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Abstract: Sustainable engineering has emerged as a critical approach to addressing environmental degradation, resource depletion, 

and increasing energy demand associated with industrialization and urban development. This review examines major sustainable 

engineering practices, with particular emphasis on energy auditing as a systematic tool for improving energy efficiency, optimizing 

resource utilization, and reducing environmental impacts. Energy audits enable the assessment of energy consumption patterns, 

identification of inefficiencies and losses, and development of technically and economically feasible measures for energy 

conservation and performance improvement. The review discusses key sustainable engineering strategies, including energy-

efficient technologies, renewable energy integration, waste minimization, resource optimization, green manufacturing, and 

sustainable process design. It further examines the methodologies and applications of energy auditing across industrial, commercial, 

and institutional sectors, highlighting its potential to improve energy performance, reduce operational costs, enhance resource 

efficiency, and mitigate greenhouse gas emissions. The review also considers major challenges associated with the adoption of 

sustainable engineering and energy-audit practices, including technological constraints, financial limitations, inadequate awareness 

and expertise, data-related limitations, and organizational barriers. In addition, emerging opportunities associated with smart energy 

management, digital monitoring, automation, artificial intelligence, and data-driven optimization are discussed. Overall, the review 

emphasizes that integrating energy auditing with broader sustainable engineering and energy-management practices can provide a 

systematic pathway toward efficient resource utilization, improved environmental performance, and long-term sustainable 

development. 
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1. INTRODUCTION 

The rapid expansion of industrialization, urbanization, transportation systems, commercial infrastructure, and 

technological development has substantially increased global demand for energy and natural resources. While these 

advancements have accelerated economic growth, industrial productivity, and improvements in living standards, they 

have also intensified environmental challenges, including excessive energy consumption, greenhouse gas (GHG) 

emissions, depletion of natural resources, water scarcity, waste generation, and industrial pollution. Consequently, 

engineering systems have become central to both economic development and environmental sustainability, 

highlighting the urgent need for engineering practices that balance technological progress with responsible resource 

management. 

Traditionally, engineering design and operational management have focused on technical performance, 

reliability, safety, productivity, and cost-effectiveness. Although these objectives remain essential, contemporary 

environmental and climate-related challenges require engineering solutions that extend beyond economic efficiency. 

Modern engineering decisions influence resource consumption and environmental impacts throughout the life cycle 

of products, processes, buildings, and infrastructure systems. As a result, sustainability has become an increasingly 
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important consideration in engineering design, manufacturing, construction, energy management, and industrial 

operations. 

Sustainable engineering refers to the application of engineering principles and technologies to design, develop, 

and operate systems that meet present societal and industrial needs while minimizing environmental impacts and 

conserving resources for future generations. It integrates multiple sustainability dimensions, including energy 

efficiency, renewable energy utilization, sustainable material selection, pollution prevention, waste minimization, 

green manufacturing, life-cycle assessment (LCA), circular economy practices, and resource optimization. Rather than 

focusing solely on reducing environmental impacts, sustainable engineering seeks to achieve a balanced integration 

of technical performance, economic viability, environmental protection, and long-term resource sustainability. 

Among the various dimensions of sustainable engineering, energy management has emerged as one of the most 

critical. Energy is required across virtually every engineering activity, including manufacturing, transportation, 

construction, water treatment, agriculture, and commercial operations. Inefficient energy utilization not only increases 

operational costs but can also increase associated environmental burdens. Studies based on industrial energy audits 

have demonstrated that systematic assessment of energy consumption can identify significant opportunities for 

reducing energy use, improving equipment performance, and lowering operating costs (Mumtaz & Shah, 2014; Al 

Momani et al., 2023). Similarly, investigations of industrial thermal systems have demonstrated the importance of 

identifying energy losses and improving the efficiency of energy-intensive processes (Kapp et al., 2022). Improving 

energy efficiency therefore offers a practical opportunity to reduce energy demand, improve industrial 

competitiveness, and support more sustainable resource utilization. 

Energy auditing is widely recognized as a systematic and effective approach for evaluating energy performance 

and identifying opportunities for energy conservation. An energy audit involves the comprehensive assessment of 

energy consumption patterns, equipment performance, operational practices, process conditions, and energy losses 

within a facility or engineering system. It enables organizations to determine where energy is consumed, identify 

sources of inefficiency, quantify avoidable losses, and recommend technically and economically feasible measures 

for improving energy performance. Evidence from industrial case studies demonstrates that factory-scale energy audits 

can identify energy-saving opportunities across production systems and provide a quantitative basis for evaluating 

potential improvements (Mumtaz & Shah, 2014; Al Momani et al., 2023). Consequently, energy auditing represents 

an important practical component of industrial energy management and sustainable engineering strategies. 

The significance of energy auditing extends beyond energy conservation. Effective energy audits can improve 

resource utilization, reduce production costs, enhance equipment efficiency and operational performance, and 

contribute to reductions in environmental impacts. For example, industrial energy assessments have demonstrated the 

potential for identifying improvements in thermal systems and production processes while simultaneously addressing 

economic and energy-performance objectives (Kapp et al., 2022; Al Momani et al., 2023). In addition, research on 

manufacturing firms has shown that the organizational response to energy audits is influenced not only by the 

identification of technical opportunities but also by management practices and implementation decisions (Zhang & 

Karplus, 2025). These findings indicate that the effectiveness of energy auditing depends on translating identified 

opportunities into practical management and operational actions. 

Recent advances in digital technologies have further transformed conventional energy-management practices. 

Industrial Internet of Things (IIoT) technologies can support the collection and modelling of energy-related 

operational data, thereby enabling more refined approaches to energy management (Peng et al., 2021). Similarly, IoT-

based monitoring systems provide opportunities for continuous measurement of energy consumption and production-

related parameters rather than relying exclusively on periodic assessments. The increasing availability of operational 

data has also created opportunities for applying machine-learning techniques to energy-consumption modelling and 

prediction (Sarswatula et al., 2022). These developments indicate a transition from conventional periodic energy 

auditing toward more continuous, data-driven approaches to energy-performance assessment. 



 

1511 

Artificial intelligence and machine-learning technologies can further support energy forecasting, anomaly 

detection, optimization, and data-driven decision-making. Recent research has demonstrated the application of 

machine-learning approaches to improve energy efficiency in large-scale industrial plants through data-driven 

optimization (Ha et al., 2025). Similarly, the integration of artificial intelligence with energy-consumption data has 

been investigated for forecasting and energy-management applications in manufacturing environments (Integrating 

artificial intelligence into energy management, 2025). Digital-twin technologies provide another emerging pathway 

by linking operational data with virtual representations of manufacturing systems. Data-driven digital-twin approaches 

have been developed for modelling energy-consumption behaviour in sustainable manufacturing (Toward Digital 

Twin for sustainable manufacturing, 2023), while other research has examined digital twins as tools for manufacturing 

sustainability and energy optimization (Sustainability Digital Twin, 2023; Nozari & Yordanova, 2026). 

Against this background, the present review examines the role of sustainable engineering practices and energy 

auditing in achieving environmental and resource conservation. The review synthesizes existing research on energy 

auditing methodologies, industrial energy efficiency, energy-management practices, IIoT-based monitoring, machine-

learning applications, artificial intelligence, and digital-twin technologies. It also considers their applications across 

industrial and manufacturing contexts, identifies major implementation challenges, and highlights future research 

directions for integrating energy auditing with sustainable engineering. Such integration can provide a practical 

pathway for improving energy performance, optimizing resource utilization, reducing environmental impacts, and 

supporting long-term sustainability objectives. 

2. Literature Review 

The development of sustainable engineering has been closely associated with the growing recognition that 

environmental impacts cannot be separated from engineering decisions. Earlier approaches to industrial environmental 

management frequently emphasized pollution control and treatment after environmental damage had occurred. More 

recent approaches have increasingly focused on prevention, efficiency, cleaner production, resource optimization, and 

life-cycle management. Sustainable manufacturing literature has consequently expanded from individual pollution-

control technologies toward integrated approaches incorporating lean manufacturing, renewable energy, green 

production, life-cycle assessment, circular economy principles, and resource efficiency. 

Energy efficiency represents one of the most established dimensions of sustainability research. Improvements 

in motors, pumps, compressors, boilers, furnaces, HVAC systems, lighting, refrigeration, heat exchangers, insulation, 

and process controls have demonstrated that substantial reductions in energy consumption can often be achieved 

without reducing useful output. Industrial energy-audit studies have shown that systematic assessment of energy-

consuming equipment and production processes can identify technically feasible opportunities for reducing energy 

use and improving operational performance (Mumtaz & Shah, 2014; Al Momani et al., 2023). Research on industrial 

thermal systems has similarly emphasized the importance of identifying energy losses and improving the efficiency 

of energy-intensive processes (Kapp et al., 2022). Energy-efficiency measures are particularly attractive because they 

can generate direct financial savings while reducing the environmental impacts associated with energy production and 

consumption. 

Research on sustainable manufacturing has increasingly emphasized the integration of multiple approaches 

rather than relying on individual technologies. Energy management, resource optimization, digital monitoring, and 

process-level efficiency improvements can be considered complementary components of an integrated sustainability 

strategy. Industrial case studies indicate that energy-saving potential is strongly dependent on the characteristics of 

individual production systems, operating conditions, and equipment performance (Mumtaz & Shah, 2014; Al Momani 

et al., 2023). This suggests that sustainable engineering interventions should be based on systematic assessment of 

actual operating conditions rather than the application of standardized efficiency measures alone. 

Energy auditing has traditionally been employed to identify energy-saving opportunities in industrial and 

commercial systems. Its development has involved progressively greater emphasis on measurement, energy balances, 

equipment performance, economic analysis, and verification. Preliminary audits generally identify obvious 
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opportunities through utility-data analysis and site inspection, whereas detailed audits involve extensive measurement 

and engineering analysis. Industrial case studies have demonstrated the usefulness of this approach for identifying 

energy-saving measures and assessing their potential benefits (Mumtaz & Shah, 2014; Al Momani et al., 2023). In 

addition, research on industrial thermal systems demonstrates that energy assessment can provide a basis for 

identifying system-level inefficiencies and developing strategies for improving energy performance (Kapp et al., 

2022). 

Energy-management research has also moved toward continuous improvement. In this context, energy auditing 

is increasingly viewed not simply as a one-time exercise for identifying individual energy-saving projects, but as a 

source of information that can support continuing energy-performance assessment. Evidence from manufacturing 

firms indicates that the response to energy audits is influenced by management practices and organizational decision-

making, demonstrating that the identification of technical opportunities alone does not necessarily guarantee their 

implementation or sustained performance improvement (Zhang & Karplus, 2025). Thus, effective energy management 

requires coordination between technical assessment, managerial decision-making, investment, implementation, and 

subsequent evaluation. 

Recent technological developments have further expanded the research domain. Industrial Internet of Things 

(IIoT) technologies can facilitate the collection and modelling of energy-related operational information and support 

more refined energy-management practices (Peng et al., 2021). IoT-based monitoring systems can similarly provide 

continuous information regarding energy consumption and production conditions, thereby reducing dependence on 

periodic manual measurements. The availability of continuous operational data has created opportunities for more 

detailed analysis of energy-consumption behaviour and system performance. 

Machine-learning methods have emerged as an important component of data-driven energy management. 

Research has demonstrated the application of machine-learning techniques to model energy consumption and identify 

relationships between operational conditions and energy use (Sarswatula et al., 2022). More recent research has 

extended these approaches toward data-driven optimization of energy efficiency in large-scale industrial plants (Ha et 

al., 2025). Artificial intelligence can also be applied to energy-consumption data for forecasting and energy-

management purposes, providing opportunities to support more informed operational decisions (Integrating artificial 

intelligence into energy management, 2025). These developments indicate a gradual transition from conventional 

energy assessment toward predictive and data-driven approaches. 

Digital twins represent another emerging direction within sustainable manufacturing and energy management. 

A digital twin can provide a virtual representation of a physical system and can be used to model energy-consumption 

behaviour and evaluate alternative operating conditions. Data-driven digital-twin approaches have been investigated 

for modelling energy-consumption behaviour in sustainable manufacturing systems (Toward Digital Twin for 

sustainable manufacturing, 2023). Digital twins have also been proposed as tools for supporting broader sustainability 

objectives within manufacturing environments (Sustainability Digital Twin, 2023). More recent research has extended 

this concept toward energy optimization in food-manufacturing systems, demonstrating the growing interest in digital-

twin-driven operational optimization (Nozari & Yordanova, 2026). 

These developments indicate a transition from periodic energy assessments toward data-driven and predictive 

energy management. The combination of IoT-based monitoring, machine learning, artificial intelligence, and digital 

twins creates opportunities for continuous measurement, anomaly identification, energy forecasting, optimization, and 

improved operational control (Peng et al., 2021; Sarswatula et al., 2022; Ha et al., 2025). Such technologies can 

potentially strengthen the connection between energy auditing and real-time operational management by allowing 

energy-performance deviations to be detected more rapidly and by providing analytical support for corrective actions. 

Despite these developments, several gaps remain. A significant challenge is the implementation gap between 

identifying energy-saving opportunities and actually achieving sustained savings. The results of energy-audit 

interventions depend not only on technical feasibility but also on organizational decisions, management practices, 

investment, and implementation behaviour (Zhang & Karplus, 2025). Financial constraints, lack of technical expertise, 
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inadequate monitoring infrastructure, and limited organizational capacity can further restrict implementation. The 

adoption of digital technologies may also require substantial investment in sensors, data infrastructure, analytical 

systems, and specialized technical skills. Consequently, the benefits of advanced energy-management technologies 

must be considered alongside their implementation requirements and organizational feasibility. 

These challenges indicate the need for integrated approaches that combine engineering, management, 

economics, and digital technologies. The existing research demonstrates that energy auditing can provide the initial 

technical assessment required to identify inefficiencies, while IoT, machine learning, artificial intelligence, and digital 

twins can extend this process toward continuous monitoring and predictive optimization (Mumtaz & Shah, 2014; Peng 

et al., 2021; Sarswatula et al., 2022; Ha et al., 2025). Future research should therefore focus on integrating conventional 

energy-audit methodologies with data-driven technologies and practical implementation frameworks so that identified 

opportunities can be translated into measurable and sustained improvements in energy and resource performance. 

3. Sustainable Engineering Practices 

Sustainable engineering encompasses a broad range of practices designed to reduce environmental impacts 

while maintaining or improving technical and economic performance. Among these practices, energy efficiency 

represents one of the most direct and measurable approaches to improving sustainability. Industrial energy-audit 

studies have demonstrated that systematic evaluation of energy-consuming equipment can identify opportunities for 

reducing energy consumption while maintaining required production performance (Mumtaz & Shah, 2014; Al 

Momani et al., 2023). High-efficiency motors, variable-frequency drives, optimized pumps and fans, efficient boilers, 

heat-recovery systems, improved insulation, efficient lighting, and advanced HVAC systems can contribute to 

improved energy performance. However, the effectiveness of these technologies depends on appropriate sizing, 

installation, operation, control, and maintenance. Research on industrial thermal systems similarly emphasizes the 

importance of optimizing system operation and identifying inefficiencies at the process and equipment levels (Kapp 

et al., 2022). 

Sustainable process design is another important component of sustainable engineering. Process conditions can 

significantly influence energy and material consumption. Reducing unnecessary processing steps, optimizing 

operating temperatures and pressures, improving heat integration, recovering waste heat, minimizing material losses, 

and reducing water requirements can improve overall process efficiency. The importance of process-level assessment 

is reflected in industrial energy-audit research, where systematic examination of production processes and energy-

consuming systems has been used to identify specific conservation opportunities (Al Momani et al., 2023). 

Incorporating sustainability considerations at the design stage is particularly valuable because design decisions can 

determine resource requirements throughout the operating life of a system. 

Resource optimization extends beyond energy. Sustainable engineering seeks to minimize the use of raw 

materials, water, land, and other resources while maintaining functional performance. Material efficiency can be 

improved through lightweight design, improved manufacturing precision, optimized cutting and forming processes, 

and the use of recycled or renewable materials where technically appropriate. Water efficiency can be improved 

through process redesign, recycling, leak reduction, efficient pumping, and improved treatment systems. From an 

integrated engineering perspective, these interventions should be considered alongside energy performance because 

changes in material and water use can also influence the energy requirements of production systems. 

Waste minimization is closely related to resource efficiency. From an engineering perspective, waste represents 

a loss of materials, energy, labor, and economic value. Preventing waste at source is therefore generally preferable to 

relying exclusively on end-of-pipe treatment. Cleaner production, lean manufacturing, process optimization, reuse, 

recycling, by-product recovery, and closed-loop systems can reduce waste generation while improving resource 

productivity. In manufacturing environments, improving process efficiency can simultaneously reduce energy 

requirements and minimize losses associated with inefficient production operations (Kapp et al., 2022; Al Momani et 

al., 2023). Thus, waste prevention should be considered not only as an environmental objective but also as an 

engineering and economic efficiency strategy. 
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Green manufacturing integrates these principles into production systems. It aims to reduce energy use, material 

consumption, waste, emissions, and environmental risks while maintaining productivity and product quality. Green 

manufacturing can therefore be viewed as a systems approach in which environmental performance becomes an 

integral part of production management. The integration of energy efficiency with digital monitoring and data-driven 

optimization provides additional opportunities for improving manufacturing performance. For example, Industrial 

Internet of Things (IIoT) technologies can facilitate the collection and modelling of operational data to support refined 

energy-management decisions (Peng et al., 2021), while machine-learning approaches can be used to model energy 

consumption and support improved understanding of energy-use patterns (Sarswatula et al., 2022). 

Renewable-energy integration is also increasingly important within sustainable engineering. Solar photovoltaic, 

solar thermal, wind, biomass, and other renewable technologies can reduce dependence on conventional energy 

sources. However, renewable generation should not be considered a substitute for energy efficiency. Reducing 

unnecessary energy demand before installing renewable systems can reduce system size, capital requirements, and 

operating complexity. A rational sustainability strategy therefore begins with measurement and efficiency 

improvement before moving toward renewable-energy integration and storage. This approach is consistent with 

industrial energy-management research, which demonstrates the importance of first identifying and addressing energy 

losses and inefficiencies within existing systems (Mumtaz & Shah, 2014; Kapp et al., 2022). 

Life-cycle thinking provides another important foundation for sustainable engineering. A product may have 

low operational energy consumption but require energy-intensive materials or manufacturing processes. Conversely, 

a product manufactured using recycled materials may require additional processing energy. Such trade-offs 

demonstrate why sustainable engineering decisions should consider resource and energy implications across the 

broader system rather than focusing on a single operational stage. In this context, life-cycle considerations can 

complement direct energy-performance assessments by encouraging engineers to consider the consequences of design 

and production decisions beyond immediate operational energy consumption. 

Circular economy principles further strengthen sustainable engineering by emphasizing durability, repairability, 

reuse, remanufacturing, recycling, and resource recovery. Designing products and production systems for improved 

maintenance and longer service life can reduce the frequency of replacement and associated resource requirements. 

Similarly, industrial systems can potentially utilize by-products and recoverable materials that would otherwise 

become waste. From an engineering perspective, such approaches reinforce the principle that sustainability should 

involve maximizing the useful value obtained from energy and material inputs rather than simply reducing individual 

environmental indicators. 

Digital technologies are increasingly providing additional capabilities for implementing these sustainable 

engineering practices. IoT-based monitoring can provide continuous information about energy consumption and 

operational conditions, while machine-learning models can support energy prediction and optimization (Peng et al., 

2021; Sarswatula et al., 2022). Data-driven optimization has also been investigated for improving energy efficiency 

in large-scale industrial plants (Ha et al., 2025). Digital twins provide a further opportunity to evaluate system 

behaviour virtually and investigate alternative operating conditions before physical implementation (Toward Digital 

Twin for sustainable manufacturing, 2023; Sustainability Digital Twin, 2023). These developments can strengthen 

sustainable engineering by linking resource-efficiency objectives with real-time operational information and 

predictive decision-making. 

Thus, sustainable engineering is fundamentally an integrated discipline. Energy, materials, water, waste, 

emissions, economic performance, and operational efficiency are interconnected rather than independent dimensions. 

The evidence from industrial energy audits and emerging digital-energy-management research suggests that 

sustainability outcomes can be strengthened when technical efficiency measures are combined with systematic 

assessment, data-driven monitoring, and appropriate implementation strategies (Mumtaz & Shah, 2014; Al Momani 

et al., 2023; Peng et al., 2021; Ha et al., 2025). Optimizing these dimensions together can therefore provide more 

durable sustainability outcomes than addressing individual environmental problems independently. 
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Table 1. Major sustainable engineering practices and their environmental benefits 

Practice Primary objective Typical 

engineering 

measures 

Resource benefit Environmental 

benefit 

Energy efficiency Reduce energy 

demand 
Efficient motors, 

VFDs, HVAC 

optimization, heat 

recovery 

Lower energy 

consumption 
Lower emissions 

Sustainable 

process design 
Optimize processes Heat integration, 

process 

optimization, waste-

heat recovery 

Lower material and 

energy use 
Lower 

environmental 

impact 

Waste 

minimization 
Prevent waste 

generation 
Lean production, 

reuse, recycling, 

process 

optimization 

Material 

conservation 
Reduced waste 

generation 

Renewable energy Replace 

conventional energy 

sources 

Solar PV, solar 

thermal, wind, 

biomass 

Reduced fossil-fuel 

dependence 
Decarbonization 

Circular 

engineering 
Extend resource and 

product life 
Repair, reuse, 

refurbishment, 

remanufacturing, 

recycling 

Reduced virgin 

material use 
Reduced resource 

depletion 

Life Cycle 

Assessment (LCA) 
Evaluate life-cycle 

impacts 
Life-cycle 

assessment of 

products and 

processes 

Identification of 

resource hotspots 
Prevention of 

environmental 

burden shifting 

4. Energy Auditing and Energy Management 

Energy auditing is a systematic assessment of energy consumption and energy flows within a facility, process, 

organization, or system. Its principal purpose is to identify inefficiencies, quantify losses, determine energy-saving 

opportunities, and provide a technical basis for improving energy performance. Industrial case studies have 

demonstrated that energy audits can identify significant opportunities for reducing energy consumption and improving 

the efficiency of production systems (Mumtaz & Shah, 2014; Al Momani et al., 2023). Similarly, assessment of 

industrial thermal systems has shown the importance of examining energy use at the system and process levels to 

identify potential efficiency improvements (Kapp et al., 2022). 

An effective energy audit begins with a clear definition of the audit scope and objectives. Historical utility bills, 

production records, operating schedules, equipment specifications, maintenance records, and process information are 

collected to establish an initial understanding of energy use. This information is followed by a site inspection during 

which actual operating conditions are compared with documented information. Measurement is a critical component 

of detailed auditing because it allows auditors to distinguish between assumed and actual equipment and process 

performance. Industrial energy-audit investigations demonstrate the importance of collecting facility-level and 

equipment-level information before estimating energy-saving potential (Mumtaz & Shah, 2014; Al Momani et al., 

2023). 

Depending on the facility, electrical power analyzers, clamp meters, temperature sensors, flow meters, pressure 

gauges, thermal cameras, combustion analyzers, lux meters, and data loggers may be used. Measurements allow 

auditors to establish actual operating conditions and identify deviations from expected performance. They also enable 

the development of energy balances for individual systems and the facility as a whole. The energy balance is 
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particularly useful because it establishes the relationship between energy input, useful output, recoverable energy, and 

losses. In industrial systems, losses may occur through inefficient combustion, heat transfer, steam leakage, 

compressed-air leakage, friction, electrical losses, poor insulation, idle operation, or inappropriate process conditions. 

The assessment of industrial thermal systems particularly highlights the importance of evaluating energy flows and 

system-level losses when developing energy-efficiency measures (Kapp et al., 2022). 

Energy-saving opportunities identified through an audit can be classified into operational, maintenance, 

technological, and process-related measures. Operational measures may include improved scheduling, optimized 

operating conditions, and appropriate equipment shutdown practices. Maintenance measures may include repair of 

leaks, cleaning of heat-transfer surfaces, lubrication, and replacement of damaged insulation. Technological measures 

may involve replacing inefficient equipment with high-efficiency alternatives, while process measures may include 

heat recovery, process integration, and modification of operating parameters. Evidence from factory-scale energy 

audits indicates that combining equipment-level improvements with operational and process-level interventions can 

provide substantial energy-saving potential (Al Momani et al., 2023). 

Table 2. Major energy-consuming systems, typical inefficiencies, and conservation measures 

Energy system Common inefficiency Audit parameter Possible conservation 

measure 

Motors Partial loading, poor 

control 
Load, current, efficiency High-efficiency 

motors/VFD 

Pumps Throttling, excessive 

pressure 
Flow, pressure, power Pump optimization/VFD 

Compressed air Leakage, excessive 

pressure 
Pressure, flow, 

compressor load 
Leak reduction/pressure 

optimization 

Boilers Excess air, heat loss Fuel use, temperature, 

efficiency 
Combustion 

optimization/heat 

recovery 

HVAC Poor controls, inefficient 

operation 
Temperature, power, 

occupancy 
Control 

optimization/high-

efficiency equipment 

Steam systems Leakage, poor insulation Pressure, temperature, 

condensate 
Insulation/condensate 

recovery 

Lighting Excessive consumption Illuminance, power LED/automatic controls 

Economic evaluation is necessary before the implementation of energy-conservation measures. Simple payback 

period can provide an initial assessment of investment attractiveness, while more comprehensive approaches can use 

Net Present Value (NPV), Internal Rate of Return (IRR), life-cycle costing, and sensitivity analysis. An energy-saving 

measure with a short payback period may be implemented rapidly, whereas measures with longer payback periods 

may require strategic justification based on expected energy savings, environmental benefits, equipment reliability, 

regulatory considerations, or future energy-price risks. The practical response to energy audits is therefore influenced 

not only by the technical identification of opportunities but also by organizational and management decisions (Zhang 

& Karplus, 2025). 

Energy management extends beyond the audit itself. An audit identifies opportunities, but sustained energy 

management requires mechanisms for implementing, monitoring, and evaluating those opportunities. In this regard, 

energy auditing should be viewed as an input to an ongoing energy-performance improvement process rather than as 

an isolated diagnostic activity. Research on manufacturing organizations indicates that management practices can 

influence how firms respond to energy-audit findings, reinforcing the importance of organizational factors in 

converting identified opportunities into actual energy-performance improvements (Zhang & Karplus, 2025). 
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Energy Performance Indicators (EnPIs) are particularly important because absolute energy consumption may 

not provide an accurate picture of performance. For a manufacturing facility, for example, an increase in total energy 

consumption may simply result from increased production. Specific energy consumption, expressed as energy used 

per unit of output, can therefore provide a more meaningful measure of operational performance. Similarly, energy 

consumption can be evaluated against production volume, operating hours, equipment load, or other relevant variables 

to distinguish changes caused by production activity from genuine changes in energy efficiency. Industrial energy 

studies demonstrate the importance of relating energy consumption to actual production and operating conditions 

when assessing energy-saving potential (Mumtaz & Shah, 2014; Al Momani et al., 2023). 

The increasing availability of digital technologies is further extending the conventional energy-audit process. 

IIoT-based systems can facilitate the collection and modelling of energy-related operational data, providing more 

detailed information for energy-management decisions (Peng et al., 2021). Machine-learning approaches can 

subsequently be applied to energy-consumption data to identify patterns and support energy modelling and prediction 

(Sarswatula et al., 2022). These capabilities provide a basis for moving from periodic measurement toward continuous 

energy-performance monitoring and can complement conventional energy-audit methodologies. 

The effectiveness of energy management therefore depends on the relationship between measurement, analysis, 

implementation, and verification. A useful energy-management cycle can be represented as: 

 

Fig. 1. Energy audit and management cycle for continual improvement. 

This approach transforms energy auditing from a one-time activity into a continuing management process. The 

combination of systematic energy assessment, implementation of conservation measures, performance monitoring, 

and verification allows organizations to evaluate whether identified energy-saving opportunities have translated into 

actual improvements. The integration of conventional auditing with IIoT-based monitoring and data-driven analysis 

can further strengthen this cycle by providing more frequent and detailed information on energy performance (Peng 

et al., 2021; Sarswatula et al., 2022). 

5. Role of Energy Auditing in Environmental and Resource Conservation 

The environmental significance of energy auditing arises primarily from its ability to identify and reduce 

unnecessary energy consumption. Industrial energy audits provide a systematic basis for assessing energy use, 

identifying inefficiencies, and developing measures for improving overall energy performance (Mumtaz & Shah, 

2014; Al Momani et al., 2023). Where energy is generated from fossil-fuel-based sources, reductions in energy 

demand can contribute to lower greenhouse-gas emissions and other associated environmental impacts. Even where 

electricity generation is increasingly supported by renewable sources, improving energy efficiency remains important 

because it reduces overall resource requirements, operating costs, and the capacity of energy infrastructure required 

to satisfy demand. 

Energy auditing can also contribute to resource conservation through improvements in process and equipment 

efficiency. Inefficient industrial processes may consume excessive quantities of energy while simultaneously 

increasing the use of materials, water, fuels, and other auxiliary resources. Poor process control, for example, can 

increase product rejection and rework, resulting in both material losses and the loss of energy already embodied in the 

rejected product. Similarly, inefficient pumping systems may increase electricity consumption because of 
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inappropriate operating conditions, pressure losses, or unnecessary fluid movement. Industrial energy assessments 

therefore provide an opportunity to examine energy performance together with the operational conditions responsible 

for resource consumption (Al Momani et al., 2023; Kapp et al., 2022). 

The relationship between energy and material efficiency is particularly important in manufacturing systems. 

Materials generally require energy during extraction, processing, transportation, and transformation. Consequently, 

unnecessary material losses can also represent the loss of energy embodied throughout the preceding stages of 

production. Measures that reduce process losses, improve production efficiency, and minimize rework can therefore 

provide both direct resource-conservation benefits and indirect energy-saving benefits. Energy auditing, when 

integrated with broader process-performance assessment, can help organizations identify such interconnected sources 

of inefficiency rather than treating energy consumption as an isolated operational variable (Mumtaz & Shah, 2014; Al 

Momani et al., 2023). 

Energy auditing also supports improved equipment performance. Motors, pumps, compressors, boilers, 

refrigeration systems, and HVAC equipment can consume excessive energy when they operate under inappropriate 

loading, control, maintenance, or process conditions. Thermal-system assessments, in particular, can reveal 

opportunities to reduce avoidable energy losses and improve the efficiency of industrial heating and related processes 

(Kapp et al., 2022). Corrective measures can consequently improve energy performance while reducing operational 

stress and, in appropriate circumstances, contributing to improved equipment reliability and maintenance 

performance. 

The environmental benefits of energy auditing can be further strengthened by integrating energy assessments 

with renewable-energy planning. Establishing the actual energy demand and identifying avoidable inefficiencies 

before sizing renewable-energy systems allows organizations to base renewable-generation capacity on an optimized 

load profile. This approach is preferable to using renewable generation simply to compensate for avoidable energy 

losses. In this respect, energy efficiency and clean-energy integration should be considered complementary strategies: 

reducing unnecessary demand first can improve the effectiveness of subsequent renewable-energy deployment. 

Energy auditing can also support climate-oriented energy management by establishing quantitative 

relationships between energy consumption and associated environmental impacts. Once energy-use data are 

systematically measured and monitored, organizations can use appropriate emission factors to estimate the 

greenhouse-gas implications of their energy consumption. Such information can support the evaluation of energy-

saving measures and the development of broader decarbonization strategies. The importance of organizational and 

managerial responses is also evident from research showing that the outcomes of energy audits depend not only on 

identifying technical opportunities but also on how organizations respond to audit findings and implement 

recommended measures (Zhang & Karplus, 2025). 

The integration of digital technologies provides additional opportunities to strengthen the environmental and 

resource-conservation role of energy auditing. Industrial Internet of Things (IIoT) systems can enable more detailed 

monitoring of energy consumption and operational variables, while machine-learning approaches can support the 

modelling and analysis of energy-use patterns (Peng et al., 2021; Sarswatula et al., 2022). More advanced data-driven 

optimization approaches can further support energy-efficiency improvement in large-scale industrial facilities by 

identifying operational conditions associated with improved performance (Ha et al., 2025). These technologies can 

transform energy auditing from a periodic assessment into a more continuous process of measurement, analysis, 

intervention, and performance verification. 

From a resource-conservation perspective, the most effective approach is therefore not simply to consume less 

energy but to improve the productivity of energy and other resources. The objective becomes achieving greater useful 

output from each unit of energy, material, and water consumed. This requires the integration of energy auditing with 

resource assessment, performance indicators, efficiency improvements, economic and environmental evaluation, 

implementation, monitoring, and continual improvement. Figure 2 presents an integrated framework illustrating how 

sustainable engineering, resource domains, energy auditing, performance evaluation, implementation, digital 
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monitoring, and continual improvement can operate as interconnected components of a resource-efficient industrial 

system. 

Figure 2. Integrated framework for sustainable engineering and energy management. 

The framework emphasizes that energy auditing should not be regarded as an isolated technical exercise. 

Instead, it functions as part of a broader management cycle in which resource consumption is assessed, performance 

indicators are established, efficiency opportunities are prioritized, interventions are implemented, and outcomes are 

subsequently verified. Digital monitoring and data-driven analytical methods can strengthen this cycle by providing 

more timely performance information, while feedback mechanisms enable organizations to refine strategies in 

response to changing technologies, operational conditions, environmental requirements, and stakeholder expectations 

(Peng et al., 2021; Sarswatula et al., 2022; Ha et al., 2025). Thus, the integration of energy auditing with sustainable 

engineering practices provides a systematic pathway for simultaneously improving energy productivity, resource 

conservation, environmental performance, and long-term industrial sustainability. 

6. Applications and Industrial Perspectives 

Industrial facilities represent one of the most important application areas for energy auditing because their 

operations often involve multiple energy-intensive systems operating under complex and variable conditions. Motors, 

pumps, fans, compressors, boilers, furnaces, steam systems, refrigeration equipment, process-heating systems, and 

material-handling equipment may collectively account for a substantial proportion of total industrial energy 

consumption. Energy audits can therefore identify inefficiencies at both the individual-equipment level and the 

broader process level, allowing conservation measures to be evaluated according to their technical and operational 

suitability (Mumtaz & Shah, 2014; Al Momani et al., 2023). 

Motor-driven systems provide an important example of the application of energy auditing. Motors may operate 

under partial-load conditions, excessive throttling, inappropriate control strategies, or other inefficient operating 

conditions. Variable-frequency drives can provide energy-saving opportunities in applications with variable loads, 

particularly in pumping and fan systems. However, the applicability of such measures depends on the operating 

characteristics of the equipment and process and should therefore be established through an appropriate technical 
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assessment rather than assumed universally. System-level evaluation is particularly important because energy 

performance depends not only on motor efficiency but also on the interaction between the motor, driven equipment, 

controls, and process requirements (Al Momani et al., 2023). 

Boiler and steam systems constitute another important area for industrial energy auditing. Combustion 

efficiency, excess air, insulation quality, steam leakage, condensate recovery, blowdown, and heat recovery can 

influence the overall performance of thermal systems. An integrated audit can evaluate these interconnected factors 

across the steam system rather than focusing exclusively on boiler efficiency. Research on industrial thermal systems 

demonstrates the importance of evaluating energy performance at the system and process levels when identifying 

opportunities for improving efficiency (Kapp et al., 2022). 

Compressed-air systems can likewise contain significant energy losses. Leakage, inappropriate pressure 

settings, artificial demand, and inefficient compressor operation may increase electricity consumption without 

providing corresponding productive output. Because compressed air is an energy-intensive industrial utility, 

systematic monitoring, pressure optimization, leak management, and appropriate compressor operation can provide 

significant conservation opportunities where these inefficiencies are present. The broader principle is that energy 

auditing should examine not only the nominal efficiency of equipment but also whether the energy-intensive utility is 

being generated and used appropriately within the production process (Mumtaz & Shah, 2014). 

Commercial and institutional buildings represent another important application area. HVAC systems, lighting, 

elevators, refrigeration, office equipment, ventilation, and water-heating systems can contribute substantially to 

overall building energy consumption. Building energy audits should consider factors such as occupancy patterns, 

weather conditions, building-envelope characteristics, operating schedules, equipment efficiency, and control 

practices. Educational institutions, hospitals, government buildings, hotels, and office complexes can consequently 

benefit from integrated energy-management programs. In these environments, behavioral factors can be particularly 

significant because occupants influence lighting use, temperature settings, equipment operation, and operating 

schedules. 

Data centers are an increasingly relevant application because their energy requirements extend beyond 

computing equipment to cooling systems, power-conversion equipment, backup systems, and other supporting 

infrastructure. Continuous measurement and advanced analytical approaches can assist in identifying changes in 

energy performance and opportunities for operational optimization. Data-driven energy modelling and machine-

learning techniques have demonstrated potential for analysing energy-consumption patterns and supporting more 

refined energy-management decisions (Sarswatula et al., 2022; Ha et al., 2025). 

Agricultural and water infrastructure also provides opportunities for energy auditing. Irrigation pumps, water-

treatment facilities, wastewater plants, and pumping networks may consume considerable amounts of energy. 

Improvements in pump selection, operating pressure, scheduling, maintenance, and system design can reduce energy 

requirements while also improving the efficiency of water-resource utilization. Although the specific operational 

characteristics differ from those of manufacturing facilities, the underlying audit principle remains the same: energy 

consumption should be related to the useful service delivered by the system so that avoidable losses and inefficient 

operating conditions can be identified. 

The industrial application of energy auditing is increasingly being strengthened by digital technologies. 

Industrial Internet of Things (IIoT) systems can provide continuous access to equipment and process data, enabling 

more detailed analysis of energy consumption than may be possible through periodic manual audits alone (Peng et al., 

2021). Machine-learning approaches can subsequently be used to model energy-consumption behaviour, identify 

patterns, and support operational decision-making (Sarswatula et al., 2022). More recent data-driven optimization 

approaches demonstrate the potential for applying machine learning to large-scale industrial facilities to improve 

energy efficiency under changing operating conditions (Ha et al., 2025). 
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Overall, the diversity of these applications demonstrates that energy auditing is not restricted to a particular 

industrial sector or equipment category. Its principles can be applied wherever energy is consumed and useful output 

or service can be evaluated. The effectiveness of an audit, however, depends on the quality of measurements, the 

technical interpretation of operating conditions, and the extent to which identified opportunities are translated into 

practical interventions. Energy auditing therefore functions not merely as an assessment technique but as a decision-

support mechanism for improving energy productivity across diverse operational environments. 

7. CHALLENGES AND LIMITATIONS 

Despite the technical and economic potential of sustainable engineering and energy auditing, implementation 

remains subject to several financial, technical, organizational, and data-related challenges. The identification of an 

energy-saving opportunity does not necessarily ensure its implementation. Research examining organizational 

responses to energy audits demonstrates that managerial practices and organizational decision-making can 

significantly influence whether identified opportunities are acted upon (Zhang & Karplus, 2025). 

One of the most common barriers is the requirement for initial capital investment. Energy-efficient equipment, 

advanced sensors, automation systems, monitoring infrastructure, and other efficiency measures may require 

substantial expenditure before their benefits are realized. Financial decision-making can also be influenced by short 

internal payback requirements. Organizations may prioritize projects capable of recovering their investment within a 

limited period even when alternatives offer greater long-term or life-cycle benefits. Consequently, technically 

attractive sustainability projects may be postponed despite their potential to generate continuing operational savings. 

Technical expertise represents another important limitation. Detailed energy audits may require knowledge of 

electrical systems, thermal systems, process engineering, instrumentation, data analysis, equipment performance, and 

economic evaluation. Organizations that lack appropriate technical capabilities may conduct relatively superficial 

assessments or experience difficulties in translating audit findings into technically feasible interventions. The 

complexity of industrial energy systems further increases this challenge because inefficiencies may originate from 

interactions between several components rather than from a single piece of equipment. 

Data availability and quality are additional constraints. Reliable measurements are necessary to establish energy 

baselines, identify specific inefficiencies, evaluate performance indicators, and verify the results of implemented 

measures. Where only aggregate energy-consumption data are available, it may be difficult to determine which 

processes or equipment are responsible for excessive consumption. Sub-metering, sensors, and data-logging systems 

can improve the resolution of energy information, but their installation introduces additional financial, technical, and 

maintenance requirements. The increasing use of digital energy-monitoring systems provides opportunities to 

overcome some of these limitations by enabling more continuous and granular collection of operational data (Peng et 

al., 2021). 

Organizational resistance can also prevent the implementation of technically sound recommendations. Energy 

efficiency frequently involves multiple organizational functions, including production, maintenance, finance, 

procurement, and senior management. A recommendation that improves energy performance may conflict with 

production targets, maintenance practices, procurement decisions, or other operational priorities. Successful 

implementation therefore requires coordination between technical and managerial functions rather than treating energy 

efficiency as the sole responsibility of an energy-management team. Evidence on organizational responses to energy 

audits further emphasizes the importance of management practices in determining the practical outcomes of audit 

interventions (Zhang & Karplus, 2025). 

Behavioral factors constitute an additional limitation, particularly in facilities where employees and occupants 

directly influence energy consumption. Equipment may be left operating unnecessarily, temperature settings may be 

modified, compressed-air leaks may remain unreported, or shutdown procedures may not be consistently followed. 

Training, awareness, management commitment, and appropriate performance incentives can therefore complement 

technical interventions. Energy management is consequently both a technological and organizational process. 
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Measurement and verification also present methodological challenges. Energy consumption can vary with 

production volume, operating hours, weather, occupancy, process conditions, and other external or internal variables. 

A simple comparison of energy consumption before and after an intervention may therefore provide an inaccurate 

estimate of actual savings. Appropriate normalization and measurement-and-verification procedures are required to 

distinguish the effect of an efficiency measure from changes in operating conditions. This is particularly important for 

industrial facilities where production levels and operating conditions can vary substantially over time. 

Digitalization introduces a further set of challenges. IoT- and AI-enabled energy-management systems depend 

on reliable data acquisition, communication infrastructure, interoperability, data quality, and appropriate cybersecurity 

practices. Machine-learning models may also produce unreliable or misleading predictions when training datasets are 

incomplete, biased, or unrepresentative of actual operating conditions. Changes in production processes, equipment 

configurations, or operating regimes can further reduce model performance if analytical systems are not updated 

appropriately. Research on machine-learning-based energy modelling highlights the importance of appropriate data 

and modelling approaches when applying these techniques to energy-consumption analysis (Sarswatula et al., 2022). 

Similarly, the application of data-driven optimization in large-scale industrial facilities requires models capable of 

responding to changing operating conditions (Ha et al., 2025). 

The increasing complexity of digital energy-management systems also creates a potential implementation gap 

between technological capability and organizational readiness. IIoT platforms, machine-learning models, and 

advanced analytical tools can provide detailed information, but the value of that information depends on the 

organization's ability to interpret it and convert it into operational decisions. Digital technologies should therefore be 

integrated into existing energy-management processes rather than implemented as isolated technological projects 

(Peng et al., 2021). 

These challenges demonstrate that sustainable engineering and effective energy auditing cannot be achieved 

through technology alone. Successful implementation requires alignment among engineering design, financial 

planning, organizational management, data governance, employee participation, and long-term strategic objectives. A 

comprehensive approach must therefore address not only what energy-saving opportunities exist, but also whether 

the organization has the financial, technical, organizational, and informational capacity to implement and 

sustain them. 

8. Emerging Technologies and Opportunities 

The rapid development of digital technologies is creating new opportunities for improving energy management 

and sustainable engineering. Conventional energy audits are generally conducted periodically, whereas digitally 

enabled energy-management systems can facilitate continuous collection and analysis of operational data. This 

distinction is important because energy performance can vary substantially with production levels, equipment loading, 

process conditions, and other operating variables. Industrial Internet of Things (IIoT) technologies can connect 

sensors, meters, and equipment to collect information on electrical power, temperature, pressure, flow, equipment 

status, and other operational parameters. The resulting data can be transmitted to centralized platforms for 

visualization, analysis, and performance assessment. Applications of IIoT-enabled energy modelling have 

demonstrated the potential of connected manufacturing systems to support more refined energy management (Peng et 

al., 2021). 

Artificial intelligence (AI) and machine learning (ML) provide additional capabilities for interpreting large 

volumes of energy and operational data. Machine-learning models can be developed to characterize energy-

consumption behaviour and identify relationships between energy use and operating conditions (Sarswatula et al., 

2022). More advanced data-driven approaches can support optimization of energy performance in large-scale 

industrial facilities by identifying operating conditions associated with improved efficiency (Ha et al., 2025). 

Similarly, AI-based energy-management applications can be used for analysing and forecasting energy consumption, 

thereby providing decision-support capabilities for industrial energy management ("Integrating Artificial Intelligence 

into Energy Management," 2025). 



 

1523 

 

Fig. 3. Framework for digitally enabled energy auditing and management. 

Predictive maintenance represents an important application of these technologies. Equipment-condition 

indicators can be monitored continuously, allowing deterioration or abnormal operating behaviour to be identified 

before major failures occur. Since changes in equipment condition may also be associated with changes in energy 

performance, combining condition monitoring with energy analytics can support both operational reliability and 

energy-efficiency management. Machine-learning-based energy modelling provides a foundation for identifying 

deviations from expected consumption patterns and investigating potential causes (Sarswatula et al., 2022). 

Automated control systems provide another significant opportunity. Rather than merely identifying an 

inefficiency during an audit, a digitally enabled energy-management platform can use measured operating conditions 

to support or automate adjustments to equipment operation. Such approaches can be particularly valuable where 

energy demand varies continuously. Data-driven optimization can assist in determining more efficient operating 

conditions while accounting for changing production requirements (Ha et al., 2025). The effectiveness of automated 

control, however, depends on the quality of available data and the technical constraints of the equipment and process. 

Digital twins represent a further development in digitally enabled sustainable engineering. A digital twin can 

provide a computational representation of a physical system by combining models with operational data. Such systems 

can support the analysis of energy-consumption behaviour and enable alternative operating conditions to be evaluated 

before corresponding changes are implemented in the physical system ("Toward Digital Twin for Sustainable 

Manufacturing," 2023). Digital-twin approaches have also been investigated specifically from a sustainability 

perspective in manufacturing, demonstrating their potential as tools for integrating operational information with 

sustainability-oriented decision-making ("Sustainability Digital Twin," 2023). More recent work has extended this 

concept to energy optimization in food-manufacturing systems, indicating the growing relevance of digital twins for 

sector-specific energy-management applications (Nozari & Yordanova, 2026). 

The integration of renewable energy with digital energy management also provides important opportunities for 

improving system flexibility. Digital systems can coordinate energy generation, storage, demand, and grid interaction, 

allowing energy-intensive operations to respond more effectively to variations in energy availability and demand. 

Flexible manufacturing loads can potentially be shifted according to operational and energy-system conditions, 

supporting more efficient interaction between industrial facilities and the wider energy system ("From Prosumer to 

Flexumer," 2023). 

Collectively, these technologies provide a pathway for moving from predominantly reactive energy 

management toward more predictive, proactive, and continuously informed management. IIoT systems can provide 

the data foundation, ML and AI can support analysis and forecasting, automated systems can facilitate operational 



 

1524 

responses, and digital twins can provide virtual environments for evaluating system behaviour and optimization 

strategies (Peng et al., 2021; Sarswatula et al., 2022; Ha et al., 2025). However, successful implementation requires 

reliable data, appropriate sensing and communication infrastructure, interoperability between systems, cybersecurity, 

skilled personnel, and clearly defined organizational objectives. Digitalization should therefore be regarded as an 

enabling component of sustainable engineering rather than as a substitute for engineering judgment and effective 

energy-management practices. 

9. FUTURE DIRECTIONS 

The future development of sustainable engineering is likely to involve increasing integration among energy 

management, digital technologies, resource efficiency, renewable-energy systems, and broader sustainability 

objectives. Rather than evaluating energy consumption independently, future engineering frameworks can 

increasingly consider energy use together with material consumption, water use, waste generation, emissions, 

economic performance, and operational productivity. The development of digital and data-driven manufacturing 

systems provides an important foundation for such integrated approaches because energy and operational information 

can increasingly be collected and analysed at higher temporal and spatial resolution (Peng et al., 2021; Ha et al., 2025). 

Energy auditing is likely to become increasingly continuous and data-driven. Smart meters, connected sensors, 

and IIoT platforms can reduce dependence on periodic manual measurements by providing continuous information 

about equipment and process performance. This can enable organizations to identify deviations from established 

performance patterns at an earlier stage. Machine-learning approaches can further support the identification of energy-

consumption patterns and abnormal behaviour within large operational datasets (Sarswatula et al., 2022). AI-based 

forecasting and analytical systems may consequently allow energy losses and inefficient operating conditions to be 

detected before they become persistent problems ("Integrating Artificial Intelligence into Energy Management," 

2025). 

The integration of digital twins with energy auditing represents another important research direction. 

Conventional audits provide a snapshot of system performance at a particular point in time, whereas digital-twin 

approaches can potentially combine historical and real-time information to represent changing system behaviour. This 

creates opportunities for scenario analysis, energy forecasting, performance comparison, and evaluation of alternative 

operating strategies before physical implementation ("Toward Digital Twin for Sustainable Manufacturing," 2023). 

Sustainability-oriented digital twins may further support the integration of operational performance with broader 

sustainability assessment ("Sustainability Digital Twin," 2023). The application of digital-twin-driven optimization to 

manufacturing systems is also emerging as an area of research, including sector-specific applications such as food 

manufacturing (Nozari & Yordanova, 2026). 

Artificial intelligence is also likely to play a greater role in predictive energy management. Future systems 

could increasingly automate the establishment of energy baselines, detection of deviations, identification of abnormal 

consumption patterns, prioritization of energy-saving opportunities, and recommendation of corrective actions. Data-

driven optimization research indicates that machine-learning methods can support energy-efficiency improvement by 

linking energy consumption with operational variables and identifying more efficient operating conditions (Ha et al., 

2025). Nevertheless, human engineering judgment will remain essential because optimization models must operate 

within technical, safety, financial, operational, and regulatory constraints. 

Another important direction is the development of integrated energy-flexibility strategies. Manufacturing 

facilities increasingly interact with variable energy supplies and changing electricity-system conditions. Digital 

management systems can support coordination among production demand, renewable generation, energy storage, and 

flexible loads. Research on manufacturing flexibility indicates the potential value of coordinating industrial energy 

demand with broader multi-energy-system requirements ("From Prosumer to Flexumer," 2023). Future energy-

management systems may therefore move beyond minimizing energy consumption toward optimizing when, where, 

and how energy is consumed. 
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Future research should also place greater emphasis on practical scalability. Advanced energy-management 

technologies are often easier to deploy in large organizations with substantial financial resources, dedicated technical 

personnel, and established digital infrastructure. Smaller organizations may face greater barriers related to investment, 

technical expertise, data availability, and system integration. Consequently, scalable and economically accessible 

approaches are required to enable a wider range of organizations to conduct meaningful energy assessments and 

implement conservation measures. Simplified sensing architectures, cloud-based analytics, modular energy-

monitoring systems, and appropriately scaled data-driven tools could provide potential pathways for broader adoption. 

The development of future sustainable-engineering systems should also consider the interaction between 

technological capability and organizational implementation. Advanced analytics alone cannot guarantee improved 

performance. Organizations must be capable of interpreting analytical results, assigning responsibility for corrective 

actions, allocating resources, and maintaining improvements over time. Evidence concerning organizational responses 

to energy audits indicates that management practices can influence the extent to which identified opportunities are 

translated into actual improvements (Zhang & Karplus, 2025). Future research should therefore examine technological 

performance together with implementation behaviour, economic feasibility, and long-term operational outcomes. 

Overall, future sustainable-engineering research should increasingly adopt an integrated systems perspective. 

The objective should not simply be to reduce electricity consumption or increase renewable-energy capacity in 

isolation. Instead, engineering systems should be evaluated according to their total resource productivity, 

environmental performance, operational resilience, economic feasibility, and long-term sustainability. The 

convergence of energy auditing, IIoT, AI/ML, digital twins, automation, and flexible energy management provides a 

strong basis for developing such integrated approaches (Peng et al., 2021; Sarswatula et al., 2022; Ha et al., 2025). 

10. CONCLUSION 

Sustainable engineering provides an integrated approach for addressing the environmental and resource 

challenges associated with modern industrial and infrastructure development. It extends conventional engineering 

decision-making by incorporating energy efficiency, resource conservation, environmental performance, economic 

considerations, and long-term sustainability. Within this framework, energy auditing represents an important practical 

mechanism for identifying inefficient energy use and developing technically and economically appropriate 

conservation measures. 

Through systematic examination of energy consumption, measurement of equipment and process performance, 

identification of losses, development of energy-use profiles, evaluation of conservation opportunities, and verification 

of implemented measures, energy audits can provide a strong technical basis for improving energy performance 

(Mumtaz & Shah, 2014; Al Momani et al., 2023). Industrial applications demonstrate that significant opportunities 

may exist across motors, pumps, thermal systems, compressed air, refrigeration, HVAC, and other energy-consuming 

processes. In particular, system-level assessment is important because inefficiencies may result from interactions 

among equipment, controls, and operating conditions rather than from individual components alone (Kapp et al., 

2022). 

The benefits of energy auditing extend beyond direct reductions in energy consumption. Improved energy 

performance can contribute to lower operating costs, better utilization of equipment, reduced resource requirements, 

and improved environmental performance. The effectiveness of an audit, however, depends strongly on the 

implementation of identified opportunities. Organizational practices, management decisions, financial constraints, and 

operational priorities can determine whether technically feasible recommendations are translated into measurable 

improvements (Zhang & Karplus, 2025). 

The review also demonstrates that digital technologies are transforming the conventional energy-auditing 

approach. IIoT systems can enable continuous collection of equipment and process data, while machine-learning 

techniques can support energy modelling and identification of consumption patterns (Peng et al., 2021; Sarswatula et 

al., 2022). AI-based forecasting and analytical applications provide additional opportunities for data-driven energy 
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management, while advanced optimization approaches can support improved energy performance under changing 

industrial operating conditions ("Integrating Artificial Intelligence into Energy Management," 2025; Ha et al., 2025). 

Digital twins represent a particularly important emerging direction because they can connect physical industrial 

systems with computational representations and operational data. Their application can support scenario analysis, 

energy-consumption modelling, predictive analysis, and optimization without requiring every potential intervention 

to be tested directly on the physical system ("Toward Digital Twin for Sustainable Manufacturing," 2023). 

Sustainability-oriented digital twins and emerging energy-optimization applications further demonstrate the potential 

of this technology to contribute to sustainable manufacturing and resource-efficient operations ("Sustainability Digital 

Twin," 2023; Nozari & Yordanova, 2026). 

The review further indicates that future energy management is likely to become increasingly predictive, 

connected, and integrated. Energy auditing can evolve from a periodic diagnostic activity into a continuous 

management process supported by sensors, data analytics, AI/ML, automation, and digital twins. At the same time, 

renewable-energy integration and flexible energy-management strategies can provide opportunities to coordinate 

industrial demand with changing energy-system conditions ("From Prosumer to Flexumer," 2023). 

However, technological advancement alone is insufficient to achieve sustainable engineering outcomes. 

Reliable data, appropriate infrastructure, technical expertise, financial feasibility, cybersecurity, interoperability, 

organizational commitment, and effective management processes remain essential for successful implementation. 

Machine-learning and AI systems also require appropriate data and continuous evaluation because changes in 

operating conditions can affect model performance (Sarswatula et al., 2022). 

The future of sustainable engineering therefore lies in integration rather than isolated optimization. Energy, 

materials, water, waste, emissions, technology, economics, and operational performance should increasingly be 

considered as interconnected elements of engineering systems. Integrating energy auditing with sustainable 

engineering practices and emerging digital technologies can provide organizations with a practical pathway toward 

improved energy productivity, efficient resource utilization, reduced environmental impact, and long-term sustainable 

industrial development. 
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