing medium is a homogeneous and
incompressible mixture of water and fine lime-
stone particles, referred to as a hydromixture.

e The carrier phase is water with a density of
998.2 kg/m?.

e The solid phase consists of hydrophobic solid
particles with a density of 2400 kg/m?.

e The diameters of the solid phase particles
range from 0.5 pum to 163.5 um.

e The average diameter of the solid particle
grains is 45.5 um.

e The flow is carried out in a circular cross section,
where the inner diameter of the suction and dis-
charge pipes are the same and equal 200 mm.

e The flow of the hydromixture occurs in a
smooth steel pipe.

e The total height difference between the inlet and
the outlet length of the pipeline is 11 m. Due to
the uphill topography of the area where the pipe-
line is located, the difference between the pipe-
line inlet and outlet is considered a net increase.

e The flow of the hydromixture is turbulent.

On the basis of the assumptions made in the
physical model, the final form of the Bernoulli

hi+Li+Ly+L3+Ls+Lsg

2
Ap=sz_Us_(1+}\‘_ .

equation describing the total pressure drop of the
hydromixture flow in the analysed pipeline can be
written as Equation (1).

The values of the local loss coefficient on the
individual bends of the analysed pipeline are pre-
sented in Table 2.

Using the relationship presented in Equation
1, the pressure drop during the flow of hydromix-
ture in the flow installation was determined in
compliance with the method presented in [Jawor-
ska and Dziubinski, 2022].

Assumptions in the model of power
consumption in the pipeline transport

Calculations of the energy demand of the
motor driving the centrifugal pump during the
transport of the hydromixture in a pipeline were
performed for parameters corresponding to in-
dustrial conditions. The power consumed by the
pump was obtained by calculating the power con-
sumption of the electric motor driving the pump.
Knowing the efficiency of the electric motor
driving the centrifugal slurry pump, the amount
of electricity consumption required to pump the
lime hydromixture with different mass concen-
trations was determined. Further details on the
adopted methodology can be found in [Jaworska-
Jozwiak, 2023].

To build a mathematical model of power con-
sumption during the flow of lime hydromixture
in the pipeline, the starting point is to determine
the individual technological conditions of the in-
dustrial installation. The article adopted a method
that is coherent and consistent with those pro-
posed and discussed in [Sinchuk et al., 2022]. The

+§SB1+2'§DB1,2+2'§D33,4+§DBS) T V(22— ho = hy) (1)

where: Ap — pressure drop (Pa), p — density of hydromixture (kg/m*), U, — mean flow velocity (m/s),
/4 — friction factor (-), dr — pump diameter (m), y, — specific gravity of the hydromixture (N/m?),

h

0-r

L, , — straight sections of the pipeline (m), {— loss coefficient of local curved sections of

the pipeline, where ., denotes the suction bend and ,, denotes discharge bend, respectively, (-),
z, — the difference between the axis of symmetry of the suction nozzle of the centrifugal pump
and the axis of symmetry of the pipeline at the outlet (m).

Table 2. Local loss coefficient on the individual bends of the pipeline

|ndiCatiOn CSB1 CDB1 C-’DBZ CDBB C-’DBA CDBS
0[] 90 90 90 90 90 120
4 0.170 0.132 0.132 0.131 0.131 1.860

Note: compiled by the authors.
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authors of the mentioned publication suggested
the application of mathematical modelling of spe-
cific technological parameters typical of drainage
facilities, such as water inflow, the level of pump
head (pump discharge height), pump capacity,
the number of pumps, etc. to calculate the daily
costs of the selected ore mine at an established
level. Simultaneously, the proposed solution was
selected as the most economically effective for
adoption in the automation of the control systems
for electricity consumption by the drainage facili-
ties located in the mine.

Table 3 presents specific technological pa-
rameters of the pumping system during the trans-
port of hydromixture with different mass concen-
trations and with the addition of selected defloc-
culant in the hydrotransport process carried out in
the Polish lime production mine. The presented
data consider the specificity of the drainage in the
analysed enterprise and are dedicated to the exist-
ing pipeline equipment.

The hydromixture marked as ‘pure’ is free of
additions, while the hydromixture marked as ‘+
DFL’ indicates the hydromixture with the addi-
tion of the deflocculant.

Presented in Table 3, the indices determine the
impact of values of the key technical parameters on
the power consumption of the centrifugal pump dur-
ing the transport of hydromixture in the pipeline.

To determine the significance importance of
the influence of input factors, that is, the flow rate
of the hydromixture (X1), the height of the pump
head (X2) and the nominal pressure (X3) on the
amount of electricity consumed by the pump dur-
ing the pumping of the hydromixture (Y), a sta-
tistical analysis of variance of the measurement
results was used. The proposed analysis includes
the following [Chtopek and Piaseczny, 2002]:

e cvaluation of main effects determining the
impact of independent variables on the depen-
dent variable,

e determination of the coefficient of determina-
tion R?, which is a measure of the fit of the
model to the experimental data,

e determination of regression coefficients of ap-
proximating functions,

e assessment of approximation accuracy using
approximation functions.

Analysis of variance and determination of the
significance of regression coefficients were per-
formed on the regression model defined by the
Equation 2:

y=a0+a1'x1+a2'x2+a3'X3 (2)

where: y — the expected value of the dependent
variable being tested, x,, x,, x, — input fac-
tors, a, a,...a,, (k=1...i, k> 0) — regres-
sion coefficients.

The presented model was verified at a signifi-
cance level of 0.05.

Assumptions in the consumption costs
analysis

The analysis performed assumed the cost cal-
culation based on the volumetric flow rate of the
hydromixture with different mass concentrations
in the process of transporting a hydromixture
with a constant amount of solid phase mass of 27
t/h. The deflocculant was added to decrease the
viscosity of the hydromixture while increasing
its mass concentration values. It should be em-
phasised that the comparative cost analysis refers
only to those positions that result from the prop-
erties and composition of the hydromixture (its
variants), as well as from the technical parameters
of the installation (pipeline) and devices ensur-
ing flow such as slurry pump. The mentioned fac-
tors affect the consumption of energy, industrial
water and sodium water glass. Cost items, such
as: pipeline operation and maintenance (salaries,

Table 3. Statistical indices of pump power consumption in the hydrotransport process in the tested pipeline

Results Starting parameters
Cm, %

Y X1 X2 X3
21.30 pure 8.83 110 14.99 1.68
28.14 + DFL 5.81 80 12.96 1.52
35.00 + DFL 4.43 61 12.33 1.52
42.75 + DFL 3.59 48 11.96 1.56
50.00 + DFL 2.99 38 11.89 1.64

Note: Y — power consumption, kWh, X1 — hydromixture flow rate, m3/h, X2 — pump head, m, X3 — nominal

pressure, bar.

41



Advances in Science and Technology Research Journal 2025, 19(1), 36-47

outsourced services), purchase costs such as
transport and storage of the material were not
taken into consideration.

Considering hydromixture transport process,
defined as ‘pure’ (without deflocculant addition),
there are only two main positions of operating
costs that can be distinguished, i.e. electricity and
industrial water consumption. The addition of a
deflocculant, consisting of sodium water glass
and calcareous groats, is to ensure a significant
drag reduction in the flow of the hydromixture.
Reducing the friction factor of the hydromix-
ture increases the concentration of solids in the
hydromixture and thus reduces the consumption
of electricity and water in the hydrotransport pro-
cess. The addition of a deflocculant also reduces
the critical velocity and prevents the formation of
bottom sediment in the pipeline. Therefore, the
cost resulting from the use of different dispersant
variants, are generated by the expenses on one of
deflocculant components, i.e. sodium water glass.

The total consumption costs were described
with Equation 3:

TCC=C,, +C

Ind H20 + CDFL

3)

where: TCC — total consumption costs, C,, — en-
ergy costs, C, . —cost of industrial wa-
ter, C,,, — cost of deflocculant that equals
the purchase price of the sodium water

glass.

In the analysis of cost and material consump-
tion, five selected mass concentrations of the
mixture and two different deflocculant recipes
were taken into consideration (with a ratio of
calcareous groats to water sodium glass of 1:1
and 1:2). The hydromixture of mass concentra-
tion 21.30% was defined the “pure” one. For the
next four combinations with mass concentration
of 28.14%, 35.00%, 42.75%, and 50.00%, the
optimal deflocculant parameters that ensured
the greatest decrease in the viscosity of the hy-
dromixture were determined. These optimal

deflocculant parameters (Table 4) were developed
through many years of experimental research, the
knowledge obtained from scientific studies avail-
able in the literature and in cooperation with the
producer of lime.

RESULTS AND DISCUSSION

Model of energy consumption in the
hydrotransport process

Due to the fact that for the independent vari-
able marked as nominal pressure (X3) included
in Equation (2), no statistically significant im-
pact on the dependent variable was identified
(p — value is higher than the assumed level of sig-
nificance, p = 0.762), Model 1 was modified. The
final form of the model prepared using the back-
ward stepwise regression method is as follows:

“

The results of the regression analysis for
Model 2 are presented in Table 5. On the basis
of the application data available in Table 5, the
adopted model is the following:

y = —8.0919 + 0.0469 - x, + 0.7846 - x, (5)

The proposed model is statistically signifi-
cant, as evidenced by the value of the F statistic
equal to 0.0002 at the assumed significance level
of 0.05. For the analysed model, the standard er-
ror value is 0.042. This means that the predicted
power consumption values differ from the ob-
served values by an average of 0.042 kWh. In the
case discussed, the value of the variation coeffi-
cient remains at a satisfactory level of 0.8194%,
which means that there is very little variability.

The fit of the model presented with the ex-
perimental data is very good, as evidenced by the
value of the coefficient of determination R2 of
0.9997. As a result of using the backward step-
wise regression method, the X3 variable defining

y=a0+a1'x1+a2'x2

Table 4. Optimal deflocculant parameters for hydromixtures with different concentrations of solids

Mass concentration of the | Percentage (mass) addition of | Mass fraction of sodium water | Mass fraction of calcareous
hydromixture Cm (%) deflocculant (%) glass in the deflocculant (%) | groats in the deflocculant (%)
21.30 - - -
28.14 0.5 50 50
35.00 0.5 67 33
42.75 0.5 50 50
50.00 0.5 67 33

Note: compiled by the authors.
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Table 5. Results of statistical analysis obtained for the dependent variable power consumption after applying the

backward stepwise regression method — Model 2

Regression statistics
Multiple R 0.9999
R Square 0.9998
Adjusted R2 Square 0.9997
Standard Error 0.0420
Observations 5
Anal_ysis of df SS MS F Significance F
variance
Regression 21.5901 10.7950 6109.7279 0.0002
Residual 0.0035 0.0018
Total 4 21.5936
Coefficients Standard error t Stat P-value P-value Upper 95%
Intercept -8.0919 0.6342 -12.7600 0.0061 -10.8205 -5.3633
X1 0.0469 0.0029 16.3353 0.0037 0.0345 0.0592
X2 0.7846 0.0638 12.2906 0.0066 0.5099 1.0593

Note: compiled using MS Excel.

the nominal pressure, for which the probability
value reached a value greater than 0.05 (statisti-
cally insignificant), was excluded from the mod-
el. This procedure did not significantly change the
fit of the model to the empirical data (fitted R2 =
0.9997, while for Model 1 fitted R2 = 0.9994).
Moreover, the standard error decreased from
0.0553 to 0.0420.

When analysing the model presented, it can
be concluded that an increase in factor feature
(X1) — the flow rate of the hydromixture — of 1 m?
causes an increase in pump power consumption
of approximately 0.0469 kWh. Accordingly, an
increase in the factor feature (X2), the pump head
(pump discharge height), by 1 m causes an increase

=y
N

in pump power consumption by 0.7846 kWh. On
the contrary, a decrease in the flow rate and pump
discharge height causes a decrease in the amount
of electricity consumed by the pump by approxi-
mately 0.469 kWh and 0.7846 kWh, respectively.

The purpose of the research is to reduce the
consumption costs of the components (materi-
als and energy) in the process of piping a lime
hydromixture using a deflocculant, resulting in
a reduction in the electricity consumption of the
engine that drives the centrifugal slurry pump and
the water that circulates in the process. This goal
can be achieved by reducing the volumetric flow
rate of the hydromixture from 110 m*/h to 38 m*/h
while increasing its mass concentration from the

100%

=y
o

Cost of water Ind.H2O (PLN million)
[}

21.30 28.14 35.00
Cm (%)

B annual cost of industrial water consumption

80%

60%

40%

A Ind.H20 (%)

20%

0%

42.75 50.00

—e—water savings (%)

Figure 2. Industrial water costs and savings

43



Advances in Science and Technology Research Journal 2025, 19(1), 36-47

base value, i.e. 21.30%, more than twice, i.e. to
50.00%, as a result of use of the addition of the
proposed deflocculant. This will save the water
circulating in the flow installation by approxi-
mately 72 m?/h. At the same time, the amount
of dry matter contained in the hydromixture and
pumped per hour will not change, remaining at a
constant level of 27 t/h.

Referring to the values of the upper and lower
confidence intervals for the independent variables
X1 and X2 in the proposed mathematical model,
at the adopted significance level, it can be esti-
mated that the total amount of electricity saved in
this way will range from 3.69 to 6.88 kW within
the installation operating hour. The average hour-
ly value of energy savings as a result of the use of
the selected deflocculant can be up to 5.28 kWh.

Components consumption costs analysis

The use of a deflocculant reduces the con-
sumption of industrial water in the process of
transporting the hydromixture. Changing the
composition of the pumped mixture and its prop-
erties (viscosity) has an impact on reducing the
power consumed by the electric motor driving
the slurry pump. The amount of water used (Ind.
H,O) in the process in m* per hour varies, de-
pending on the mixture variant, in the range of
27-69, where the transport of pure hydromixture
(without the addition of deflocculant) requires
the consumption of 99 m? of water per hour. This
reduces the volume of water needed from 30 to
72 m? per hour (the annual operating time of the
pipeline is determined as 8680 hours). Reducing
water consumption has a significant impact on

100

costs incurred. For the purposes of the analysis,
the price of water for enterprises was assumed to
be PLN 13.00 per m? (as of April 2024), however,
this price/cost varies depending on the voivode-
ship or region.

Chemical treatment of drilling fluid by the ap-
plication of the selected deflocculant leads to a
significant reduction in water consumption by 30
to 73 percent and can reduce costs from PLN 11.1
million to even PLN 3.0 million, which equals a
maximum of PLN 8.1 million in savings (Fig. 2).

Not only is usage of renewable energy sourc-
es necessary but also, above all, reducing energy
consumption through the use of alternative, easily
available solutions. It is shown that the applica-
tion of deflocculant in a hydromixture transporta-
tion process enables both economic benefits and
policies towards sustainable development owing
to significant energy savings.

In Figure 3, the electricity costs for different
variants of hydromixture, i.e. are the pure one
and with deflocculant for various mass concen-
trations, were presented. These are the annual
costs of electricity consumed by a pump operat-
ing in three shifts, excluding break in winter sea-
son (from December to March) and maintenance
in the summer season (in July it is the period of
time lasting approximately 14 days). The maxi-
mum energy saving is 66% (for the mixture with
Cm 50%) in comparison with basic hydromix-
ture of concentration 21.3% (pure).

Sodium water glass is a non-toxic material,
commonly used, among others, in water treat-
ment processes [ Kozlak, 2012]. Liquid glass ap-
plications continue to grow in such areas as de-
tergents, adhesives, sealants, water treatments,
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Figure 3. Electricity consumption costs and savings
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cements, deflocculants, protective coatings,
catalysts, buffers, paper industries, zeolites,
and geopolymers. The multi-functionality of
water glass is due to many factors including its
relatively low cost, abundance, alkalinity, buff-
ering ability, emulsification, non-toxicity, and
viscosity-regulating properties [Matinfar and
Nychka, 2023]. In the case of sodium water
glass, the unquestionable advantage is its com-
mon occurrence and low purchase cost. The
price of the sodium water glass in 2024 is PLN
2823.96 (net value, excluding VAT) per canis-
ter with a capacity of 1120 kg which gives an
average market price of PLN 2.52 per kg (data
as of July 1, 2024). When analysing the costs it
was necessary to consider two optimal defloc-
culant recipes with a ratio of calcareous groats
to water glass of 1:1 and 1:2. The calculations
indicate costs of PLN 1,477,284.08 for hydro-
mixtures with the first deflocculant applied (Cm
28.14% and 42.75%) and PLN 1,969,712.10 for
hydromixtures treated with the second defloc-
culant (Cm 35% and 50%). The results are pre-
sented in the Figure 4.

Calcareous groats consist of mineral par-
ticles with a grain diameter of less than 1.8 mm
and an average grain diameter of 240 um. As it
is a residue from the lime slaking process that
produces hydrated lime, the component does
not have to be purchased by the analysed enter-
prise, therefore it does not generate any costs.

CONCLUSIONS

The process described in the article is mainly
focused on the pipeline transport of hydromixture
arising as a result of the rinsing of extracted and
crushed stones in the limestone mine. To improve
the analysed transport process, the addition of an
additive called deflocculant as a drag reduction
agent was applied. The selected deflocculant con-
sists of the waste material from the lime slaking
process and an environmentally neutral chemical
substance in the form of sodium water glass. The
application of a deflocculant to the transported hy-
dromixture reduces the friction coefficient during
its flow in the pipeline. This results in a reduction
of the viscosity as a consequence of the reduction
of the shear stress in the hydromixture. Further-
more, the application of the proposed defloccu-
lant to the transported hydromixture enables an
increase in the concentration of solid particles of
the hydromixture. This allows control of the hy-
drotransport process and influence of the preven-
tion of pipe clogging of the pipeline installation.
Another advantage of the proposed solution is the
limitation of the number of flow facilities. Imple-
menting the proposed solution is relatively easy
and does not require large financial outlays.

In terms of analysis of energy consumption in
the process of transporting a hydromixture with
the addition of a deflocculant during the daily op-
eration of the limestone mine, a generalised math-
ematical model referring to the transport of lime
slurry from the reservoir to a settling tank has
been developed. Mathematical modelling of the
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flow of lime hydromixture with the addition of
deflocculant in a pipeline revealed the most effi-
cient technology parameters connected with mass
concentration, flow rate, and pump head. In the
case of the analysed pumping installation, the op-
timal transport parameters for the flow of hydro-
mixture with the addition of deflocculant assume
the mass concentration of the hydromixture equal
50.00%, the flow rate of 38 m?/h and the height of
the pump head equal 11.89 m.

The proposed solution resulted in a decrease
in the pump power consumption of the motor and
obtained significant energy savings in the hydro-
mixture transport process. Thus, it is possible to
pump the hydromixture with a concentration of
solids more than twice as high with almost three
times lower flow rate. This resulted in a reduc-
tion in industrial water to a level of approximately
one-third in relation to the base hydromixture and
optimisation of the total costs of the hydrotrans-
port process. At the same time, the amount of dry
matter contained in the hydromixture and pumped
per hour will not change, remaining at a constant
level of 27 t/h.

The cost analyses clearly indicate the profit-
ability of using the deflocculant. For all variants
of hydromixtures, deflocculation results in signif-
icant savings in total consumption costs. For hy-
dromixtures with different mass concentrations,
i.e. 28.14%, 35%, 42.75%, 50%, the savings are
17%, 32%, 50% and 55%, respectively.

The achievement of significant energy sav-
ings in the hydromixture transport process is in-
dispensable in times of crisis, continuous climate
changes, and high-energy prices. The results of
the analysis showed that controlling the mass
concentration of the pumping hydromixture with
the addition of a selected deflocculant, flow rate,
and pump head improves the energy efficiency of
the analysed hydrotransport process in the lime-
stone mine. The application of a deflocculant not
only increases the economic efficiency of the
lime production process but is also a highly eco-
logical method consistent with the principles of
Corporate Social Responsibility. Under the con-
ditions of rising energy prices and the climate
crisis, achieving high profits without waste and
by maximum possible reduction of the consump-
tion of resources, such as water and energy, is
crucial in an enterprise strategy and indispensable
for its survival and further development. More-
over, the developed method helps expand the re-
search boundaries involving other elements of the
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industrial installation operation performed during
daily limestone mining.
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