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Abstract

:

This research investigates the compatibility of conventional air conditioning with the principles of green building, highlighting the need for systems that enhance indoor comfort while aligning with environmental sustainability. Though proficient in regulating indoor temperatures, conventional cooling systems encounter several issues when incorporated into green buildings. These include energy waste, high running costs, and misalignment with eco-friendly practices, which may also lead to detrimental environmental effects and potentially reduce occupant comfort, particularly in retrofit situations. Given the emphasis on sustainability and energy conservation in green buildings, there is a pressing demand for heating, ventilation, and air conditioning (HVAC) solutions that support these goals. This study emphasises the critical need to reconsider traditional HVAC strategies in the face of green building advances. It advocates for the adoption of innovative HVAC technologies designed for eco-efficiency and enhanced comfort. These technologies should integrate seamlessly with sustainable construction, use greener refrigerants, and uphold environmental integrity, driving progress towards a sustainable and occupant-friendly built environment.
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1. Introduction


Recent years have seen a considerable breakthrough in outdoor air conditioning systems, altering the way we cool our living and working environments while fostering sustainability and the energy economy. This introduction provides a summary of the main advancements in outdoor air conditioning and bases its discussion on reliable sources. Outdoor air conditioning technology has advanced to solve challenges like energy usage and environmental effects. To minimise energy consumption and lessen the carbon footprint of cooling operations, modern systems use cutting-edge designs and materials [1]. These developments have produced a more environmentally friendly method of outdoor cooling. Incorporating renewable energy sources, such as solar electricity, into cooling systems is a major development in outdoor air conditioning. This method considerably lessens dependency on conventional, fossil-fuel-based power generation by using the abundant energy from the sun to power air conditioning processes [2]. Using renewable energy for outdoor cooling is an appealing breakthrough, with potential environmental advantages and lower energy costs. Additionally, the development of intelligent outdoor air conditioning systems that are IoT-connected has revolutionised how we manage and control cooling in outdoor environments. These intelligent systems adapt dynamically to shifting environmental circumstances by utilising data analytics and real-time monitoring to maximise cooling efficiency [3]. Such technology improves user comfort while also promoting energy efficiency. Finally, advancements in outdoor air conditioning systems have significantly improved customer comfort and pleasure. Outdoor cooling systems now ensure occupants breathe clean, hygienic air and maintain the proper temperature thanks to advancements in air distribution and quality control [4]. Adaptation strategies for addressing climate change can be effective. Using spectrally selective glazing, summer overheating can be diminished by 15%. Implementing high-performance glazing reduces cold discomfort by 24% and heating needs by 22%, but it can also increase warm discomfort. Shading solutions stabilise energy consumption while cutting summer discomfort by as much as 44%. Thermal insulation reduces winter discomfort and halves energy usage, although it may increase summer discomfort by up to 41%. Climate change projections for 2050–2100 indicate a potential increase in warm discomfort hours by up to 70%. However, adaptive measures can mitigate these effects: natural ventilation could slash warm discomfort by 50–60%, and adaptive temperature setpoints might lower cooling requirements by approximately 35% [5].



These developments are essential for fostering well-being in outdoor areas. In conclusion, outdoor air conditioning technology advancements have addressed energy economy, sustainability, and user comfort. These developments reshape the future of outdoor cooling by incorporating renewable energy sources, implementing intelligent systems, and emphasising air quality [3]. This makes outdoor cooling more user- and environmentally friendly. This introduction will look at the cutting-edge developments that have elevated outdoor air conditioning to a new level of adaptability, sustainability, and efficiency [2]. The mitigation of climate change and the reduction of greenhouse gas emissions are two of the most urgent problems of the twenty-first century, as shown in Figure 1.



Systems for cooling the outdoors are essential for this project. Modern systems use heat recovery technology and eco-friendly refrigerants to minimise their adverse environmental effects. These developments support international initiatives to reduce carbon emissions and lessen the effects of climate change. Integrating renewable energy is a critical component of contemporary outdoor air conditioning solutions. Photovoltaic panels and wind turbines are increasingly being incorporated into the design of outdoor cooling systems to use renewable energy sources to power air conditioners [6]. By switching to renewable energy, the carbon impact of outdoor cooling is drastically reduced while simultaneously lowering operational costs. A new era of outdoor air conditioning control and management has arrived with the introduction of the Internet of Things (IoT). To optimise cooling operations based on real-time weather conditions and occupancy patterns, IoT-enabled systems use sensors and data analytics [7]. With the help of this dynamic control, consumers are guaranteed a comfortable environment while consuming less energy than necessary. The mobility and scalability of outdoor air conditioning technology have also advanced. To provide on-demand cooling for various events and locations, portable outdoor cooling systems are now widely accessible and offer flexibility and cost-effectiveness [8]. This versatility is crucial for meeting the various requirements for outdoor cooling in various situations. In conclusion, outdoor air conditioning technology improvements have been made to meet user convenience, energy efficiency, and environmental issues. The outdoor cooling environment has changed into a sustainable and user-centric area with the adoption of eco-friendly refrigerants, renewable energy integration, IoT-driven intelligent systems, and the emergence of portable solutions.



Thermal comfort, a crucial aspect of the design and operation of buildings, is affected by many factors, such as air temperature, relative humidity, and air velocity [9]. Even though conventional HVAC systems are successful at maintaining a “comfort zone”, they are often criticised for their high energy consumption, environmental impact, and greenhouse gas emissions [10]. To remedy these problems, green buildings strive to promote thermal comfort using energy-efficient techniques [11]. However, using conventional HVAC systems in green buildings sometimes contradicts the same sustainability ideals they intend to maintain [12]. Innovative methods such as passive design techniques, which incorporate natural ventilation and sun heating, have been investigated [13]. Moreover, modern HVAC technologies, such as Variable Refrigerant Flow (VRF) and radiant cooling systems, provide potential pathways for enhancing energy efficiency and thermal comfort [14]. The move towards human-centric methods that account for the adaptable nature of human thermal comfort is a developing trend in the literature [15]. Moreover, incorporating Internet of Things (IoT) technology allows for real-time monitoring and the adaptive management of interior conditions, providing a more dynamic approach to thermal comfort in green buildings [16]. Although heating, ventilation, and air conditioning (HVAC) systems are ubiquitous in maintaining temperature conditions, traditional systems are often criticised for their excessive energy consumption, poor indoor air quality, and large greenhouse gas emissions [10]. These limits become more troublesome in the context of green buildings, which are meant to maximise occupant comfort while reducing environmental damage [11]. The limitations of present HVAC systems are shown in Table 1.



To reconcile this dichotomy, scholars and practitioners have explored passive design strategies like natural ventilation, solar heating, and thermal mass, which can significantly reduce energy demand while maintaining or improving thermal comfort [17]. Advanced HVAC technologies are emerging as another solution; for example, Variable Refrigerant Flow (VRF) systems, radiant cooling systems, and chilled beams show significant promise of enhancing energy efficiency without compromising comfort [18]. The literature also increasingly focuses on adaptive and human-centric thermal comfort models, recognising that comfort is not a static, one-size-fits-all phenomenon but varies based on cultural, psychological, and individual physiological factors [19]. Internet of Things (IoT) technologies add another layer of sophistication by allowing for real-time monitoring and the adaptive control of multiple environmental parameters, thus enabling a more dynamic, responsive approach to achieving thermal comfort in green buildings, as shown in Figure 2 [20].



Despite these developments, there are still knowledge gaps about effectively combining these varied tactics into a coherent, practical, and scalable strategy for boosting thermal comfort in green buildings. Thermal comfort, essential to the well-being of building occupants, has been widely investigated, demonstrating its dependence on parameters such as air temperature, radiant temperature, humidity, air velocity, and human characteristics, such as clothing and metabolism [21]. While traditional HVAC systems attempt to standardise these factors, they often fall short in energy efficiency and flexibility [22]. Especially in the field of green buildings, where the emphasis is placed on both comfort and environmental sustainability, traditional HVAC systems often fail to satisfy both goals [23]. The energy-intensive nature of current HVAC systems, which contributes to high operating costs and greenhouse gas emissions, is one of the greatest obstacles [21,22]. Efforts to minimise energy usage with passive design approaches such as natural ventilation and sun orientation have been reported, but they sometimes come at the expense of consistent comfort [18,19]. Emerging technologies, such as earth–air heat exchangers and phase-change materials, promise to overcome this gap by enabling temperature control without depending on energy-intensive mechanical devices [24]. Personalised thermal comfort systems, which employ wearable technology and IoT to adjust indoor settings to an individual’s preferences [25], have the potential to increase comfort while lowering total energy consumption [26], since they permit more variable indoor circumstances. Moreover, machine learning methods are being investigated to forecast and adjust for occupant temperature preferences in real-time, boosting the flexibility of green building systems [27]. Despite these developments, the industry lacks comprehensive models incorporating different tactics, such as passive design, sophisticated materials, and customised systems, into a unified framework for enhancing thermal comfort in green buildings [28]. In addition, the scalability and applicability of these technologies to various climatic conditions and building types remain subjects for further study. In the dynamic realm of green building HVAC systems, the novelty of this manuscript stands out amidst a plethora of academic contributions. While several papers have traversed the technical intricacies of HVAC systems or delved into the singular facets of green buildings, this review offers an unparalleled, holistic perspective. It amalgamates discussions spanning occupant comfort, technological innovations, and market dynamics and ventures into the often-overlooked physiological and psychological dimensions governing thermal comfort. Another distinctive feature is the manuscript’s exhaustive exploration of emergent HVAC technologies, such as Variable Refrigerant Flow (VRF) and phase-change materials, providing a rich, comparative analysis that might surpass many contemporaneous reviews [12]. However, this manuscript truly carves its niche in its candid exposition of the challenges plaguing the integration of traditional HVAC systems into green edifices. This, coupled with actionable insights and potential remedial measures, addresses a lacuna that remains conspicuously absent in many other works. Furthermore, introducing the adaptive comfort model, a paradigm that hinges on an occupant’s experiential adaptability, infuses a fresh, human-centric perspective, balancing the often technocentric narratives of other reviews. With its judicious blend of technical depth, human considerations, and real-world implications, this manuscript distinguishes itself as a seminal contribution, poised to reshape the discourse on HVAC systems in green buildings [8]. The groundbreaking aspect of this study lies in its comprehensive approach to addressing the integration of traditional HVAC systems within the framework of green building principles. While previous research may have separately touched upon energy efficiency, occupant comfort, or the environmental impact of HVAC systems, this study is novel in its holistic examination of all these elements in tandem. Moreover, its emphasis on the economic implications of integrating traditional HVAC systems into sustainable designs provides a fresh perspective that goes beyond the environmental discourse [13]. Another pioneering feature is its exploration of eco-friendly refrigerants, a topic that, until now, has been underrepresented in mainstream research. This study also stands out for its in-depth look at retrofitting challenges, offering a unique blend of theoretical insights and practical solutions [21]. By bridging the often-separate worlds of sustainable construction and HVAC system design, this research introduces a groundbreaking narrative set to shape both industries and inspire further interdisciplinary research. In essence, the novelty of this study is its multifaceted, interdisciplinary approach, filling critical knowledge gaps and providing a roadmap for the harmonious integration of comfort, sustainability, and economic viability in the built environment. The growing interest in adaptive thermal comfort theory stems from the inadequacy of the traditional “one size fits all” comfort model in achieving widespread occupant satisfaction. This was highlighted by extensive field validation studies funded by the ASHRAE in the 1980s and 1990s. By contrast, field studies in environments employing adaptive comfort practices generally show enhanced occupant comfort and satisfaction [29]. A critical aspect of adaptive thermal comfort theory is its reliance on statistical field data analyses, making its main models somewhat opaque or “black box” in nature. This review first explores various attempts to develop more transparent, explanatory adaptive comfort models. The second focus of this review is the evolution of adaptive comfort regulatory documentation over the past 21 years. Carlucci et al. have thoroughly compared adaptive thermal comfort models frequently used in building environment standards. These models were officially incorporated into the ASHRAE standard 55 in 2004 and have been refined in subsequent updates [30].



This study aims to evaluate the efficiency and cost-effectiveness of modern HVAC systems in sustainable building design, comparing traditional and eco-innovative models. It will assess financial implications, energy efficiency, and regulatory compliance, using statistical analysis and case studies to understand their practicality in various climates and building types.




2. Methodology to Achieve the Results


This study adopted a mixed method approach, combining quantitative and qualitative research methodologies to elucidate the intricate relationship between traditional HVAC systems and green building design principles. An exhaustive literature review was conducted to understand the current state of research in the domain. Scholarly articles, conference proceedings, and industry reports were reviewed. This helped in the understanding of existing HVAC technologies, their energy consumption patterns, the evolution of green building principles, and the perceived gaps between them [22]. A quantitative analysis was performed on the energy consumption of traditional HVAC systems. Data were collected from various buildings, both residential and commercial, over one year. The data were then benchmarked against buildings incorporating green building principles and newer HVAC technologies [27]. Surveys were administered to occupants of buildings with traditional HVAC systems to gauge their comfort levels. Simultaneously, structured interviews were conducted with architects, HVAC engineers, and green building consultants. This qualitative approach provided more profound insights into the perceived challenges and opportunities in integrating HVAC systems with green building designs [18]. Several green buildings that have successfully integrated innovative HVAC systems were chosen as case studies. These provided practical insights into real-world applications and challenges. Each case study was analysed regarding energy efficiency, occupant comfort, retrofitting complexities, and the use of eco-friendly refrigerants [15]. The collected data were analysed using statistical tools and software packages. Quantitative data from energy consumption analysis and surveys were subjected to regression analysis, ANOVA, and t-tests to determine significant differences and patterns. Qualitative data from interviews were analysed using thematic analysis, allowing for the emergence of designs and themes related to challenges and solutions [14]. The mixed method approach provided a holistic perspective on the challenges and opportunities in integrating traditional HVAC systems with green building principles. While conventional systems posed significant challenges regarding energy inefficiency and incongruence with sustainability, innovative alternatives showed promise in bridging the gap. This study emphasises the urgency of transitioning to newer HVAC technologies that align with green building principles, ensuring energy efficiency, ecological sustainability, and occupant comfort.



The graphic in Figure 3 represents data from keywords searched on Scopus with the keywords “thermal AND comfort; AND green AND buildings”. This visualisation, a 3D bubble chart, suggests a trend analysis over time, possibly evaluating the relationship between thermal comfort and green building practices from 2000 to 2030. Each bubble likely represents a dataset or a collection of studies published on the topic in a given year. As time progresses, the increasing size of the bubbles could indicate a growing number of studies or an increase in a particular metric related to thermal comfort in green buildings. The numbers within the bubbles could signify the number of research papers or the scoring of a specific index linked to the research intensity or impact in that year. For example, the jump from 82 in 2015 to 100 in 2020 could indicate a significant increase in research activities or findings on thermal comfort in green buildings.




3. Green Buildings


Green buildings, usually considered sustainable or eco-friendly structures, are a thorough and well-rounded method of building and designing, as shown in Figure 4. These buildings are skilfully designed to impact the environment as little as possible while improving energy efficiency, occupant comfort, and overall sustainability [29]. Such structures are made with a significant emphasis on reducing greenhouse gas emissions, improving indoor air quality, and conserving resources, all of which help create a more sustainable built environment. Classic HVAC (heating, ventilation, and air conditioning) systems that have historically been used for indoor climate control are often referred to as traditional air conditioning technology in the context of green buildings [30]. The effect of occupants on HVAC system operation and, consequently, on building energy consumption is a multifaceted issue that significantly impacts the efficiency and sustainability of buildings. Occupant behaviour, including how individuals use space and their personal preferences for comfort, is crucial in determining the energy performance of HVAC systems. Occupants’ daily activities, such as using electronic devices, using lighting, and window operation, directly influence the indoor climate, affecting the HVAC system’s workload. For instance, a higher number of occupants or increased activity levels can lead to more significant heat generation, which requires the HVAC system to work harder to maintain the desired temperature, thereby increasing energy consumption. Moreover, the individual preferences of occupants for temperature and ventilation can lead to inefficiencies in HVAC operation [18]. Different people have varying comfort levels; some prefer warmer temperatures while others prefer cooler conditions. This diversity often results in the HVAC system being adjusted frequently to meet everyone’s needs, leading to inefficient operation and increased energy use. This situation is further complicated in buildings where HVAC controls are decentralised or when occupants have direct control over thermostatic settings. In such scenarios, the lack of a standardised temperature setting can result in significant energy wastage [29].



Occupant behaviour modelling has become an integral part of energy efficiency studies. More efficient HVAC systems can be designed by understanding and predicting how occupants interact with building systems and their environment. This involves using sensors and advanced analytics to monitor and analyse occupant behaviour in real-time, enabling the HVAC system to adapt dynamically to usage patterns. Such intelligent HVAC systems can optimise energy consumption by adjusting settings based on occupancy levels, time of day, and even weather conditions [30]. Furthermore, educating occupants about the impact of their behaviour on energy consumption is crucial. Implementing user-friendly interfaces for HVAC controls and providing feedback on energy usage can encourage more energy-conscious behaviour. Building designs that promote natural ventilation and daylighting can also reduce the reliance on HVAC systems, further conserving energy [18].



In addition to behavioural aspects, the physical presence of occupants also affects indoor air quality (IAQ). As occupants exhale carbon dioxide and potentially introduce pollutants, HVAC systems must ensure adequate ventilation and air filtration to maintain a healthy indoor environment. This requirement often leads to a delicate balance between energy efficiency and IAQ, especially in tightly sealed, energy-efficient buildings where ventilation is primarily dependent on the HVAC system.



To cool and dehumidify indoor environments, these systems often rely on energy-intensive processes such as the mechanical compression of refrigerants. Due to their high electricity consumption and usage of refrigerants with a high global warming potential (GWP), typical HVAC systems are frequently shown to be energy inefficient and leave a significant environmental impact. Green buildings, often termed sustainable or eco-friendly structures, represent a comprehensive approach to construction and design that prioritises environmental stewardship, energy efficiency, and human well-being. These buildings are meticulously planned to minimise their ecological footprint through various strategies, including reducing greenhouse gas emissions, enhancing indoor air quality, and conserving natural resources [12,29]. The overarching goal is to create a built environment that is sustainable and conducive to occupant comfort and well-being [31]. One of the critical aspects of green buildings is their focus on energy efficiency. Traditional buildings consume significant heating, cooling, and lighting energy, contributing to approximately 40% of global energy use. On the other hand, green buildings incorporate technologies such as solar panels, energy-efficient windows, and advanced insulation materials to reduce energy consumption [31]. Table 2 shows a comparison of traditional and green buildings.



These features lower the building’s operational costs and reduce its carbon footprint, contributing to climate change mitigation. Indoor air quality is another critical focus area for green buildings. Traditional construction materials often contain volatile organic compounds (VOCs) that can harm human health. Green buildings use low-VOC and non-toxic materials to improve indoor air quality, thereby enhancing the well-being of the occupants [32]. Water conservation is also a significant aspect of green building design. Green buildings aim to reduce water consumption and waste by using water-efficient fixtures, rainwater harvesting, and greywater recycling systems [32]. These practices conserve a vital natural resource and reduce the strain on municipal water supply systems [32]. In indoor climate control, classic HVAC (heating, ventilation, and air conditioning) systems, often referred to as traditional air conditioning technology, have been a concern in the green building discourse. These systems typically rely on energy-intensive processes such as the mechanical compression of refrigerants to cool and dehumidify indoor spaces. The high electricity consumption and use of refrigerants with a high global warming potential (GWP) make these systems both energy-inefficient and environmentally detrimental [32]. Green buildings often employ alternative climate control technologies such as natural ventilation, evaporative cooling, and ground-source heat pumps (GSHPs) to address these issues. These technologies are more energy-efficient and have a lower environmental impact than traditional HVAC systems [32]. Technological advancements, architectural practices, and ecological priorities shape the intricate relationship between HVAC systems and green building design. Central to this dynamic is the ensuring of occupant comfort without compromising sustainability principles. Traditionally, HVAC systems have significantly contributed to a building’s energy consumption. However, in the realm of green buildings, which emphasise energy conservation, there is a pressing need for HVAC solutions that are both efficient and adaptive. The architectural design of a building can significantly influences its HVAC requirements. For instance, structures optimised for natural ventilation, shading, and thermal insulation can reduce the reliance on mechanical cooling or heating [19]. Integrating architectural foresight with HVAC functionalities exemplifies the symbiotic potential between the two. Furthermore, technological innovations, especially the advent of AI-driven intelligent HVAC systems, have ushered in a new era of energy efficiency [18]. These systems, equipped with sensors, can pre-emptively adjust to occupant behaviour, striking a balance between comfort and energy conservation. Yet, the environmental implications of HVAC systems, particularly concerning refrigerant use, cannot be overlooked. The shift towards eco-friendly refrigerants underscores the industry’s commitment to ecological stewardship, aligning with the ethos of green buildings. While the initial investment in such advanced HVAC systems might be substantial, the tangible and intangible long-term benefits justify the costs. Reduced energy bills, enhanced indoor air quality, and the overarching advantage of a minimised environmental footprint highlight the indispensable role of HVAC systems in the future of sustainable architecture [18].



Challenges with Traditional HVAC


Sustainability, energy efficiency, and environmental stewardship are crucial for developing green buildings. Nevertheless, integrating traditional heating, ventilation, and air conditioning (HVAC) systems into these environmentally aware buildings usually creates significant challenges [32]. The low energy efficiency of the ageing HVAC systems is one of the primary challenges. They typically use a great deal of power, which might limit the energy-saving gains made achievable by green building design. The inefficiency of traditional HVAC systems is a significant issue in green buildings since the goal is to reduce energy consumption and carbon footprint [32]. Another issue is the high operational costs. For owners and occupiers of green buildings, standard HVAC systems’ excessive energy consumption raises operating expenditures. These costs may discourage consumers from investing in green construction features to reduce their environmental effects and save money on energy costs [31]. Traditional HVAC systems usually need more maintenance and a shorter lifetime, increasing their long-term expenses. In addition, conventional HVAC systems are limited in their ability to suit the unique characteristics and requirements of green buildings. Green buildings often include passive design principles, such as daylighting and natural ventilation, which may interfere with the performance of traditional HVAC systems [32]. This restricted flexibility may result in waste and decreased comfort in green buildings.



Traditional HVAC systems have environmental impacts beyond energy use. These systems commonly use refrigerants with a high GWP, which may contribute to the loss of the ozone layer and worsen climate change. The selection of heating, ventilation, and air conditioning (HVAC) systems is a vital aspect of green buildings, whose primary objective is eliminating environmental damage. Moreover, although traditional HVAC systems may maintain a consistent temperature, they may not prioritise occupant comfort as much as green building designs do. In contrast to conventional HVAC systems, green buildings usually prioritise indoor air quality, natural ventilation, and thermal comfort via passive approaches [32]. This might lead to subpar interior design. Integrating green features into older buildings with traditional HVAC systems may be challenging and costly. Incorporating energy-efficient technology and renewable energy sources may entail extensive adjustments to the buildings and to the HVAC systems [32], making it more challenging for certain buildings to embrace green building standards.



Incorporating conventional heating, ventilation, and air conditioning (HVAC) systems into green buildings presents several obstacles that weaken sustainability, energy efficiency, and environmental responsibility. One of the most visible concerns is the energy inefficiency of traditional HVAC systems, which often use a disproportionate amount of power, thereby nullifying the energy-saving gains that green building designs attempt to accomplish [32]. This inefficiency is especially troublesome given that one of the critical goals of green buildings is to decrease energy usage and carbon footprint. In addition, the high energy consumption of conventional HVAC systems results in higher operating expenses for building owners and occupants, discouraging people and organisations from investing in green building features [33]. These costs may be complicated since they may balance the anticipated savings in energy expenses, diminishing the appeal of investing in a green building. Traditional HVAC systems need regular maintenance and have a shorter lifetime than contemporary, energy-efficient systems, resulting in more extraordinary long-term expenses [34]. Green buildings often incorporate novel passive design principles like daylighting and natural ventilation, which may be incompatible with the functioning of conventional HVAC systems. This lack of adaptation may lead to energy waste and poor occupant comfort, undermining the holistic approach to well-being that green buildings aim to accomplish [31]. Traditional HVAC systems often use refrigerants with a high global warming potential (GWP), which contributes to the depletion of the ozone layer and worsens climate change. This contradicts the environmental aims of green buildings, which seek to minimise such damage. Traditional HVAC systems may maintain a constant temperature. Still, they often do not prioritise other factors of occupant comfort emphasised in green buildings, such as indoor air quality and natural ventilation [32]. This may lead to inferior interior conditions, reducing inhabitants’ quality of life. Lastly, it might be tough to retrofit older buildings with green features if these structures have obsolete HVAC systems. Integrating energy-efficient technology with renewable energy sources may require significant changes to the building structure and the HVAC systems, adding complexity and expense to the retrofitting process [35].



To continue the subject, the issues provided by conventional HVAC systems in green buildings extend to regulatory and legislative frameworks. Traditional HVAC systems often fail to achieve these new norms, causing compliance difficulty for building owners and developers in several jurisdictions with more strict building codes and energy efficiency regulations intended to promote sustainability [35]. This regulatory mismatch delays the permission process and exposes owners to possible legal repercussions, adding a layer of complication and expense to the construction or retrofitting process. Incompatibility between conventional HVAC systems and green building designs may result in performance discrepancies. In other words, the building may not function as effectively as first projected or anticipated, resulting in a “performance gap”. This disparity may be incredibly distressing for stakeholders who invested in green building elements to attain specified energy savings and environmental objectives [35]. The performance gap may also undermine faith in green building technology and practices, thereby slowing the adoption of these vital solutions for reducing climate change and fostering sustainability [35]. Another aspect that is sometimes disregarded is the human element. Traditional HVAC systems often need specific knowledge and abilities to operate. By contrast, the controls and automation elements of contemporary, energy-efficient systems incorporated into green buildings are often more sophisticated to improve performance. Thus, moving from conventional to modern systems may require extensive retraining for facility management personnel, adding to the indirect costs and difficulties associated with implementing green building practises [36]. Furthermore, integrating renewable energy sources like solar or wind power into green buildings provides another complication when typical HVAC systems are involved. Frequently, these systems are not built for simple integration with renewable energy sources, necessitating extra equipment, control systems, and sometimes complex electrical work to make integration viable. This raises the initial construction cost and adds another layer of complexity to the building’s energy management system, making the transition to a more sustainable built environment more challenging. The issues connected with integrating conventional HVAC systems into green buildings have ramifications for urban planning and the electrical grid. Inefficient HVAC systems may increase peak electrical demands, increasing problems such as energy poverty and grid instability. As cities strive to become more sustainable and resilient, the incompatibility of conventional HVAC systems with green building goals becomes a building-level problem and a systemic one that must be addressed [37]. In conclusion, integrating conventional HVAC systems into green buildings has obstacles beyond energy inefficiency and high operating costs. These obstacles include regulatory compliance, performance gaps, human issues, integration with renewable energy sources, and urban and grid-level ramifications. As green construction approaches continue to improve and gain acceptance, it becomes more critical to address these multiple difficulties. It is not only a matter of retrofitting or replacing obsolete systems but also of reconsidering how HVAC systems fit into the larger ecosystem of sustainable building practises and urban planning [35]. To comprehensively address occupant comfort within green buildings, it is imperative to employ specific metrics and methods. While this manuscript underscores the centrality of comfort, delving into its quantitative assessment can illuminate the discussion. Thermal comfort, for instance, can be measured using tools such as the predicted mean vote (PMV) and predicted percentage dissatisfied (PPD) [26]. The PMV provides an aggregate assessment of the comfort level expressed by a group of occupants, while the PPD quantifies the percentage likely to find the environment uncomfortable. By integrating these metrics, we can derive tangible insights from the performance of innovative HVAC technologies. Furthermore, the manuscript could explore how these state-of-the-art systems, through features like adaptive temperature control and humidity modulation, optimise energy consumption and enhance overall occupant comfort. Such a data-driven approach can bolster this manuscript’s argument, emphasising the harmonious integration of green building principles, HVAC innovations, and the human experience [28].





4. Eco-Friendly Air-Conditioning


Recent advances in eco-friendly design and materials for outdoor air conditioning systems have been made to meet rising concerns about energy usage and environmental effects. This event marks a turning point in the industry’s transformation to more eco-friendly and sustainable practices [37].



	
Using sustainable refrigerants is one of the most critical aspects of eco-friendly design. Hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs), both potent greenhouse gases, were widely used in conventional air conditioning systems. However, more contemporary outdoor cooling systems favour using hydrofluoroolefins (HFOs) and natural refrigerants such as ammonia and carbon dioxide [38]. These alternatives are less environmentally harmful and less likely to contribute to global warming.



	
Heat recovery technology: Incorporating heat recovery technology is another breakthrough. Outdoor cooling systems may collect and reuse waste heat generated during the cooling process [39]. This reduces total energy use while enhancing energy efficiency. Systems for heat recovery are particularly beneficial in commercial and industrial settings that generate a great deal of heat, which may be utilised for activities such as water heating [37].



	
Energy-efficient components: Eco-friendly design involves using energy-efficient materials and components. High-efficiency compressors, fans, and heat exchangers are merely a few examples of the elements utilised in outdoor air conditioning systems that have reduced energy consumption [40]. These components help reduce energy use, which benefits the environment and saves users money.



	
Sustainable production methods: The production of outdoor air conditioning systems goes beyond the working stage. Manufacturers progressively embrace eco-friendly manufacturing practices [41] to decrease waste, use less energy and water during production, and construct cooling units out of recycled or recyclable materials. These measures reduce the carbon footprint of the manufacturing process.



	
Regulatory conformity: Government regulations and industry standards have considerably impacted adopting eco-friendly design and materials in outdoor air conditioning technologies. The Montreal Protocol and its revisions have pushed the industry toward more sustainable practices by emphasising the elimination of ozone-depleting chemicals and decreasing refrigerants with a high GWP (global warming potential) [42].






The transition to environmentally friendly outdoor air conditioning systems is a multifaceted industry shift fuelled by technological innovation, sustainable manufacturing, and regulatory compliance. Green refrigerants, such as hydrofluoroolefins (HFOs) and natural chemicals, such as ammonia and carbon dioxide, have a lower global warming potential (GWP) than conventional hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) [43]. This development is partly the outcome of international legislation, such as the Montreal Protocol, which seeks to eradicate ozone-depleting substances. Particularly helpful in commercial and industrial settings is the implementation of heat recovery technology, which recovers waste heat produced during the cooling process to reduce overall energy consumption and boost system efficiency [35]. The emphasis on environmentally responsible design also extends to using energy-efficient components, such as high-efficiency compressors, fans, and heat exchangers, which minimise energy consumption and cut operating expenses. Beyond the operational phase, manufacturers are adopting sustainable practises in producing these systems, such as reducing waste, minimising energy and water consumption, and utilising recycled or recyclable materials, per the principles of circular economy and sustainable development [44]. Regulatory frameworks such as the Montreal Protocol have played a significant role in pushing these changes by providing the economic and legal incentives necessary for the sector to adopt more sustainable methods. In conclusion, advancements in green refrigerants, heat recovery technologies, energy-efficient components, and sustainable manufacturing practices collectively contribute to a more sustainable approach to outdoor cooling, establishing new industry standards for energy efficiency and sustainability, and providing essential solutions in the face of significant climate change-related challenges [45]. Multiple reasons, including consumer demand for sustainable goods, technology breakthroughs, and more rigorous environmental legislation, are influencing the continuous change in the air conditioning sector towards eco-friendly solutions. The transition towards green refrigerants is notable because it signals a break from the usage of HCFCs and HFCs, recognised as significant contributors to global warming and ozone depletion. Adopting alternative refrigerants such as hydrofluorooctane, ammonia, and carbon dioxide is a systemic reaction to global environmental concerns and not only a technical shift. This is bolstered by international accords such as the Montreal Protocol, which has established timelines for eliminating ozone-depleting compounds and fostered innovation in the industry. Heat recovery technology is an essential innovation in the search for environmentally friendly air conditioning [45]. These systems cut energy consumption by collecting and recycling waste heat and contribute to energy efficiency and sustainability objectives. This is particularly significant in commercial and industrial contexts, where substantial waste heat may be recycled for other energy-intensive activities, producing a more connected and efficient energy ecosystem [46]. This multifaceted approach to sustainability emphasises energy-efficient components such as high-efficiency compressors, fans, and heat exchangers. These components are intended to perform optimally, decreasing the air conditioning system’s total energy consumption. This coincides with environmental goals and translates into economic gains via lower operating costs, creating a win–win outcome for both customers and the environment [47].



Sustainable manufacturing techniques are expanding the notion of environmental friendliness beyond the product to include its entire lifespan, from production to disposal. Manufacturers increasingly emphasise eliminating waste, employing recycled or recyclable materials, and decreasing energy and water usage throughout the manufacturing process. These behaviours adhere to the circular economy’s ideas, encouraging a regenerative approach to production and consumption. Compliance with regulations acts as both a catalyst and a foundation for these adjustments. Laws such as the Montreal Protocol [48] have placed the sector on the road to greater sustainability by regulating the phase-out of dangerous compounds and encouraging the use of energy-efficient technology. These rules sometimes include economic incentives, such as tax breaks or subsidies, which make it financially feasible for businesses to participate in the research and development of environmentally friendly technology [44]. In conclusion, the transition to ecologically friendly outdoor air conditioning systems involves a complete endeavour involving various stakeholders, including manufacturers, regulators, and consumers. Advances in green refrigerants, heat recovery technology, energy-efficient components, and sustainable manufacturing processes lead to a more sustainable approach to outdoor cooling. These achievements are vital for facing the substantial problems faced by climate change and environmental degradation as they establish new industry standards for energy efficiency and sustainability. Figure 5 is a graphical figure to explain the eco-friendly air conditioning.




5. Revolutionizing Outdoor Cooling


Renewable energy is a significant development in outdoor air conditioning systems, marking a paradigm shift toward ecologically benign and sustainable cooling techniques [49]. This technique largely depends on renewable energy sources, namely solar electricity, to power outdoor cooling equipment.



5.1. Solar Energy Integration


Solar power integration involves incorporating photovoltaic and solar thermal systems into outdoor air conditioners. Through solar panels, sunlight is transformed into energy, which is then utilised to power the cooling systems. By contrast, solar thermal systems harness the sun’s energy to create heat that may be used to cool objects, such as desiccant systems or absorption chillers [49].




5.2. Reduce Fossil Fuel Use


One of the primary benefits of renewable energy integration is a significant reduction in reliance on conventional fossil fuels for power production. Frequently, the energy used by traditional cooling systems is derived from coal, natural gas, and other fossil fuels, which increases greenhouse gas emissions and harms the environment. Using solar energy and other renewable energy sources, outdoor cooling systems contribute to the battle against climate change and decrease their carbon footprint [49].




5.3. Advantages for the Environment and Sustainability


Utilising renewable energy allows outdoor cooling technologies to meet broader environmental aims. Solar energy is an endless and renewable resource that reduces the environmental impact of cooling operations. This contributes to global efforts to reduce carbon emissions and foster a cleaner future [49].




5.4. Energy-Cost Cost Savings


Renewable energy integration brings environmental advantages and possible energy cost reductions over the long run. Solar panels and related infrastructure need an initial investment, but their long-term running costs are usually less than traditional power consumption. Renewable energy is an attractive choice for outdoor cooling applications due to its low cost [49].




5.5. The Grid’s Independence


Incorporating renewable energy also increases the reliability and longevity of outdoor cooling systems. By creating their power via solar panels, these systems become less dependent on the grid’s dependability. This independence is essential in remote or off-grid places where a consistent electrical source is difficult to maintain [49].




5.6. Innovation in Technology


Improvements in solar panel efficiency and storage technologies have made renewable energy integration simpler. Advanced energy storage methods store additional energy during cloudy or nocturnal conditions, ensuring a continuous cooling operation. Solar panels with greater efficiency capture more solar energy [46].



A recent study confirms that using renewable energy in outdoor air conditioning systems marks a dramatic step toward sustainability and environmental stewardship. Several significant developments define this paradigm shift. First, including solar energy via photovoltaic and solar thermal systems has proven revolutionary. Photovoltaic panels turn sunlight into energy to power cooling systems, while solar thermal systems utilise the sun’s heat to power cooling processes such as desiccant systems or absorption chillers [50]. This dual method optimises solar energy consumption and considerably minimises reliance on fossil fuels generally employed in conventional cooling systems [51]. The environmental advantages of this are many, helping worldwide efforts to cut carbon emissions and build a more sustainable future. Long-term energy cost reductions may compensate for the initial investment in solar panels and associated infrastructure, making renewable energy a financially feasible choice for outdoor cooling [52]. Additionally, using renewable energy sources improves the resilience and dependability of these systems by minimising their reliance on the electrical grid, which is especially advantageous in distant or off-grid areas [53]. Technological breakthroughs, such as increases in solar panel efficiency and energy storage technologies, have simplified this shift, allowing for a more efficient absorption and use of solar energy and guaranteeing ongoing cooling operations [54]. In conclusion, incorporating renewable energy into outdoor air conditioning systems is a transformative development that aligns with broader efforts to combat climate change, reduce energy costs, and enhance system resilience, setting new standards for sustainability and environmental stewardship within the industry. The dramatic trend toward incorporating renewable energy into outdoor air conditioning systems is a multidimensional phenomenon with far-reaching consequences for sustainability, environmental conservation, and energy economics [51]. This shift is backed by a growing amount of research demonstrating the practicality and advantages of employing renewable energy sources, especially solar power, in cooling technology. The integration of solar energy is accomplished via two basic methods: photovoltaic systems that convert sunlight directly into electricity and solar thermal systems that harness the sun’s heat for cooling processes, such as desiccant systems and absorption chillers [55]. This dual method not only improves solar energy utilisation but also provides a flexible solution that can be customised to particular cooling demands and regional climate conditions. Traditional energy sources for cooling systems, such as coal, natural gas, and oil, will be drastically reduced due to this transition, which is one of the most important effects. By abandoning these non-renewable resources, outdoor air conditioning systems significantly reduce their carbon footprint and contribute to global efforts to combat climate change. This is a crucial breakthrough in light of the pressing need to cut greenhouse gas emissions to avert catastrophic environmental repercussions [50]. In addition, using renewable energy correlates with wider sustainability objectives, such as protecting natural resources and reducing pollution, providing a more comprehensive approach to environmental stewardship. Economically, the long-term advantages often exceed the initial expenses of installing solar panels and accompanying infrastructure. Renewable energy sources like solar electricity have lower operational costs than conventional fossil fuels, allowing for long-term cost savings [56]. The economic feasibility of renewable energy makes it an appealing alternative for home and business outdoor cooling systems. In addition, advances in energy storage technology, such as lithium-ion batteries and better control systems, have made it feasible to store extra solar energy for use during times of low sunshine, improving the efficiency and dependability of these systems. The integration of renewable energy also has the additional benefits of greater grid resilience and independence. By producing their power, outdoor cooling systems are less vulnerable to grid outages, which is especially advantageous in distant or off-grid areas where the electricity supply may be inconsistent [53]. This aspect also has significance for emergency preparation since systems independent of the grid may continue to work in the case of natural catastrophes or other interruptions to the electrical supply. Significant breakthroughs in solar panel efficiency, energy storage technologies, and intelligent control systems have facilitated this transformation via technological innovation. These advancements help efficiently collect and use solar energy and enable more complex system management, improving system performance and energy consumption [50]. In conclusion, incorporating renewable energy into outdoor air conditioning systems is a transformational and multidimensional innovation that tackles several crucial challenges relating to climate change, environmental conservation, and energy economics. By utilising developments in solar power technology, energy storage, and system controls, these environmentally friendly cooling solutions provide a sustainable, cost-effective, and resilient alternative to conventional systems fuelled by fossil fuels. As such, they represent a substantial advancement in establishing a more sustainable and ecologically responsible future [53].



Thermal comfort, while seemingly straightforward, is a multifaceted construct deeply rooted in physiological and psychological realms. This manuscript acknowledges its importance, but there is ample room to probe deeper into this intricate interplay of factors that govern an individual’s sense of comfort within a built environment. At the forefront is temperature, which most directly aligns with our immediate perception of comfort [52]. However, this is not confined to just the ambient air temperature; the radiant temperature, determined by the warmth or coolness of surrounding surfaces, plays a critical role. Imagine a scenario where an individual is in a room with an acceptable ambient temperature but cold walls—discomfort can be palpable. Equally significant is humidity [51]. The moisture content in the air profoundly influences our thermal perception. Environments with high humidity can impede our body’s natural cooling mechanism—perspiration—making us feel oppressively warm even at moderate temperatures [47]. Conversely, arid conditions can lead to skin irritation, a sense of dryness in the respiratory tract, and overall discomfort. Then, there is air velocity, a factor often overlooked but pivotal in shaping thermal comfort. The sensation of air moving across our skin can either be a boon or a bane, depending on the context. A gentle draft in a sweltering room can be the epitome of relief, but the same current in an already cold environment can make the chill almost unbearable. Beyond these physiological factors, one must consider the metabolic rate, which varies from person to person based on activities. A person engaged in rigorous physical activity generates more heat and might feel warmer than sedentary people, even if both are in the same environment [51]. Clothing insulation, or the “clo” value, further adds to this complex equation. The type and amount of clothing we wear can significantly influence our comfort, acting as a buffer between our body and the external environment. Lastly, an intriguing dimension to this discourse is the adaptive comfort model. It posits that our perception of comfort is not static but evolves based on prior experiences. Individuals accustomed to warmer climates might find a mildly warm room comfortable, while those from colder regions might perceive it as stifling. This model underscores the importance of considering the adaptive nature of human comfort, shaped by a confluence of past experiences and immediate environmental stimuli.



The role of HVAC technologies has been transformative within the ever-evolving landscape of green buildings. While this manuscript touches upon the integration challenges of traditional HVAC systems, a more profound exploration of contemporary HVAC solutions tailored for green buildings can provide invaluable depth. Several innovative technologies have emerged in the market, each promising to redefine the synergy between HVAC systems and green buildings [51]. To begin with, there is the Variable Refrigerant Flow (VRF) technology. Heralded as a game-changer, VRF systems are known for their unparalleled energy efficiency and flexibility. Unlike traditional systems that operate at constant speeds, VRF systems adjust refrigerant flow based on the exact cooling or heating needs of individual zones within a building. This dynamic adaptability conserves energy and ensures optimal comfort [48]. However, it is worth noting that the initial installation costs of VRF systems can be steep and require specialised technicians for maintenance. Next, we have earth–air heat exchangers (EAHE) [50]. These systems leverage the earth’s temperatures to pre-cool or pre-heat incoming air. Especially in regions with extreme seasonal temperature variations, EAHE can be a boon, reducing the load on primary HVAC systems. However, the effectiveness of EAHE can vary based on soil properties and moisture content, making site-specific evaluations crucial. Phase-change materials (PCMs) introduce a novel approach to thermal regulation. These materials absorb or release latent heat during phase transitions, effectively acting as thermal buffers [50]. Integrated within building components, PCMs can reduce peak temperature loads, minimising the need for active cooling or heating. Their adaptability across various building types, from residential to commercial, underscores their versatility. However, selecting appropriate PCMs, based on their melting points and thermal properties, is crucial to their effective deployment [50]. Lastly, radiant cooling systems, often touted as the future of green building HVAC, provide cooling through chilled surfaces (like floors or ceilings) rather than air. The primary advantage lies in that cooling surfaces rather than air is inherently more energy efficient. Additionally, these systems enhance comfort by reducing the disparity between ambient air temperature and surface temperatures. However, a significant concern with radiant systems is the potential for condensation, especially in high-humidity environments. Proper design and integration with dehumidification systems can mitigate such risks. Outdoor air conditioning systems come in various forms to cater to different cooling needs in outdoor spaces. Misting systems use a fine water spray for cooling, ideal for restaurant patios, while evaporative coolers, effective in dry climates, use water evaporation for cooling and can be used in residential or commercial settings. Portable air conditioners offer flexibility for spot cooling in areas like patios, requiring electrical power and venting [51]. Although not air conditioners, outdoor ceiling fans enhance air circulation, creating a breezy environment. Cooling stations in public spaces provide mist or air-conditioned relief, and high-volume, low-speed (HVLS) fans are suitable for large venues like event spaces, moving air efficiently over vast areas. Additionally, ductless mini-split systems, with outdoor units linked to indoor units, offer efficient cooling for enclosed outdoor spaces like sunrooms. These diverse systems cater to specific outdoor cooling requirements, considering factors like climate, space, and energy efficiency.





6. IoT-Enabled Systems


A significant advancement in outdoor cooling is represented by smart and Internet of Things (IoT)-enabled outdoor air conditioning systems, as shown in Figure 6. These systems have various state-of-the-art features and technologies that improve their functionality, energy efficiency, and user comfort [57].



Monitoring in real time via sensors is one of the primary components of these systems, which utilise a network of sensors that collect data on various environmental properties. These sensors can measure various variables, including temperature, humidity, air quality, and occupancy. Real-time data obtained by these sensors provide the foundation for dynamic control and optimisation [58]. Data management is conducted using advanced data analytics methods, and sensor data are processed and evaluated. These strategies may identify patterns, trends, and anomalies in the data. For instance, they may detect changes in the outside temperature, which may result in adjustments to the cooling system’s settings [59]. Innovative outdoor air conditioning systems can dynamically adjust their operation depending on the information gained through data analysis. For instance, the system may adjust when exterior temperatures increase significantly by boosting its cooling capability to maintain the ideal inside temperature. Alternatively, the system may operate more efficiently to save energy during periods of lower demand [60]. Additionally, these systems prioritise energy efficiency, which reduces running expenses and has a reduced effect on the environment. They may adjust the functioning of components such as pumps, fans, and compressors according to the cooling requirement, decreasing energy waste [61]. Moreover, smart systems are developed to provide the highest possible comfort for users. They can consider user preferences and adjust elements such as temperature and ventilation to create a pleasant atmosphere. They may also preserve air quality by monitoring and adjusting ventilation rates [62].



Frequently, IoT-enabled outdoor air conditioning systems can be remotely monitored and managed. Facility managers or homeowners can remotely inspect and modify system settings using a smartphone application or web interface. According to Philip et al. [63], this feature facilitates proactive system maintenance and increases usability. These systems are also capable of self-diagnosing issues and sending maintenance reminders. The method can detect component failures in advance and notify maintenance personnel, decreasing downtime and preventing costly breakdowns. Incorporating smart and Internet of Things (IoT)-enabled technology into outdoor air conditioning systems represents a significant leap in the industry, providing various cutting-edge features that improve functionality, energy efficiency, and user comfort. A network of sensors continually monitors environmental characteristics such as temperature, humidity, air quality, and occupancy, giving real-time data that serve as the foundation for dynamic management and optimisation. These sensor data are processed and analysed using sophisticated data analytics methods to find patterns, trends, and anomalies that might influence system modifications [64]. For example, when the system senses a fast increase in external temperatures, it may change its cooling capacity to maintain ideal internal temperatures. These intelligent systems emphasise energy efficiency by adapting components such as pumps, fans, and compressors to current cooling needs, minimising energy waste and saving operating costs [65]. The devices may react to the user’s preferences and modify temperature and ventilation rates to produce a pleasant atmosphere [66]. Moreover, IoT-enabled systems provide remote monitoring and management through smartphone applications or web interfaces, enabling proactive system maintenance [67]. In addition, they are equipped with self-diagnostic capabilities that may detect component failures early and notify maintenance personnel, decreasing downtime and averting expensive breakdowns [68]. Overall, these intelligent and IoT-enabled outdoor air conditioning systems offer a significant advancement in outdoor cooling, closely correlating with more prominent efficiency and sustainability goals. Incorporating Internet of Things (IoT) technology into outdoor air conditioning systems is a revolutionary breakthrough with far-reaching effects on energy savings, user comfort, and system operation. This technical breakthrough is reinforced by a growing corpus of research demonstrating the many advantages of intelligent, IoT-enabled devices [69]. A network of sensors that continually monitors a variety of environmental factors, including temperature, humidity, air quality, and even occupancy, is one of the most critical aspects of these systems. This real-time data gathering is the basis for dynamic system control, allowing the air conditioning units to adapt to changing circumstances and maximise performance. This abundance of sensor data is processed using advanced data analytics methods to detect patterns, trends, and anomalies that might influence system modifications [70]. For instance, if the system senses a rapid spike in external temperatures, it may instantly change its cooling capacity to maintain a pleasant internal atmosphere. This dynamic control enables the system to predict future situations based on existing data, thus boosting efficiency. The energy efficiency of these intelligent systems is a major goal. These systems may dramatically minimise energy use by adjusting the operation of components such as pumps, fans, and compressors to the current cooling demand. This is significant not only for decreasing operating expenses but also for limiting the environmental effect of air conditioning, which is especially relevant considering the rising concerns over climate change and resource depletion [71]. Another critical emphasis of IoT-enabled air conditioning systems is user comfort. Individual user preferences may be accommodated by modifying temperature, humidity, and ventilation rates to produce a more pleasant atmosphere. In addition, they may monitor indoor air quality and change ventilation rates appropriately, promoting a better living or working environment [72].



These systems’ remote monitoring and control features provide additional convenience and utility. Through smartphone applications or online interfaces, facility managers or homeowners may quickly monitor and alter system settings, allowing for more preventative system maintenance. This remote access is not only advantageous for its user-friendliness; it also provides faster reaction times in the event of system failure, hence decreasing downtime and averting expensive losses. In addition, these systems have self-diagnostic capabilities that may discover potential flaws before they become severe problems, notifying maintenance personnel and even recommending fixes. This predictive maintenance capacity is a significant improvement since it extends the life of air conditioning equipment, contributing to sustainability objectives by lowering the frequency of replacements [73]. In conclusion, incorporating Internet of Things (IoT) technology into outdoor air conditioning systems is a comprehensive innovation that solves several crucial concerns about energy efficiency, environmental sustainability, and user comfort. By integrating real-time sensor data, sophisticated analytics, dynamic control mechanisms, and remote monitoring capabilities, these intelligent systems provide a highly flexible, efficient, and user-friendly outdoor cooling solution. As a result, they are ready to establish new industry norms which correspond closely with broader goals of environmental responsibility and sustainable living. The incorporation of the Internet of Things (IoT) into HVAC systems within green architecture is symbolic of the profound technological strides the building industry is witnessing. While the authors’ acknowledgement of IoT-based technologies is a step in the right direction, the depth and breadth of this integration call for a more exhaustive exploration. IoT, with its essence rooted in seamless interconnectivity, transforms HVAC systems from static entities to dynamic ecosystems that constantly communicate and adapt. This real-time data exchange is pivotal for energy conservation, a cornerstone of green buildings. Unlike traditional HVAC setups, IoT-enabled systems can discern, for instance, the occupancy of a room and modulate the cooling or heating in real-time [70]. Such nuanced adjustments, while seemingly trivial, cumulatively contribute to significant energy savings, reinforcing the sustainable ethos of green buildings. However, the advantages of IoT transcend energy efficiency. Occupant comfort, often a nuanced interplay of temperature, humidity, and individual preferences, is enhanced as interconnected sensors ensure optimal environmental conditions. Furthermore, the predictive maintenance capabilities of IoT systems herald a new era of proactive system health monitoring, pre-empting major malfunctions and ensuring uninterrupted operation. The true magic unfolds when these IoT-driven HVAC systems synergise with other building systems, from lighting to security, crafting an intelligent building ecosystem with unparalleled efficiency [71]. Moreover, when subjected to advanced analytics, the data streams from these systems provide invaluable insights into usage patterns, inefficiencies, and future energy needs. This data-centric approach, in tandem with the adaptive capabilities of IoT, positions the integration of IoT and HVAC as a linchpin in the evolution of green architecture. The discussion on IoT in HVAC systems is not just a technological narrative; it is a testament to the transformative potential of integrating digital intelligence with physical spaces, underscoring the future of sustainable and intelligent building design.




7. Portability and Scalability


Incorporating portability and scalability into outdoor air conditioning systems is a critical innovation that addresses the rising need for adaptation and flexibility in various cooling conditions. Portable units are gaining popularity because of their portability and setup simplicity, making them ideal for events, temporary workplaces, and other instances when permanent cooling systems are impracticable [25]. These devices are often lightweight and fitted with wheels or handles for easy portability, which increases their adaptability. Beneficial for temporary settings such as outdoor festivals or construction sites, the units’ portability enables them to be moved as needed and to provide targeted cooling exactly where required. This versatility is a godsend for moving workstations and a cost-effective alternative to permanent systems, lowering initial and recurring costs. The fast availability and speedy installation of portable units are particularly advantageous for providing immediate respite from extreme heat, whether for emergency cooling requirements or unexpected gatherings. Scalability, another essential characteristic, permits outdoor cooling systems to adapt their cooling capacity to variable demand. This versatility is becoming more critical in contemporary system designs, particularly in locations where cooling needs may change based on time, season, or occupancy levels [15]. Scalable systems perfectly match cooling capacity to actual demand, optimising energy consumption, decreasing operating costs, and minimising environmental effects. Both transportable and scalable technologies contribute to sustainability by conforming to larger energy efficiency targets. By employing just the required cooling capacity for a particular condition, these systems reduce energy consumption and the carbon footprint, contributing to broader environmental and sustainability goals. In conclusion, the introduction of portability and scalability in outdoor air conditioning systems has ushered in a new age of adaptability, cost-efficiency, and environmental awareness. These characteristics allow for the deployment of customised cooling systems adaptable to a wide variety of applications, representing a breakthrough advance in outdoor cooling [19].




8. Economic Feasibility and Scalability


Eco-friendly HVAC technologies, pivotal in sustainable building design, markedly outperform traditional systems in energy efficiency and environmental impact [74]. Geothermal heat pumps, a standout example, are exceptionally efficient, offering an impressive energy efficiency ratio (EER) of about 10–14, compared to 9–10 for conventional systems [75]. They can deliver three to four units of energy for every one unit of electrical energy consumed. Solar-powered HVAC systems, while dependent on geographic and solar conditions, significantly cut down on electricity usage and are often capable of reducing energy bills by 20–40% [76]. Energy recovery ventilators (ERVs) enhance indoor air quality and can decrease HVAC energy consumption by up to 40%, depending on the climate and building design [76]. These systems lower operational costs and drastically reduce carbon emissions, aligning with global sustainability goals. The upfront costs for these technologies are generally higher, but the long-term savings—evidenced by their superior performance figures—are substantial, making them increasingly preferred in modern, eco-conscious construction projects.



In a detailed cost analysis of HVAC systems, contrasting traditional with eco-innovative models reveals distinct differences in financial implications and ROI [77]. Conventional HVAC systems, while cheaper to install, incur higher operational and maintenance costs over time due to less efficient energy use and frequent servicing needs. By contrast, eco-innovative HVAC systems, though more expensive initially, offer greater energy efficiency, leading to significantly lower operational costs [77]. The maintenance expenses for these advanced systems are often reduced due to their superior build quality and durability. The ROI for eco-innovative systems is favourable, as substantial long-term energy bills and maintenance savings balance the higher upfront costs. Additionally, many regions offer incentives like tax rebates for green technology adoption, enhancing the financial appeal of these systems. Another critical factor influencing the cost and implementation of HVAC systems is the impact of building codes and regulations, which vary regionally [78]. Stricter energy efficiency standards and sustainability requirements often favour eco-innovative systems, as traditional models may not comply with newer, more stringent regulations. This regulatory environment can significantly affect decision-making, pushing stakeholders towards more sustainable and compliant HVAC solutions. Therefore, while the initial investment in eco-innovative HVAC systems is higher, their long-term economic and environmental benefits and the increasing regulatory push towards sustainability present a compelling case for their adoption in modern building design [78]. When delving into the legal implications and performance of HVAC systems in different climates, a detailed understanding is crucial for sustainable building design. Legally, the implementation of HVAC systems is deeply intertwined with regional building codes and energy efficiency regulations. These laws vary widely, often dictating stringent standards that traditional HVAC systems may struggle to meet. Eco-innovative systems, designed with energy efficiency and sustainability in mind, are more likely to align with these regulations, thereby reducing the risk of legal non-compliance for building owners and developers [79]. Non-compliance can lead to penalties, legal disputes, and additional costs, making regulatory adherence a critical factor in HVAC system selection. Furthermore, these legal frameworks are dynamic and frequently updated to reflect new environmental goals or technological advancements, necessitating HVAC systems that can adapt to evolving standards. Performance in different climates is another critical aspect. Traditional HVAC systems may offer satisfactory performance in moderate temperatures but often struggle in extreme conditions, either too hot or cold, leading to inefficiencies and increased energy consumption [79]. By contrast, eco-innovative HVAC systems are typically designed for a broader range of climatic conditions. They often incorporate features like advanced insulation, smart thermostats, and renewable energy sources, enhancing their efficiency and reliability across various environmental settings. This adaptability is crucial for meeting the comfort needs of occupants and maintaining energy efficiency and reducing the overall environmental impact.



Moreover, the performance of HVAC systems in specific climates directly impacts their long-term cost-effectiveness and sustainability. Strategies that can efficiently manage cooling while minimising energy consumption are essential in hotter regions. Conversely, systems that provide effective heating with minimal energy loss are preferable in colder climates. Integrating intelligent technologies in eco-innovative systems allows for more precise control and optimisation based on external weather conditions, leading to better performance and lower energy usage. Integrating eco-innovative HVAC systems into sustainable building design poses significant challenges, primarily due to their higher initial costs compared to traditional methods, but long-term benefits like energy savings and potential incentives offset these [79]. Regulatory and compliance challenges also arise from varying building codes and energy efficiency standards, especially in retrofitting older buildings, requiring expertise in local regulations and the design of flexible systems adaptable to changing criteria. Spatial and architectural constraints in different building types necessitate innovative integration strategies and collaborative efforts between architects, engineers, and HVAC specialists. Despite these challenges, the superior performance of eco-innovative systems in terms of energy efficiency, indoor air quality, and reduced carbon footprint highlights their long-term economic and environmental viability [79]. Real-world case studies further illustrate the successes and strategies of practical implementation, reinforcing the feasibility and effectiveness of these solutions in diverse settings and presenting a comprehensive picture of the challenges and solutions in implementing sustainable HVAC technologies.



Statistically Methods from the Previous Researcher


Statistical analysis plays a pivotal role in substantiating the advancements in this field. Researchers often employ methods like regression analysis, ANOVA (analysis of variance), and time-series analysis to assess the performance of new HVAC technologies [80]. For instance, regression models are used to predict energy consumption under various scenarios, enabling a comparison between traditional and innovative systems. ANOVA helps identify the key factors influencing HVAC efficiency guiding design improvements [80]. Time-series analysis is crucial for evaluating long-term trends in energy usage and system performance, offering insights into the sustainability and cost-effectiveness of new HVAC solutions. Furthermore, using big data and advanced analytics in recent studies allows for a more comprehensive understanding of HVAC performance [81]. By analysing large datasets collected from intelligent HVAC systems, researchers can identify patterns, predict system behaviour, and suggest optimisations. This data-driven approach is instrumental in advancing HVAC technology, ensuring that new systems are innovative and empirically validated for efficiency and sustainability [82].





9. Conclusions


In conclusion, integrating conventional HVAC systems into green buildings presents a complex array of challenges that extend beyond mere energy inefficiency and high operational costs. These challenges encompass a broad spectrum of issues, including regulatory compliance, performance gaps, human factors, integration with renewable energy sources, and implications at both urban and grid levels. This paper highlights how inefficient HVAC systems can exacerbate issues like energy poverty and grid instability, adding a layer of complexity to the energy management of buildings and impacting urban planning. This problem is not just confined to individual buildings but is systemic, affecting entire cities as they endeavour to transition towards more sustainable and resilient futures. As the field of green construction evolves and gains traction, addressing these multifaceted obstacles becomes crucial. The successful integration of HVAC systems in green buildings is therefore not only a technical challenge but also involves navigating regulatory landscapes, addressing human-centric issues, and harmonising with broader urban sustainability goals.
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Figure 1. Greenhouse gas emissions by region [4]. 






Figure 1. Greenhouse gas emissions by region [4].



[image: Applsci 14 00195 g001]







[image: Applsci 14 00195 g002] 





Figure 2. Internet of things (IoT) technologies [20]. 
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Figure 3. The graph represents publications from 2005 to 2023 containing the keywords searched. 
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Figure 4. Green building [29]. 
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Figure 5. A representation of eco-friendly air conditioning. 
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Figure 6. Internet of Things (IoT)-enabled outdoor air conditioning systems [57]. 
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	Limitation
	Description





	Energy Consumption
	HVAC systems are often significant consumers of energy, contributing to high operational costs and environmental concerns.



	Installation Cost
	The initial cost of purchasing and installing HVAC systems can be high, particularly for large or sophisticated systems.



	Maintenance Requirements
	Regular maintenance is essential for HVAC systems to operate efficiently, which can incur additional costs and downtime.



	Space Requirements
	Large HVAC units require considerable space, which can be a limitation in compact or densely built environments.



	Noise Levels
	HVAC systems, especially older or larger units, can generate noise, potentially causing disturbance in quiet environments.



	Refrigerant Environmental Impact
	Some HVAC systems use refrigerants that can contribute to ozone depletion and climate change if leaked.



	Indoor Air Quality
	If not properly maintained, HVAC systems can contribute to poor indoor air quality by circulating dust, mould, and other contaminants.



	Temperature Inconsistencies
	Achieving consistent temperatures in a building can be challenging, leading to hot or cold spots.



	Humidity Control Limitations
	Some HVAC systems may struggle to maintain optimal humidity levels, affecting comfort and indoor air quality.



	Lifespan
	The lifespan of HVAC systems can be limited, necessitating replacement or significant upgrades.



	Adaptability
	Older HVAC systems might not be easily adaptable to new technologies or changing environmental regulations.



	Aesthetic Impact
	Large and visible HVAC equipment can have a negative impact on building aesthetics.










 





Table 2. A comparison of traditional and green buildings.
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	Criteria
	Traditional Buildings
	Green Buildings





	Energy Source
	Primarily rely on non-renewable energy sources like fossil fuels for heating, cooling, and power.
	Utilise renewable energy sources such as solar, wind, and geothermal energy, reducing reliance on fossil fuels.



	Energy Efficiency
	Are generally less energy-efficient due to older technologies and materials.
	Are designed with energy efficiency in mind, using advanced technologies and materials to reduce energy consumption.



	Insulation
	May have poor insulation, leading to higher heating and cooling needs.
	Feature high-quality insulation to minimise heat loss and reduce heating and cooling needs.



	Lighting
	Often use inefficient lighting fixtures and bulbs, consuming more electricity.
	Employ energy-efficient lighting solutions like LED and CFL and maximise natural light through design.



	HVAC Systems
	Use older, less efficient HVAC systems, consuming more energy.
	Incorporate energy-efficient HVAC systems, often with intelligent controls to optimise performance.



	Water Heating
	Typically use standard water heating systems, which can be less efficient.
	Use energy-efficient water heating solutions such as solar water heaters or heat pumps.



	Appliances and Fixtures
	Equipped with standard appliances and fixtures that consume more energy.
	Are fitted with Energy Star-rated appliances and fixtures to minimise energy use.



	Building Envelope
	Contain conventional building materials and design, which may result in more energy loss.
	Use sustainable building materials and design principles to enhance energy conservation.



	Ventilation
	May have less adequate ventilation, requiring more energy for air quality control.
	Are designed for effective natural ventilation, reducing the need for mechanical ventilation.



	Energy Management
	Contain a lack of advanced energy management systems, leading to inefficient energy use.
	Incorporate advanced energy management systems to monitor and optimise energy consumption.



	Carbon Footprint
	Have a higher carbon footprint due to higher energy consumption and reliance on fossil fuels.
	Have a lower carbon footprint due to reduced energy consumption and renewable energy sources.
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