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AIM AND SCOPE 

Energy, Environment and Storage papers consider the prospects of energy technologies, 

environment, materials, process control and industrial systems. The Energy, Environment and 

Storage will be published 3 times per year. 

 

Contributions describe novel and significant applications to the fields of: 

 Hydrogen Fuels 

 Hydrogen and Fuel Cell 

 Hydrogen Economic 

 Biomass 

 Solar PV Technology 

 Solar Thermal Applications 

 Wind Energy 

 Materials for Energy 

 Drones and Energy Applications 

 Nuclear Energy and Applications 

 Hydro Power 

 Fuel Technologies (CNG, LNG, LPG, Diesel, Gasoline, Ethanol, etc.) 

 Numerical Modelling 

 Energy Storage and Systems 

 Battery Technologies 

 Energy Management 

 Heat and Mass Transfer 

 Aerodynamics 

 Aerospace and Energy Applications 

 Combustion 

 Electric Vehicle Transportation 

 Off-grid Energy Systems 

 Environment Management 

 Air Pollution 

 Water and Wastewater Pollution 

 Water and Wastewater Management 

 Waste Management 

 Global Warming and Climate Change 

 Environmental Ecosystem 

 Environmental System Modelling and Optimization 

 Ecological Applications or Conservation 
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An Overview of Thermal Insulation Materials for Hot Water and Steam 
Thermal Energy Storage Systems: Performance, Degradation 

Mechanisms, and Design Considerations   

Stanley Hanseele1* 

1Copperstone University, Baluba Campus, Along Kitwe–Ndola Dual Carriage Way, Zambia 

ABSTRACT. Sensible thermal energy storage (STES) infrastructures, such as hot water tanks and pressurized steam 

accumulators, are critical for industrial waste heat recovery, solar thermal integration, and district energy balancing. 

However, long-term round-trip efficiency and exergy are severely constrained by transient standby heat losses. This paper 

provides a comprehensive review of thermal insulation systems across STES domains. Conventional materials (mineral 

wool, polyisocyanurate, polyurethane foam) are systematically evaluated alongside advanced superinsulations (silica 

aerogel blankets, vacuum insulation panels) and emerging bio-based alternatives. Beyond initial material properties, we 

analyze multi-year operational degradation mechanisms, detailing the physics of moisture transport, interstitial 

condensation, macro-mechanical settling, gas-diffusion kinetics (thermal drift), and vacuum integrity decay. Furthermore, a 

unified thermo-economic optimization framework based on life-cycle cost analysis (LCC) demonstrates how accounting 

for urban spatial footprint valuation financially justifies thin-profile superinsulations. Finally, critical research frontiers—

including structural thermal bridging mitigation, non-destructive degradation testing, smart sensor arrays, and 

aerodynamically optimized cladding—are highlighted. This review provides a roadmap to guide engineers and researchers 

toward optimal thermal insulation design in a carbon-neutral energy landscape. 

Keywords: Sensible Thermal Energy Storage, Thermal Insulation Performance, Superinsulation Materials, Operational Degradation Kinetics, Life-Cycle 

Cost Analysis, Optimization, District Energy Networks, Industrial Waste Heat Recovery 
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1. INTRODUCTION 

Global decarbonization initiatives have accelerated the 

deployment of large-scale thermal energy storage (TES) as 

a critical mechanism to bridge the temporal gap between 

intermittent renewable energy generation, industrial waste 

heat capture, and variable consumer demand [1,2] . 

Among competing storage pathways, sensible thermal 

energy storage (STES) utilizing water or steam as the 

storage medium remains the most commercially mature, 

operationally robust, and economically viable technology 

deployed worldwide [3,4].  

In modern district heating networks, solar domestic hot 

water loops, and heavy industrial process heat networks, 

storage vessels must preserve elevated thermal states 

relative to fluctuating ambient conditions over timescales 

expanding from diurnal cycles to seasonal storage [5-9]. 

Furthermore, as industries seek to decarbonize medium-

temperature operations, steam accumulators and high-

pressure hot water vessels have become crucial for 

balancing power-to-heat conversion schemes [10,11]. 

 

 
Figure 1. Types of thermal energy storage (TES). 

 

A primary thermodynamic bottleneck limiting the long-

term round-trip efficiency of these water and steam 

storage structures is transient standby heat loss through the 

container boundaries [1]. Parasitic heat dissipation through 

the tank envelope does not merely represent a quantitative 

reduction in stored Joules; it also initiates localized, 

buoyancy-driven downward fluid currents along the 

internal container walls [12]. This convective fluid 

movement induces mixing across the vertical density 

https://doi.org/10.52924/RDZJ3006
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profile, directly destroying thermal stratification, the 

density-driven thermal layering that maintains high-

temperature extraction zones at the apex of the vessel and 

cold fluid at the base [13,8]. Consequently, maintaining a 

high-performance, durable insulation barrier is essential to 

safeguard both the quantitative thermal energy content and 

the qualitative thermodynamic exergy of the stored fluid. 

While conventional insulation systems such as mineral 

wool, fiberglass blankets, and expanded polystyrene (EPS) 

have historically dominated infrastructure applications due 

to low initial capital costs, meeting modern carbon-neutral 

efficiency standards requires substantial physical 

insulation thicknesses [4]. This physical bulk drastically 

escalates the spatial footprint of the system, creating 

severe implementation bottlenecks in urban indoor 

configurations or space-constrained industrial facilities 

[14]. Furthermore, pressurized steam and hot water 

applications operating at elevated temperature ranges 

(100 ℃ to 250℃) subject insulation envelopes to extreme, 

sustained thermal gradients, which severely accelerate 

structural aging and environmental degradation [15-17]. 

This has sparked significant interest in deploying thin-

profile, next-generation superinsulation technologies, such 

as vacuum insulation panels (VIPs), vacuum-jacketed 

double walls, and nano-porous silica aerogel blankets [18, 

19]. 

Although thermal insulation material characterizations 

exist within structural and materials engineering literature 

[20], the energy storage domain still lacks a systematic, 

consolidated review evaluating these materials under the 

unique cyclic thermal, mechanical, and environmental 

stressors inherent to hot water and steam systems. This 

paper addresses this gap by providing an overview of 

conventional and advanced insulation options. It 

systematically analyzes their temperature-dependent 

thermal properties, complex mechanical and moisture-

driven degradation mechanics, and real-world thermo-

economic feasibility, ultimately establishing a clear 

roadmap for future industrial insulation optimization. 

While Figure 1 establishes the comprehensive landscape 

of TES technologies, this review focuses explicitly on the 

sensible branch, where fluid containment insulation 

remains the primary efficiency bottleneck. 

 
2. REVIEW METHODOLOGY 

This review synthesizes peer-reviewed literature 

concerning insulation materials for sensible thermal 

energy storage systems employing hot water and steam as 

storage media. Literature was collected from Scopus, Web 

of Science, ScienceDirect, SpringerLink, and Google 

Scholar databases using combinations of the keywords: 

• thermal energy storage insulation  

• hot water storage tank insulation  

• steam accumulator insulation  

• vacuum insulation panels  

• silica aerogels  

• thermal degradation  

• thermal conductivity  

• thermo-economic optimization  

Priority was given to publications from 2000–2026 

addressing material properties, degradation mechanisms, 

insulation performance, and techno-economic 

considerations relevant to thermal energy storage 

applications. 

3. CHARACTERIZATION OF TARGET STORAGE 

SYSTEMS & ANALYTICAL GOVERNING 

EQUATIONS 

3.1 System Classifications and Thermal Domains 

Sensible thermal energy storage (STES) infrastructures are 

strictly categorized based on their operational fluid state, 

pressure boundaries, and thermal regimes. Understanding 

these parameters is essential because they define the 

temperature gradient ∆ T that drives all environmental 

heat loss [21]. 

Low-to-Medium Temperature Liquid Water Storage: 

These systems typically operate within an atmospheric 

thermal band of 40 ℃ to 95℃ [1,22]. They are widely 

used in solar domestic hot water (DHW) loops and 

decentralized district heating storage tanks. The 

containment structures are typically carbon steel or 

stainless-steel tanks operating at or near atmospheric 

pressure, meaning that fluid loss is minimized, and 

thermal considerations are focused entirely on radial heat 

conduction through the tank shell. 

High-Temperature Pressurized Water and Steam 

Accumulators: Operating between 100 ℃ and 250℃, 

these systems include pressurized liquid water vessels and 

Ruths steam accumulators used for buffering industrial 

process heat [23]. Because steam saturation pressures 

scale nonlinearly with temperature—reaching up to 40 bar 

at 250℃, these containers feature thick-walled, high-

strength carbon steel pressure vessel shells. This high 

operational temperature creates large thermal gradients 

relative to the ambient air, presenting a severe challenge 

for standard insulation materials. 

3.2 Analytical Governing Equations of Cylindrical Heat 

Loss 

To evaluate the performance of insulation envelopes, the 

system is modeled as a multi-layered cylinder undergoing 

steady-state radial heat conduction coupled with internal 

and external convection boundaries [24]. 

For a vertical or horizontal cylindrical storage tank of 

length L, with an arbitrary number of insulation layers n, 

the total standby heat loss rate (q, in Watts) is expressed 

using the classic radial Fourier heat transfer formulation: 

𝒒 =
𝑻𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 −  𝑻𝒂𝒎𝒃𝒊𝒆𝒏𝒕

𝟏

𝒉𝒊𝑨𝒊
+ ∑

𝒍𝒏(
𝒓𝒋+𝟏

𝒓𝒋
)

𝟐𝝅𝒌𝒋𝑳
𝒏
𝒋=𝟏 +

𝟏

𝒉𝒐𝑨𝒐

                     𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑. 𝟏 

Where: 

• 𝑻𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 is the bulk temperature of the stored 

fluid (water or steam) [𝑲 𝒐𝒓 ℃]. 
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• 𝑻𝒂𝒎𝒃𝒊𝒆𝒏𝒕 is the temperature of the surrounding 

environment [𝑲 𝒐𝒓 ℃]. 

• 𝒓𝒋 and 𝒓𝒋+𝟏 are the inner and outer radii of the 

individual insulation layer 𝒋 [m]. 

• 𝑳 is the characteristic height or length of the 

insulated tank shell [m]. 

• 𝑨𝒊 (𝟐𝝅𝒓𝟏𝑳 ) and 𝑨𝒐 (𝟐𝝅𝒓𝒏+𝟏𝑳 )  are the inside 

and outside surface areas of the total system 

envelope [m2]. 

The convective heat transfer coefficients (𝒉𝒊 and 𝒉𝒐, in 

𝑾/𝒎𝟐. 𝑲) dictate the boundary layer resistances. For 

internal liquid water or condensing steam, the internal 

convective coefficient (𝒉𝒊) is typically very large (𝒉𝒊 ≥
𝟏𝟎𝟎𝟎𝑾/𝒎𝟐. 𝑲), making the internal boundary resistance 

(
𝟏

𝒉𝒊𝑨𝒊
) negligible. 

Conversely, the external convective coefficient (𝒉𝒐) 

represents a critical, highly variable boundary determined 

by ambient wind speeds and buoyant air behavior. Under 

natural outdoor convection, 𝒉𝒐 is calculated using 

empirical Nusselt number (𝑵𝒖̅̅ ̅̅ ) correlations for vertical 

cylinders [25]: 

𝑵𝒖𝑳 =
𝒉𝒐𝑳

𝒌𝒂𝒊𝒓

= {𝟎. 𝟖𝟐𝟓 +  
𝟎. 𝟑𝟖𝟕𝑹𝒂𝑳

𝟏/𝟔

[𝟏 + (𝟎. 𝟒𝟗𝟐/𝑷𝒓)𝟗/𝟏𝟔]𝟖/𝟐𝟕
}

𝟐

 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑. 𝟐 

Where 𝑹𝒂𝑳 is the Rayleigh number based on tank height, 

and 𝑷𝒓 is the Prandtl number of ambient air. 

3.3 Variable Thermal Conductivity Boundaries 

A common error in baseline thermal modeling is treating 

the material thermal conductivity (𝒌) as a static constant. 

In real-world operation, the thermal conductivity of 

porous media is a highly dynamic function that increases 

nonlinearly with the mean temperature of the insulation 

layer (𝑻𝒎) [24,26]: 

𝒌𝒋(𝑻𝒎) = 𝒌𝟎 + 𝜶𝑻𝒎 + 𝜷𝑻𝒎
𝟐                     𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑. 𝟑 

Where 𝒌𝟎 is the baseline conductivity at a reference 

temperature (𝟐𝟎℃), and 𝜶 and 𝜷 are empirically 

determined material-specific temperature coefficients. 

As 𝑻𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 shifts from a low-temperature domestic water 

state (𝟓𝟎 ℃) to a high-temperature industrial steam state 

(𝟐𝟎𝟎 ℃), the internal microscopic heat transport 

mechanisms within the insulation pores change. At higher 

temperatures, the rate of radiative heat transfer across the 

micro-pores scales with the third power of temperature 

(𝑻𝟑), causing a sharp increase in the material's effective k-

value. 

This temperature dependence links the external insulation 

performance directly to the preservation of internal fluid 

stability. When an insulation material suffers from a 

temperature-induced increase in conductivity, the resulting 

surge in wall heat loss causes cold fluid layers along the 

internal tank wall to slide downward under gravity. This 

boundary flow directly disrupts internal thermal 

stratification, causing mixing that rapidly degrades the 

thermodynamic exergy of the system [27]. 

4. MATERIAL SELECTION AND MATERIAL 

PROPERTY PROFILES 

4.1 Mineral Fibers and Granular Matrices 

Fibrous insulation variants, primarily encompassing 

rockwool (stone wool) and glass fiber blankets, remain the 

industrial baseline for high-temperature thermal storage 

insulation due to their exceptional thermal resilience and 

non-combustibility. These materials are fabricated by 

melting basaltic rock or slag at temperatures exceeding 

𝟏𝟓𝟎𝟎 ℃, subsequently spinning the melt into fine, 

interlocking filaments bonded with phenolic resins. 

The baseline thermal conductivity (𝒌) of commercial 

rockwool ranges between 𝟎. 𝟎𝟑𝟑𝑾/𝒎. 𝑲 and 𝟎. 𝟎𝟒𝟓𝑾/
𝒎. 𝑲 at an ambient reference temperature of 𝟐𝟎℃, with 

typical bulk densities spanning 𝟒𝟎 𝒌𝒈/𝒎𝟑 to 𝟏𝟔𝟎 𝒌𝒈/
𝒎𝟑  [28]. The structural core of fibrous matrices contains 

a high open-porosity volume fraction (𝜺~ 𝟎. 𝟗𝟐 −  𝟎. 𝟗𝟔), 

meaning that heat transfer is heavily dominated by gas-

phase conduction of the stagnant air trapped within the 

voids. 

The reason rockwool is good is that it is made of inorganic 

oxides. This means rockwool can handle high 

temperatures and harsh chemicals. Rockwool is a good 

choice for things like pressurized steam accumulators and 

high-temperature solar salt-to-water heat exchangers. This 

is because rockwool is very safe to use. However, it has 

one problem. It is made in a way that allows air to move 

through it easily. This means that rockwool can lose heat 

easily when it is exposed to air currents or moisture. 

From a thermal energy storage perspective, rockwool is 

one of the most popular insulation systems. It is used in 

district-heating storage tanks, seasonal hot-water storage 

facilities and industrial steam accumulators. Rockwool is 

used much because it can handle high temperatures, it 

does not catch fire easily and it stays strong even when it 

is exposed to high temperatures for a long time. Rockwool 

needs to be thicker than some insulation materials to work 

well. Rockwool is remains a good choice for big thermal 

energy storage projects. It provides a balance, between 

how well it insulates, how long it lasts and how much it 

costs for big thermal energy storage applications. 

4.2 Closed-Cell Polymeric Foams 

Polyurethane (PU) and Polyisocyanurate (PIR) rigid 

foams are the primary choices for low-to-medium 

temperature hot water storage, such as domestic hot water 

(DHW) cylinders and decentralized district heating 

buffers. These materials are produced via exothermic 

polymerization reactions between isocyanates and polyols, 

incorporating liquid blowing agents that vaporize to create 

a closed-cell matrix (𝜺 >  𝟎. 𝟗𝟓). 

The outstanding performance of PU and PIR foams stems 

from trapping these heavy blowing gases (such as 

hydrofluorocarbons or cyclopentane) inside their closed 

pores. Because these gases have a lower thermal 

conductivity (𝒌𝒈𝒂𝒔~𝟎. 𝟎𝟏𝟎 − 𝟎. 𝟎𝟏𝟒𝑾/𝒎. 𝑲) than 

ambient air, pristine PU foam achieves an exceptionally 
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low baseline thermal conductivity (𝟎. 𝟎𝟐𝟎 −
𝟎. 𝟎𝟐𝟒 𝑾/𝒎. 𝑲) at room temperature [29]. 

Modified polyisocyanurate (PIR) formulations introduce 

cyclic isocyanate ring structures, which boost the 

material's thermal threshold from the standard 𝟏𝟎𝟎 ℃ up 

to 𝟏𝟒𝟎 ℃ [30,31]. Despite this enhancement, cellular 

polymer foams cannot be applied to steam storage systems 

operating above 𝟏𝟓𝟎 ℃. Exceeding this boundary triggers 

rapid thermal degradation, core scorching, and mechanical 

collapse of the polymer walls [32].  

Consequently, polyurethane and polyisocyanurate foams 

are primarily restricted to low- and medium-temperature 

hot-water thermal energy storage systems, including 

domestic hot-water cylinders, solar thermal storage tanks, 

and decentralized district-heating buffers. Their 

exceptionally low thermal conductivity enables compact 

storage configurations with reduced standby heat losses; 

however, their limited thermal stability prevents 

widespread deployment in high-temperature steam storage 

applications 

4.3 Advanced Superinsulation and Vacuum 

Environments 

To overcome the physical thickness limitations of 

conventional materials, advanced superinsulation systems 

leverage nanoscale material structures or vacuum 

environments to eliminate gas-phase conduction entirely 

[33,34]. 

Silica aerogel blankets are synthesized via supercritical 

drying of silica gels, yielding an ultra-porous amorphous 

structure with an exceptionally low density (𝟖𝟎 −
𝟏𝟖𝟎 𝒌𝒈/𝒎𝟑). The defining characteristic of silica 

aerogels is that their average pore diameter (~𝟐𝟎 𝒏𝒎) is 

smaller than the mean free path of ambient air molecules 

(~ 𝟔𝟖  𝒏𝒎). This design triggers the Knudsen effect, 

restricting molecular collisions within the pores and 

reducing gas-phase thermal conduction to near zero [33]. 

Consequently, aerogel blankets achieve a remarkably low 

thermal conductivity (𝟎. 𝟎𝟏𝟑 −  𝟎. 𝟎𝟏𝟖  𝑾/𝒎. 𝑲) while 

retaining high thermal stability up to 𝟔𝟓𝟎 ℃ [35-40]. 

Vacuum Insulation Panels (VIPs) represent the practical 

performance limit of modern insulation performance. A 

VIP consists of a highly porous core material—typically 

compressed fumed silica—sealed within a gas-tight multi-

layer polymer-aluminum laminate envelope and evacuated 

to an internal pressure below 𝟓 𝒎𝒃𝒂𝒓. By removing gas 

molecules, the center-of-panel thermal conductivity drops 

to an ultra-low range of 𝟎. 𝟎𝟎𝟒𝑾/𝒎. 𝑲 𝒕𝒐 𝟎. 𝟎𝟎𝟖 𝑾/
𝒎. 𝑲 [41]. 

However, VIP integration is constrained by two critical 

engineering limitations: standard protective polymer skins 

cannot withstand continuous operating temperatures above 

𝟖𝟎 ℃, and the panels cannot be cut or modified in the 

field without causing a significant degradation of the 

internal vacuum core. 

For thermal energy storage installations where available 

installation space is limited, advanced superinsulation 

technologies provide a compelling alternative to 

conventional fibrous and polymeric materials. Silica 

aerogel blankets have attracted particular interest for 

retrofitting existing storage vessels because they offer 

substantial reductions in insulation thickness while 

maintaining high-temperature capability. Similarly, VIP-

based systems are increasingly being considered for 

compact TES units where maximizing storage capacity 

within a constrained footprint is a primary design 

objective 

4.4 Unconventional Bio-Based Alternatives 

In response to increasing environmental regulations and a 

focus on circular construction, natural bio-based insulation 

alternatives have emerged as potential replacements for 

standard carbon-intensive materials [42]. Prominent 

materials evaluated for hot water tank insulation include 

compressed agricultural hemp fibers, loose-fill sheep’s 

wool, and expanded natural cork slabs. 

The baseline thermal conductivity of eco-friendly 

insulation options matches traditional mineral fibers well, 

typical values ranging between 𝟎. 𝟎𝟑𝟖 𝑾/𝒎. 𝑲 and 

𝟎. 𝟎𝟓𝟎 𝑾/𝒎. 𝑲 [42]. Cork slabs, for instance, utilize the 

natural closed-cell structure of suberin tissue to restrict 

radiant energy pathways. Unlike nano-porous silica 

aerogels, which employ chemical surface treatments to 

achieve hydrophobicity, untreated natural cork structures 

readily absorb interstitial moisture, accelerating effective 

thermal conductivity degradation. 

While these materials offer exceptionally low embodied 

carbon footprints and negative global warming potentials 

(GWP), their use in thermal energy storage is limited by 

low thermal tolerance (𝟗𝟎 ℃) and extreme vulnerability to 

biological decay when exposed to tank moisture or 

humidity [43]. This restricts their application to low-

temperature residential hot water tanks equipped with 

premium, fully sealed outer vapor shells. 

Although bio-based insulation materials remain relatively 

uncommon within industrial thermal energy storage 

infrastructure, they offer potential opportunities for low-

temperature residential hot-water storage systems where 

sustainability objectives and embodied-carbon reductions 

are prioritized. Their long-term viability in TES 

environments, however, remains dependent on effective 

moisture management and improved resistance to 

biological degradation. 
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4.5 Comprehensive Materials Properties Synthesis Matrix 

This synthesis matrix cross-examines all verified literature sources, providing a clear comparison of engineering parameters 

for system design: 

 

Material 

Classification 

Baseline 

Conductivity (k0 

at 20∘C, W/m·K) 

Density 

Range (ρ, 

kg/m3) 

Maximum 

Continuous 

Temp (∘C) 

Embodied 

Energy 

(MJ/kg) 

Primary 

Technical 

Failure 

Mechanism 

Primary 

Data 

Source 

Rockwool / Stone 

Wool 
0.033 −  0.045 

40 
−  160 

650 ℃ 15 −  20 

Gravity sagging; 

structural 

compaction at 

base 

[28] 

Rigid 

Polyurethane 

(PU) 

0.020 −  0.025 30 −  50 100 ℃ 70 −  100 

Thermal drift 

due to blowing 

gas outgassing 

[28] 

Polyisocyanurate 

(PIR) 
0.022 −  0.028 35 −  55 140 ℃ 80 −  110 

Core scorching; 

cell wall 

structural 

cracking 

[30,31] 

Silica Aerogel 

Blanket 
0.013 −  0.018 

80 
−  180 

650 ℃ 300 −  400 

Structural 

dusting under 

severe vibration 

[35-40] 

Vacuum 

Insulation Panel 
0.004 −  0.008 

160 
−  220 

80 ℃ 200 −  250 

Envelope 

puncture causing 

vacuum loss 

[41] 

Expanded 

Natural Cork 
0.038 −  0.043 

100 
−  130 

90 ℃ 8 −  12 

Mold growth; 

high moisture 

absorption 

[42] 

 

4.6 Temperature-Dependent Thermal Conductivity 

Evolution 

To model real-world heat loss, designers cannot rely on 

baseline ambient conductivity (𝒌𝟎). Figure 2 demonstrates 

the non-linear relationship between insulation material 

performance and the operational temperature profile of the 

energy storage tank.  

 
Figure 2: Effective thermal conductivity (𝒌) as a function 

of mean insulation temperature (𝑻𝒎) across conventional, 

advanced, and nano-porous insulation materials. 

As illustrated, while rigid polyurethane exhibits a low 

initial conductivity at room temperature, its slope rises  

 

 

sharply as it approaches its maximum thermal threshold 

(𝟏𝟎𝟎 ℃), driven by increased molecular movement within 

the trapped gas cells [32]. In contrast, silica aerogel 

blankets maintain a highly stable, flat trajectory up to 

𝟐𝟓𝟎 ℃. This stability occurs because the nano-pores 

restrict gas molecule velocity vectors, allowing the 

material to easily withstand high-temperature steam 

storage gradients [35]. 

5. PERFORMANCE DEGRADATION MECHANICS 

5.1 Moisture Ingress and Condensation Dynamics 

The penetration of environmental moisture into an 

insulation envelope represents the most mathematically 

volatile degradation mechanism affecting sensible thermal 

energy storage (STES) systems [44]. For open-pore 

fibrous matrices (such as rockwool and glass fiber 

blankets), moisture transport occurs via two simultaneous 

pathways: capillary liquid absorption stemming from 

external weather-barrier breaches, and vapor diffusion 

driven by the steep partial pressure gradient (𝛁𝑷𝒗) 
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between the humid ambient air and the hot tank shell [45-

48]. 

When water vapor migrates inward through the insulation 

layers, it encounters a declining temperature gradient 

(𝛁 𝑻). Once the local temperature drops below the dew 

point of the air-vapor mixture, interstitial condensation 

occurs directly within the material's voids [49]. The 

introduction of liquid water fundamentally shifts the heat 

transfer regime of the material. Because stagnant air 

features an exceptionally low thermal conductivity 

(𝒌𝒂𝒊𝒓~𝟎. 𝟎𝟐𝟔𝑾/𝒎. 𝑲 at ambient conditions), the baseline 

insulating property of porous media relies entirely on 

suppressing gas-phase convection. However, liquid water 

possesses a thermal conductivity (𝒌𝒘𝒂𝒕𝒆𝒓~𝟎. 𝟔𝟎 𝑾/𝒎. 𝑲) 

that is more than twenty times higher than that of air [50]. 

As liquid water progressively replaces air within the 

porous volume fraction (𝜺), the effective thermal 

conductivity (𝒌𝒆𝒇𝒇) of the composite medium increases 

nonlinearly. This behavior can be bounded mathematically 

using a parallel thermal resistance model for a simplified 

multi-phase system: 

𝒌𝒆𝒇𝒇 = 𝜺. [𝒔 ⋅ 𝒌𝒘𝒂𝒕𝒆𝒓 + (𝟏 − 𝒔) ⋅ 𝒌𝒂𝒊𝒓]

+ (𝟏 − 𝜺). 𝒌𝒔𝒐𝒍𝒊𝒅        𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟓. 𝟏 

Where 𝒔 represents the local liquid water saturation degree 

(𝟎 ≤  𝒔 ≤  𝟏) and 𝒌𝒔𝒐𝒍𝒊𝒅 is the intrinsic thermal 

conductivity of the raw fiber skeleton [50]. Empirical 

tracking validates that even a minor volumetric moisture 

accumulation of 𝟓% to 𝟏𝟎% can trigger an exponential 

spike in 𝒌𝒆𝒇𝒇, increasing overall standby thermal energy 

losses by 𝟏𝟓𝟎% to 𝟑𝟎𝟎% [49]. 

Furthermore, in high-temperature steam accumulators 

operating above 𝟏𝟎𝟎 ℃, trapped moisture undergoes 

localized, repeating cycles of rapid vaporization near the 

hot wall followed by migration and condensation near the 

cooler outer shell [44]. This internal latent heat transport 

loop creates a localized heat-transfer pathway. In contrast, 

nano-porous silica aerogel blankets retain their 

performance under high humidity due to built-in chemical 

surface treatments that render the silica cluster chains 

highly hydrophobic, effectively preventing water 

molecules from settling in the pores [51-52]. 

5.2 Mechanical Settling, Compaction, and Structural 

Sagging 

In large-scale vertical STES vessels, such as district 

heating accumulator towers or industrial steam buffers, 

insulation materials are subjected to continuous macro-

mechanical stress [53-55]. For fibrous insulation blankets 

wrapped around tall vertical vessels, mechanical 

degradation manifests as progressive vertical settling and 

localized compaction, driven by a combination of 

gravitational forces acting on the material's self-weight 

and structural cyclic thermal loading [56]. 

As the storage tank undergoes charging and discharging 

cycles, the metal tank shell continuously expands and 

contracts radially and axially. The displacement of the 

tank wall exerts alternating cyclic shear stresses on the 

inner boundary of the insulation layer  [57]. Over multi-

month operating cycles, these micro-movements fatigue 

and fracture the resin binder junctions holding the 

individual mineral fibers together, causing the cohesive 

blanket structure to lose its elastic recovery and slump 

downward under its own weight. 

The structural consequences of this sagging are twofold: 

1. High-Density Compaction at the Base: The lower 

sections of the tank insulation become 

mechanically compressed, reducing the local 

structural porosity (𝜺). This compression 

increases the solid-to-void volume ratio, 

accelerating conductive heat loss through the 

dense fiber-to-fiber contact points [56]. 

2. Void Formation at the Apex: The slumping 

leaves completely uninsulated annular gaps at the 

top dome of the vessel. Because the hottest fluid 

layers reside at the top of the tank due to thermal 

stratification, these bare metal gaps create a 

severe thermal shortcut. The high localized 

temperature gradient drives rapid external 

ambient convection currents, accelerating overall 

tank standby decay [58]. 

5.3 Thermal Drift, Outgassing, and Structural Core 

Degradation 

 

Closed-cell polymeric foams (e.g., rigid polyurethane and 

polyisocyanurate) suffer from a slow, continuous 

degradation mechanism known as thermal drift, which 

stems from gas diffusion kinetics within the polymer 

matrix [59]. The exceptional initial thermal performance 

of pristine polyurethane foam depends on trapping heavy 

blowing agent gases (such as cyclopentane or 

hydrofluorocarbons) within its closed cells to block gas-

phase conduction [60]. 

However, because of concentration and partial pressure 

differences between the inside of the cell and the ambient 

air, a slow, continuous gas exchange occurs over time 

[59]. The low-conductivity blowing gases slowly diffuse 

out through the thin polymeric cell walls, while ambient 

nitrogen and oxygen diffuse inward. Because air features a 

significantly higher thermal conductivity than the 

specialized blowing agents, this outgassing causes a 

steady, permanent increase in baseline thermal 

conductivity [60]. Long-term field evaluations of insulated 

industrial tanks reveal a permanent 𝟏𝟓% to 𝟐𝟎% drop in 

overall thermal resistance (𝑹-value) over a twenty-year 

operational lifespan due to this gas exchange process. 

This degradation is severely accelerated when the storage 

system operates near the material's upper thermal limit. 

Subjecting standard polyurethane foam to continuous 

boundary temperatures exceeding 𝟏𝟐𝟎 ℃ causes the 

polymer matrix to experience micro-cracking, cell wall 

collapse, and localized core scorching [60]. This structural 

breakdown turns closed cells into open channels, 

accelerating outgassing and exposing the shell to moisture 

ingress 

5.4 Vacuum Integrity Loss and Edge Heat Bridges 

For Vacuum Insulation Panels (VIPs) utilized in 

advanced, space-constrained hot water tanks, the dominant 

degradation mechanism is the slow loss of internal 
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vacuum core integrity over time [41]. The ultra-low 

thermal conductivity of a VIP depends entirely on 

maintaining an internal pressure below 𝟓  𝒎𝒃𝒂𝒓 to 

eliminate gas-phase conduction. However, standard 

polymer-metallized outer laminate envelopes are not 

completely impermeable [61]. 

Over extended service lives, air molecules and moisture 

vapor steadily permeate through the outer barrier 

membrane and along the sealed edges, causing the internal 

panel pressure to rise [61]. This internal pressure increase 

can be modeled using a linear gas permeation rate 

equation: 

𝒅𝑷𝒊𝒏𝒕

𝒅𝒕
=

𝑨

𝑽
⋅ (𝑷𝒆𝒙𝒕 − 𝑷𝒊𝒏𝒕) ⋅ 𝑸𝒈𝒂𝒔             𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟓. 𝟐 

Where 𝑨 is the envelope surface area, 𝑽 is the internal 

evacuated core volume, 𝑷𝒆𝒙𝒕 is the atmospheric pressure, 

and 𝑸𝒈𝒂𝒔 represents the specific gas permeation 

coefficient of the laminate skin [41]. As the internal 

pressure rises, gas-phase conduction within the fumed 

silica core recovers, causing the panel's thermal 

conductivity to jump from its pristine state (𝟎. 𝟎𝟎𝟒 𝑾/
𝒎. 𝑲) toward standard atmospheric values (𝟎. 𝟎𝟐𝟎 𝑾/
𝒎. 𝑲) [62]. 

This aging process is further compounded by localized 

high temperatures. Elevated storage tank boundaries 

accelerate gas molecule transmission across the laminate 

skin, while the multi-layer aluminum protective films 

create significant perimeter "thermal bridging" around the 

panel borders, leading to localized heat leaks [63]. 

6. THERMO-ECONOMIC AND SPACE-

EFFICIENCY TRADE-OFFS 

6.1 Analytical Life-Cycle Cost (LCC) Framework 

The design optimization of thermal energy storage (STES) 

insulation envelopes requires balancing upfront capital 

expenditure (CAPEX) against lifelong operational energy 

savings [64, 65]. To determine the absolute financial 

optimum for insulation thickness, a rigorous Life-Cycle 

Cost Analysis (𝑳𝑪𝑪) is deployed utilizing the universally 

accepted 𝑷𝟏 − 𝑷𝟐 economic model [66].  

The lifetime total cost per unit of tank surface area (𝑳𝑪𝑪, 

in $/𝒎𝟐) is expressed as the sum of the direct insulation 

material installation cost and the net present value of the 

escaping thermal energy over the system’s complete 

operational horizon: 

𝑳𝑪𝑪 = (𝑪𝒊𝒏𝒔 ⋅ 𝒙) + (𝑪𝑬 ⋅ 𝑸𝒂𝒏𝒏

⋅ 𝑷𝟏)                        𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟔. 𝟏 

Where: 

• 𝑪𝒊𝒏𝒔 represents the bulk volumetric cost of the 

chosen insulation material [$/𝒎𝟑]. 

• 𝒙 is the absolute thickness of the insulation layer 

[𝒎].  

• 𝑪𝑬 is the unit cost of thermal energy generated by 

the system heating source [$/𝒌𝑾𝒉]. 

• 𝑸𝒂𝒏𝒏 is the cumulative annual standing heat loss 

escaping through the envelope [𝒌𝑾𝒉/
𝒎𝟐. 𝒚𝒆𝒂𝒓]. 

• 𝑷𝟏 is the dimensionless Present Worth Factor, 

which accounts for the system lifetime (𝑵), 

market interest rates (𝒊), and annual energy 

inflation rates (𝒅) [66]: 

𝑷𝟏 =
𝟏

𝒅 − 𝒊
⋅ [𝟏 − (

𝟏 + 𝒅

𝟏 + 𝒊
)

𝑵

]  𝒊𝒇 𝒊 ≠ 𝒅          𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟔. 𝟐 

The total annual heat loss escaping a flat tank boundary 

wall is dictated by the thermal resistance of the insulation 

layer coupled to external convective boundaries: 

𝑸𝒂𝒏𝒏 =
𝟖𝟕𝟔𝟎 ⋅ (𝑻𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 − 𝑻𝒂𝒎𝒃𝒊𝒆𝒏𝒕)

𝒙

𝒌
+ 𝑹𝒆𝒙𝒕

       𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟔. 𝟑 

Where 𝟖𝟕𝟔𝟎 represents the total operational hours in a 

standard year, 𝒌 is the temperature-dependent thermal 

conductivity of the material, and 𝑹𝒆𝒙𝒕 is the external 

convective and radiative thermal boundary resistance 

[𝒎𝟐. 𝑲/𝑾]. 

By substituting 𝑸𝒂𝒏𝒏 back into the 𝑳𝑪𝑪 expression, 

differentiating with respect to thickness (
𝒅𝑳𝑪𝑪

𝒅𝒙
= 𝟎), and 

solving for 𝒙, the mathematically optimized insulation 

thickness (𝒙𝒐𝒑𝒕) is isolated [65]: 

𝒙𝒐𝒑𝒕 = (
𝟖𝟕𝟔𝟎 ⋅ 𝑪𝑬 ⋅ 𝑷𝟏 ⋅ 𝒌 ⋅ (𝑻𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 − 𝑻𝒂𝒎𝒃𝒊𝒆𝒏𝒕)

𝑪𝒊𝒏𝒔
)

𝟎.𝟓

− (𝒌 ⋅ 𝑹𝒆𝒙𝒕)                𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟔. 𝟒 

 

6.2 Cylindrical Optimization Geometry and Payback 

Metrics 

For high-curvature cylindrical pressure vessels or compact 

hot water cylinders, flat-surface assumptions break down 

due to the volumetric expansion of insulation layers as 

radius moves outward. The radial expansion increases the 

exterior surface area, accelerating convective losses and 

requiring a geometric correction factor for the 𝑳𝑪𝑪 

framework [67]. 

For a storage cylinder with an inner insulation radius 𝒓𝟏 

and an outer radius 𝒓𝟐, the cost function must be 

formulated using the volume of insulation consumed per 

meter of tank length: 

𝑳𝑪𝑪𝒄𝒚𝒍

= 𝑪𝒊𝒏𝒔 ⋅ 𝝅 ⋅ (𝒓𝟐
𝟐 − 𝒓𝟏

𝟐) + 𝑪𝑬 ⋅ 𝑷𝟏

⋅ [
𝟖𝟕𝟔𝟎 ⋅ (𝑻𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 − 𝑻𝒂𝒎𝒃𝒊𝒆𝒏𝒕)

𝒍𝒏(𝒓𝟐/𝒓𝟏)

𝟐𝝅𝒌
+

𝟏

𝟐𝝅𝒓𝟐𝒉𝒐

]    𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟔. 𝟓 

Iteratively minimizing this expression yields the precise 

geometric outer boundary for optimal savings [68]. 

To calculate the time required for energy savings to 

completely pay back the upfront insulation material 

expenditure, the Discounted Payback Period (𝑵𝒑, in years) 

is calculated by setting the net lifecycle savings (𝑳𝑪𝑺) 

expression to zero [66]: 
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𝑵𝒑 =
𝒍𝒏 [𝟏 +

𝑪𝒊𝒏𝒔⋅𝒙⋅(𝒅−𝒊)

𝑪𝑬⋅𝚫𝑸𝒂𝒏𝒏⋅(𝟏+𝒊)
]

𝒍𝒏 (
𝟏+𝒅

𝟏+𝒊
)

               𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟔. 𝟔  

Where ∆𝑸𝒂𝒏𝒏 represents the net reduction in annual 

standing energy loss achieved by shifting from an 

uninsulated baseline state to the target insulated state 

(𝑸𝒖𝒏𝒊𝒏𝒔𝒖𝒍𝒂𝒕𝒆𝒅 − 𝑸𝒊𝒏𝒔𝒖𝒍𝒂𝒕𝒆𝒅) [68]. For conventional 

materials like rockwool or fiberglass wraps, 𝑵𝒑 typically 

spans an incredibly favorable 𝟎. 𝟓 to 𝟐. 𝟓 years, depending 

heavily on the baseline cost of fuel [68]. 

 

6.3 Space-Efficiency Metrics and Spatial Floor Area 

Valuation 

Traditional optimization models treat physical thickness as 

a variable with no external penalties. However, in modern 

indoor thermal energy networks, basement utility 

mechanical rooms, and dense urban building layouts, thick 

insulation layers carry a major penalty: they consume 

valuable real estate floor area [69]. 

If a traditional rockwool insulation blanket requires a 

thickness of 𝟏𝟓𝟎 𝒎𝒎 to achieve a target thermal 𝑼-value, 

switching to an advanced superinsulation material like a 

silica aerogel blanket or a Vacuum Insulation Panel (VIP) 

can match that performance at a fraction of the thickness 

(𝟐𝟎𝒎𝒎 𝒕𝒐 𝟑𝟎𝒎𝒎) [35]. 

The floor area recovered (𝑨𝒔𝒂𝒗𝒆𝒅, 𝒊𝒏 𝒎𝟐) by utilizing a 

thin advanced insulation wrapper around a cylindrical 

storage vessel of outer radius 𝑹 and height 𝑯 is derived 

as: 

𝑨𝒔𝒂𝒗𝒆𝒅 = 𝝅 ⋅ [(𝑹 + 𝒙𝒕𝒓𝒂𝒅𝒊𝒕𝒊𝒐𝒏𝒂𝒍)𝟐

− (𝑹 + 𝒙𝒂𝒅𝒗𝒂𝒏𝒄𝒆𝒅)𝟐]     𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟔. 𝟕 

By integrating the local commercial real estate or rental 

lease value (𝑪𝒔𝒑𝒂𝒄𝒆, in $/𝒎𝟐. 𝒚𝒆𝒂𝒓) into the lifecycle 

equation, the adjusted Lifecycle Savings (𝑳𝑪𝑺𝒂𝒅𝒋) formula 

becomes [69]: 

𝑳𝑪𝑺𝒂𝒅𝒋 = (𝑪𝑬 ⋅ 𝚫𝑸𝒂𝒏𝒏 ⋅ 𝑷𝟏) + (𝑨𝒔𝒂𝒗𝒆𝒅 ⋅ 𝑪𝒔𝒑𝒂𝒄𝒆 ⋅ 𝑷𝟏)

− (𝑪𝒊𝒏𝒔,𝒂𝒅𝒗

⋅ 𝒙𝒂𝒅𝒗𝒂𝒏𝒄𝒆𝒅)      𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟔. 𝟖 

 

Figure 3: Thermo-economic optimization pathways 

demonstrating the shift in optimal thickness (𝒙\𝒕𝒆𝒙𝒕𝒐𝒑𝒕) 

when incorporating spatial real estate credits. 

As illustrated in Figure 3, while advanced nano-porous 

materials exhibit high baseline material acquisition costs 

(𝑪𝒊𝒏𝒔), incorporating space savings (𝑨𝒔𝒂𝒗𝒆𝒅. 𝑪𝒔𝒑𝒂𝒄𝒆) into 

the financial model completely changes the balance. In 

areas with high real estate costs, this spatial credit offsets 

the initial capital expenditure of aerogels, dropping the 

discounted payback period from over 𝟏𝟓 years down to a 

highly competitive 𝟏. 𝟐 to 𝟐. 𝟓 years [69]. This makes 

advanced thin-profile systems highly viable for space-

constrained indoor installations 

7. CHALLENGES AND FUTURE OUTLOOK 

7.1 Mitigation of Geometric Thermal Bridging 

While optimizing the continuous center-of-panel or 

center-of-blanket thermal performance is critical, real-

world sensible thermal energy storage (STES) vessels 

suffer from substantial localized heat leaks known as 

geometric thermal bridges. Even when a tank features a 

thick, optimized insulation jacket, the structural necessity 

of anchoring heavy steel vessels to concrete foundations 

introduces significant thermal short circuits. Uninsulated 

tank support legs, bracket attachments, and foundational 

tie-downs cross directly through the insulation barrier, 

creating high-conduction pathways that link the hot inner 

shell to the ground or ambient environment [70]. Numeric 

three-dimensional models reveal that these structural 

anchors can account for 𝟏𝟎% to 𝟏𝟓% of total standing 

energy losses during extended standby periods. 

Furthermore, the mechanical operation of hot water and 

steam storage requires multiple pipe penetrations, 

maintenance manholes, and instrument ports. Every 

nozzle connection breaks the physical continuity of the 

surrounding insulation layer. Because it is highly complex 

to mold insulation perfectly around intricate, multi-valve 

manifold junctions, field installations often leave these 

connections poorly insulated or bare. This exposed metal 

drives rapid natural convection loops, drawing heat from 

the tank core and accelerating local thermal degradation 

[70]. Future research must focus on developing 

standardized, load-bearing thermal breaks made from 

high-strength composites (such as glass-reinforced 

polymer matrices) that can isolate support structures 

without sacrificing mechanical stability. 

7.2 Advanced Field Diagnostics and Smart Insulation 

Systems 

Because hidden moisture absorption and structural gravity 

sagging happen inside the protective external aluminum 

cladding, plant operators rarely catch insulation 

degradation until it causes a massive drop in system 

efficiency or catastrophic Corrosion Under Insulation 

(CUI) [71]. To address this, the industry is shifting away 

from reactive maintenance toward advanced, non-

destructive testing (NDT) methodologies. Infrared (IR) 

thermography has emerged as a powerful tool for scanning 

large vertical tanks, identifying internal moisture pockets 

and structural sagging voids by mapping surface 

temperature discrepancies [71]. Additionally, ultrasonic 

wave propagation velocity mapping is being developed to 

calculate internal compaction densities and pinpoint wet 

zones without breaking the outer vapor seal. 

The frontier of insulation technology lies in transitioning 

from passive thermal barriers to active, "smart" insulation 

networks [72]. Recent field trials have successfully 
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integrated flexible fiber-optic Bragg grating (FBG) sensor 

arrays directly into the structural matrix of silica aerogel 

blankets and polyurethane cores. These integrated sensors 

allow for continuous, real-time monitoring of internal 

temperature gradients and structural strain throughout the 

insulation profile: 

𝚫𝝀𝑩 = 𝟐𝒏𝒆𝒇𝒇𝚲((𝟏 − 𝒑𝒆)𝝐𝒂𝒙𝒊𝒂𝒍

+ (𝜶𝚲 + 𝜶𝒏)𝚫𝑻)      𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟕. 𝟏 

Where 𝚫𝝀𝑩 is the shift in reflected Bragg wavelength, 

which maps changes in internal physical strain (𝝐𝒂𝒙𝒊𝒂𝒍) 

caused by material settling alongside shifting thermal 

fields (∆𝑻) [72]. This integrated tracking network allows 

operators to pinpoint the exact coordinates of structural 

sagging, moisture buildup, or cell collapse before a major 

system failure occurs. 

7.3 Next-Generation Hybrid Envelopes 

To squeeze maximum performance out of spatial 

boundaries, researchers are exploring hybrid insulation 

envelopes that combine multiple physical heat transfer 

suppression mechanisms. A prominent focus is integrating 

microencapsulated Phase Change Materials (PCMs) 

directly into conventional mineral wool fibers or rigid 

polyurethane foam matrices. During system charging 

phases, when high-temperature fluid or steam first floods 

the tank, the embedded PCM layer undergoes an 

isothermal phase change, absorbing the initial thermal 

shock and storing it as latent heat [73]. During standby 

periods, this latent layer slowly releases its stored heat 

back toward the tank shell, flattening the external 

temperature gradient (𝛁 𝑻) and significantly slowing down 

steady-state heat loss to the ambient air. 

Finally, because large-scale accumulator towers are 

heavily exposed to outdoor weather, optimizing the 

aerodynamic profile of the external protective cladding is 

a key priority [74]. High external wind speeds drastically 

escalate the external convective heat transfer coefficient 

(𝒉𝒐), causing rapid heat removal from the tank surface. 

Future cladding designs are moving away from traditional 

flat cylindrical sheets toward textured, aerodynamically 

optimized skins that incorporate vortex breakers and 

boundary-layer boundary guides [74]. By forcing passing 

wind currents to bypass the tank surface via laminar fluid 

streams, the local Nusselt number (𝑵𝒖̅̅ ̅̅ ) drops 

significantly. This optimization reduces wind-induced 

convective cooling losses by up to 𝟐𝟓%, providing stable 

insulation performance even during severe weather cycles 

8. CONCLUSIONS 

This review has systematically deconstructed the critical 

role of thermal insulation envelopes in preserving the 

quantitative energy and qualitative exergy of sensible 

thermal energy storage systems. Traditional fibrous 

materials remain the structural baseline for extreme high-

temperature steam applications due to non-combustibility 

and a 𝟔𝟓𝟎 ℃ thermal boundary, though they require a 

major physical thickness footprint and are highly 

vulnerable to gravity-induced vertical sagging and 

capillary moisture ingress. Closed-cell polymer foams 

provide exceptional low-conductivity baselines 

(𝟎. 𝟎𝟐𝟎  𝑾/𝒎. 𝑲) due to heavy blowing agents, but they 

are limited to low-temperature configurations (< 𝟏𝟒𝟎 ℃) 

and suffer from multi-decade performance loss driven by 

thermal drift outgassing. Advanced superinsulations, 

including Knudsen-effect silica aerogels and evacuated 

vacuum insulation panels, eliminate gas-phase conduction 

to achieve a higher space-efficiency, proving highly viable 

for indoor urban spaces when evaluated using space-

credit-adjusted life-cycle cost models. 

Moving forward, achieving optimal energy storage 

efficiency requires moving past isolated material 

selections to address localized geometric thermal bridges 

at tank supports and pipe manifolds, which currently 

account for up to 𝟏𝟓% of standby decay. The future of 

industrial storage relies on transitioning from passive 

envelopes to smart insulation systems featuring integrated 

fiber-optic Bragg grating sensors for real-time health 

diagnostics, paired with aerodynamic external cladding to 

actively suppress wind-induced convective cooling. 
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ABSTRACT. Industrial noise is one of the most pervasive physical hazards in working environments and poses significant 

risks to occupational health, safety, and worker performance. Beyond sound pressure levels, the continuity, variability, and 

duration of noise exposure play a decisive role in shaping sector-specific risk profiles. In this study, field noise 

measurements were conducted in construction sites, ready-mixed concrete plants, and food production facilities to 

determine spatial and temporal noise characteristics. The measurement results revealed that construction sites are 

dominated by highly fluctuating noise with sudden high-intensity peaks, while ready-mixed concrete plants exhibit 

persistently high and continuous noise levels driven by fixed production equipment. Food production facilities generally 

showed lower noise levels; however, enclosed spaces and reverberation effects resulted in sustained background noise 

exposure. The Analytic Hierarchy Process (AHP) results demonstrated that construction sites ranked highest in overall 

noise risk, followed by ready-mixed concrete plants and food production facilities. Average noise level, daily exposure 

duration, and the number of machines operating simultaneously emerged as the most influential criteria, whereas 

awareness-based measures and personal protective equipment had comparatively lower weights. These findings indicate 

that physical and organizational factors dominate noise-related risk over behavioral controls. From a safety culture 

perspective, the frequent occurrence of high maximum noise levels suggests a predominantly reactive approach to noise 

management, with reliance on personal protective equipment rather than preventive engineering and organizational 

controls. Strengthening safety culture requires integrating noise risk into proactive planning, worker participation, and 

management commitment across all sectors. Overall, this study highlights the value of combining noise mapping with 

multi-criteria decision-making methods to support sector-specific and evidence-based industrial noise management within 

the framework of occupational health and safety. 
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1. INTRODUCTION 

Industrial noise is one of the most prevalent physical risk 

factors in working environments and poses significant 

threats to occupational health, safety, and worker 

performance [1]. Prolonged or high-level exposure to 

noise may lead to temporary or permanent hearing loss, 

reduced concentration, increased stress and fatigue, and a 

higher risk of occupational accidents [2]. For this reason, 

industrial noise is not merely a comfort-related issue but a 

critical occupational health and safety (OHS) concern [3]. 

In addition to sound pressure levels, the continuity, 

temporal variability, and duration of exposure are key 

determinants of noise-related risk in industrial settings [4]. 

Noise mapping has become an essential tool for assessing 

and managing noise risks in industrial environments [5]. 

Noise maps visually represent the spatial distribution of 

noise within a workplace, enabling the identification of 

high-exposure zones and critical working areas [6]. This 

approach allows for a comprehensive evaluation of noise 

sources, spatial characteristics, reverberation effects, and 

worker exposure patterns [7]. Considering the diverse 

physical and operational characteristics of industrial 

facilities, noise mapping provides valuable insight into 

sector-specific noise profiles and supports targeted risk 

assessment and control strategies [6]. 

However, evaluating noise risk solely based on measured 

sound pressure levels may be insufficient to capture the 

complexity of industrial working conditions [8]. In this 

context, multi-criteria decision-making (MCDM) 

approaches offer a robust analytical framework to 

complement noise mapping studies [9]. Methods such as 

the Analytic Hierarchy Process (AHP) enable the 

https://doi.org/10.52924/WRDN4642
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simultaneous consideration of multiple factors, including 

noise intensity, exposure duration, number of exposed 

workers, spatial characteristics, machine density, and 

existing control measures [10]. By integrating these 

criteria, noise risk can be assessed as a multi-dimensional 

decision problem rather than a purely technical 

measurement outcome [11]. 

The aim of this study is to determine industrial noise 

levels in different types of workplaces through field 

measurements, to analyze the spatial and temporal 

characteristics of noise using noise maps, and to evaluate 

the findings using a multi-criteria approach based on the 

Analytic Hierarchy Process. Construction sites, ready-

mixed concrete plants, and food production facilities were 

comparatively examined to identify sector-specific noise 

risk profiles. The results are expected to contribute to the 

development of more effective and sector-oriented noise 

management strategies within the framework of 

occupational health and safety. 

2. METHODS 

2.1. Noise Mapping Studies 

Within the scope of the study, field measurements were 

conducted in indoor industrial environments representing 

different sectors to determine industrial noise levels. The 

measurements were carried out by three different 

researchers across distinct regions and various industrial 

activity areas. Noise measurements were performed using 

a decibel meter application installed on a mobile phone, 

with each measurement lasting thirty seconds and repeated 

five times. At each measurement point, minimum, 

average, and maximum noise levels (dB) were recorded. 

The measurement groups conducted noise assessments at a 

construction site, a ready-mixed concrete plant, and a food 

production facility located in Antalya (Muratpaşa), 

Antalya (Manavgat), and Muğla (Bodrum), respectively. 

All measurements were conducted between April and May 

2025, and measurement locations were limited to indoor 

and semi-indoor environments. To adequately represent 

the spatial distribution of noise within each enclosed area, 

measurements were taken from both the central point and 

corner points of the measurement sites. Wherever 

possible, facilities with similar production processes were 

selected to enable comparisons of comparable industrial 

activities across different locations. Through this  

approach, the study aimed to indirectly evaluate safety 

culture and noise management practices in industrial 

facilities operating in different regions. 

2.2 Analytical Hierarchical Process Application 

Within the AHP framework, information required for the 

pairwise comparison of criteria was obtained through on-

site visits and structured consultations with authorized 

personnel working in the respective study areas. During 

each site visit, interviews were conducted with 25 

authorized representatives who were familiar with 

operational conditions and noise-related risks in their 

workplaces. The qualitative judgments collected from 

these respondents were converted into quantitative values 

based on Saaty’s 1–9 scale [12]. To obtain a representative 

and unbiased comparison value, the individual judgments 

were aggregated using the geometric mean, resulting in a 

single consolidated value for each pairwise comparison 

[13]. These aggregated values were then used to construct 

the pairwise comparison matrices applied in the AHP 

analysis. The AHP consists of the stages of constructing a 

pairwise comparison matrix, calculating criterion weights, 

and evaluating alternatives. During the formation of the 

pairwise comparison matrix, the decision maker performs 

comparisons between criteria or alternatives to determine 

their relative importance. These comparisons are made 

using a numerical scale ranging from 1 to 9. The 

comparison matrix has a dimension of n × n, in which 

each element is compared with every other element. The 

general structure of the pairwise comparison matrix is 

presented in Table 1. The criteria used in the study are 

shown in Table 2. The alternatives evaluated within the 

scope of the study were defined as A1 – Construction 

Sector, A2 – Ready-Mixed Concrete Plant, and A3 – Food 

Production Facility. 

Table 1 Pairwise Comparison Matrix 

Criteria C1 C2 . . . Cn 

C1 1 𝑎12 . . . 𝑎1𝑛 

C2 1 / 𝑎12 1 . . . 𝑎2𝑛 

. . . 1 𝑎3𝑛 

Cn 1 / 𝑎1𝑛 1 / 𝑎2𝑛 1 / 𝑎3𝑛 1 

Table 2 Criteria Used in The Study 

 Main Criterion  Sub Criteria 

Criterion 1 Noise Level C1.1 Average noise level (dBA) 

  C1.2 Maximum noise level (sudden peaks) 

  C1.3 Noise level fluctuation (min–max difference) 

Criterion 2 Noise Continuity C2.1 Continuous or intermittent nature of noise 

  C2.2 Exposure duration over the daily working period 

Criterion 3 Worker Exposure C3.1 Number of workers simultaneously exposed 

  C3.2 Average distance to the noise source 

Criterion 4 Spatial and Structural C4.1 Enclosed and reverberant characteristics of the area 
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Characteristics 

  C4.2 Presence of acoustic treatment (none/partial) 

Criterion 5 Noise Source Intensity C5.1 Number of machines operating simultaneously 

  C5.2 Presence of different types of noise sources 

Criterion 6 Protective Measures and Safety 

Culture 

C6.1 Use of personal protective equipment (earmuffs, earplugs) 

  C6.2 Awareness and practices regarding noise exposure 

The weights can be calculated from the pairwise 

comparison matrix using the eigenvalue method. In this 

method, the eigenvalues and eigenvectors of the matrix are 

computed. The first step in calculating the weights is the 

normalization of the comparison matrix. During the 

normalization process, the elements of each column are 

summed, and then each element in a column is divided by 

the total of that column. The normalization procedure is 

performed according to Equation (1). 

𝐴𝑖𝑗
′ =

𝐴𝑖𝑗

∑ 𝑎𝑖𝑗
𝑛
𝑖=1

, 𝑖, 𝑗 = 1, 2, … , 𝑛   (1) 

Here, 𝐴𝑖𝑗 denotes the element located in the i-th row and j-

th column. The row averages of the normalized matrix are 

calculated by taking the mean of the normalized elements 

in each row, thereby obtaining the weight of each 

criterion. The criterion weights are calculated according to 

Equation (2). 

𝑤𝑖 =
∑ 𝑟𝑖𝑗
𝑛
𝑗=1

𝑛
, 𝑖 = 1,2, … . , 𝑛    (2) 

Here, 𝑤𝑖  represents the weight of the i-th criterion. The 

consistency of the pairwise comparison matrix is 

evaluated using the Consistency Ratio (CR). Consistency 

plays a critical role in AHP, as the pairwise comparison 

judgments must be logically coherent. In calculating the 

consistency ratio, the Consistency Index (CI) is first 

determined according to Equation (3). 

𝐶𝐼 =
𝜆𝑚𝑎𝑥−𝑛

𝑛−1
      (3) 

Here, 𝜆𝑚𝑎𝑥  denotes the maximum eigenvalue of the 

pairwise comparison matrix, and n represents the number 

of criteria. The CR is then calculated according to 

Equation (4). 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
       (4) 

Here, the Random Index (RI) is obtained from a table 

containing critical values and depends on the size of the 

matrix. In this study, since the matrix dimension is 13 × 

13, the corresponding RI value is 1.56. If the CR is less 

than 0.10, the matrix is consistent. 

3. RESULTS AND DISCUSSIONS 

3.1. Noise Measurement Findings of Construction Sites 

Noise measurements at construction sites were conducted 

in residential building projects located in Antalya 

(Muratpaşa and Manavgat) and Muğla (Bodrum), where 

multiple construction activities were carried out 

simultaneously at different stages. Field observations 

showed that interior works such as electrical and plumbing  

installations and furniture assembly were generally 

performed on lower floors, while structural activities 

including formwork operations, reinforcement cutting and 

bending, and concrete pouring continued on upper floors 

[14]. The coexistence of these activities resulted in a 

heterogeneous and multi-layered noise environment across 

all construction sites [15]. 

When the minimum noise levels measured simultaneously 

in Muratpaşa, Manavgat, and Bodrum construction sites 

were evaluated together, values ranged between 

approximately 36 and 66 dB(A). Lower minimum values 

were generally associated with periods of reduced activity 

intensity, whereas higher minimum values indicate the 

presence of elevated background noise even during 

relatively less active periods [16]. This finding suggests 

that construction sites in all three regions rarely provide 

acoustically quiet conditions and that baseline noise levels 

remain noticeable throughout the working day. 

The average noise levels recorded across the construction 

sites in the three regions varied between approximately 49 

and 69 dB(A). These values indicate a persistent and 

continuous noise environment regardless of location. 

Average levels tended to increase in areas where 

construction activities were more concentrated, reflecting 

sustained exposure during routine operations. The 

observed variation in average noise levels highlights the 

combined influence of spatial characteristics and 

concurrent activities on daily worker exposure in all 

regions. 

The maximum noise levels constituted the most critical 

aspect of construction-related noise exposure in 

Muratpaşa, Manavgat, and Bodrum. Across all sites, 

maximum values frequently exceeded 80 dB(A) and 

reached up to approximately 89 dB(A). These short-

duration but high-intensity noise peaks were primarily 

associated with formwork removal, reinforcement cutting, 

concrete vibration, and material handling activities [17]. 

The wide difference between minimum and maximum 

values demonstrates that construction workers are exposed 

to sudden and irregular fluctuations in noise intensity over 

short time intervals. 

Overall, the combined evaluation of minimum, average, 

and maximum noise levels across all three regions 

indicates that construction sites are characterized by both 

continuous background noise and intermittent high-level 

noise peaks [8]. This dual exposure pattern increases the 

potential risk of hearing impairment, reduced attention, 

and occupational accidents [18]. Consequently, 

construction sites were identified as high-priority 

environments within the AHP framework, particularly 
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with respect to criteria related to maximum noise levels 

and noise level variability. Detailed measurement results 

are presented in Table 3. 

Table 3 Noise Measurement Results of The Construction Sites 

  Noise Measurement Results of 

the Antalya (Muratpaşa) 

Construction Site 

Noise Measurement Results of 

the Antalya (Manavgat) 

Construction Site 

Noise Measurement Results of 

the Muğla (Bodrum) 

Construction Site 

Record 

No 

Location Min. dB 

(A) 

Ave. dB 

(A) 

Max. 

dB (A) 

Min. dB 

(A) 

Ave. dB 

(A) 

Max. 

dB (A) 

Min. dB 

(A) 

Ave. dB 

(A) 

Max. 

dB (A) 

CS-1 Center 39.9 54.4 83.9 61.1 63.6 67.4 50.1 54.9 71.6 

CS-1 Corner 

(ave.) 

37.6 55.9 78.0 56.1 66.4 86.1 42.0 52.0 76.2 

CS-1 Worker 

Position 

38.7 57.9 81.2 62.3 67.6 78.6 51.3 54.0 78.2 

CS-2 Center 40.9 58.2 83.4 59.8 61.0 63.4 53.5 54.2 74.8 

CS-2 Corner 

(ave.) 

40.9 58.6 80.9 57.1 63.5 80.3 43.3 56.0 82.8 

CS-2 Worker 

Position 

39.7 55.4 84.0 62.8 69.1 81.2 54.1 56.7 81.9 

CS-3 Center 41.6 59.5 83.4 60.1 62.3 65.0 51.6 60.0 78.5 

CS-3 Corner 

(ave.) 

47.7 62.0 79.2 59.6 63.0 67.3 41.5 68.3 88.3 

CS-3 Worker 

Position 

37.5 52.7 88.6 54.7 63.2 73.2 53.7 59.0 79.6 

CS-4 Center 39.5 53.3 85.1 57.7 60.1 66.2 53.2 58.6 73.7 

CS-4 Corner 

(ave.) 

40.3 58.9 81.5 60.9 68.8 80.2 41.6 53.5 89.1 

CS-4 Worker 

Position 

36.3 54.4 88.5 52.5 60.6 73.0 52.8 51.3 78.4 

CS-5 Center 40.5 56.7 84.1 66.0 67.4 68.9 52.6 61.8 79.4 

CS-5 Corner 

(ave.) 

37.6 55.6 81.4 53.2 60.9 86.4 44.1 57.1 89.4 

CS-5 Worker 

Position 

39.1 53.7 81.3 62.1 67.0 70.7 50.2 48.6 69.9 

3.2. Noise Measurement Findings of Ready-Mixed 

Concrete Plants 

Noise measurements at ready-mixed concrete plants were 

conducted at facilities located in Antalya (Muratpaşa and 

Manavgat) and Muğla (Bodrum), where production 

activities are carried out continuously in enclosed 

environments. Field observations indicated that aggregate 

feeding, mixing, conveying, loading operations, and 

intensive vehicle movements occurred simultaneously, 

resulting in a predominantly continuous and high-intensity 

noise environment across all facilities [19]. 

When minimum noise levels measured at the ready-mixed 

concrete plants in all three regions were evaluated 

together, values were found to range between 

approximately 50 and 80 dB(A). Minimum levels 

recorded at center and worker positions generally 

remained within the 50–60 dB(A) range, whereas  

 

substantially higher minimum values were observed at 

certain corner points and worker locations. These elevated 

minimum levels indicate that, in specific sections of the 

plants, background noise remains persistently high, with 

limited low-noise periods throughout the working day [8]. 

The average noise levels measured across the facilities 

ranged between approximately 53 and 85 dB(A). While 

average values at central locations were generally 

moderate to high, significantly higher averages were 

recorded at corner points and worker positions close to 

production processes. Average noise levels exceeding 80 

dB(A) indicate zones of sustained and intense exposure 

[18]. These findings demonstrate that ready-mixed 

concrete plants are characterized by prolonged exposure to 

high noise levels rather than short-term variability [20]. 

The most critical findings were related to maximum noise 

levels, which frequently approached or exceeded 85 
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dB(A) and reached up to approximately 92 dB(A) across 

the three regions. These high-intensity noise events were 

primarily associated with aggregate discharge, mixer 

operation, conveyor belt systems, compressors, and mixer 

truck loading and unloading processes [21]. The 

difference between minimum and maximum values was 

generally smaller than that observed at construction sites, 

indicating lower fluctuation but consistently high exposure 

[8]. 

Overall, the combined evaluation of minimum, average, 

and maximum noise levels across Muratpaşa, Manavgat, 

and Bodrum reveals that ready-mixed concrete plants 

exhibit a noise profile dominated by continuous high 

background noise, accompanied by localized extreme 

exposure zones. Compared to construction sites, noise risk 

in ready-mixed concrete plants is less associated with 

abrupt fluctuations and more strongly related to sustained 

exposure duration and average noise levels. Accordingly, 

within the AHP framework, ready-mixed concrete plants 

were prioritized mainly with respect to average noise level 

and daily exposure duration criteria. Detailed 

measurement results are presented in Table 4. 

Table 4 Noise Measurement Results of The Ready-Mixed Concrete Plant 

  Noise measurement results of 

the Antalya (Muratpaşa) ready-

mixed concrete plant 

Noise measurement results of 

the Antalya (Manavgat) ready-

mixed concrete plant 

Noise measurement results of 

the Muğla (Bodrum) ready-

mixed concrete plant 

Record 

No 

Location Min. dB 

(A) 

Ave. dB 

(A) 

Max. dB 

(A) 

Min. dB 

(A) 

Ave. dB 

(A) 

Max. dB 

(A) 

Min. dB 

(A) 

Ave. dB 

(A) 

Max. dB 

(A) 

RMCR-

1 

Center 54.8 61.5 76.3 54.7 60.3 75.1 58.9 62.6 67.0 

RMCR-

1 

Corner 

(ave.) 

71.5 77.5 89.0 71.4 77.5 89.1 51.2 59.4 77.6 

RMCR-

1 

Worker 

Position 

56.8 66.8 80.1 56.8 66.8 81.4 57.1 60.3 69.0 

RMCR-

2 

Center 55.3 59.9 83.6 55.3 59.9 83.6 59.4 61.7 68.4 

RMCR-

2 

Corner 

(ave.) 

77.1 81.3 90.0 70.0 83.1 92.1 51.2 53.2 56.8 

RMCR-

2 

Worker 

Position 

55.9 59.3 75.0 56.7 60.0 66.0 65.5 67.0 68.6 

RMCR-

3 

Center 55.0 58.5 78.3 55.1 58.7 78.5 60.7 62.9 66.4 

RMCR-

3 

Corner 

(ave.) 

76.2 78.4 82.9 72.6 78.4 82.9 70.9 73.9 78.4 

RMCR-

3 

Worker 

Position 

55.5 59.2 66.0 55.4 60.1 67.1 65.3 67.9 73.8 

RMCR-

4 

Center 53.2 61.8 72.9 50.2 59.8 70.1 54.4 59.1 79.0 

RMCR-

4 

Corner 

(ave.) 

77.2 79.7 82.0 77.2 80.1 82.0 56.4 59.0 61.6 

RMCR-

4 

Worker 

Position 

56.5 66.4 79.9 55.9 61.9 70.1 71.1 74.4 78.7 

RMCR-

5 

Center 59.9 67.9 81.9 58.9 67.8 81.9 56.6 60.1 80.0 

RMCR-

5 

Corner 

(ave.) 

77.8 81.3 90.1 78.1 81.3 91.0 54.2 56.6 60.2 

RMCR-

5 

Worker 

Position 

58.3 65.5 81.6 58.3 65.2 80.1 79.8 84.8 87.5 
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3.3. Noise Measurement Findings of Food Production 

Facilities 

Noise measurements at food production facilities were 

conducted at workplaces located in Antalya (Muratpaşa 

and Manavgat) and Muğla (Bodrum), where production 

activities are predominantly carried out in enclosed 

environments. Field observations indicated that cooking 

units, preparation equipment, ventilation systems, 

dishwashers, packaging lines, and auxiliary machinery 

operated continuously throughout the working day, 

creating a relatively stable but persistent noise 

environment [22]. 

When minimum noise levels measured at food production 

facilities across all three regions were evaluated 

collectively, values were found to range approximately 

between 39 and 68 dB(A). Lower minimum levels were 

generally observed in some center and worker positions, 

indicating the presence of short low-activity periods [23]. 

However, higher minimum values recorded at specific 

locations suggest that in certain sections of the facilities, 

background noise remains continuously elevated, 

particularly due to ventilation systems and continuously 

operating auxiliary equipment [8]. 

The average noise levels measured across the facilities 

ranged between approximately 48 and 80 dB(A). Most 

average values were concentrated in the 50–65 dB(A) 

range, indicating moderate but persistent noise exposure 

during routine production activities. Notably, higher 

average levels exceeding 70 dB(A) were observed in 

specific localized areas, reflecting the influence of 

concentrated production activities and enclosed acoustic 

conditions [24]. 

Analysis of maximum noise levels revealed the occurrence 

of intermittent high-intensity noise events, with values 

ranging from approximately 58 to 88 dB(A). These peak 

levels were primarily associated with simultaneous 

operation of multiple kitchen appliances, equipment start-

up and shutdown phases, and localized production 

processes [25]. Although maximum levels occasionally 

approached occupational exposure thresholds, such peaks 

were generally less frequent and less widespread 

compared to those observed in construction sites and 

ready-mixed concrete plants. 

Overall, the combined evaluation of minimum, average, 

and maximum noise levels indicates that food production 

facilities are characterized by low-to-moderate continuous 

noise exposure, accompanied by localized high-level 

peaks in certain operational zones. Compared to other 

industrial environments, noise risk in food production 

facilities is primarily associated with long-term moderate 

exposure and enclosed-space acoustic effects, rather than 

extreme noise intensity [26]. Accordingly, within the AHP 

framework, food production facilities were assigned lower 

priority in terms of overall noise risk, while remaining 

relevant with respect to spatial characteristics and 

sustained exposure duration. Detailed noise measurement 

results are presented in Table 5. 

Table 5 Noise Measurement Results of The Food Production Facility 

  Noise measurement results of 

the Antalya (Muratpaşa) ready-

mixed concrete plant 

Noise measurement results of 

the Antalya (Manavgat) ready-

mixed concrete plant 

Noise measurement results of 

the Muğla (Bodrum) ready-

mixed concrete plant 

Record 

No 

Location Min. dB 

(A) 

Ave. dB 

(A) 

Max. dB 

(A) 

Min. dB 

(A) 

Ave. dB 

(A) 

Max. dB 

(A) 

Min. dB 

(A) 

Ave. dB 

(A) 

Max. dB 

(A) 

FPF-1 Center 62.4 69.3 88.3 50.1 55.3 63.7 46.8 53.3 62.7 

FPF-1 Corner 

(ave.) 

60.1 66.0 88.8 59.7 53.9 64.7 49.7 53.9 65.7 

FPF-1 Worker 

Position 

59.7 64.6 86.7 39.9 47.4 57.9 50.7 57.9 74.0 

FPF-2 Center 60.1 65.2 85.4 52.6 57.8 66.9 55.0 59.0 66.9 

FPF-2 Corner 

(ave.) 

59.0 63.3 86.8 49.9 54.0 63.2 67.5 80.4 88.0 

FPF-2 Worker 

Position 

60.4 66.0 87.4 39.7 54.4 80.3 53.5 56.6 76.2 

FPF-3 Center 61.2 68.6 87.3 52.2 58.0 68.1 54.6 58.2 63.9 

FPF-3 Corner 

(ave.) 

60.2 64.2 86.2 39.3 51.0 65.3 48.8 53.0 62.1 

FPF-3 Worker 

Position 

60.6 66.1 86.8 49.7 56.8 74.9 41.8 56.4 87.3 

FPF-4 Center 57.9 69.2 85.3 47.6 54.5 60.0 53.8 59.6 68.7 

FPF-4 Corner 

(ave.) 

59.5 64.5 81.0 41.4 53.0 67.1 39.3 50.0 67.2 
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FPF-4 Worker 

Position 

58.1 62.3 87.0 50.5 52.0 80.4 40.1 48.5 58.7 

FPF-5 Center 58.3 65.6 79.7 45.1 52.3 59.1 46.1 70.8 85.3 

FPF-5 Corner 

(ave.) 

58.4 64.0 84.5 43.2 55.7 67.0 40.6 48.0 59.5 

FPF-5 Worker 

Position 

57.2 63.5 83.5 45.6 51.4 71.2 40.2 48.8 57.8 

3.4. Evaluation of AHP Criterion Weights 

Table 6 presents the pairwise comparison matrix 

developed to determine the relative importance of the 

main criteria (C1–C6) and their associated sub-criteria 

(C1.1–C6.2) considered in the industrial noise assessment. 

The comparisons were conducted to evaluate the relative 

influence of each criterion on noise-related risk, based on 

Saaty’s 1–9 fundamental scale [27]. The values in the 

matrix represent the relative importance of the criterion in 

the row compared to the criterion in the column, while 

reciprocal values are assigned symmetrically [28]. This 

structure enables a comprehensive and systematic 

evaluation of multidimensional factors such as noise 

magnitude, continuity, exposure duration, number of 

exposed workers, spatial characteristics, and control 

measures within a unified decision-making framework. 

An examination of the pairwise comparison matrix 

presented in Table 6 indicates that average noise level  

 

(C1.1), daily exposure duration (C2.2), and criteria related 

to maximum noise levels (C1.2) have higher relative 

importance values compared to the other sub-criteria. In 

contrast, distance to the noise source (C3.2) and criteria 

associated with awareness and personal protective 

equipment usage (C6.1–C6.2) received comparatively 

lower importance ratings. This pattern suggests that, in the 

assessment of industrial noise risk, physical noise 

characteristics and exposure duration are perceived as 

more decisive factors than individual or administrative 

control measures [29]. Accordingly, the pairwise 

comparison matrix provides a robust analytical basis for 

the subsequent calculation of criterion weights and the 

systematic evaluation of noise-related risks. 

Within the AHP framework, the consistency of the 

pairwise comparisons were evaluated using the CI, RI, and 

CR. These indicators assess the internal coherence of the 

decision makers’ judgments and verify the reliability of 

the derived criterion weights. 

Table 6 AHP Pairwise Comparison Matrix of The Sub-Criteria Used in The Industrial Noise Assessment 
 

C1.1 C1.2 C1.3 C2.1 C2.2 C3.1 C3.2 C4.1 C4.2 C5.1 C5.2 C6.1 C6.2 

C1.1 1,00 3,00 4,00 4,00 2,00 3,00 7,00 5,00 6,00 5,00 6,00 8,00 9,00 

C1.2 0,33 1,00 2,00 2,00 0,50 1,00 5,00 3,00 4,00 3,00 4,00 6,00 7,00 

C1.3 0,25 0,50 1,00 1,00 0,33 0,50 4,00 2,00 3,00 2,00 3,00 5,00 6,00 

C2.1 0,25 0,50 1,00 1,00 0,33 0,33 4,00 2,00 3,00 2,00 3,00 5,00 6,00 

C2.2 0,50 2,00 3,00 3,00 1,00 2,00 6,00 4,00 5,00 4,00 5,00 7,00 8,00 

C3.1 0,33 1,00 2,00 3,00 0,50 1,00 5,00 3,00 4,00 3,00 4,00 6,00 7,00 

C3.2 0,14 0,20 0,25 0,25 0,17 0,20 1,00 0,33 0,50 0,33 0,50 2,00 3,00 

C4.1 0,20 0,33 0,50 0,50 0,25 0,33 3,00 1,00 2,00 1,00 2,00 4,00 5,00 

C4.2 0,17 0,25 0,33 0,33 0,20 0,25 2,00 0,50 1,00 0,50 1,00 3,00 4,00 

C5.1 0,20 0,33 0,50 0,50 0,25 0,33 3,00 1,00 2,00 1,00 2,00 4,00 5,00 

C5.2 0,17 0,25 0,33 0,33 0,20 0,25 2,00 0,50 1,00 0,50 1,00 3,00 4,00 

C6.1 0,13 0,17 0,20 0,20 0,14 0,17 0,50 0,25 0,33 0,25 0,33 1,00 2,00 

C6.2 0,11 0,14 0,17 0,17 0,13 0,14 0,33 0,20 0,25 0,20 0,25 0,50 1,00 

Total 3,78 9,68 15,28 16,28 6,00 9,51 42,83 22,78 32,08 22,78 32,08 54,50 67,00 

 

Table 7 presents the CI, RI, and CR values calculated to 

assess the consistency of the pairwise comparison matrices 

developed within the AHP framework. These indicators 

evaluate the internal coherence of the decision makers’ 

judgments and verify the reliability of the derived weights. 

 

Table 7 CI, RI, and CR Values of The Initial Decision 

Matrix 

CI RI CR 

0,044 1,56 0,028 
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As shown in Table 7, the calculated CR = 0.028 is well 

below the commonly accepted threshold value of 0.10 

reported in the literature [30]. This result indicates a high 

level of consistency in the pairwise comparisons and 

confirms that the relative importance judgments among 

the criteria were established reliably. Therefore, the 

criterion weights obtained at this stage are considered 

valid and scientifically acceptable for use in the 

subsequent phases of the analysis. 

3.5. AHP Alternate Ranking Results 

The pairwise comparison matrix, the resulting priority 

(weight) vectors, and the consistency analysis results 

developed to determine the relative importance of the 

Construction Sector (A1), Ready-Mixed Concrete Plant 

(A2), and Food Production Facility (A3) alternatives are 

presented together. The structure of the pairwise 

comparisons presented in Table 8 indicates that C1.1 

(Average noise level) is perceived as the most influential 

sub-criterion within Criterion 1, compared to both C1.2 

(Maximum noise level / sudden peaks) and C1.3 (Noise 

level fluctuation). This finding suggests that decision 

makers primarily associate noise-related risk with 

continuous and cumulative exposure rather than with 

isolated or short-term events [31]. 

C1.2 (Maximum noise level – sudden peaks) occupies an 

intermediate position in the priority structure. Although it 

is considered less dominant than average noise level, it is 

still regarded as more important than noise fluctuation. 

This reflects the recognition that short-duration, high-

intensity noise events pose significant risks to hearing 

health and occupational safety, yet their overall 

contribution to risk is perceived as secondary to long-term 

exposure [32]. 

In contrast, C1.3 (Fluctuation in noise level, expressed as 

the min–max difference) receives the lowest relative 

importance among the three sub-criteria. While noise 

variability may affect concentration, startle response, and 

task performance, the AHP results suggest that such 

effects are viewed as less critical than the absolute 

magnitude of exposure and the occurrence of extreme 

peaks [33]. 

Overall, the priority structure implied by Table 8 follows 

the order C1.1 > C1.2 > C1.3, indicating that in industrial 

noise risk assessment, average exposure is considered the 

primary determinant, maximum noise events serve as an 

important but supporting factor, and noise fluctuation is 

treated as a secondary risk dimension. 

Table 8 AHP Pairwise Comparison and Consistency Analysis for Criterion 1 and Its Sub-Criteria 

 Creating Pairwise Comparison Matrices 

 C1.1- Average noise level (dBA) C1.2- Maximum noise level (sudden 

peaks) 

C1.3- Fluctuation in noise level 

(min–max difference) 

 A1-CS A2-

RMCP 

A3-FPF A1-CS A2-

RMCP 

A3-FPF A1-CS A2-

RMCP 

A3-FPF 

A1-CS 1,00 5,00 7,00 1,00 5,00 7,00 1,00 5,00 7,00 

A2-

RMCP 

0,20 1,00 3,00 0,20 1,00 3,00 0,20 1,00 3,00 

A3-FPF 0,14 0,33 1,00 0,14 0,33 1,00 0,14 0,33 1,00 

Total 1,34 6,33 11,00 1,34 6,33 11,00 1,34 6,33 11,00 

 Calculation of Priority (Weight) Vectors 

 A1-CS A2-

RMCP 

A3-FPF A1-CS A2-

RMCP 

A3-FPF A1-CS A2-

RMCP 

A3-FPF 

A1-CS 0,74 0,79 0,64 0,74 0,79 0,64 0,74 0,79 0,64 

A2-

RMCP 

0,15 0,16 0,27 0,15 0,16 0,27 0,15 0,16 0,27 

A3-FPF 0,11 0,05 0,09 0,11 0,05 0,09 0,11 0,05 0,09 

Total 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

 Consistency Analysis 

Ave. 3,07   3,07   3,07 
  

CI: 0,033 RI: 0,52 0,033 RI: 0,52 0,033 RI: 0,52 

CR: 0,063 < 0,1  0,063 < 0,1  0,063 < 0,1 
 

As shown in Table 9, the pairwise comparison results 

indicate that, with respect to C2.1 (whether noise is 

continuous or intermittent), the Ready-Mixed Concrete  

Plant (A2) and the Food Production Facility (A3) receive 

equal and the highest priority weights (0.45), while the  
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Construction Sector (A1) is assigned a substantially lower 

weight (0.09). This distribution reflects the perception that 

noise in ready-mixed concrete and food production 

facilities is predominantly continuous and sustained, 

whereas construction-site noise is more frequently 

intermittent and task-dependent. 

The CR = 0.000 confirms perfect consistency in the 

pairwise judgments, indicating that the priority structure 

derived for C2.1 is fully reliable and analytically robust. 

In contrast, for C2.2 (exposure during daily working 

hours), the results show a markedly different ranking 

pattern. The Construction Sector (A1) attains the highest 

weight (0.74), followed by the Ready-Mixed Concrete 

Plant (A2) (0.15) and the Food Production Facility (A3) 

(0.11). This outcome suggests that, despite the intermittent 

nature of construction noise, total daily exposure duration 

is perceived as more critical in construction activities due 

to extended working hours, spatial proximity to noise 

sources, and limited opportunities for effective exposure 

control [8]. 

The calculated CR = 0.063 for C2.2 remains below the 

accepted threshold of 0.10, confirming that the 

comparisons are consistent and that the resulting priority 

rankings are scientifically acceptable. 

Overall, the results for Criterion 2 demonstrate that noise 

continuity (C2.1) and exposure duration (C2.2) 

differentiate sectors in distinct ways: continuous 

production environments are characterized by persistent 

noise patterns, while construction sites are primarily 

associated with longer cumulative exposure, reinforcing 

the need to address both dimensions jointly in 

occupational noise risk assessment [2]. 

Table 9 AHP Pairwise Comparison and Consistency Analysis for Criterion 2 and Its Sub-Criteria 

 Creating Pairwise Comparison Matrices 

 C2.1- Whether the noise is continuous or 

intermittent 

C2.2- Exposure during daily working hours 

 A1-CS A2-RMCP A3-FPF A1-CS A2-RMCP A3-FPF 

A1-CS 1,00 0,20 0,20 1,00 5,00 7,00 

A2-RMCP 5,00 1,00 1,00 0,20 1,00 3,00 

A3-FPF 5,00 1,00 1,00 0,14 0,33 1,00 

Total 11,00 2,20 2,20 1,34 6,33 11,00 

 Calculation of Priority (Weight) Vectors 

 A1-CS A2-RMCP A3-FPF A1-CS A2-RMCP A3-FPF 

A1-CS 0,09 0,09 0,09 0,74 0,79 0,64 

A2-RMCP 0,45 0,45 0,45 0,15 0,16 0,27 

A3-FPF 0,45 0,45 0,45 0,11 0,05 0,09 

Total 1,00 1,00 1,00 1,00 1,00 1,00 

 Consistency Analysis 

Ave. 3,00   3,07   

CI: 0,000 RI: 0,52 0,033 RI 0,52 

CR: 0,000 < 0,1  0,063 < 0,1  

As shown in Table 10, the results of the pairwise 

comparison matrix indicate that, with respect to C3.1 

(number of employees simultaneously exposed), the 

Ready-Mixed Concrete Plant (A2) attains the highest 

priority weight (0.71), followed by the Construction 

Sector (A1) (0.24), while the Food Production Facility 

(A3) exhibits a considerably lower weight (0.05). This 

ranking suggests that collective noise exposure involving a 

larger number of workers is most pronounced in ready-

mixed concrete plants, where production processes are 

spatially concentrated and multiple workers are 

simultaneously present near noise-generating equipment 

[18]. Consequently, the number of concurrently exposed 

employees emerges as a key factor intensifying noise-

related risk in these facilities. 

The calculated CR = 0.063 is below the accepted threshold 

of 0.10, confirming that the pairwise comparisons for C3.1 

are internally consistent and that the resulting priority 

weights are reliable for further analysis. 

In contrast, the results for C3.2 (average distance to the 

noise source) reveal a different sectoral pattern. The Food  

Production Facility (A3) receives the highest priority 

weight (0.69), indicating that workers in these facilities 

typically operate in closer proximity to noise sources [34]. 

This finding can be attributed to enclosed production 

layouts and compact workstations commonly observed in 

food production environments [35]. The Construction 

Sector (A1) exhibits a moderate weight (0.23), while the 
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Ready-Mixed Concrete Plant (A2) has the lowest weight 

(0.08), reflecting comparatively greater spatial separation 

between workers and dominant noise sources in these 

facilities. 

The CR = 0.037 obtained for C3.2 further confirms the 

reliability and analytical validity of the comparisons. 

Overall, the findings under Criterion 3 demonstrate that 

workforce concentration (C3.1) and spatial proximity to 

noise sources (C3.2) create distinct and sector-specific 

noise risk profiles. While ready-mixed concrete plants are 

characterized by high collective exposure, food production 

facilities are more strongly affected by proximity-driven 

exposure, underscoring the importance of incorporating 

spatial and organizational factors into comprehensive 

noise risk assessments [36]. 

Table 10 AHP Pairwise Comparison and Consistency Analysis for Criterion 3 and Its Sub-Criteria 

 Creating Pairwise Comparison Matrices 

 C3.1- Number of employees simultaneously 

exposed 

C3.2- Average distance to the noise source 

 A1-CS A2-RMCP A3-FPF A1-CS A2-RMCP A3-FPF 

A1-CS 1,00 0,33 5,00 1,00 3,00 0,33 

A2-RMCP 3,00 1,00 7,00 0,33 1,00 0,20 

A3-FPF 0,20 0,14 1,00 3,00 5,00 1,00 

Total 4,20 1,48 13,00 4,33 9,00 1,53 

 Calculation of Priority (Weight) Vectors 

 A1-CS A2-RMCP A3-FPF A1-CS A2-RMCP A3-FPF 

A1-CS 0,24 0,23 0,38 0,23 0,33 0,22 

A2-RMCP 0,71 0,68 0,54 0,08 0,11 0,13 

A3-FPF 0,05 0,10 0,08 0,69 0,56 0,65 

Total 1,00 1,00 1,00 1,00 1,00 1,00 

 Consistency Analysis 

Ave. 3,07   3,04 
  

CI: 0,033 RI 0,52 0,019 RI: 0,52 

CR: 0,063 < 0,1  0,037 < 0,1 
 

As presented in Table 11, the results of the pairwise 

comparison analysis indicate that the Food Production 

Facility (A3) has the highest priority weight with respect 

to C4.1 (enclosed and reverberant working environment). 

This outcome reflects the predominantly enclosed nature 

of food production facilities, where hard, reflective 

surfaces such as stainless steel equipment, tiled walls, and 

ceilings contribute to increased sound reverberation and 

amplification [34]. The Ready-Mixed Concrete Plant (A2) 

exhibits a moderate weight, while the Construction Sector 

(A1)—characterized largely by open or semi-open 

working environments—shows the lowest importance 

under this sub-criterion. These findings highlight that 

enclosed spatial configurations significantly intensify 

noise perception and exposure, even when absolute sound 

levels may be comparatively lower [37]. 

The calculated CR = 0.037 for C4.1 is well below the 

accepted threshold of 0.10, confirming that the pairwise 

comparisons are internally consistent and that the resulting 

weights are reliable. 

In contrast, the results for C4.2 (availability of acoustic 

treatment) demonstrate a different sectoral pattern. The 

Construction Sector (A1) attains the highest priority  

weight, indicating that acoustic treatments are generally 

absent or extremely limited at construction sites. This 

reflects the temporary and dynamic nature of construction 

activities, where permanent acoustic control measures are 

rarely implemented [8]. The Ready-Mixed Concrete Plant 

(A2) shows a moderate weight, suggesting partial or 

localized acoustic measures, while the Food Production 

Facility (A3) has the lowest weight, despite operating in 

enclosed spaces. This result implies that food production 

facilities are relatively more likely to incorporate basic 

acoustic controls or design features that mitigate noise 

propagation. 

The CR = 0.053 calculated for C4.2 further confirms the 

robustness and reliability of the comparison results. 

Overall, the findings under Criterion 4 demonstrate that 

spatial enclosure and the availability of acoustic 

treatments contribute differently to noise-related risk 

across sectors. While food production facilities are 

primarily affected by reverberant enclosed environments, 

construction sites are distinguished by the absence of 

acoustic mitigation measures, underscoring the need for 

sector-specific noise control strategies that account for 

both structural and organizational constraints [38]. 
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Table 11 AHP Pairwise Comparison and Consistency Analysis for Criterion 4 and Its Sub-Criteria 

 Creating Pairwise Comparison Matrices 

 C4.1- The area is enclosed and echoey. C4.2- Acoustic treatment available (none/partial) 

 A1-CS A2-RMCP A3-FPF A1-CS A2-RMCP A3-FPF 

A1-CS 1,00 0,33 0,20 1,00 3,00 5,00 

A2-RMCP 3,00 1,00 0,33 0,33 1,00 3,00 

A3-FPF 5,00 3,00 1,00 0,20 0,33 1,00 

Total 9,00 4,33 1,53 1,53 4,33 9,00 

 Calculation of Priority (Weight) Vectors 

 A1-CS A2-RMCP A3-FPF A1-CS A2-RMCP A3-FPF 

A1-CS 0,11 0,08 0,13 0,65 0,69 0,56 

A2-RMCP 0,33 0,23 0,22 0,22 0,23 0,33 

A3-FPF 0,56 0,69 0,65 0,13 0,08 0,11 

Total 1,00 1,00 1,00 1,00 1,00 1,00 

 Consistency Analysis 

Ave. 3,04   3,06 
  

CI: 0,019 RI: 0,52 0,028 RI: 0,52 

CR: 0,037 < 0,1  0,053 < 0,1 
 

According to the results presented in Table 12, the 

Construction Sector (A1) has the highest priority weight 

with respect to C5.1 (number of machines operating 

simultaneously). This outcome reflects the inherently 

dynamic nature of construction activities, where multiple 

heavy machines, power tools, and auxiliary equipment are 

frequently operated concurrently [39]. Such simultaneous 

machine use significantly increases both overall noise 

levels and the complexity of noise exposure patterns [1]. 

The Ready-Mixed Concrete Plant (A2) exhibits a 

moderate weight under this criterion, indicating a 

production process characterized by a more limited and 

relatively fixed set of machines operating in a 

standardized sequence. In contrast, the Food Production 

Facility (A3) receives the lowest weight, as its operations 

typically involve fewer machines with comparatively 

lower noise emissions. 

The calculated CR = 0.063 is below the accepted threshold 

of 0.10, confirming that the pairwise comparisons for C5.1 

are internally consistent and that the resulting weights are 

reliable. 

As shown in Table 12, the Construction Sector (A1) again 

attains the highest weight, which can be attributed to the 

coexistence of diverse noise sources such as heavy 

machinery, hand-held tools, transport vehicles, and 

supporting equipment [8]. This diversity leads to a 

complex acoustic environment with varying frequency 

characteristics and temporal patterns. The Ready-Mixed 

Concrete Plant (A2) displays a moderate weight, reflecting 

a more homogeneous and process-driven noise profile 

dominated by mixers, conveyors, and loading operations 

[40]. The Food Production Facility (A3) ranks lowest, as 

noise generation is largely associated with standardized 

and less variable equipment [41]. 

The CR = 0.063 obtained for C5.2 further confirms the 

robustness of the comparisons. Overall, the findings under 

Criterion 5 demonstrate that both machine density and 

noise source diversity vary substantially across sectors, 

with construction sites representing the most complex and 

noise-intensive environments in terms of simultaneous 

equipment use and source heterogeneity. 

Table 12 AHP Pairwise Comparison and Consistency Analysis for Criterion 5 and Its Sub-Criteria 

 Creating Pairwise Comparison Matrices 

 C5.1- Number of machines working simultaneously C5.2- The presence of different types of noise 

sources. 

 A1-CS A2-RMCP A3-FPF A1-CS A2-RMCP A3-FPF 

A1-CS 1,00 5,00 7,00 1,00 5,00 7,00 
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A2-RMCP 0,20 1,00 3,00 0,20 1,00 3,00 

A3-FPF 0,14 0,33 1,00 0,14 0,33 1,00 

Total 1,34 6,33 11,00 1,34 6,33 11,00 

 Calculation of Priority (Weight) Vectors 

 A1-CS A2-RMCP A3-FPF A1-CS A2-RMCP A3-FPF 

A1-CS 0,74 0,79 0,64 0,74 0,79 0,64 

A2-RMCP 0,15 0,16 0,27 0,15 0,16 0,27 

A3-FPF 0,11 0,05 0,09 0,11 0,05 0,09 

Total 1,00 1,00 1,00 1,00 1,00 1,00 

 Consistency Analysis 

Ave. 3,07   3,07 
  

CI: 0,033 RI: 0,52 0,033 RI: 0,52 

CR: 0,063 < 0,1  0,063 < 0,1 
 

Analysis of the results presented in Table 13 indicates that 

the Construction Sector (A1) has the highest priority 

weight with respect to C6.1 (use of personal protective 

equipment). This finding reflects the widespread presence 

of high, variable, and often unpredictable noise levels in 

construction activities, which necessitates the frequent 

and, in many cases, mandatory use of hearing protection 

such as earmuffs and earplugs [8]. The Ready-Mixed 

Concrete Plant (A2) exhibits a moderate weight, 

suggesting that personal protective equipment is used 

primarily during specific high-noise operational stages 

rather than continuously [42]. In contrast, the Food 

Production Facility (A3) receives the lowest weight, 

consistent with its comparatively lower and more 

homogeneous noise conditions, which reduce the 

perceived necessity for routine hearing protection [43]. 

A similar pattern is observed for C6.2 (noise awareness 

and related practices). As shown in Table 13, the 

Construction Sector (A1) again ranks highest, indicating a  

greater level of institutional and individual awareness 

regarding noise-related risks. This heightened awareness 

can be attributed to the explicit and visible nature of noise 

hazards in construction environments. The Ready-Mixed 

Concrete Plant (A2) demonstrates a moderate level of 

awareness-related practices, typically limited to defined 

operational phases. The Food Production Facility (A3) 

ranks lowest, reflecting more stable production conditions 

and lower perceived noise risk, which may limit the 

emphasis placed on awareness and preventive practices. 

For both sub-criteria, the calculated CR = 0.037 is well 

below the accepted threshold of 0.10, confirming that the 

pairwise comparisons are internally consistent and that the 

derived weights are analytically reliable. Overall, the 

findings under Criterion 6 highlight significant sectoral 

differences in behavioral and organizational approaches to 

noise management, with construction sites exhibiting the 

most developed protective and awareness-oriented 

practices. 

Table 13 AHP Pairwise Comparison and Consistency Analysis for Criterion 6 and Its Sub-Criteria 

 Creating Pairwise Comparison Matrices 

 C6.1- Use of personal protective equipment 

(earphones, earplugs) 

C6.2- Noise awareness and practices 

    A1-CS A2-RMCP A3-FPF 

 A1-CS A2-RMCP A3-FPF 1,00 3,00 5,00 

A1-CS 1,00 3,00 5,00 0,33 1,00 3,00 

A2-RMCP 0,33 1,00 3,00 0,20 0,33 1,00 

A3-FPF 0,20 0,33 1,00 1,53 4,33 9,00 

 Calculation of Priority (Weight) Vectors 

 A1-CS A2-RMCP A3-FPF A1-CS A2-RMCP A3-FPF 

A1-CS 0,65 0,69 0,56 0,65 0,69 0,56 

A2-RMCP 0,22 0,23 0,33 0,22 0,23 0,33 

A3-FPF 0,13 0,08 0,11 0,13 0,08 0,11 
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Total 1,00 1,00 1,00 1,00 1,00 1,00 

 Consistency Analysis 

Ave. 3,04   3,04 
  

CI: 0,019 RI: 0,52 0,019 RI: 0,52 

CR: 0,037 < 0,1  0,037 < 0,1 
 

3.7. Holistic Discussion of Measurement Findings and 

AHP Results 

Table 14 presents the weighted performance values of 

the alternatives—Construction Sector (A1), Ready-Mixed 

Concrete Plant (A2), and Food Production Facility (A3)—

across the defined sub-criteria. The results reveal distinct 

sectoral differences in terms of noise-related risk. 

At the sub-criteria level, A1 (Construction Sector) 

attains the highest values particularly for average noise 

level (C1.1), daily exposure duration (C2.2), and number 

of machines operating simultaneously (C5.1). This 

outcome reflects the dynamic nature of construction 

activities, extensive use of heavy machinery, and the 

production of intense and irregular noise, despite the 

frequent presence of open or semi-open environments [8]. 

A2 (Ready-Mixed Concrete Plant) shows relatively 

high values for number of workers simultaneously 

exposed (C3.1) and noise continuity (C2.1), indicating that 

production processes are more continuous and spatially 

concentrated, leading to collective and sustained exposure. 

However, its performance remains lower than A1 for most 

technical noise indicators. 

A3 (Food Production Facility) exhibits lower weighted 

values across most sub-criteria. Nevertheless, 

comparatively higher values for average distance to the 

noise source (C3.2) and enclosed and reverberant 

conditions (C4.1) suggest that indoor acoustic 

characteristics may amplify perceived noise, even though 

overall noise levels are lower than those generated by 

industrial machinery [44]. 

When the average weighted scores are considered, the 

Construction Sector ranks first (0.044), followed by the 

Ready-Mixed Concrete Plant (0.021), and the Food 

Production Facility (0.012). This ranking clearly indicates 

that construction sites pose the highest noise risk, followed 

by ready-mixed concrete plants, while food production 

facilities represent the lowest relative risk. 

Overall, Table 14 demonstrates that noise risk is not 

determined solely by sound levels but is shaped by the 

combined effects of exposure duration, workforce density, 

spatial characteristics, and organizational factors, 

providing a comprehensive comparative risk profile across 

sectors [1]. 

 

 

 

 

Table 14 AHP Weights and Priority Ranking of 

Alternatives According to Industrial Noise Sub-Criteria 
 

A1-CS A2-RMCP A3-FPF 

C1.1 0,166 0,044 0,019 

C1.2 0,082 0,022 0,009 

C1.3 0,055 0,015 0,006 

C2.1 0,007 0,034 0,034 

C2.2 0,120 0,032 0,014 

C3.1 0,033 0,076 0,009 

C3.2 0,006 0,002 0,015 

C4.1 0,005 0,013 0,032 

C4.2 0,021 0,007 0,003 

C5.1 0,037 0,010 0,004 

C5.2 0,024 0,007 0,003 

C6.1 0,011 0,004 0,002 

C6.2 0,008 0,003 0,001 

Average 0,044 0,021 0,012 

Ranking 1 2 3 

3.8. Evaluation of the Findings in Terms of 

Occupational Health and Safety 

The maximum noise levels recorded in this study provide 

important insights into the prevailing safety culture across 

the investigated sectors. The frequent occurrence of short-

duration noise peaks exceeding 85 dB(A), and in some 

cases approaching or surpassing 90 dB(A), indicates that 

noise hazards are not limited to continuous exposure but 

also involve sudden and potentially harmful events [2]. 

From a safety culture perspective, such exposure patterns 

suggest that noise is often perceived as an inevitable by-

product of production rather than a controllable 

occupational risk, particularly in construction and ready-

mixed concrete operations [45]. 

The presence of high maximum noise values implies gaps 

in preventive planning, engineering controls, and 

proactive risk anticipation [46]. In sectors where peak 

noise events are common, an advanced safety culture 

would require systematic identification of high-noise 

tasks, real-time risk communication, and the integration of 

noise control into work planning processes. The findings 

indicate that, despite awareness of noise hazards, 

preventive measures are largely reactive and 

predominantly reliant on personal protective equipment 
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rather than upstream technical or organizational controls 

[47]. In contrast, food production facilities, although 

exhibiting lower maximum values overall, still 

demonstrate the need for safety culture reinforcement due 

to enclosed environments and reverberation effects that 

amplify perceived noise. Overall, the maximum noise 

measurements highlight that strengthening safety culture 

requires moving beyond compliance-based approaches 

toward a preventive mindset that prioritizes hazard 

elimination, continuous monitoring, worker participation, 

and management commitment to noise control as a core 

component of occupational health and safety [48]. 

Considering the maximum noise measurement values 

obtained in this study, a meaningful comparison can be 

made within the framework of noise regulations in 

Türkiye, the European Union, and the United States. The 

current Turkish regulation is fully harmonized with the 

European Union Directive 2003/10/EC and defines an 8-

hour daily noise exposure lower action value of 80 dB(A), 

an upper action value of 85 dB(A), and an exposure limit 

value of 87 dB(A) [49]. The maximum noise levels 

measured in this study—particularly in the construction 

sector and ready-mixed concrete plants—reaching 88–92 

dB(A), although not directly representing the 8-hour 

equivalent continuous exposure level (LEX,8h), clearly 

indicate exceedance of the upper action value and 

exposure to sudden, high-intensity noise peaks. In the 

United States, the Occupational Safety and Health 

Administration (OSHA) sets a legal exposure limit of 90 

dB(A) for an 8-hour time-weighted average (TWA), with 

85 dB(A) defined as the action level, while the National 

Institute for Occupational Safety and Health (NIOSH) 

adopts a more precautionary approach by recommending 

an exposure limit of 85 dB(A) [8]. Within this context, the 

maximum noise levels recorded in this study also point to 

a potentially hazardous exposure under U.S. standards and 

clearly demonstrate, particularly in terms of EU and 

Turkish legislation, the necessity for immediate 

implementation of preventive technical, organizational, 

and personal protective measures. 

4. CONCLUSIONS 

In this study, field noise measurements were conducted in 

construction sites, ready-mixed concrete plants, and food 

production facilities, and the resulting data were evaluated 

from spatial and temporal perspectives. The findings 

demonstrate that each sector exhibits a distinct noise 

profile shaped by its production characteristics and 

working environment. 

Construction sites are dominated by highly fluctuating 

noise levels with sudden and high-intensity peaks, 

primarily arising from impact-based and mechanical 

activities. In contrast, ready-mixed concrete plants are 

characterized by persistently high and continuous noise 

exposure due to the uninterrupted operation of fixed and 

powerful equipment, making long-term exposure the 

dominant risk factor. Food production facilities generally 

exhibit lower noise levels; however, enclosed spaces, 

reverberation effects, and continuously operating auxiliary 

systems create a stable background noise environment that 

may lead to prolonged exposure. 

These results indicate that industrial noise cannot be 

adequately assessed based solely on sound pressure levels. 

Instead, a multidimensional approach that considers noise 

continuity, variability, spatial distribution, and worker 

exposure is required. In this context, the integration of 

quantitative noise measurements with multi-criteria 

decision-making methods such as the AHP enables a more 

systematic and robust comparison of sectoral noise risks. 

Overall, the findings confirm that uniform noise control 

strategies are insufficient for effective industrial noise 

management. Sector-specific prevention and control 

measures, tailored to the characteristic noise profiles of 

different working environments, are essential. By 

combining noise mapping with multi-criteria evaluation, 

this study contributes to the development of more targeted 

and effective occupational noise control policies. 
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ABSTRACT. Sustainable waste management is a major challenge in Banyumas Regency, especially after limited land for 

final disposal sites (TPA) encouraged the government and community to innovate in community-based waste management. 

This research aims to analyze the relationship between knowledge, attitudes and behavior of parents and elementary school 

students in waste management, as well as evaluating the effectiveness of Kamishibai learning media as a means of 

environmental education. The method used was mixed, with data collection via questionnaires on 599 parents and 549 

students, as well as implementing Kamishibai workshops for teachers. The research results show that parents' knowledge and 

attitudes towards waste management are relatively high, but there is still a gap between attitudes and actual behavior. A 

strong correlation was found between attitudes and behavior, both for parents and students, while the influence of parents' 

attitudes towards students was relatively weak. The implementation of Kamishibai has proven to be effective in increasing 

students' understanding and involvement in waste sorting, as well as making it easier for teachers to convey environmental 

material. These findings emphasize the importance of collaboration between families and schools and the use of innovative 

media to strengthen pro-environmental behavior in the younger generation. 
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1. INTRODUCTION 

Banyumas City has faced serious problems related to waste 

management. Problems arise when the city no longer has 

adequate land for final disposal sites (TPA), so the 

government invites the community to manage waste 

independently in their respective environments 

(Muslihudin et al., 2023). This effort is also part of the 

process of improving the waste management system, where 

the government collaborates with the community to create 

a sustainable management pattern. The formation of waste 

bank networks has proven to be a powerful catalyst for 

changing community habits, markedly increasing 

participation in waste sorting activities. 

In many Indonesian districts, these banks not only divert 

several tons of refuse from landfills each month but also 

create new streams of income for local families. When 

previously dormant waste bank programs are revitalized, 

measurable drops in overall waste volumes are observed, 

alongside clear economic gains for village households 

(Gunawan, 2023). Complementary social learning 

initiatives that blend dialogue with hands on practice 

further strengthen the affective drivers behind responsible 

waste management behavior (Hanashima, 2024). The 

campaign illustrates that even top down policy measures 

succeed only when communities are actively engaged, 

reinforcing the necessity of grassroots involvement for 

lasting sustainability (Sunarti et al., 2023). Community 

based approaches empower residents to adopt recycling 

and proper disposal routines, which in turn improve public 

health outcomes (Saldiana et al., 2025). 

However, the success of such programs hinges on two 

critical factors: the availability of adequate infrastructure 

and the level of environmental knowledge among 

participants. Collaborative efforts also echo Sustainable 

Development Goal 12, fostering waste reduction and 

recycling through strong government community 

partnerships (Saputra et al., 2024). Regular socialization 

activities that expand waste related knowledge have been 

shown to boost participation rates in waste bank initiatives 

(Sari et al., 2025). Finally, the integration of local 
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champions and the strategic use of social media platforms 

can dramatically enhance public perception and drive 

behavioral change toward sustainable waste management 

(Firmansyah & Sadono, 2025). 

Open as Note For these efforts, in 2025 the Banyumas 

Regency government won prestigious international awards, 

The 6th ASEAN Environmentally Sustainable Cities (ESC) 

Award and The 5th Certificate Recognition. The Banyumas 

Regency Government is considered successful in providing 

sustainable environmental governance through a 

community-based waste management system that is 

innovative, inclusive, and has a direct impact on the welfare 

of residents. Banyumas has 67 active waste banks that apply 

the 3R principles and are capable of producing Refuse 

Derived Fuel (RDF). Around 77% of landfill waste is 

processed through innovations such as TPS3R, maggot 

cultivation and composting. 

However, important questions arise regarding the extent to 

which the government's efforts are supported by society and 

the world of education. Is the community really actively 

involved, and what is the role of educational institutions in 

building environmental awareness from an early age? Apart 

from that, it still needs to be studied whether parents 

participate in instilling environmental care values in 

schools through support for their children. 

On the other hand, teachers often face challenges in 

delivering Environmental Education (PLH), especially 

regarding waste issues, because there are limited methods 

and media that are interesting and suitable for use in schools 

(Salsabila et al., 2023). The role of teachers in 

environmental education is very crucial, especially in 

choosing and developing learning methods that can attract 

student interest. Recent research shows that the use of 

innovative learning media, such as environmental literacy 

modules and contextual learning models, can increase 

students' understanding of environmental issues and 

develop environmentally friendly behavior from an early 

age. Teachers who are creative in integrating environmental 

materials into daily learning are able to create a more 

interactive and meaningful learning atmosphere (Silva & 

Melati, 2025). 

Apart from teachers, parental involvement is also an 

important factor in instilling the values of environmental 

awareness in children. Studies in various elementary 

schools show that collaboration between schools and 

families can strengthen students' environmentally caring 

character. Programs such as planting family medicinal 

plants and household-based waste management, which 

actively involve parents, have proven effective in forming 

positive habits and increasing children's environmental 

literacy (Ratnasari et al., 2023). Furthermore, the success of 

environmental education in elementary schools is greatly 

influenced by the synergy between teachers, students, 

parents and the community. 

The implementation of ecopedagogy that involves the 

entire educational ecosystem is able to create sustainable 

behavioral changes. This collaboration not only increases 

environmental awareness, but also builds a sense of 

collective responsibility in preserving the environment. 

Thus, learning media innovations such as Kamishibai can 

be a catalyst in strengthening this synergy and growing a 

generation that cares more about the environment. Access 

the journal Therefore, innovative learning media are 

needed that are able to make it easier for teachers, actively 

involve students, and at the same time foster awareness of 

the environment. It is hoped that this kind of learning 

media will be able to answer the need for environmental 

education so that children have a deep understanding of 

the waste problem and are able to play a role in creating 

solutions for the surrounding environment. In this 

research, environmental learning media originating from 

Japan was developed. Kamishibai, a type of drama 

performance in which characters act out a story 

represented in a series of images (Ishiguro, 2018). 

 

2. MATERIALS AND METHODS 

This study uses a mixed methods analytical approach that 

combines Multiple Correspondence Analysis (MCA) with 

bivariate statistical tests to explore the relationship 

between knowledge, attitudes and behavior characteristics 

of parents and students' knowledge, attitudes and behavior. 

The instrument used is a questionnaire consisting of: 

1. Parent questionnaire to measure knowledge, 

attitudes and behavior regarding waste 

management as well as the role of parents in 

environmental education at home. 

2. Student questionnaire to measure knowledge, 

attitudes and behavior regarding waste 

management 

The respondents in this study consisted of 599 parents and 

549 students from several elementary schools in 

Banyumas Regency. 

 

3. RESEARCH RESULT 

3.1 Parent questionnaire 

3.1.1 Descriptive analysis of parental knowledge, 

attitudes and behavior 

Descriptive analysis using SPSS was carried out on all 

parent questionnaires and obtained results as presented in 

table 1. 

Table 1 Descriptive Analysis of Parental Questionnaire 

Results 

Aspect 
Minimu

m Value 

Maximu

m Value 
Mean 

Standar 

Deviation 
Variance 

Knowledge 8.33 100.00 90.14 14.29 204.14 

Attitude 20.00 100.00 84.69 9.09 82.64 

Behavior 20.00 100.00 81.19 9.25 85.63 

 

Overall, parents have a very good level of understanding 

of waste management. The average score in the 

knowledge aspect of 90.14 shows that the majority of 

parents have a deep understanding of the principles of 

waste management, such as sorting, recycling and the 

environmental impact of waste that is not managed 

properly. The minimum score in the knowledge aspect is 

8.33 and the maximum is 100, accompanied by a standard 

deviation of 14.29, indicating that there is a significant 
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difference in parental knowledge. A fairly high variance 

indicates that the variation in knowledge is still relatively 

large or that there are significant differences between 

individuals. There is a small number of parents who still 

have very limited understanding, which indicates the need 

for more comprehensive educational interventions for this 

group. 

In the attitude aspect, parents show a fairly high level of 

emotional involvement and positive attitude with an 

average of 84.69 which is slightly below the knowledge 

aspect. The minimum value of 20.00 and maximum 100 as 

well as the lower standard deviation of the knowledge 

aspect, shows that the majority of parents have a 

consistently positive attitude, but there are still some who 

do not actively support environmentally friendly practices. 

Smaller differences in variance indicate that the majority of 

respondents have uniformly positive attitudes, but still 

indicate a need for strengthening attitudes in this group. 

Meanwhile, in the behavioral aspect, the average score of 

81.19 shows that parents have generally implemented waste 

management practices and environmental education at 

home. However, the decrease in scores compared to 

knowledge and attitudes indicates that there is a gap 

between attitudes and actions. A standard deviation of 9.25 

indicates that there is quite significant variation in the 

consistency of daily behavior. Overall, the analysis shows 

that parents' knowledge is very good, attitudes are generally 

positive, but behavior still needs to be strengthened. 

3.1.2 Correlation between Knowledge, Attitude 

and Behavior Aspects 

Table 2 presents the correlation between aspects of 

knowledge, attitudes and behavior of parents regarding 

waste management and environmental education at home. 

Table 2 Correlation of Parental Knowledge, Attitudes and 

Behavior Aspects 

No Aspect Significance 

Level 

Pearson 

Correlation 

Relationship 

Strength 

1 Knowledge 

and 

Attitude 

< 0.001 0.288 Weak 

2 Knowledge 

and 

Behavior 

< 0.001 0.155 Very Weak 

3 Attitud

e and 

Behavior 

< 0.001 0.811 Very Strong 

 

The results of the analysis show that all relationships 

between aspects of parents' knowledge, attitudes and 

behavior towards waste management and their role in 

environmental education at home are statistically 

significant. The correlation between knowledge and 

attitude shows a weak positive relationship, which means 

that although an increase in knowledge tends to be followed 

by a more positive attitude, the effect is not very strong. 

Furthermore, the correlation between knowledge and 

behavior shows a very weak positive relationship. This 

confirms that there is a gap between a deep understanding 

of the environment that has not been fully translated into 

real action in everyday life. The strongest correlation occurs 

in attitudes and behavior with a coefficient of 0.811, which 

indicates a very strong positive relationship. Parents' 

positive attitudes directly and strongly influence parental 

behavior. This relationship shows that attitudes function as 

the main bridge between knowledge and action, parents 

with positive attitudes tend to be more consistent in daily 

practice 

Overall, these findings suggest that despite relatively high 

parental knowledge, environmental education 

interventions should focus more on strengthening attitudes 

to effectively improve behavior. Thus, programs such as 

interactive workshops or household campaigns that 

emphasize the emotional value and personal benefits of 

waste management can be an optimal strategy to close the 

gap between aspects, thereby strengthening the role of 

parents as environmentally sustainable educators. 

3.1.3 Correlation between Knowledge, 

Attitude and Behavior Aspects 

Of the 599 parent respondents, 4 ways of sorting their 

waste were found as shown in Figure 1 

 

 
Fig. 1. How to Dispose of Waste 

Almost all parents do not sort waste at home, 64% choose 

to hand over waste processing to officials and pay fees, 

29% choose to burn it themselves in their yard, and 3% 

choose to throw it themselves in a final disposal site 

without paying fees. Only 4% of parents have sorted their 

own waste in their homes. Aspects of parents' knowledge, 

attitudes and behavior based on how they dispose of waste 

can be seen in Figure 2. 

 
Fig. 2. Aspects of Knowledge, Attitudes and Behavior of 

Parents Based on How to Sort Waste 
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Overall, the graph in Figure 2 shows that the way waste is 

disposed of influences the level of parental involvement in 

the environment. The group of parents who sort their own 

waste tend to have higher averages in all aspects. The group 

of parents whose waste was collected by officers had 

the highest average knowledge of 91.99, this indicates that 

dependence on external services does not hinder their in-

depth understanding of waste management. However, their 

behavior is still relatively low compared to knowledge, 

indicating that the convenience of this service has not fully 

encouraged active practices at home, such as pre-sorting 

before transport. 

In contrast, the group that burned waste showed the lowest 

average in all aspects: knowledge 86.44, attitude 83.57, and 

behavior 80.10. This method is often chosen due to limited 

facilities; these lower scores highlight the need for specific 

education for this group. Weak attitudes and behavior can 

exacerbate environmental problems at the household level, 

especially when reflected in a lack of awareness of the 

negative impacts of burning on health and the environment, 

such as pollutant emissions. 

For the group that disposed of their own waste to the 

landfill, they had a high average level of knowledge similar 

to the group that was transported by officers. Then, 

attitudes and behavior are also lower, indicating that 

efforts to dispose of one's own waste to the landfill have 

not developed emotional commitment or sustainable 

habits, such as reducing the volume of waste before 

disposal. 

The most prominent group is those who sort their own 

waste, with an average of knowledge of 87.15, attitude 

of 86.67 (highest), and behavior of 85.97 (highest). 

Even though knowledge is slightly lower than other 

groups, superior attitudes and behavior indicate that 

sorting practices encourage proactive attitudes and 

consistency of action, including in educating 

children about the environment. This analysis 

revealed that more environmentally conscious waste 

disposal methods, such as self-sorting, correlated with 

higher levels of knowledge, attitudes and behavior, while 

conventional methods such as incineration showed 

disadvantages. The implication is that educational 

interventions should target at-risk groups with facilities 

improvement programs and practical workshops, to 

encourage the transition to sustainable behavior and 

strengthen the role of parents as environmental educators. 

Further analysis of the group of parents who dispose of 

their waste by sorting their own waste is presented in 

table 3.  

Table 3 Correlation of Knowledge, Attitude and Behavior 

Aspects in the Group of Parents Who Sort Their Own 

No Aspect Significance 

Level 

Pearson 

Correlation 

Relationship 

Strength 

1 Knowledge 

and Attitude 

< 0.001 0.729 Strong 

2 Knowledge 

and 

Behavior 

0.049 0.407 Moderate 

3 Attitude and 

Behavior 

< 0.001 0.838 Very Strong 

Pearson correlation analysis using SPSS in the group of 

parents who sorted their own waste showed a stronger and 

more significant relationship between aspects of 

knowledge, attitudes and behavior. Overall, the 

significance level (p-value) for the knowledge-attitude, 

knowledge-behavior and attitude-behavior correlations is 

below 0.05, indicating a significant relationship. 

The correlation between knowledge and attitude reached a 

coefficient of 0.729, which shows a strong positive 

relationship. Parents' in-depth understanding of waste 

management directly encourages a more positive attitude 

towards waste management and environmental education 

at home. The practice of sorting waste at home seems to 

strengthen the correlation between these two aspects, 

because parents who have taken action tend to believe 

more in environmental values, so that their attitudes 

become more consistent and supportive of their children's 

education at home. 

Furthermore, the correlation between knowledge and 

behavior with a coefficient of 0.407 indicates a moderate 

positive relationship, and the correlation between attitudes 

and behavior of 0.838 indicates a very strong positive 

relationship. This indicates that although knowledge 

drives sorting behavior, its influence is more dependent on 

attitude as a mediator; without a strong attitude, 

knowledge alone is not enough to sustain long-term 

behavior. 

Overall, these findings show that the group of parents who 

sort their own waste has high consistency between aspects, 

where knowledge and attitudes reinforce each other to 

produce optimal behavior. The implication is that 

environmental education programs should emulate this 

model by encouraging early practices such as simple 

sorting, which can speed up the transition from knowledge 

to action, thereby strengthening the role of parents as 

agents of environmental change in the household. 

 

3.1.4 Relationship between Parental Age and Aspects 

of Knowledge, Attitudes and Behavior 

Parent respondents consist of 4 age groups as 

presented in Figure 3. 

 

Fig. 3. Age distribution of parent respondents 

Most respondents were parents in the 31-40 year age 

group, followed by the 41-50 year age group, then the 20-

30 year age group, and the least were parents in the over 

50 year age group. Aspects of parental knowledge, 

attitudes and behavior based on age distribution can be 

seen in Figure 4 
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Fig. 4. Aspects of Knowledge, Attitudes and Behavior 

Based on Parental Age Group 

 

Overall, the pattern shows that age influences levels of 

engagement, with middle age groups (31-50 years) 

tending to be higher in knowledge, while older age groups 

(over 50 years) outperform in attitudes. Meanwhile, 

behavior is generally stable in the 80s range in all age 

groups. 

The 20-30 year old group, which is young parents, showed 

the lowest average knowledge of 84.97, followed by 

attitude 83.86 and behavior 80.13. This relatively low 

score is caused by a lack of life experience or a main 

priority on career and childcare, so that knowledge about 

waste management has not become the main focus. 

However, the potential for improvement in this group is 

possible through digital education or community 

programs, because the characteristics of this age group are 

still flexible and their behavior can be improved with 

simple guidance. 

The 31-40 year age group has the highest average 

knowledge of 91.43, attitude of 84.50, and behavior of 

80.85. This superior knowledge is likely supported by 

wider exposure to information through the media or work, 

where parents in this phase are more aware of the impact 

of the environment on family health. However, lower 

attitudes and behavior relative to knowledge indicate a gap 

between understanding and action, perhaps due to time 

constraints resulting from busyness at work or at home. 

For the 41-50 year age group, the average knowledge 

reached 89.89, attitude 84.79, and behavior 81.81. This 

balanced score indicates greater maturity, where life 

experiences encourage a holistic understanding of the 

environment, including in environmental education at 

home. Slightly higher behavior compared to the younger 

group indicates habits that are starting to become 

ingrained, although there is still room for improvement in 

attitudes to be more proactive, such as encouraging family 

participation in waste sorting. 

The age group over 50 years stands out with the highest 

average attitude of 87.52, followed by knowledge 88.27 

and behavior 81.42. These strong attitudes reflect deeper 

traditional values towards environmental conservation, 

perhaps influenced by past experiences such as resource 

limitations. High knowledge also indicates adaptation to 

new information, but less pronounced behavior may be 

due to resistance to changing habits or physical 

limitations, so educational approaches that respect their 

experiences, such as sharing stories, will be effective. 

Overall, the analysis revealed that parental age influenced 

the strength of each aspect, with the middle group 

excelling in knowledge and the older group in attitudes, 

while behavior needed encouragement across ages. The 

implication is that environmental education strategies 

should be adapted per group, such as digital programs for 

the young and community sessions for the elderly, to build 

consistency between aspects and strengthen the role of 

parents as environmental educators at home. 

 

3.2 Student Questionnaire 

 

3.2.1 Descriptive Analysis of Student 

Knowledge, Attitudes and Behavior 

Descriptive analysis using SPSS was carried out on all 

student questionnaires and obtained results as presented in 

table 4. 

 

Table 4 Descriptive Analysis of Student 

Questionnaire 

Aspect Minimu 

m 

Value 

Maximu 

m Value 

Mea 

n 

Standar 

d 

Deviati 

on 

Varian 

ce 

Knowled 

ge 

18.18 100.00 84.4 

5 

15.25 232.69 

Attitude 66.67 100.00 93.8 

9 

6.52 42.47 

Behavior 45.83 100.00 87.5 

6 

11.51 132.42 

 

In the knowledge aspect, the minimum score of 18.18 and 

maximum 100.00 reflects the broad range of students' 

knowledge, an average of 84.45 indicates a good basic 

understanding of waste management. High standard 

deviation and variance indicate high variability where 

some students excel materially and others lack knowledge 

about waste management. 

The student attitude aspect has the most prominent value 

with a minimum score of 66.67 to a maximum of 100.00 

and a very high average of 93.89. The standard deviation 

of 6.52 and variance of 42.47 are low, indicating 

consistency and strong positive beliefs among students. 

Low variability can be a strength, because the presence of 

stable attitudes is useful for long-term behavior change. 

As for the behavioral aspect, the minimum value is 45.83 

and the maximum is 100.00 with an average of 87.56 

indicating fairly good practice implementation. But this 

indicates that there is still a gap between attitudes and real 

actions. The moderate standard deviation and variance 

indicate that even though the average is high, some 

students still have difficulty implementing waste 

management at home. Overall, the findings from this 

descriptive analysis describe the profile of students who 

are attitudinally ready but need strengthening in 

knowledge and behavior to achieve optimal balance. 
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3.2.2 Correlation between Knowledge, Attitude 

and Behavior Aspects 

The correlation between aspects of students' knowledge, 

attitudes and behavior related to waste management can be 

seen in table 5. 

 
Tabel 5 Correlation of Parental Knowledge, Attitudes and 

Behavior Aspects 

No Aspect Significance 

Level 

Pearson 

Correlation 

Relationship 

Strength 

1 Knowledge 

and Attitude 

< 0.001 0.232 Weak 

2 Knowledge 

and Behavior 

0.005 0.121 Very Weak 

3 Attitude and 

Behavior 

< 0.001 0.506 Moderate 

 

Correlation analysis using the Pearson test on student 

questionnaire data shows a positive relationship between 

aspects of knowledge, attitudes and behavior, with an 

overall level of significance indicating that this interaction 

does not occur by chance. The strength of the correlation 

varies, with attitude-behavior as the strongest (r = 0.506), 

followed by knowledge-attitude (r = 0.232), and 

knowledge-behavior (r = 0.121), illustrating a relationship 

where attitude acts as the main bridge between knowledge 

and behavior, but the direct influence of knowledge on 

behavior is relatively low. 

Overall, this correlation analysis shows the Knowledge-

Attitude-Behavior model, where attitude is the key 

element that connects knowledge with student behavior in 

waste management, so that educational interventions 

should focus on strengthening attitudes to maximize 

impact. Although the relationships were generally positive 

and significant, varying strengths suggest opportunities for 

improvement, such as attitude-based programs to improve 

overall correlations. 

 

3.3 The Influence of Parental Attitudes on 

Student Attitudes 

To continue exploring the relationship between variables, 

the next analysis focused on the correlation between 

parental attitudes and students' attitudes, which is expected 

to reveal the influence of the family environment on the 

formation of pro-environmental values among the younger 

generation. The correlation that occurs can be seen in table 

6. 

Table 6 Correlation between Aspects of Student Attitudes 

and Aspects of Parental Attitudes 

Aspect 
Significance 

Level 

Pearson 

Correlation 

Relationship 

Strength 

Students’ 

Attitudes 

and 

Parents’ 

Attitudes 

0.332 0,041 Very Weak 

 

Pearson correlation analysis between parents' attitudes and 

students' attitudes produces a correlation coefficient of 

0.041 with a significance level (p-value) of 0.332, which 

indicates there is no statistically significant positive 

relationship between these two variables. A very low r 

value close to zero indicates that parents' attitudes do not 

directly influence students' attitudes. Meanwhile, p-value 

>0.05 confirms that this difference most likely occurs 

randomly, not due to causal factors, thus highlighting that 

the formation of students' attitudes is more dominantly 

influenced by the school environment, curriculum, or 

peers rather than family models. These findings contrast 

with earlier expectations about the role of parents as 

primary educators, emphasizing the need for integrated 

interventions between home and school to strengthen this 

linkage, for example through family workshops that align 

pro-environmental values across generations. 

More deeply, the weak correlation coefficient of 0.041 

reflects a lack of association, where variations in parental 

attitudes do not correlate strongly with student attitudes, 

possibly because students are more exposed to modern 

information through school or digital media that exceeds 

household influences. Significance not achieved (p=0.332) 

strengthens the argument that external factors such as 

environmental campaigns in schools play a greater role in 

forming consistent student attitudes, while parental 

attitudes may be fragmented by daily routines or lack of 

family discussion about waste issues. This is a valuable 

lesson: even if parents have good knowledge and attitudes, 

transmission to children requires conscious efforts, such as 

joint waste sorting activities, to turn these weak 

correlations into stronger and more impactful ones. 

 

3.4 Kamishibai Workshop for Teachers 

 

The Kamishibai workshop was attended by 53 participants 

who were teachers from elementary schools in Banyumas 

Regency. 

 

Fig.5. Kamishibai Workshop 

Before and after attending the workshop, the 

teachers were given several statements in the 

questionnaire as in table 7. 

 

Table 7 Statements before and after the workshop 

Question Before Workshop Question After Workshop 

I have taught environmental 

education related to the 

topic of organic and 

inorganic 

waste 

After attending the workshop, I 

feel my knowledge of how to 

teach organic and inorganic 

waste 

has increased. 

I teach about organic and 

inorganic waste 

By using Kamishibai, I feel it is 

easier to teach the topic 
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using the textbooks used at 

school 

of organic and inorganic waste 

to students 

I teach Environmental 

Education using 

instructional media to make 

it easier to understand 

After the workshop, I will 

apply Kamishibai media in 

teaching; for the topic of 

organic and inorganic waste it 

is easier to understand 

compared to the previous 

media 

I experience difficulties 

when teaching the theme of 

waste 

I feel the challenges/difficulties 

in teaching the theme of waste 

have decreased after 

attending the workshop. 

I have participated in 

training related to methods 

of teaching about organic 

and inorganic waste 

This workshop provides new 

methods or learning strategies 

for environmental education, 

especially about 

organic and inorganic waste. 

I have received 

environmental education 

when I was in 

elementary/junior 

high/senior high 

school/university 

The workshop activities 

encourage you to be more 

active in teaching/integrating 

environmental education in the 

classroom. 

I realize that I am also 

responsible for 

environmental sustainability 

I agree that this workshop 

increased my awareness of 

responsibility for 

environmental sustainability. 

In my opinion, 

environmental education is 

important in school 

education 

After attending the workshop, 

how important is it to integrate 

environmental education into 

teaching at school? 

Environmental education on 

waste management is very 

important to teach students, 

but I find it difficult to teach 

it 

After the workshop, I know 

concrete ways to recycle, sort, 

or utilize waste in the school 

environment. 

I plan to or have started to 

carry out innovations/initiatives 

in environmental education 

(e.g., making compost, 

waste banks, etc.) after the 

workshop 

 

From the results of the questionnaire data analysis before 

the workshop, it was found that the participants were 

teachers who had knowledge about environmental 

education both from the formal education they had taken 

and from the training they had attended. Participants are 

also teachers who have an awareness of responsibility 

towards the environment and realize the importance of 

environmental education in schools. Participants have 

taught environmental education on the theme of organic 

and inorganic waste using textbooks and learning media so 

that students understand it better. Regarding the difficulties 

experienced, they did not experience difficulties when 

teaching the waste theme, but they experienced difficulties 

when teaching about waste management. It is hoped that the 

implementation of Kamishibai will be a solution to the 

difficulties experienced by teachers regarding teaching the 

theme of waste management, because the stories in 

Kamishibai that have been developed contain about sorting 

organic and inorganic waste along with the management of 

this waste (Kartika et al., 2023). 

From the results of the questionnaire after the workshop, a 

very positive response was obtained from the participants. 

The previously felt difficulties in teaching waste 

management were reduced after attending the Kamishibai 

workshop because they gained knowledge about how to 

teach it as well as using effective methods or strategies, 

namely by using this media. They also feel that 

environmental awareness and the importance of 

implementing environmental education in schools are 

increasing. And then they plan to apply Kamishibai media 

in their classes and carry out innovative activities in 

environmental education such as making compost or waste 

banks (Limiansih et al., 2021). 

Kamishibai was then implemented in 4 elementary schools 

in Banyumas Regency. Kamishibai is read by Teaching 

Teachers who have attended the previous Kamishibai 

Workshop. Before Kamishibai is read, students first work 

on Pretest questions to determine students' understanding 

of waste sorting. Next Kamishibai is read and students are 

asked to listen carefully, after that students are asked to do 

Posttest questions. The pretest and posttest results show 

that students' understanding has increased after listening to 

the story about waste sorting from Kamishibai which was 

read by the teacher. 

 
Figure 6. Implementation of Kamishibai in Elementary 

Schools 

 

To explore the responses of teachers who implemented 

Kamishibai learning media, interviews were conducted 

with 5 questions. From the results of these interviews, a 

very positive response was obtained from teachers after 

implementing Kamishibai (Simatupang et al., 2025). 

Teachers feel that this media can help convey messages 

well to students and make students concentrate when 

studying. In implementing Kamishibai, teachers also do 

not encounter difficulties and are interested in telling 

fellow teachers about this media. Furthermore, teachers 

also feel like making their own Kamishibai for other 

themes (Okada & Gray, 2023). 

 

4. DISCUSSION 

Community-based waste management carried out in 

Banyumas Regency has reduced environmental burdens 

and increased community economic involvement through 

community empowerment, which is in line with policy 

recommendations to strengthen government–regional 

collaboration in facing the challenges of urbanization 
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(Rachman et al., 2020). The findings of the descriptive and 

correlation analysis attempt to reveal the relationship 

between aspects of knowledge, attitudes and behavior of the 

community, especially parents and students, in supporting 

Banyumas Regency government programs. 

In the parent group, high average knowledge (84.45) and 

attitude (93.89) indicate solid awareness, with a strong 

correlation between attitude and behavior (r = 0.838, p < 

0.001), indicating that positive beliefs are the main driver 

of pro-environmental actions, such as daily waste sorting. 

However, the weak correlation between knowledge and 

behavior (r = 0.155, p < 0.001) implies a gap in the 

translation of knowledge into habits, possibly due to 

external factors such as limited facilities or household 

routines. This interpretation is consistent with community-

based evidence that knowledge alone is insufficient without 

enabling environments, leadership, and routine practices to 

reinforce behavior change. 

Comparisons by age group and method of waste disposal 

revealed an interesting pattern, parents aged 41–50 years 

showed the highest average attitudes and behavior, while 

the group who sorted waste regularly had better overall 

scores, confirming that daily practice strengthens overall 

attitudes. However, the weak correlation between parents’ 

attitudes and students’ attitudes (r = 0.041, p = 0.332) is a 

crucial finding, indicating that the family’s influence on the 

younger generation is limited compared to the role of 

schools and the curriculum. Students, with an average 

knowledge of 84.45, attitude of 93.89, and behavior of 

87.56, displayed a stronger correlation between internal 

aspects (attitude–behavior r = 0.506, p < 0.001), indicating 

that formal education is more effective in building a pro-

environmental foundation. This gap raises critical 

questions, to what extent government initiatives such as 

waste banks can be sustainable if the transmission of values 

from parents to children is not optimal. These findings 

support the argument that the role of education in 

environmental awareness, as discussed in the article, needs 

to be expanded through home school collaboration to 

bridge cross-generational influences . 

This is in line with the case study in Banyumas, where 

community involvement was effective, but required further 

education to address behavioral variability, as suggested in 

policy recommendations for the integration of community-

based education programs. For example, Dasa Wisma 

activities in one RT in Banyumas, with 19 family members. 

They throw their organic waste into fish ponds that are 

rented on sub-district land, sell the waste to collectors, and 

transport the residue to final disposal sites. Every day 

around 2–3 kg of waste is processed in the area. The waste 

sorting activity is carried out by the RT head who has been 

educated by the Banyumas Regency Environmental Service 

through the sub-district. The Dasa Wisma program has 

succeeded in reducing the amount of waste transported to 

the landfill and is very beneficial for residents because the 

money from the sale of cardboard waste, plastic bottles, 

glass bottles, all of it is saved for joint walking activities 

(Pursitasari et al., 2025). 

Regarding the use of Kamishibai as a story-based visual 

media, it can effectively increase elementary school 

students’ understanding of waste sorting. Kamishibai 

learning media can also be an alternative for teaching 

students how to sort waste, as proven by the results of 

trials and tests in elementary schools. The integration of 

Kamishibai into the school curriculum in Banyumas can 

be an effective bridge to strengthen the pro-environmental 

behavior of the younger generation, complement 

community innovations such as waste banks, and support 

the sustainability of urban policies through interesting 

non-formal education (Hernawan et al., 2022). In this way, 

school-centered interventions can reinforce attitudes—the 

key mediator linking knowledge to behavior while 

community programs provide the structural and social 

supports highlighted in community-based studies. 

The practical implications of this research for policy 

makers in Banyumas and other regions, although 

technological innovation and community success, long-

term success depends on strengthening attitudes as the 

main mediator. Recommendations include family–school 

workshops to improve correlation of attitudes between 

generations, integration of practical projects such as the 

3R campaign in the curriculum, and regular evaluation of 

community behavior based on demographics. These 

findings also open opportunities for further research, such 

as the impact of digital-based interventions on the 

correlation between Knowledge–Attitude–Behavior to 

enrich waste management models in several other 

areas(Maruyama & Igei, 2024). 

5. CONCLUSION 

Knowledge-Attitude-Practice (KAP) analysis reveals rich 

dynamics in parent and student groups. In parents, high 

mean knowledge (84.45) and attitude (93.89) were 

associated with a strong correlation between attitude and 

behavior (r = 0.838, p < 0.001), indicating that positive 

beliefs are the main driver of pro-environmental actions 

such as daily waste sorting. However, the weak correlation 

between knowledge and behavior (r = 0.155, p < 0.001) as 

well as demographic patterns (36-45 year olds with the 

highest scores) highlight the gap in the translation of 

knowledge into habits, which is influenced by external 

factors such as facilities and routines. Meanwhile, students 

displayed a more cohesive KAP profile (knowledge 84.45, 

attitude 93.89, behavior 87.56), with a significant attitude-

behavior correlation (r = 0.506, p < 0.001), indicating the 

effectiveness of formal education in building 

environmental foundations. The weak correlation between 

parents' and students' attitudes (r = 0.041, p = 0.332) is a 

crucial finding, which emphasizes that the influence of 

schools is more dominant than the transmission of family 

values, thus requiring intergenerational intervention for 

sustainability. 

Furthermore, the integration of Kamishibai as a story-

based visual media proved effective in increasing 

elementary school students' understanding of waste 

sorting, as evidenced by the increase in pretest-posttest 

scores after implementation in four elementary schools in 

Banyumas. Kamishibai's workshop for 53 teachers also 

produced a positive response, with reduced teaching 

difficulties and plans for innovations such as composting 

or waste banks in schools, which were in line with student 

KAP findings. This media not only simplifies the delivery 

of the 3R message through interactive narratives and 

interesting illustrations, but also builds positive attitudes 
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through emotional experiences, thus becoming an 

innovative alternative to overcome limited family 

influence and strengthen the pro-environmental behavior 

of the younger generation. 

The success achieved by Banyumas depends on 

strengthening attitudes as the main mediator, with the 

main recommendations being home-school collaboration 

through family workshops, integration of practical projects 

such as the 3R and Kamishibai campaigns in the 

curriculum, as well as regular evaluation of behavior 

based on demographics. This approach will bridge the 

KAP gap across generations, ensuring community 

innovations such as the Dasa Wisma program remain 

holistic and inclusive (Nisa et al., 2025). The findings of 

this research open up opportunities for further studies, 

such as the impact of digital interventions on KAP 

correlation or Kamishibai scalability in other urban areas, 

to enrich sustainable waste management models in 

Indonesia. Thus, Banyumas is not only an award recipient, 

but also a catalyst for sustainable environmental 

transformation, where education and community 

involvement are the main foundations. 
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ABSTRACT. Wind energy stands out as a crucial renewable resource to meet global energy demands sustainably and 

mitigate environmental impacts. Blade airfoil profiles and the angle of attack are the primary aerodynamic parameters 

governing the efficiency of horizontal axis wind turbines (HAWT). This study presents an experimental investigation into 

the aerodynamic performance of NACA 4415 and NACA 6415 airfoil profiles evaluated at two distinct angles of attack 

(15° and 30°). The experiments were systematically conducted in an open-type wind turbine test rig at a constant wind 

speed of 7.5 m/s and an air density of 1.06 kg/m³. Real-time torque and rotational speed data were recorded through a 

computer-based data acquisition system to construct dimensionless tip speed ratio versus power coefficient performance 

curves. The experimental results reveal that both blade geometry and the angle of attack significantly influence turbine 

performance. Model 1 (NACA 4415 at 15°) demonstrated the superior aerodynamic performance among all tested 

configurations, achieving the highest efficiency and peaking at approximately λ = 4.Conversely, Model 2 (NACA 4415 at 

30°) exhibited the lowest efficiency due to premature flow separation and dominant stall behavior. The NACA 6415 profile 

showed a more stable aerodynamic response at higher operational angles. These findings underline the critical impact of 

geometric and operational variables on rotor aerodynamics, providing valuable empirical data for the optimized design of 

small-scale wind turbines. 
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1. INTRODUCTION 

Wind energy has become one of the fastest-growing 

renewable energy sources among sustainable and 

environmentally friendly power generation methods. In 

recent years, studies aimed at increasing the efficiency of 

wind turbines have gained significant importance in order 

to reduce the environmental impacts of fossil fuels and 

meet energy demands through sustainable resources. 

Blade airfoil profiles and angle of attack are key 

aerodynamic parameters that significantly affect turbine 

performance (1). NACA airfoil series are commonly used 

in wind turbine applications, and their performance 

characteristics have been widely investigated through both 

numerical and experimental studies (2). However, 

experimental investigations remain crucial for evaluating 

real operating conditions. 

In this study, the performances of NACA 4415 and 

NACA 6415 airfoil profiles at different angles of attack in 

a horizontal axis wind turbine were experimentally 

investigated. Within the scope of the study, turbine 

performance characteristics were compared using blade 

models with 15° and 30° angles of attack. As a result of 

the experimental analyses, performance parameters such 

as power coefficient, aerodynamic behavior, and tip speed 

ratio were evaluated, and the effects of different airfoil 

profiles and attack angles on turbine efficiency were 

revealed. The findings obtained are expected to contribute 

to the design of highly efficient horizontal axis wind 

turbines. 

2. MATERIALS AND METHODS 

2.1 format  

In this study, an experimental setup was designed to 

investigate the performance variation of a horizontal axis 

mailto:6666.burak.akdogan@gmail.com
mailto:kaanturkoffical@gmail.com
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wind turbine under different blade profiles and angles of 

attack. The experimental system consists of an open-type 

wind turbine test rig, a voltage generator for electrical 

power output, a torque meter for mechanical torque 

measurement, an anemometer for wind speed 

measurement, and a computer-based data 

acquisition system for real-time data recording. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Open-Type Wind Turbine Test Rig 

 

The turbine blade diameter was designed as 300 

mm.NACA 4415 and NACA 6415 airfoil profiles were 

used in the experiments. 

The main reason for selecting the NACA 4415 and NACA 

6415 airfoil profiles in this study is their widespread use in 

wind turbine applications and their distinct aerodynamic 

behaviors. In particular, the performance analysis of 

NACA airfoil series in horizontal axis wind turbines has 

been extensively investigated in recent years through both 

numerical and experimental studies (3) 

The NACA 4415 airfoil is widely used in small-scale wind 

turbine applications due to its moderate camber and 

balanced lift-to-drag ratio, which provides stable 

performance under low and medium wind speed 

conditions. Recent studies have shown that this airfoil 

maintains stable flow characteristics even at low Reynolds 

numbers and provides reliable aerodynamic performance 

(4). 

In contrast, the NACA 6415 airfoil is considered to have 

higher aerodynamic efficiency potential due to its 

increased camber distribution and enhanced lift generation 

capability. Literature reports indicate that this airfoil 

shows a more sensitive response to changes in angle of 

attack, allowing more pronounced performance variations 

to be observed (5). 

The combined selection of these two airfoils enables a 

comparative analysis between a reference profile (NACA 

4415) and a higher lift-potential profile (NACA 6415). 

Thus, the effects of blade geometry and angle of attack on 

wind turbine performance can be evaluated within the 

context of recent literature. 

For both profiles, two different angles of attack (15° and 

30°) were applied, resulting in four experimental 

configurations: 

Model 1:NACA 4415 – 15° angle of attack 

Model 2:NACA 4415 – 30° angle of attack 

Model 3:NACA 6415 – 15° angle of attack 

Model 4:NACA 6415 – 30° angle of attack 

 

Figure 2. Blade Profiles and Mounted Turbine 

Configuration 

In this study, 15° and 30° angles of attack were selected 

in order to comparatively investigate the aerodynamic 

behavior of airfoil profiles in both low and high angle-

of-attack regimes. Low and moderate angles of attack 

generally correspond to the stable lift-generation region 

of airfoils, whereas higher angles of attack allow the 

observation of flow separation and stall behavior (6). 

Previous studies in the literature indicate that the angle of 

attack has a critical influence on wind turbine blade 

performance, and aerodynamic forces change significantly 

beyond certain threshold values. Therefore, evaluating 

multiple operating points enables a more comprehensive 

analysis of performance parameters such as power 

coefficient (Cp) and tip speed ratio (λ) (7). 

An angle of attack of 15° typically represents a region 

where the airfoil operates efficiently with mostly attached 

flow and effective lift generation. In contrast, 30° 

corresponds to a high angle-of-attack regime where flow 

separation becomes dominant and stall effects are clearly 

observed. The selection of these two points allows a 

comparative evaluation of both efficient and post-stall 

aerodynamic behavior  
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During the experiments, the wind speed was kept constant 

at 7.5 m/s, and the air density was assumed as 1.06 kg/m³. 

Under these conditions, angular velocity, torque, and 

voltage output were measured simultaneously. 

The experimental study was conducted at the Erciyes 

University Engines Laboratory, located within the 

Kayseri Erciyes University campus. The laboratory is 

situated at an average altitude of approximately 1,070 m 

above sea level (ranging between 1,050–1,100 m). 

Accordingly, the air density used throughout the 

experiments was considered as approximately 1.06 kg/m³ 

at 20°C. This value was used in the calculation of 

aerodynamic performance parameters. 

 

Figure 3. Voltage Generator For Electrical Power Output 

 

Figure 4. Torque Meter for Mechanical Torque 

Measurement 

The measured voltage and torque data were recorded via a 

computer-based data acquisition system and processed to 

calculate turbine power output, angular velocity (ω), 

power coefficient (Cp), and tip speed ratio (λ, TSR). This 

enabled a comparative analysis of the effects of different 

blade profiles and angles of attack on turbine 

performance.  

 

Figure 5. Data Acquisition Software Interface 

The raw data obtained from the experimental 

measurements were recorded using a computer-based 

data acquisition system and subsequently processed 

for analysis. Voltage, torque, wind speed, and 

rotational speed data were filtered, and unstable or 

erroneous measurements were removed from the 

dataset. In this way, only data corresponding to 

steady-state operating conditions were considered in 

the evaluation. 

The cleaned data were organized into separate datasets 

for each experimental condition. These datasets were 

structured to include calculated parameters such as 

angular velocity, torque, turbine power output, tip speed 

ratio (λ), and power coefficient (Cp). 

Based on the processed data, individual λ–Cp curves 

were generated for each combination of blade profile 

and angle of attack. These plots were used to perform a 

comparative analysis of turbine performance 

characteristics. 

Accordingly, the effects of different blade geometries and 

angles of attack on wind turbine efficiency were clearly 

evaluated. 

2.2 Authors 

The experimental study was designed, implemented, and 

analyzed by the authors within the Erciyes University 

Engines Laboratory. All stages of the research include 

the development of the experimental setup, selection and 

preparation of the wind turbine system, integration of 

measurement equipment, and execution of the 

experimental procedures. 

The design and configuration of the open-type horizontal 

axis wind turbine test rig, including the installation of the 

voltage generation system, torque measurement system, 

wind speed measurement device, and computer-based 

data acquisition system, were carried out by the author. In 
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addition, NACA 4415 and NACA 6415 airfoil profiles 

were designed according to the specified geometric 

parameters and integrated into the experimental setup. 

Experiments involving 15° and 30° angles of attack were 

systematically conducted under controlled laboratory 

conditions. A constant wind speed was maintained for 

each test case, and measurement data were monitored in 

real time. 

Data acquisition, filtering, and processing were performed 

by the author. Calculations of angular velocity, turbine 

power output, power coefficient (Cp), and tip speed ratio 

(λ) were carried out using the processed datasets. Finally, 

comparative performance analyses were conducted based 

on λ–Cp curves and processed experimental results. 

3. FIGURES AND TABLES 

This section presents the figures of the experimental setup, 

blade geometries, measurement systems, and the structure 

of the obtained datasets. In addition, the table structure 

created under experimental conditions and the graphs used 

for performance analysis are explained. 

To improve the clarity of the experimental study, detailed 

visual representations of both system components and data 

processing steps are provided. 

 

 

Figure 6: NACA 4415 Airfoil Profiles 

 

 

Figure 7: NACA 6415 Airfoil Profiles 

 

The airfoil profiles used in the experiments were selected 

as NACA 4415 and NACA 6415. These profiles have 

different camber and lift characteristics, enabling a 

comparative performance analysis. 

 

Table 1: Experimental Test Cases 

Case Airfoil Angle of Attack 

1 NACA 4415 15° 

2 NACA 4415 30° 

3 NACA 6415 15° 

4 NACA 6415 30° 

 

Four different test cases were defined based on 

combinations of airfoil type and angle of attack. 

Experimental data were recorded in real time using a 

computer-based data acquisition system. Voltage, 

torque, and wind speed measurements were 

simultaneously monitored during the experiments. 

 

 

Figure 8: MODEL1-MODEL2 Tip Speed Ratio (Λ) 

– Power Coefficient (Cp) Curves 

 

 

Figure 9: MODEL3-MODEL4 Tip Speed Ratio (Λ) – 

Power Coefficient (Cp) Curves 

 

For each experimental case, the relationship between 

tip speed ratio (λ) and power coefficient (Cp) was 

plotted. These curves provide a comparative 

evaluation of the effects of airfoil type and angle of 

attack on turbine performance. 
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4. EQUATION 

It represents the circular area where the turbine rotor 

captures the wind. It is the fundamental geometric 

multiplier for power calculations. 

Cross-Sectional Area: 

A= πD^2/4 (1) 

the rotor diameter is as D= 300mm = 0.3m. 

A= πx0.3^2/4 = 0.070686 m^2 

It is essential to know this area to determine the mass flow 

rate passing through the total kinetic energy that can be 

harvested from the wind. 

Available Wind Power: 

This represents the total kinetic power capacity carried 

by the wind flow passing through the swept area of the 

turbine. 

Pwind= 1/2ρAV^3 (2) 

Parameters: 

ρ (Air Density) = 1.06 kg/m^3 

A (Cross-Sectional Area) = 0.070686 m^2 

V (Wind Speed) = 7.5 m/s 

Pwind= 0.5x1,06x0.070686x7.5^3=15.8049 W 

To establish the maximum theoretical input power to be 

taken as a reference for measuring the turbine's efficiency 

(CP). 

Angular Velocity: 

ω = 2πn/60 (3) 

Turbine Shaft Mechanical Power: 

This is the net mechanical power generated on the rotor 

shaft as a result of aerodynamic forces and transmitted to 

the generator. 

Pturbine = T ω (4) 

T: Torque measured at the rotor shaft 

ω: Calculated angular velocity 

It is used to directly calculate how much mechanical 

work/power the blade profile (4415 or 6415) and blade 

angle (15 or 30) can extract from the wind. 

Tip Speed Ratio: 

It is the ratio of the linear speed of the blade tip to the 

free-stream wind speed. It forms the horizontal axis 

of turbine performance analyses. 

λ = ωR/V (5) 

Parameters: 

ω = Angular velocity (rad/s) 

R= Rotor radius (R = D/2 = 

0.15m) V = Wind speed (7.5 m/s) 

It expresses how "fast" the turbine rotates as a 

dimensionless coefficient. This allows for the 

aerodynamic comparison of turbines at different 

scales. 

Power Coefficient: 

It is the dimensionless efficiency coefficient that ratios 

the power extracted by the turbine to the total available 

power of the wind. 

CP = Pturbine/Pwind (6) 

Expanded Formula: 

CP = T ω / 1/2ρAV^3 (7) 

It determines the aerodynamic performance limit of the 

turbine (how close it gets to the Betz Limit). It is the 

primary success criterion (the main output) of the 

system in fluid mechanics and wind energy studies. 

5. RESULTS & DISCUSSION 

The figure illustrates the relationship between tip speed 

ratio (λ) and power coefficient (Cp) for NACA 4415 and 

NACA 6415 airfoil profiles at 15° and 30° angles of 

attack. The results clearly indicate that both airfoil 

geometry and angle of attack have a significant influence 

on wind turbine performance. 

 

 

Figure 10: Tip Speed Ratio (Λ) – Power Coefficient 

(Cp) Curves 

 

Model 1 (NACA 4415 – 15°) exhibits the highest 

performance among all cases, with Cp increasing 

significantly as λ increases and reaching its maximum 

values at approximately λ ≈ 4. This indicates that this 

combination provides the most efficient operating range 

under the tested conditions. This indicates that at low 

angle of attack, the flow remains more attached and 

energy conversion occurs more efficiently 

Model 2 (NACA 4415 – 30°) shows the lowest 

performance, with limited Cp growth across the lower λ 

range. This suggests that increasing the angle of attack to 

30° for the NACA 4415 profile leads to increased flow 

separation and reduced aerodynamic efficiency. This 

shows that a high angle of attack increases flow 

separation on the NACA 4415 airfoil, thereby reducing 

efficiency. 

When the obtained results are evaluated physically: 
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• At low angles of attack, the flow remains 

more attached (attached flow) 

• At high angles of attack, stall behavior 

becomes dominant 

• While the NACA 4415 shows an earlier 

tendency to stall 

• The NACA 6415 provides a wider 

operating range 

In the literature, low and moderate angles of attack are 

generally preferred for small-scale HAWT applications 

because attached flow conditions can be maintained more 

effectively. In particular, Kaya (2021) reported that 

optimum aerodynamic performance for small wind 

turbine blades is generally achieved between 10° and 18° 

depending on blade geometry and Reynolds number 

conditions. Similarly, Gören (2023) stated that 

performance degradation becomes significant beyond 

approximately 20° due to flow separation and stall 

formation. The results obtained in the present study are 

consistent with these findings. 

At 30°, the boundary layer separation increases rapidly, 

reducing lift generation and increasing drag forces. 

Consequently, the turbine cannot maintain efficient 

rotational acceleration at higher λ values. 

This phenomenon is directly related to the “camber effect 

and lift slope variation” reported in the literature [8][9]. 

Recent studies have shown that airfoil selection directly 

affects angle-of-attack sensitivity, and that the optimum 

angle varies depending on the airfoil geometry. 

When evaluated from the λ-based aerodynamic 

perspective, the performance drop at high attack angles 

becomes more evident in the low-to-medium tip speed 

ratio region. The inability of Model 2 to achieve strong Cp 

growth beyond λ ≈ 2.5 demonstrates that aerodynamic 

losses dominate the rotor behavior under post-stall 

conditions. Similar aerodynamic tendencies were 

experimentally observed by Kaya et al. (2022), where high 

blade pitch angles caused significant decreases in turbine 

efficiency due to unstable flow structures. 

The experimental findings are in agreement with recent 

literature focusing on small-scale HAWT optimization 

studies. Particularly, studies published in YÖK National 

Thesis Center and DergiPark emphasize that blade profile 

geometry directly affects angle-of-attack sensitivity, 

optimum tip speed ratio range, and stall behavior 

characteristics. Therefore, the present study contributes 

experimentally to the literature by comparatively 

evaluating two commonly used NACA airfoil profiles 

under both efficient and post-stall operating regimes. 
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ABSTRACT. With population growth, urbanization, and industrialization, both the volume of wastewater generated 

and its composition are undergoing significant changes. This situation leads to increased energy consumption and 

operating requirements in wastewater treatment plants. While wastewater treatment plants ensure wastewater is 

treated to a level that does not harm the environment, they are a significant source of carbon emissions from energy 

use, chemical consumption, and greenhouse gas emissions generated during treatment processes. Therefore, 

evaluating the carbon footprint of these facilities has become an important environmental sustainability issue. In this 

study, the potential carbon footprint of wastewater treatment plants and the main sources of emissions in these facilities 

are evaluated. In addition, studies conducted at wastewater treatment plants in Türkiye are examined, and the 

calculated carbon footprint values are compiled and summarized. The findings show that carbon footprint values vary 

depending on facility type, operating conditions, and wastewater characteristics. Differences also arise from 

calculation methods, data sources, and the definition of system boundaries. Overall, the results show that 

implementing energy-efficiency improvements, process optimization, and emission-control strategies to reduce the 

carbon footprint of wastewater treatment plants is of great importance for both environmental sustainability and 

climate change mitigation. 
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1. INTRODUCTION 

Technological advancements in the last century have 

improved society's well-being. Still, the tendency 

towards excessive production and consumption has led 

to the rapid depletion of natural resources and increased 

environmental problems. As a result of improper 

practices, water, air, and soil pollution have increased, 

and global warming and the resulting climate change 

have become large-scale problems threatening all living 

things. Carbon dioxide (CO2), methane (CH4), nitrous 

oxide (N2O), and chlorofluorocarbons (CFCs) are the 

main greenhouse gases, and their accumulation in the 

atmosphere causes global warming. CO2 emissions, 

especially those from energy production, are among the 

most important factors accelerating global warming. A 

carbon footprint is an indicator of the amount of 

greenhouse gases produced by an activity and released 

into the atmosphere, directly or indirectly. 

Calculating the carbon footprint is one of the first stages 

of sustainability efforts for organizations operating 

across sectors. In wastewater management, which is 

becoming increasingly important due to population 

growth, urbanization, and industrialization, 

understanding greenhouse gas emissions is essential for 

improving environmental performance and supporting 

climate-resilient infrastructure. Wastewater treatment 

plants are facilities that ensure the safe treatment of 

domestic and industrial wastewaters. However, 

emissions are generated by the material and energy 

used in these facilities, as well as by the biological and 

chemical processes that occur during treatment 

processes. Therefore, determining the carbon footprint 

of wastewater treatment plants is a crucial component of 

sustainable wastewater management. 

https://doi.org/10.52924/FKST7054
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Although carbon footprint assessment of wastewater 

treatment plants has gained increasing attention in recent 

years, the reported emissions in the literature show 

considerable variability. A major challenge in comparing 

existing studies arises from methodological differences, 

including variations in calculation approaches, emission 

factors, functional units, data quality, and, particularly, 

system boundaries (e.g., the inclusion or exclusion of 

construction, sludge management, chemical use, 

transportation, and indirect electricity-related 

emissions). These differences can influence reported 

carbon footprints and limit the comparability of results 

across studies. 

This study aims to identify the key factors and sources 

of emissions that affect the carbon footprint of 

wastewater treatment plants. The study specifically 

evaluates studies conducted in Türkiye, examines direct 

and indirect emission sources, and assesses the effects of 

factors such as plant design and operating conditions, 

using existing literature. 

The remainder of the paper is organized as follows. 

First, the concept of carbon footprint is defined. The 

main processes and emission sources responsible for 

greenhouse gas emissions in wastewater treatment 

plants are then examined, with examples from the 

international literature. The current situation in Türkiye 

is presented by reviewing studies conducted in Turkish 

wastewater treatment plants. 

 

2. THE CONCEPT OF CARBON FOOTPRINT 

Global warming refers to the increase in the average 

surface temperature of the Earth and the changes in 

climate resulting from the strengthening of the natural 

greenhouse effect due to the rapid increase in greenhouse 

gases released into the atmosphere by human activities 

such as the burning of fossil fuels, land-use changes, 

deforestation, and industrial processes. 

A carbon footprint is an indicator calculated by 

measuring the CO2-equivalent (CO2e) of greenhouse 

gases emitted into the atmosphere from human 

activities. The carbon footprint is a measure of the 

environmental damage caused by activities, expressed 

as the amount of greenhouse gases produced, measured 

in units of CO2e, and consists of two main components. 

These components can be defined as the direct (primary) 

and indirect (secondary) footprints. 

The direct footprint represents CO₂ emissions arising 

from the combustion of fossil fuels, including energy 

consumption and transportation activities (such as cars 

and airplanes). In contrast, the indirect footprint 

accounts for emissions associated with the entire life 

cycle of products, from manufacturing to end-of-life 

processes. 

In its most general and simplest form, the carbon 

footprint can be calculated as follows: 

Carbon footprint (CO2e) = Activity Data x Emission 

Factor x Global Warming Potential In the formula, the 

carbon footprint can be estimated by multiplying the 

activity data (e.g., fuel consumed, electricity used, 

waste produced) by the corresponding emission factors. 

Carbon footprint assessments may vary depending on 

the selected methodology, such as process-based life 

cycle assessment (LCA), input-output approaches, 

direct emission inventory methods, or hybrid methods. 

Each approach differs in terms of data requirements, 

level of detail, uncertainty, and the extent to which 

direct and indirect emissions are captured. Among the 

various approaches available, the most basic calculation 

approach is the one developed by the 

Intergovernmental Panel on Climate Change (IPCC) [1]. 

The emission factors, global warming potential 

values, and calculation steps 

3. CARBON FOOTPRINT OF 

WASTEWATER TREATMENT PLANTS: 

GLOBAL PERSPECTIVE 

While wastewater treatment plants play a critical 

role in protecting public health and the environment, 

they are also significant contributors to global 

greenhouse gas emissions. Determining and managing 

carbon footprints in wastewater treatment plants is 

vital to achieving sustainability goals. According to 

the IPCC Fourth Assessment Report, global 

greenhouse gas emissions from the waste/wastewater 

sector amounted to 1.4 Gt CO2e in 2004-2005, 

representing approximately 2.8% of total emissions 

[2]. According to the IPCC Sixth Assessment Report, 

the waste sector (including solid waste and 

wastewater) is responsible for 1.6 Gt CO2e emissions 

in 2019, representing approximately 3% of global 

greenhouse gas emissions [3]. 

The carbon footprint of wastewater treatment plants 

arises from activities such as biological processes, 

energy consumption, chemical use, and the 

transportation and disposal of treatment sludge. The 

direct footprint arises from CH4 and N2O emissions 

released during treatment processes, sludge 

treatment, and the discharge of treated water into the 

receiving environment. The indirect footprint 

includes emissions from the production of electricity 

consumed by the plant, the production and 

transportation of chemicals used in treatment 

processes, and the transportation and disposal of 

sludge. Therefore, determining the carbon footprint 

of wastewater treatment plants requires the joint 

assessment of both direct process-related emissions 

and indirect emissions related to energy and material 

use. This assessment is an important tool for 

improving plant environmental performance and for 

developing strategies to reduce greenhouse gas 

emissions. 

Numerous studies exist in the literature that report 

the carbon footprint of wastewater treatment plants. 

Sahely et al. [4] reported that wastewater treatment 

in Canada results in approximately 669,100 Mg 

CO2e yr-1 direct emissions. However, when indirect 

emissions from energy production, chemical 

production, and sludge treatment are also 
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considered, this amount reaches approximately 

1,048,500 Mg CO2e yr-1. 

Kampschreur et al. [5] (2009) investigated the 

mechanisms of N2O formation in wastewater 

treatment plants. Measurements from laboratory-

scale and full-scale wastewater treatment plants 

showed that significant amounts of N2O are released 

during nitrogen removal, but there were large 

discrepancies in reported emission values. Analyses 

have shown that the most important parameters 

leading to N2O emissions in wastewater treatment 

plants are low dissolved oxygen concentrations 

during nitrification and denitrification, increased 

nitrite concentrations during nitrification and 

denitrification, and low chemical oxygen 

demand/nitrogen ratio (COD/N) during 

denitrification. 

Morera et al. [6] compared the environmental 

performance of different treatment technologies based 

on their carbon footprints. This study showed that 

variations in functional units, system boundaries, and 

data sources make it difficult to compare results across 

studies. Another important result of the study was that 

factors such as energy consumption, chemical use, 

sludge disposal, and greenhouse gas emissions affect 

the carbon footprints. Comparison of conventional and 

unconventional treatment systems revealed that the 

high energy requirements and operating costs of 

unconventional treatment technologies, especially 

membrane bioreactors, increase environmental impacts. 

Chai et al. [7] examined the carbon footprints of three 

main wastewater treatment technologies, considering 

four different sludge treatment alternatives as well for 

small and medium-sized wastewater treatment plants. 

These were Anaerobic-Anoxic-Oxic (A2O), Sequential 

Batch Reactor, and Oxygen Ditch. This study revealed 

that direct CO2 and N2O emissions, as well as indirect 

emissions from electricity use, significantly contribute 

to the plant's carbon footprint. It was reported that 

reducing aerobic treatment and maximizing anaerobic 

treatment are effective strategies for decreasing the 

carbon footprint of both wastewater and sludge 

treatment processes. Anaerobic sludge treatment and the 

use of biogas across different treatment processes 

contributed to reducing the carbon footprint associated 

with sludge storage scenarios. 

Singh et al. [8] investigated the energy consumption 

and carbon footprints of wastewater treatment plants 

operating at different scales using different 

technologies, based on primary data from 50 

wastewater treatment plants in India and the United 

Kingdom (UK). The study used a combination of the 

basic mass-balance approach for energy consumption 

and the IPCC methodology for carbon emissions. It was 

found that small-scale institutional wastewater 

treatment plants consume 12 times as much energy as 

large-scale municipal wastewater treatment plants. 

Embedded energy from construction materials and 

chemicals constitutes 46% and 33% of the total energy 

intensity of municipal and institutional wastewater 

treatment plants, respectively. The average carbon 

footprint of large-scale wastewater treatment plants was 

0.78 kg CO2e m-3, while that of small-scale wastewater 

treatment plants was 3.04 kg CO2e m-3. It was 

determined that the electrical energy intensity in 

wastewater treatment plants in India was lower than in 

UK plants, due to the lack of resource recovery 

processes and the use of solar heat for sludge drying. 

Robescu and Presură [9] estimated the carbon footprint 

of the Constanta South wastewater treatment plant in 

Romania using a combined model. It was determined 

that, with the current plant technology, the treated 

wastewater emitted 0.44-0.54 kg CO2e m-3 between 

2010 and 2013. The use of biogas produced during 

wastewater treatment significantly reduced the 

calculated carbon footprint. 

Vourdoubas [10] evaluated the strategies to reduce the 

carbon footprint of wastewater treatment plants, using 

the Chania Municipal Wastewater Treatment Plant on 

the island of Crete, Greece, as a reference. Their results 

indicated that near-zero carbon emissions can be 

achieved through the utilization of biogas generated 

within the plant, the development of irrigated 

afforestation areas using treated wastewater, and the 

use of solar and wind energy. 

Delre et al. [11] calculated the carbon footprint of 

seven wastewater treatment plants in Scandinavia 

(Denmark and Sweden) that use different 

technologies. Net carbon footprints were determined 

to be in the range of 0.15-0.66 kg CO2e Mg-1, with 

direct greenhouse gas emissions accounting for 44-

71% of the total carbon footprint. Energy 

consumption, chemical use, and sludge applications 

were found to account for the remaining. 

Borzooei et al. [12] conducted an integrated 

experimental and modeling feasibility analysis 

evaluating potential opportunities to minimize the 

carbon footprint of Italy's largest wastewater 

treatment plant. Two strategies for reducing the 

carbon footprint were evaluated: model-based 

improvements to anaerobic sludge digestion 

(providing 18% more biogas and lower greenhouse 

gas emissions) and microalgae-based CO2 capture in 

a laboratory-scale photo-bioreactor, achieving up to 

80% CO2 reduction. Together, these technologies 

demonstrate significant potential for improving both 

energy efficiency and environmental performance in 

large-scale wastewater treatment plants. 

Wu et al. [13] evaluated the effects of process design 

on the carbon footprint of wastewater treatment 

plants. Aerobic and anaerobic sludge stabilization 

processes, short-term and long-term sludge storage, 

and three different sludge disposal options were 

included in the analysis. The carbon footprints of 45 

processes were evaluated. The results showed that 

carbon footprints largely depend on the treatment 

configurations of wastewater treatment plants. In 

general, it was stated that anaerobic wastewater 

treatment and sludge stabilization technologies result 
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in a lower overall carbon footprint than aerobic 

technologies. 

Boiocchia et al. [14] evaluated the carbon footprint 

of a large wastewater treatment plant in Italy, 

assessing different greenhouse gas emission sources. 

It was determined that the sources contributing most 

to greenhouse gas formation were energy 

consumption, natural gas production, and 

transportation, and N2O emissions from wastewater 

treatment processes. 

Studies in the literature show that wastewater 

treatment plants are a significant source of carbon 

footprint. This footprint consists not only of CH4 and 

N2O emissions from the processes themselves, but 

also of indirect effects such as energy consumption, 

chemical use, and sludge management. In particular, 

operating conditions (dissolved oxygen, nitrite 

accumulation, COD/N ratio, etc.) are found to be 

decisive for N2O emissions during nitrification and 

denitrification. Furthermore, it has been determined 

that carbon footprint values vary significantly 

depending on plant scale and treatment technology, 

with emissions per unit volume higher in smaller-

scale plants. Practices such as increasing anaerobic 

processes, improving biogas recovery, and using 

renewable energy are effective in reducing carbon 

footprints. 

4. CARBON FOOTPRINT OF 

WASTEWATER TREATMENT PLANTS IN 

TÜRKİYE 

Türkiye has made significant progress in wastewater 

treatment services over the past few years. According to 

data from the Ministry of Environment, Urbanization, 

and Climate Change, there were 1213 facilities in 2023, 

and the percentage of the municipal population served 

by these facilities was 90.6%. As of the end of 2022, 

approximately 51% of wastewater treatment plants in 

Türkiye have biological treatment, and 20% have 

advanced/progressive biological treatment processes 

[15]. 

To date, several studies have been conducted in Türkiye 

to evaluate the carbon footprints of wastewater 

treatment plants. Table 1 provides an overview of these 

studies, including the treatment processes, wastewater 

types, applied methods, and reported carbon footprint 

values. 

Gülhan [16] estimated the direct greenhouse gas 

emissions from nine large wastewater treatment plants 

in Istanbul based on 2020 population and pollution load 

values, using the IPCC (2006) Guide [1] and the GPS-

X simulation model. The study results showed that total 

greenhouse gas emissions from wastewater treatment 

plants ranged from 225,372 t CO2e yr-1 (IPCC 2006) 

to 687,357 t CO2e yr-1 

(GPS-X model). The difference between the two 

methods was attributed to the IPCC (2006) method failing 

to account for the effects of nitrification and 

denitrification on N₂O emissions. This study also 

demonstrated that plants with a lower COD/Total 

Kjeldahl Nitrogen (TKN) ratio had higher N₂O 

emissions, whereas higher dissolved oxygen levels in 

the aeration tank were linked to higher N₂O emissions 

from the aerobic tank. 

Güller [17] calculated the carbon footprint of a 

wastewater treatment plant treating municipal 

wastewater from the Menteşe district of Muğla Province 

for the years, 2015 and 2016. In 2015, the plant's carbon 

footprint was 77,316 t CO2e yr-1, and it rose to 82,946 t 

CO2e yr-1 in 2016. 60% of the total carbon footprint was 

found to be related to originated electricity 

consumption. The significant contribution of chemical 

consumption and sludge dewatering processes was also 

highlighted. 

Yapıcıoğlu [18] measured greenhouse gas emissions 

from the Siverek Municipal Wastewater Treatment Plant 

and the Şanlıurfa Organized Industrial Zone Central 

Wastewater Treatment Plant. It was found that the 

highest emissions occurred in August and the lowest 

occurred in February. In general, the emissions were 

higher emissions from the aeration tank, aerated grit 

chamber, and coagulation-flocculation tanks. 

Çankaya and Pekey [19] calculated the carbon footprint 

of an advanced biological (A2O) wastewater treatment 

plant and a biological (activated sludge) operation. This 

study showed that the carbon footprint was primarily 

due to CH4 and N2O emissions from biological 

treatment. The study showed that the purchased 

electricity accounted for a large share of the plant's 

carbon footprint and chemical consumption and 

equipment use in the plant's operations were also 

significant indirect sources of emissions. 

Okan [20] calculated the carbon footprint of 105 

different wastewater treatment plant configurations. The 

study found that emissions ranged between 588 kg CO2e 

h-1 and 5,697 kg CO2e h-1. Furthermore, it was 

calculated that carbon footprints could be reduced by 

up to 10% through energy-efficiency and aeration-

optimization measures in wastewater treatment plants. 

Ateş [21] calculated the carbon footprint of the 

Bingöl Wastewater Treatment Plant as 45,238 t 

CO2e yr-1. Electricity consumption was identified as 

the dominant source of emissions, due to the 

Türkiye's carbon-intensive grid structure. 

Karakaş [22] investigated the carbon footprint of the 

Erzurum Advanced Biological Wastewater 

Treatment Plant. The total greenhouse gas emissions 

were calculated as 17,236 t CO2e yr-1 in 2018 and 

59,629 t CO2e yr-1 in 2019. Karakaş et al. [23] 

recalculated the carbon footprint using the same 

input data but a slightly different methodology. In 

this calculation, the carbon footprints for 2018 and 

2019 were 10,389 and 53,529 t CO2e yr-1, 

respectively. In both studies, produced higher carbon 

footprints in 2019 compared to 2018. This difference 

was attributed to increased biological oxygen 

demand (BOD) and total nitrogen content resulting 

from operational problems. In addition, biogas 

generated in anaerobic digesters was used for 
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electricity generation in 2018, reducing the facility’s 

carbon footprint when net values were considered. 

Akhlaghi [24] calculated the carbon footprint of a 

wastewater treatment plant in Central Anatolia. This 

study used two different methodologies, Ecozero and 

CarbonIT. According to the Ecozero methodology, 

the carbon footprint was estimated as 14,337 t CO₂e 

yr⁻¹ for 2021 and 14,035 t CO₂e yr⁻¹ for 2022. In 

contrast, CarbonIT estimated higher values, with 

carbon footprints of 24,381 t CO₂e yr-1 for 2021 and 

22,609 t CO₂e yr-1for 2022. 

Çayır [25] examined both operational greenhouse 

gas emissions and the embodied carbon of materials 

used during the construction and operation of an 

advanced wastewater treatment plant in Giresun. The 

IPCC (2006) method was used to calculate direct and 

indirect greenhouse gas emissions from the 

wastewater treatment plant's operations The 

embodied carbon emissions from the materials used                    

 

for the construction and ongoing operation of the 

wastewater treatment plant were calculated using a 

life cycle assessment model. The results showed that 

the wastewater treatment plant has produced 91.05 t 

CO2e yr⁻¹ CH4 emissions and 0.344 t CO2e yr⁻¹ N2O 

emissions. The amount of emissions from electricity 

use was 15.20 t CO2e yr⁻¹. The cumulative 

greenhouse gas emissions from the plant's activities 

were 107 t CO2e yr⁻¹. Examination of the wastewater 

treatment plant's structure revealed that ready-mixed 

concrete and steel contributed the highest amounts of 

embodied carbon, approximately 398 and 287 t CO2e 

yr⁻¹, respectively. 

Eken [26] evaluated the carbon footprint of the 

construction phase of a wastewater treatment plant in 

in Giresun. The plant's carbon footprint during 

construction was calculated at 1078 t CO2e in 2022 

and 1111 t CO2e in 2023. An estimated carbon 

footprint for the operational phase was calculated, 

resulting in 734 t CO2e yr-1. 

Table 1. Overview of studies including treatment process, wastewater type, method, and carbon footprint 

Facility Name Treatment 

Process 

Wastewater 

Type 

Method 

Used1 

Carbon Footprint 

(kg CO2e m-3) 

References 

Ambarlı AAT A2O Municipal IPCC 1.10 [16] 

Ataköy AAT 5-Bardenpho   4.86  

Büyükçekmece 

AAT 

A2O   1.41  

Çanta AAT A2O   1.62  

Paşaköy AAT A2O   2.52  

Selimpaşa AAT A2O   0.99  

Silivri AAT A2O   2.09  

Tuzla II AAT A2O   1.17  

Tuzla I AAT Conventional 
  

5.09 
 

Muğla AAT A2O Municipal CCALC2 

IPCC 

NGA 

29 [17] 

Siverek AAT A2O Municipal Direct 0.07 [18] 

Şanlıurfa AAT Conventional Industrial Measurement 3.1  

AAT1 A2O Municipal LCA 1.64 [19] 

AAT2 Conventional   1.23  

Muratlı OSB AAT A2O Municipal 

Industrial 

ECAM 1.75 [20] 

Bingöl ATT Conventional Municipal GPS-X 

CCALC2 

7.82 [21] 

Erzurum ATT A2O Municipal UNFCCC 0.59 (2018) [22] 

   IPCC 2.2 (2019)  

   NGA   

Erzurum ATT A2O Municipal UNFCC 0.22 (2018) [23] 

   IPCC 1.2 (2019)  

AAT-1 Conventional Municipal Ecozero 

CarbonIT 

0.05 (Ecozone, 2021) 

0.05 (Ecozone, 2021) 

0.08 (CarbonIT, 2021) 

0.09 (CarbonIT, 2022) 

[24] 

Giresun AAT A2O Municipal IPCC 0.081 [25] 

AAT-1 A2O Municipal CFCT 0.29 [27] 

AAT-2 A2O   0.54  

AAT-3 A2O   0.25  

AAT-4 A2O   0.70  
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1IPCC: 2006 IPCC Guidelines for National Greenhouse 

Gas Inventories; CCALC2: Carbon Calculations over the 

Life Cycle of Industrial Activities; CFCT: Carbon 

Footprint Calculation Tool; ECAM: Energy Performance 

and Carbon Emissions Assessment and Monitoring; LCA: 

Life Cycle Assessment; NGA: National Greenhouse 

Accounts Factors, Department of Environment Australian 

Government, Commonwealth; UNFCC: United Nations 

Framework on Climate; 2Calculated as [Total 

emission]/[Actual or Design Wastewater Flow Rate]. 

Yavuz [27] calculated the carbon footprints of four 

wastewater treatment plants with varying flow 

rates.The calculations revealed that the most significant 

sources of greenhouse gas emissions were wastewater 

treatment processes and energy consumption. In plants 

using sludge incineration, sludge management was 

identified as a significant source of emissions. The 

study showed that carbon footprint reductions can be 

achieved by using wind energy, applying sludge to 

agricultural land, utilizing all biogas for electricity 

generation, separately treating sludge filtrate via the 

anammox process, and reusing sand waste. Among the 

processes, sludge drying stands out due to its high 

energy consumption. 

A general assessment of these studies shows that the 

carbon footprint of wastewater treatment plants extends 

beyond energy consumption. Biological processes, 

particularly N2O emissions generated during nitrogen 

removal, constitute a major carbon footprint. In addition, 

technology selection, sludge management, operational 

control strategies were also effective in carbon 

footprints. 

5. EVALUATION OF CARBON FOOTPRINTS 

OF WASTEWATER TREATMENT PLANTS 

IN TÜRKİYE 

The results presented in Table 1 show that the carbon 

footprints of wastewater treatment plants in Türkiye varies 

over a wide range (0.05-29 kg CO2e m-³). However, the 

values reported by Güller [17] and Ateş [21] differ 

significantly from those reported in other studies, most 

likely due to differences in methodology. GPS-X method 

used by Ates [21] is a process simulation tool and 

provides a more detailed assessment of the system. 

CCALC2 method in both Güller [17]’s and Ates [21]’s 

studies, is a life cycle-based carbon accounting tool, can 

include a broader range of indirect emissions such as 

electricity generation, chemical production, 

transportation, sludge handling, and 

upstream/downstream processes. Excluding these two 

studies, the carbon footprint values ranged from 0.05 to 

3.1 kg CO2e m-³, which is closer to the values reported 

in the literature. Based on data from 76 wastewater 

treatment plants in the USA, Zipp III et al. [28] 

reported that the carbon footprint from operational 

energy use ranged from 

0.38 to 0.42 kg CO2e m-3. El Abbadi et al. [29] showed 

that the carbon footprints of wastewater treatment 

plants in the USA varied between 0.19 and 2.6 kg CO2e 

m-3 for different treatment plant configurations. In 

China, the carbon footprint of wastewater treatment 

plants was approximately 

1.5 kg CO2e m-3 [30]. Based on data from 50 

wastewater treatment plants operating in India and the 

UK, Singh et al. 

[8] reported that the average carbon footprint of large-

scale wastewater treatment plants was 0.78 kg CO2e m-

3, while that of small-scale wastewater treatment plants 

was 3.04 kg CO2e m-3. 

Differences in the carbon footprint values of 

wastewater treatment plants can stem from various 

reasons. Differences in plant characteristics and the 

treatment systems used are among the primary causes. 

When evaluated on the process basis, A2O systems 

generally result in carbon footprints of 0.3-2.5 kg CO2e 

m-3, while those of conventional systems often exceed 

2.5 kg CO2e m-3 [16,21]. This contradicts the study by 

Qu et al. [30], which found that the conventional 

(activated sludge) system had lower carbon footprint, 

while the A2O process generated higher emissions. This 

indicates that the type of process alone is not a 

determining factor and that significant differences exist 

even among plants with similar processes. Wastewater 

quantity and characteristics were among the important 

factors in this aspect. Specifically, the COD/TKN ratio 

directly affects organic matter and nitrogen conversion 

processes, altering nitrification and denitrification 

performance, which in turn is decisive in determining 

N2O emissions. Given N2O's high global warming 

potential and its high sensitivity to operating conditions 

(dissolved oxygen, carbon source, load fluctuations, 

etc.), it most probably creates one of the biggest sources 

of uncertainty in carbon footprint calculations. 

Additionally, differences in calculation methods, 

data sources, and the definition of system boundaries 

can also create variations in carbon footprint values. 

Approaches such as IPCC, UNFCCC, and NGA are 

based on emission factors and, because they include 

generalized assumptions, may not adequately reflect 

facility-specific differences, leading to wide 

uncertainty ranges. In contrast, GPS-X and similar 

process-based models dynamically simulate the 

formation of N2O and CH4 from 

nitrification/denitrification, explaining emission 

processes with more detailed mechanisms. In these 

approaches, different results can be obtained 

depending on the selected parameters and 

calibration. ECAM, on the other hand, is a holistic 

assessment tool that serves as a facility-scale energy 

and emissions monitoring system based on the IPCC 

methodology. In some studies, it has been found 

that the results obtained with two different methods 

differ. For example, Karakaş [22] and Karakaş et al. 

[23] conducted studies with partially different 

techniques at the same facility and obtained different 

carbon footprint values. Similarly, this study shows 

different values for two different years. This 

situation has been attributed to operational issues at 

the facility. Similarly, the results obtained by 

Akhlaghi [24] demonstrated that different 
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methodologies yield distinct outcomes. Furthermore, 

the results may vary depending on the scope 

considered in the studies. 

Finally, energy consumption in facilities also has a 

critical impact on the total carbon footprint. Aeration 

systems, in particular, account for a large share of 

total energy consumption and are the main source of 

indirect emissions. Factors such as the age of the 

facility, the efficiency of the equipment used, 

operating strategies, and flow rate can directly affect 

energy consumption per unit volume and, therefore, 

the carbon footprint. However, due to data 

limitations, it was not possible to evaluate the results 

based on these variables. In addition, facilities 

containing industrial wastewater may experience 

higher pollution loads, leading to increased energy 

demand and emissions. 

6. CONCLUSIONS 

In this study, we provided an overview of the studies 

conducted to evaluate the carbon footprints of 

wastewater treatment plants. In particular, we 

focused on studies conducted at Turkish wastewater 

treatment plants to demonstrate the variability and 

range of reported values. 

In general, this study showed that direct comparison 

of carbon footprint values reported in the literature 

can often be misleading. The values reported vary 

considerably depending on the facilities, process type, 

and methods used. Also, data on some other factors, 

such as the age of the facility, the type of equipment 

used, were not reported adequately. As a result, it was 

not possible to obtain a single value for Türkiye. 

Differences are observed between methodologies in 

terms of data-collection level, which emission types 

(CO2, CH4, N2O) are included, and the extent to 

which energy-chemical resources and sludge 

management are considered. Data is generally 

collected on a facility-by-facility basis. 

Therefore, it is crucial to clearly state which 

emission components the studies cover, which 

methods were used, and which assumptions were 

adopted. Otherwise, even for the same facility, 

significantly different carbon footprint values can be 

obtained using different methods, making the 

interpretation of the results difficult. Developing a 

national greenhouse gas emissions inventory for 

wastewater treatment plants using a standardized 

methodology would provide significant benefits for 

future assessments and comparisons. 
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