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Abstract
Energy efficiency has become a critical requirement for the sustainable operation of industrial

production systems, particularly in energy-intensive sectors such as beverage manufacturing. This paper
analyzes the energy consumption structure of beverage production systems and examines the main
technological stages, including raw material preparation, thermal treatment, cooling, filling, and packaging,
in order to determine their electrical and thermal energy demands. The study identifies key challenges
affecting energy efficiency, including obsolete equipment, inefficient process design, poor operational
practices, insufficient monitoring, and the absence of systematic energy management approaches. To
address these issues, integrated technical and organizational solutions are proposed. These include
equipment modernization with high-efficiency motors and variable frequency drives, process optimization,
waste heat recovery, and the implementation of energy management systems. In addition, mathematical
models are developed to quantify total and specific energy consumption, evaluate equipment efficiency, and
formulate single- and multi-criteria optimization problems aimed at minimizing energy use, operational
costs, and environmental impact. The proposed system-level optimization approach enables coordinated
control of interconnected processes and improves overall production performance. The results demonstrate
that comprehensive energy efficiency strategies can significantly reduce energy consumption, lower
operating costs, and decrease greenhouse gas emissions, thereby contributing to the development of
sustainable, reliable, and economically efficient beverage production systems.
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Icki istehsal sistemlarinda enerji ssamaraliliyinin artirilmasi

problemlari va halli yollar:
I.I. Umudov
Naxgrvan Dovlat Universiteti (Naxgivan, Azarbaycan)

Xilasa

Enerji somaraliliyi, xtsusils icki istehsali kimi enerji tutumlu sahslords sonaye istehsal sistemlarinin dayanigl
foaliyyatinin tomin edilmasinds asas amillordon birina ¢evrilmisdir. Bu moagalods igki istehsali sistemlorindo enerji
istehlakinin strukturu tohlil olunur, xammalin hazirlanmasi, qarigdirma, istilik emali, soyutma, doldurma vo
gablasdirma morhalalori Uzra istilik vo elektrik enerjisino olan talobat giymatlondirilir. Enerji somaraliliyino monfi tosir
gostoron asas problemlor, o ciimladan kdhnolmis avadanliglarin istifadosi, geyri-optimal proses layihalondirilmasi,
Somorasiz istismar rejimlari, monitoring vo molumat ¢atismazhigi, eloco do sistemli enerji idarsetmasinin olmamasi
muosyyon edilmisdir. Bu problemlarin aradan qaldirilmas1t magsadils texniki vo toskilati xarakterli inteqrasiya olunmusg
hollor toklif edilir. Yuksok somarsli miharriklorin vo tezlik geviricilorinin totbigi ilo avadanliqlarin modernlasdirilmasi,
proseslorin optimallasdirilmasi, tullanti istiliyin barpasi vo enerji idaroetms sistemlorinin totbigi asas istigamatlor kimi
gostarilir. Eyni zamanda, Umumi va xisusi enerji sarfiyyatinin gqiymotlondirilmasi, avadanliglarin faydali ig amsalinin
muoyyan edilmoasi, enerji, xarc vo ekoloji tosirin minimumlasdirilmasi ii¢iin tok va ¢oxmeyarli optimallagdirma
modellori hazirlanmigdir. Sistem soviyyasindo inteqrasiya olunmus optimallasdirma yanasmasi istehsal proseslarinin
olagoalondirilmis idars olunmasina imkan verir vo Umumi enerji gostoricilorini yaxsilasdirir. Todgiqatin naticalori
gostarir ki, kompleks enerji somaraliliyi strategiyalarinin totbiqi enerji istehlakini va istismar xarclorini ohamiyyatli
doracads azaldir, istixana qazi emissiyalarint minimumlagdirir vo dayaniql, etibarli vo igtisadi cohatdon samarali igki
istehsali sistemlorinin formalagdirilmasina téhfs verir.
Acar sozlar: enerji somoroliliyi, igki istehsali sistemlori, Sonaye enerji optimallagdirilmasi, enerji idaroetmasi,

dayaniqliliq.

IIpo06JieMbl MOBBIILICHUS FIHEPTrO3(PPEKTUBHOCTH B CHCTEMAX

NMpou3BOJACTBA HAIIMTKOB U IIYTH UX PCIICHUSA
N.N. Ymynos
Haxuuesanckuii 2ocyoapcemeennviii ynusepcumem (Haxuuesanw, Azepbaiioscan)

AHHOTALMSA
OHeproaGeKTUBHOCTh  SBJISETCS OIHUM U3  KIIOYEBBIX  (DaKTOpOB  oOecleueHHs: YCTOHYMBOTO
(YHKIIMOHMPOBAHUSI ITPOMBIIUICHHBIX MPOU3BOJICTBEHHBIX CHCTEM, OCOOEHHO B DHEPrOoEMKHX OTPACISX, TAKUX Kak
MIPOU3BOJICTBO HANINTKOB. B NaHHOW cTaThe aHANM3HUPYETCS CTPYKTypa SHEPromoTpeOIeHUsT CUCTEM MPOM3BOJCTBA
HAIUTKOB, a TaK)X€ OIICHUBAIOTCS TNOTPEOHOCTH B TEIDIOBOM M DJICKTPUYECKOW DJHEPrUM Ha OCHOBHBIX
TEXHOJIOTUYECKUX ATAIAaX, BKIOYas TIOATOTOBKY CHIPhSI, CMEIIMBAHKE, TEIUIOBYIO 00pa0OTKY, OXJIaXKICHHE, PO3JIUB U
ynakoBKy. OmpeenieHbl OCHOBHBIC TIPOOJIEMBI, CHIDKAIOIIUE SYHEPTOdPPEKTHBHOCTD, CPEIH KOTOPBIX UCITOIB30BAHUE
ycTapeBmero 00OpyIOBaHWS, HEPalMOHAIFHOE TIPOCKTHPOBAHHE TIPOLECCOB, HEIPPEKTHBHBIC  PEIKIMEI
OKCILTyaTaluu, He}lOCTaTO‘IHBIﬁ MOHHUTOPUHT U OTCYTCTBUE CHUCTEMHOT'O JSHCPICTUYCCKOI0 MCHECIKMCHTA. I[J'IH
peUICHUA BBIABJICHHBIX np06neM IPEIOKCHBI HWHTETPUPOBAHHLIC TCXHUYECKHUEC W OPraHU3allMOHHBIC MCEPHI,
BKITIOYAONME MOJEPHHU3AINIO 000pYJOBaHMUSA C TPUMEHEHHEM BBICOKOI((EKTUBHBIX DIICKTPOABHUTATEICH H
YaCTOTHBIX NpeoOpa3oBarenelf, ONTUMHU3AINIO TEXHOJOTHYECKUX MPOIECCOB, PEKYMEPAIHI0 OTXOMISIIETO TeIa |
BHCAPCHUEC CUCTEM DHEPIrE€TUYCCKOTO MECHCIPKMCHTA. Pa3pa60TaHH MAaTE€MAaTHYCCKUEC MOACIN I KOJINYECTBEHHOM
OIIEHKH OOIIEro M YAEIBHOTO SHEepromnoTpebyieHus, ompeneneHus 3()(EeKTUBHOCTH OOOpYIOBAaHHSA, a TaKXKe
(bopMynHpOBaHUS OJHO- W MHOTOKPHTEPUANBHBIX 3aJad ONTUMHU3AIMH, HANPABICHHBIX HAa MHHUMH3AIUIO
9HEPro3arpar, 3KCIUTyaTallMOHHBIX PAacXoJO0B U SKOJIOIMYECKOTO BO3JEHCTBHSA. VIHTErpHpOBaHHBIM CHCTEMHBIH
MIOJIXOJ] K ONTHMU3ALUU 00ECIIeYNBaET COrJIACOBAHHOE YIIPABJICHHE B3aUMOCBS3aHHBIMHU MIPOLIECCAMH M MOBBILIEHUE
oOmeit sHepreTuueckoil 3PPEKTUBHOCTH MTPOU3BOACTBA. [loydeHHbIe pe3yabTaThl MOKa3bIBAIOT, YTO pean3alys
KOMIUIEKCHBIX CTpaTeruii 3Hepro3((eKTHBHOCTH MO3BOJISIET CYHIECTBEHHO COKPATUTh SHEPronoTpedieHne, CHU3UTh
3aTpaThl W BHIOPOCHI MAapHHUKOBBIX TI'a30B, CIOCOOCTBYS CO3IaHUIO YCTOHYMBBIX, HAAEKHBIX W SKOHOMUYECKH
3¢ HEeKTHBHBIX CHCTEM TPOU3BOCTBA HAITUTKOB.
Kuruesblie ci1oBa: 9HEprod(PpPeKTUBHOCTh,  CHUCTEMBI  MPOU3BOJCTBA  HANHWTKOB,  MPOMBIIICHHAS
ONTUMU3AIMA JHEPromnoTpeOICHNs, OSHEPreTHUECKUd MEHEIKMEHT, YCTOHYMBOE
pa3BUTHE.
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Introduction

The beverage industry represents a major
segment of the global food processing sector
and plays a significant role in economic
development, employment, and consumer
supply. Beverage production systems operate
under strict quality, hygiene, and safety
requirements, which results in high energy
demand across different production stages and
makes energy consumption one of the most
critical operational challenges for
manufacturers [1].

In recent decades, energy prices have
increased steadily, while environmental
regulations have become more stringent. As a
result, energy efficiency improvement has
become not only an economic necessity but
also an environmental and regulatory
obligation for industrial enterprises [2,3].

Despite the availability of modern
energy-efficient technologies, many beverage
production facilities continue to operate with
outdated equipment and inefficient energy
management  practices.  Therefore, a
comprehensive analysis of energy efficiency
challenges and the development of integrated
solutions is essential for sustainable industrial
operation [4].

The aim of the work
This paper aims to analyze the energy
consumption structure of beverage production

systems, identify key challenges affecting
energy efficiency, and propose practical
solutions based on technological,

organizational, and system-level approaches.

Problem statement

Beverage production systems consist of
multiple interconnected technological
processes that transform raw materials into

finished products. Although production lines
vary depending on product type, common
stages include raw material preparation,
mixing, thermal treatment, cooling, filling, and
packaging [5].

Thermal energy is mainly used in
heating, pasteurization, sterilization, and
cleaning-in-place processes, while electrical
energy powers motors, pumps, COMpPressors,
conveyors, and automation systems. The
interaction between these processes determines
the overall energy performance of the
production system [6].

Production facilities often operate under
variable loads due to changes in production
volume, product diversity, and seasonal
demand. This variability complicates energy
management and increases the risk of
inefficiencies if systems are not properly
optimized.

Energy consumption in  beverage
production systems consists of several major
components, including thermal, electrical,
refrigeration, and auxiliary energy uses.
Thermal processes account for a significant
share of the total energy demand, as operations
such as heating, pasteurization, sterilization,
and cleaning require substantial amounts of
thermal energy. Inefficient heat transfer
mechanisms, excessive safety margins, and the
absence of heat recovery systems frequently
result in considerable energy losses and
reduced overall efficiency [7].

In addition to thermal requirements,
electrical energy is extensively consumed by
motors, pumps, compressors, refrigeration
units, and packaging equipment. Among these,
electric motors represent the dominant share
and may account for more than half of the total
electricity consumption in beverage production
facilities. The performance and efficiency of
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these motors largely depend on their design Organizational and Management

characteristics, operating conditions, and
applied control strategies [8].

Cooling and refrigeration systems
constitute another highly energy-intensive part
of beverage production due to their essential
role in preserving product quality and ensuring
process stability. However, inadequate system
design, insufficient maintenance practices, and
improper control methods can significantly
increase energy consumption and reduce
operational efficiency [9].

Furthermore, auxiliary systems such as
compressed air generation, lighting, ventila-
tion, and water treatment contribute noticeably
to the overall energy demand. Although the
energy consumption of each auxiliary
subsystem may appear relatively small, their
cumulative effect can be substantial when not
properly monitored and managed [10].

Challenges Affecting
Efficiency

Technological Challenges. The use of
obsolete and inefficient equipment remains one
of the main barriers to energy efficiency
improvement. Old motors, compressors, and
heat exchangers often operate below modern
efficiency standards. In addition, limited
automation and outdated control systems
prevent real-time optimization of energy
consumption [11].

Process Design and Operation
Challenges. Improper process design leads to
excessive energy use through unnecessary
heating, cooling, and material handling. Long
idle times, poor synchronization between
processes, and frequent start-stop operations
further reduce energy efficiency. These
problems are often caused by insufficient
system-level analysis and lack of optimization
[12].

Energy

Challenges. Energy efficiency is frequently
treated as a technical issue rather than a
strategic  management  priority.  Many
enterprises lack formal energy management
systems, defined performance indicators, and
trained personnel responsible for energy
efficiency. As a result, many cost-effective
energy-saving opportunities remain
unexploited [13].

Data and Monitoring Challenges.
Accurate data collection and analysis are
essential for effective energy management.
However, many beverage production facilities
lack comprehensive monitoring systems
capable of providing real-time information on
energy consumption. Without reliable data,
identifying inefficiencies and evaluating
improvement measures becomes difficult [14].

Problem solution

The article presents solutions for
improving energy efficiency in beverage
production  systems  through technical,
organizational, and system-level approaches.
Equipment modernization, process
optimization, waste  energy  recovery,
mathematical modeling, and the

implementation of energy management
systems are proposed as effective measures to
reduce energy consumption. The economic and
environmental benefits of the suggested
approaches are highlighted, and future research
directions are identified.

Equipment Modernization. Replacing
outdated equipment with energy-efficient
alternatives is one of the most effective ways to
reduce energy consumption. High-efficiency
motors, compressors, and heat exchangers
significantly improve system performance.
Variable frequency drives allow equipment to
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operate according to actual load requirements,
thereby reducing unnecessary energy use [15].

Process Optimization. Process
optimization involves analyzing and adjusting
operating parameters to minimize energy
consumption while maintaining product
quality. Measures such as reducing excessive
heating, optimizing cooling temperatures, and
minimizing idle times can lead to substantial
energy savings without major capital
investment [16].

Waste Energy Recovery. Waste energy
recovery systems capture and reuse energy that
would otherwise be lost. In beverage
production systems, waste heat from thermal
processes can be used for preheating raw
materials or process water. Integrating waste
energy recovery improves overall system
efficiency and reduces fuel consumption [17].

Mathematical Formulation of Energy
Efficiency Improvement

Energy efficiency improvement in
beverage production systems can be
quantitatively evaluated using mathematical
models that describe energy consumption,
production output, and system constraints.

Total energy consumption can be
expressed as the sum of electrical and thermal
energy consumption across all production
stages [18].

n
Etotar = Z(Eel,i + Eth,i)

=1
where E;,:q4;— total energy consumption of the
production system (kWh); E,;; — electrical
energy consumption of process i(kWh); E.y, ; —
thermal energy consumption of process
i(kWh); n— number of technological processes.
Specific energy consumption is used as a
key indicator to evaluate energy efficiency per
unit of production, where a reduction indicates
improved performance.

Etotal

Q

where: SEC— specific energy consumption
(kWh/hl or kWh/unit); Q- total production
output.

A reduction in SECindicates improved
energy efficiency.

The efficiency of individual equipment
can be defined as the ratio of useful output
power to input power:

L Pout,i

" Py
where n;— efficiency of equipment i; P, ;—
useful output power (kW); Py, ;— input power
(KW).

For system-level analysis, weighted
average efficiency values can be applied:

SEC =

n
Zi=1Pout,i
Nsys = <=n -
2oy Pini
The main objective of energy
optimization is minimizing total energy

consumption  while
requirements:

satisfying  production

n
min Erorar = ) (Eevi + Eon)
i=1
subject to the following constraints:
. Q = Qmin
Pimln S Pi S Pimax
n ="
where Q,,;,— Minimum required production
output; P; — operating power of equipment i;
n™"_ minimum acceptable efficiency.
Recovered waste energy can Dbe
calculated as:
Erec = @ Ejpss
where E,.. — recovered energy (KWh); Ejpss —
total waste energy available (kWh); a -
recovery coefficient (0 < a < 1).

The effective energy consumption after
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recovery becomes:
Eeff = Etotar — Erec
Energy cost minimization can be
formulated as:

m
min C=ZEj-cj
j=1

where C- total energy cost; E;— energy
consumed from source j; ¢;—unit cost of energy

source j; m —number of energy sources.

Multi-criteria  optimization =~ models
enable balancing energy efficiency, economic
cost, and environmental impact, providing a
comprehensive framework for sustainable
industrial operation [19]:

min F = wiEiprq + WoC +w3CO0,
where F— composite objective function; CO, —
greenhouse gas emissions;
weighting coefficients.

Energy Management Systems

The  implementation  of  energy
management systems enables continuous
monitoring, analysis, and improvement of
energy performance. Such systems provide a
structured  framework  for  identifying
inefficiencies, setting improvement targets, and
tracking progress over time.

Integrated  system-level optimization
considers interactions between processes and
enables coordinated control strategies. This
approach provides greater benefits than
isolated improvements and supports long-term
sustainability.

Environmental and Economic Benefits

Improving energy efficiency in beverage
production systems results in multiple benefits.
Reduced energy  consumption  lowers
operational costs and increases profitability. At
the same time, decreased greenhouse gas
emissions  contribute to  environmental
protection and regulatory compliance. Energy

Wi, Wy, W3—

efficiency improvement also enhances system
reliability and extends equipment lifespan.

Conclusion

Improving energy efficiency in beverage
production systems is a complex yet essential
task driven by economic, environmental, and
regulatory requirements. The conducted
analysis shows that high energy consumption
in these systems is mainly associated with
thermal processes, electric motors,
refrigeration units, and auxiliary systems, while
existing technological and organizational
shortcomings further increase energy losses.
This study has identified the key challenges
affecting energy performance and proposed
integrated technical and managerial solutions
to address them [20].

Measures such as equipment
modernization, process optimization, waste
energy recovery, mathematical modeling, and
the implementation of energy management
systems enable significant reductions in energy
consumption, lower operational costs, and
reduced environmental impact. System-level
optimization  approaches ensure better
coordination among production processes and
support sustainable industrial development.

Future research should focus on the
application of advanced optimization methods,
digitalization, and the integration of renewable
energy sources, as well as the use of artificial
intelligence and data analytics to further
enhance energy efficiency and overall system
performance.
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