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Introduction: With increasing urbanization, the frequency of extreme weather events, and the intensification of the urban heat island (UHI) phenomenon, there is a growing concern about outdoor thermal comfort (OTC) in urban and rural spaces. However, previous OTC studies have been dominated by empirical case studies of regional sample points and have lacked systematic large-scale exploration within a certain region.

Methods: This study used the preferred reporting items for systematic reviews and meta-analyses (PRISMA) method and bibliometric tools to statisticians the sources, keywords, content and highly cited papers of OTC studies.

Results: Based on the quantitative results, this study sorts and organizes OTC research from characterization, methods, and research trends, and summarizes the following results: (1) Universal thermal climate index (UTCI) is relatively suitable for large-scale OTC research; (2) The combination of subjectivity and objectivity with the application of Artificial Intelligence (AI) is the current cutting-edge research method of OTC; (3) Local climate zone (LCZ) classification system has a potential to be used in future large-scale OTC research has application potential.

Discussion: Based on the collated results of previous studies, this study proposes a framework for large-scale OTC study to provide necessary theoretical support and practical guidance for future urban planning and construction, which will help optimize the urban environment and improve the thermal comfort and quality of life of residents.
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1 Introduction

With the acceleration of urbanization, outdoor thermal comfort (OTC) has become a growing concern, particularly in response to extreme climate events and the urban heat island (UHI) effect (Li et al., 2022). OTC research is inherently interdisciplinary, an important part of the disciplines of oceanography, meteorology, atmospheric science, and sustainability science (Allen et al., 2017). Its significance is underscored by dedicated sessions in major academic conferences, including the International Conference on Urban Climate (ICUC) (Masson et al., 2018), the International Conference on Urban Heat Island Mitigation (IC2UHI) (Wong and Jusuf, 2016), the International Symposium on Heating, Ventilation and Air Conditioning (ISHVAC) (Li et al., 2014), and the International Symposium on Urban Climate and Urban Design (UCUD).

Previous OTC review studies have provided systematic research ideas in terms of index characteristics, research methods, urban planning considerations, human perception, and urban energy consumption. For instance, in terms of index characterization, Binarti et al. (2020) reviewed the evolution of OTC indices, comparing linear equation methods with adaptive thermal comfort models, and analyzed their advantages and limitations. In terms of research method, especially software computational simulation, Albdour and Baranyai (2019) evaluated the strengths and weaknesses of microclimate simulation tools. In urban planning, Jamei et al. (2016) highlighted the role of pedestrian-level greening and geometric shapes in shaping urban design outcomes. In terms of human perception, Li and Liu (2020) investigated thermal perception ranges, indices, and optimization strategies related to surface parameters in China. Lai et al. (2020b) reviewed thermal benchmarks, data collection methods, and models, identifying direct and indirect factors affecting OTC. Shooshtarian et al. (2020) emphasized the need for future research on geographic regions, races, and psychological adaptation in Australian OTC studies. In terms of urban energy consumption, Giridharan and Emmanuel (2018) examined the impact of urban heat islands (UHI) on building energy consumption, noting that the energy-UHI relationship is poorly understood in tropical regions.

Despite these advancements, challenges remain. Most studies rely on indices such as Predicted mean vote (PMV) and physiological equivalent temperature (PET), yet their accuracy varies across different climate zones and geographic regions (Budd, 2008). Furthermore, region-specific research often lacks comprehensive evaluations of diverse environments, including urban–rural transitions and cultural heritage sites (Dzyuban et al., 2022). These limitations hinder the broader applicability of OTC findings for large-scale policy development.

As climate change intensifies, OTC research is shifting toward more dynamic urban contexts, emphasizing meteorological influences, urban morphology, and architectural characteristics (Lai et al., 2019). Recent technological advances, particularly in remote sensing (RS) and artificial intelligence (AI), offer new opportunities for large-scale OTC assessment. This paper analyzes the relevant literature using the preferred reporting items for systematic reviews and meta-analyses (PRISMA) to sort out characterization, methods, and research trends of OTC studies (Figure 1), and to propose a research framework for large-scale OTC.
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FIGURE 1
 Research roadmap.




2 Quantitative analysis of literature

This paper searched the Web of Science (WOS) database using “Outdoor thermal comfort” as the subject word. A quantitative analysis of the number of publications revealed that between 1980 and 2010, the number of annual publications was low (less than 10), and from 2011 to the present, the number of annual publications has shown an increasing trend. This upward trajectory has been particularly pronounced since 2010, with a notable increase in the cumulative annual number of publications (Figure 2A). A linear fit analysis of the annual number of publications over the last ten years revealed a value of R2 of 0.63 at the 95% confidence band (Figure 2B). This indicates that OTC has retained a high level of international academic interest in recent years and reflects the growing importance of sustainable urban development and quality of life in the context of climate change.
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FIGURE 2
 The trend of publication numbers in the WOS database. (a) Trends in the cumulative annual number of publications. (b) Linear fit analysis of the annual number of publications.


This paper systematically analyzes and screens OTC studies from the WOS database over the past decade using the PRISMA method (Moher et al., 2009) to identify literature for qualitative analysis. The screening process involved four stages (Figure 3): literature search, screening, selection, and inclusion. In the search stage, “outdoor thermal comfort” was used as the title search term in WOS, yielding 585 papers. This term ensured high relevance, focusing on outdoor thermal comfort and avoiding confusion with indoor or building thermal comfort. In the screening stage, 279 papers were retained based on title relevance, database, time range, and paper type. In the selection stage, 55 papers were chosen based on abstract content. In the inclusion stage, 47 papers were retained after detailed reading, excluding those without software-based computational simulations due to their limited quantitative analysis, lower reproducibility, and greater subjectivity in handling complex environmental conditions.

[image: Figure 3]

FIGURE 3
 The PRISMA Flowchart.


On this basis, statistical analysis and literature visualization were conducted using VOSviewer software. This involved analyzing sources, keywords, content and highly cited literature. This was done to recognize the academic focus and research scope of the current research on the one hand and identify the hotspots and trends of the current research on the other hand.


2.1 Source analysis

This study conducted a statistical analysis of publication numbers by region and selected countries with high publication counts to highlight the status of OTC research. China led with 273 papers (46.67%), followed by the United States (54 papers, 9.23%) and the United Kingdom (51 papers, 8.72%). China’s dominance stems from rapid urbanization and the complex urban thermal environment issues driven by climate change, prompting significant research investment (Robinson et al., 2018). The U.S., with its diverse climate and advanced infrastructure, benefits from high-intensity urbanization, further fueling OTC research (Kumar and Sharma, 2020). The UK, with its strong academic tradition, international collaborations, and leadership in climate policy, also makes significant contributions to OTC research (Hebbert and Jankovic, 2013).

As global climate change intensifies, many countries, along with participants of the Smart Cities Challenge, have begun shifting their adaptation strategies and policies (Kamal-Chaoui and Robert, 2009). European cities are incorporating passive house technologies and renewable energy to improve energy efficiency and reduce emissions (Santamouris, 2016), while some Asian cities focus on increasing urban greenery and enhancing public transportation to mitigate the UHI effect and improve outdoor thermal comfort (Ruefenacht and Acero, 2017). The Smart Cities Challenge has also encouraged cities to adopt data monitoring, AI, and big data analytics to optimize urban heat environments (Ahmad et al., 2022), considering not only temperature control but also social, economic, and environmental factors to improve overall resilience.

However, despite the global attention to OTC, participation in research remains uneven (Table 1). It was found that among the countries with less than 10 articles, there are 50 countries, accounting for 20.69%, of which 32 countries with less than 3 articles, accounting for 7.52%. According to Köppen’s climate classification, the study found that temperate oceanic (Cfb), Mediterranean (Csa, Csb), and desert climates (BWh, BSh) are more common in the published research, while alpine (H), tropical highland (Cwb), and temperate continental (Dwb) climates are less frequently studied. The analysis of publication numbers also reveals a clear geographical imbalance: developed countries in temperate climate zones dominate OTC research, while tropical and desert regions, where many developing countries are located, are significantly under-researched. This suggests that increasing research in developing countries is crucial for broadening the diversity of OTC studies globally. Furthermore, research on more specialized climates, such as alpine (H), tropical highland (Cwb), and temperate continental (Dwb), is still limited, and further exploration in these areas would help increase the diversity of OTC research.



TABLE 1 Statistics on the frequency of occurrence of climate zones in different countries.
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2.2 Keywords analysis

The WOS database was searched using “outdoor thermal comfort” as the title word, and co-occurrence analysis of keywords was conducted with VOSviewer (Figure 4). “Outdoor thermal comfort” and “thermal comfort” had the highest link strength, closely associated with other keywords, forming the core of the research. The second tier included keywords such as “physiological equivalent temperature,” “microclimate,” “ENVI-met,” “UHI” and “urban microclimate,” reflecting the focus on human physiological responses to climate change, UHI, and detailed microclimate assessments. The third tier, including “UTCI,”"thermal sensation,”"outdoor thermal environment” and “thermal adaptation” highlights the growing interest in assessing human thermal perception and exploring environmental adaptation strategies. Overall, OTC research is expanding beyond microenvironments to include large-scale urban climates and heat islands, integrating human thermal perception and specific climates, reflecting the field’s trend toward a more comprehensive and detailed evaluation.

[image: Figure 4]

FIGURE 4
 Keywords co-occurrence map.




2.3 Content and highly cited analysis

This paper organizes the content of the literature screened by PRISMA (Table 2) to identify the main issues and research trends in OTC research.



TABLE 2 Summary of literature content.
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Question 1: OTC definition is unclear. OTC is often understood and measured differently across studies due to variations in study areas, spatial types, climatic conditions, and target populations. Research priorities, such as urban form, microclimate, and pedestrian comfort, influence OTC definitions, leading to diverse evaluation systems (Nazarian et al., 2019). OTC is measured using various methods, including physiological models, subjective surveys, and composite indices, but their applicability varies, hindering uniform standards (Zhang et al., 2024b). Additionally, the applicability of OTC studies across climate zones and spatial scales remains unclear, making results difficult to compare or generalize (Fong et al., 2019). Therefore, OTC concepts and evaluation criteria need further standardization to improve comparability and applicability in cross-regional and cross-scale studies.

Question 2: Confusion over OTC indexes. At the level of OTC index selection, PET and UTCI are the most frequently used indexes, but there are still inconsistencies in the results of the optimal indexes of thermal comfort in the same area from different studies. For instance, in a cold region of China, Chen et al. (2020) found UTCI to be superior to SET* and PET for assessing outdoor thermal sensation, while Yin et al. (2021) confirmed the suitability of PET through meteorological measurements and subjective surveys.

Question 3: Outdated OTC Methods. Current OTC research relies on traditional methods, including subjective perception evaluation questionnaires (SPEQ), objective physical environment measurements (OPEM), and software simulations (SCS). However, these methods have not been sufficiently integrated with emerging technologies like AI, limiting the evolution of OTC research. Only one paper in Table 3 incorporated machine learning (ML) methods, and Wei et al. (2022) used ML to determine the relationship between heat sensation voting and meteorological factors, showing that human heat sensation receives the influence of different meteorological factors in other seasons, providing a new technical reference for OTC research.



TABLE 3 Ranking of top 10 highly cited papers.
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3 OTC characterization


3.1 OTC’s development

OTC research emerged from concerns about human living environments (Chen and Ng, 2012), particularly in the context of accelerated urbanization, rising population density, building height, and reduced green space, leading to increased demand for better environmental quality. As a research theme, “outdoor thermal comfort” (OTC) has evolved in three phases: germination, consolidation, and innovation.

In the germination period (before 2000), OTC was not yet an independent field, but foundational research paved the way. Gagge (1971) introduced the “two-node model” for thermodynamic energy exchange between the body and environment, followed by Givoni (1963) development of thermal stress indices. In the 1970s, Terjung’s urban energy balance study in Los Angeles indirectly contributed to understanding how outdoor thermal environments affect comfort (Terjung, 1970). Fanger (1972) created the PMV model for indoor thermal comfort, which influenced subsequent OTC research.

During the consolidation period (2000–2010), OTC emerged as a distinct research area independent of indoor thermal comfort. Interest in outdoor environments led to the application of indoor comfort indices to outdoor settings (Johansson et al., 2014). However, these models lacked empirical studies and often ignored outdoor complexities, individual differences, and socio-cultural factors (Spagnolo and De Dear, 2003; Johansson et al., 2014). In response to these challenges, Höppe (2002) suggested that outdoor exposure time variability affects human adaptive capacity, highlighting the need for non-stationary models. Spagnolo and De Dear (2003) further demonstrated that indoor models could not be directly applied to outdoor settings, particularly in the context of Sydney’s outdoor and semi-outdoor spaces. This realization solidified OTC as a unique research field, prompting the development of models and methods tailored to outdoor environments, addressing the impacts of urbanization and climate change. Concurrently, researchers like Nikolopoulou et al. (2001) and Matzarakis et al. (1999, 2007) made significant contributions, exploring factors like human thermal sensation in urban spaces and refining indices like UTCI and PET.

During the innovation period (2010-present), researchers have focused on understanding the factors influencing OTC, exploring more accurate assessment methods, and seeking practical solutions to address the challenges posed by urbanization and climate change. For example, Lin et al. (2010) applied meteorological data to predict long-term OTC over ten years using the RayMan model, thereby addressing the limitations of previous studies in accurately assessing annual thermal condition gaps. Taleghani et al. (2015) explored how urban form influences outdoor thermal comfort, showing that sunshine duration, shaped by urban geometry, plays a crucial role. In the past five years, the development and integration of emerging technologies such as AI, RS, and Python have further advanced OTC research. AI has enabled more precise data analysis and modeling, improving the accuracy of predictions and assessments in complex urban environments (Bibri et al., 2024). RS and Python have facilitated the collection and analysis of large-scale environmental data, allowing researchers to assess OTC over broader areas and in real-time (Lawhead, 2019). These technologies offer powerful tools for evaluating urban microclimates, optimizing urban planning, and enhancing the adaptability of cities to climate change, marking a significant leap forward in OTC research methodologies.



3.2 OTC’s concept

The diversity and complexity of previous OTC theories in practical applications have led to ambiguities in existing definitions of OTC. This paper clarifies the definition of OTC by conceptualizing OTC-related terms (Table 4). OTC is used to assess and quantify individuals’ thermal comfort in outdoor environments under various climatic conditions worldwide, integrating subjective and objective factors. OTC incorporates a range of objective environmental parameters, such as temperature, humidity, and solar radiation, while also considering individual physiological, psychological, and behavioral adaptability and other subjective feelings. By synthesizing these subjective and objective characteristics, OTC can effectively evaluate and compare thermal comfort across different environments. This comprehensive approach provides a scientific basis for urban planning and environmental design, enhancing the ability to create more comfortable and sustainable outdoor spaces.



TABLE 4 Definition of related concepts to OTC.
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3.3 OTC’s indexes

The characterization of OTC mainly relies on various assessment indexes to quantify human comfort under specific environmental conditions. Although thermal comfort indexes are widely used in both theory and practice, they still have shortcomings in outdoor scenarios: (1) Dynamically changing outdoor environments, such as solar radiation, wind speed changes, and humidity fluctuations, make some commonly used OTC indexes difficult for such indexes to accurately reflect the actual thermal comfort when applied (Zhao et al., 2021). Some commonly used OTC indexes, such as PMV and SET, which initially serve indoor environment design, assume that the environmental conditions are relatively stable and homogeneous indoor conditions. (2) Traditional OTC models tend to ignore individual differences (personal health status, clothing habits, personal adaptations, etc.), which leads to biased conclusions in studies (Yao et al., 2022b). (3) Existing OTC indices cannot be adapted to specific climatic regions adaptation (Mishra and Ramgopal, 2013).

Based on the above understanding, by combing the existing commonly used thermal comfort indexes (Table 5), it was found that the UTCI has applicability and flexibility due to its relatively well-established arithmetic mechanism and more comprehensive assessment range (Yang et al., 2022) and is more suitable for OTC more broadly measurement. In 2012, Bröde et al. (2012) confirmed that the UTCI has a reasonable response in both hot and cold regions, arguing that UTCI may generally apply to human biometeorological studies. In addition, the UTCI is more comprehensive than other indexes (Table 6) regarding the parameters considered, including seven parameters such as air temperature, relative humidity and wind speed. Provençal et al. (2016) compared the sensitivity and applicability of the UTCI with other thermal comfort indexes (e.g., PET) in different seasons and environments by comparing the UTCI with other indexes of thermal comfort in Quebec City, Canada, concluding that the UTCI outperforms the other indices like PET, confirming the applicability and flexibility of the UTCI.



TABLE 5 Outdoor thermal comfort characterization.
[image: Table5]



TABLE 6 Comparison of standard index parameters (Liu et al., 2023; Tao et al., 2023).
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4 OTC method

OTC Research method can be divided into SPEQ, OPEM, and SCS. SPEQ is the intuitive feedback for assessing thermal comfort, OPEM is the physical basis for quantification, and SCS is the prediction of the effects of different variables on thermal comfort. The subjective and objective combination of the three research methods constitutes a comprehensive assessment of the traditional OTC research methods, providing a solid foundation for OTC research.


4.1 Subjective perception evaluation questionnaire (SPEQ)

SPEQ is a crucial method for OTC research. The increased interest in OTC has facilitated the development of research questionnaire tools that allow researchers to collect and analyze public perceptions and responses to outdoor temperature environments more effectively. Initially, the questionnaire was more straightforward and focused on feelings about temperature. Later, as the study progressed, the questionnaire content became more refined, and most of the questionnaire designs could be divided into three sections containing questions on multiple variables related to thermal comfort. The first part of the questionnaire includes basic information such as time and place (Wei et al., 2022). The second part provides information such as gender, age, and height (Huang et al., 2021). The third part contains essential elements of the overall questionnaire, such as TSV, mean thermal sensation vote (MTSV), thermal comfort vote (TCV), thermal satisfaction vote (TSV), thermal preference vote (TPV), thermal acceptability vote (TAV), humidity preference vote (HPV), wind preference vote (WPV), overall comfort vote (OCV), and solar radiation preference vote (SPV), among others (Lin et al., 2023).

Among them, the scale and scoring system is an essential component of the third part of the questionnaire design. Most previous studies have expanded or narrowed the range of standard scales according to different climatic zones. The commonly used scoring scales are the ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers) 55 standard 7-point heat sensation scale (−3 is very cold, −2 is cold, −1 is cool, 0 is neutral, 1 is warm, 2 is hot, 3 is very hot), the extended 11-point scale, or the streamlined 3-point scale, and the 5-point scale. To ensure the accuracy and validity of the analysis results, the collected data from the SPEQ had to go through ten steps of data cleaning, coding and entry, statistics, grouping, and comparison before they could be used to validate and optimize the simulation results of the OTC.



4.2 Objective physical environment measurement (OPEM)

OPEM is a key component of OTC research and is essential for verifying the validity of software simulations. At the beginning of the 20th century, OPEM relied on basic hand tools and instruments, such as mercury thermometers, anemometers, and hygrometers, which were inefficient in recording and analyzing data and limited in measurement range (Johansson et al., 2014). In the mid-20th century, traditional measurement tools were replaced by electronic sensors, allowing automatic data recording with improved accuracy and reliability. From the late 20th to early 21st century, with the rise of computers and Internet technology, OPEM underwent a digital transformation with systems like DAS and GIS, making environmental data collection, storage, and analysis more efficient and systematic.

Measured data from OPEM include key variables for assessing OTC, such as air temperature, relative humidity, wind speed, and solar radiation (Table 7). As technology evolves, data on key variables in OTC studies can be collected and analyzed more precisely. It is worth noting that the development of Internet of Things (IoT) technology has greatly facilitated the integration and networking of environmental sensors for real-time data collection and sharing. For example, Shahinmoghadam et al. (2021) developed an IoT prototype for measuring indoor surface temperatures based on the ASHRAE 55 standard, combining building information modeling (BIM), IoT, and virtual reality (VR), which not only provides 3D immersive visualization of BIM/IoT data, but also presents real-time PMV/PPD graphs. However, IoT’s limitations due to (Wi-Fi) network connectivity and the complexity and instability of outdoor thermal environments have led to the stagnation of the application of IoT technology in current OTC research.



TABLE 7 Types of data for OTC measurements.
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4.3 Software computational simulation (SCS)

Traditional OTC studies primarily relied on combining SPEQ and OPEM (Kumar and Sharma, 2020). However, SPEQ is limited by time constraints, sample size, and individual perceptions, often resulting in incomplete data and inaccurate thermal comfort assessments. Similarly, OPEM struggles to fully capture OTC data due to environmental complexity and dynamic changes, as sensor measurements are often insufficient (Johansson et al., 2014). To overcome these limitations, scholars have increasingly turned to SCS techniques for environmental OTC simulation.

Commonly used computational simulation simulation software for OTC are ENVI-met, various types of software developed based on computational fluid dynamics (CFD) methods (ANSYS, OpenFOAM), Rayman, and Rhino & Grasshopper (Table 2). ENVI-met is widely applicable in OTC studies (Miao et al., 2022). For example, Miao et al. (2022) used ENVI-met to calculate OTC indices like apparent temperature (AT), PET, and UTCI to assess the human body’s energy balance and its interaction with the outdoor environment. However, ENVI-met has limitations. For example, Aleksandrowicz et al. (2023) compared monitored and simulated summer values at 60 sites, finding that ENVI-met, while improving MRT simulation accuracy, still underestimates MRT differences between sheltered and unsheltered conditions.

CFD-based software is known for accurately simulating complex fluid behavior (Blocken et al., 2012). For example, Fallahpour et al. (2022) proposed a new CFD, BES and OTC framework using ANSYS as a CFD simulation tool combined with a dynamic BES-CFD coupling method to achieve more accurate OTC assessment, while Sun et al. (2024) proposed and validated an hourly method for assessing the annual OTC using OpenFOAM as an FFD simulation tool. The method maintains high accuracy while also possessing relatively affordable computational costs. However, this software has notable drawbacks, requiring powerful hardware, high settings, and difficult-to-estimate computational time compared to other tools (Blocken, 2015).

RayMan software is the more commonly used computational simulation modeling software with easy-to-understand climatological and biometeorological methods and calculations compared to complex simulation software (Matzarakis et al., 2010). However, Rayman is prone to model and data limitations, such as significant computational errors when dealing with complex buildings or large-scale regional simulations (Liu et al., 2020a).

Rhino & Grasshopper has features such as highly customizable and flexible simulation environments with powerful data visualization and analysis tools (Ladybug and Honeybee) in OTC studies (Zhang and Liu, 2021). For example, Li et al. (2023) proposed a simulation model of OTC in a heritage environment (OTC-SM-HE) based on 3D real-world modeling techniques and UTCI by using Ladybug & Honeybee tools in Grasshopper to simulate OTC in a complex heritage environment.

Based on the comparative consideration of the above software (Table 8), this study infers that Rhino (Grasshopper) can achieve integration with AI to a certain extent due to their flexible visual programming features and that real-time environmental data collected through sensors can be directly applied to Grasshopper and dynamically adjusted based on real-time data. Compared to traditional control systems (which can only mechanically adjust various parameters) (Zhao et al., 2020), this method’s highly integrated approach can iteratively adapt to the application scenarios and application efficiencies in OTC research, and respond more intelligently to human needs for thermal comfort environments. On this basis, this operational procedure can be further optimized through empirical applications to accurately predict the effects of environmental data changes on the OTC, thus enhancing its accuracy in complex ecological simulations.



TABLE 8 Standard software for OTC research.
[image: Table8]




5 OTC research trends


5.1 Adaptable OTC indexes

Urban climate spans from micro-scale (buildings and streets) to mesoscale (city and neighborhood) to macro-scale (regional and global) (Brousse et al., 2016). However, traditional OTC index models developed for specific climate zones face geographical limitations when applied to larger-scale study. For example, PMV and PET, which were designed for temperate and boreal climates, are less accurate in tropical and arid regions, while the WBGT, developed for military heat stress, does not account for high humidity and low airflow conditions (Budd, 2008).

To solve the problem of geographical limitation of indexes, some scholars constructed or modified OTC index models based on geographical characteristics according to different climatic zones, special populations (e.g., older people, children), and utilization space. For example, oriented to various climate zones, Nguyen et al. (2012) proposed an extended PMV-PPD model for Southeast subtropical and high-humidity climates to better assess thermal sensation in those regions. Golasi et al. (2016) introduced the Mediterranean Outdoor Comfort Index (MOCI), which they found to be more suitable for Mediterranean climates than traditional indices. Oriented to special populations research, Yao et al. (2022a) studied the thermal comfort of elderly individuals in the Tibetan Plateau, identifying greater sensitivity to winter temperature changes and regional differences in thermal sensitivity. Oriented toward space research, Spagnolo and De Dear (2003) proposed the OUT_SET* index for outdoor and semi-outdoor environments in Sydney, which proved more adaptable than indoor SET* models. For broader applications, Golasi et al. (2018) proposed the Global Outdoor Comfort Index (GOCI), which integrates regional differences like latitude, mean annual temperature, and maximum temperature.

Compared with other indexes, UTCI is based on extensive experimental data and has the advantage of applying thermal comfort assessment in all climates, seasons, and scales (McGregor, 2012). It has been more widely recognized and used internationally, demonstrating its remarkable adaptability and flexibility. Some scholars have made the UTCI more suitable for addressing scale and geographical limitations by modifying the threshold criteria and coefficients. For example, Lam and Lau (2018) suggested defining different heat perception thresholds for the UTCI scale according to various climatic zones to better predict OTC in different urban populations by examining the heat perception of residents in two climatic zones over a similar range of UTCIs in summer. Wang and Yi (2021) proposed an adapted UTCI that can reasonably assess the outdoor thermal conditions in China and better reflect the severe cold region’s OTC.



5.2 Innovative OTC methods

Previous OTC methods were dominated by three types: SPEQ, OPEM and SCS. However, these methods have certain limitations in responding to the research needs of complex environments and multi-scale spaces, as well as for specific populations and multiple climate parameters. For example, when facing complex environments, achieving non-contact measurements or building realistic simulation models with traditional methods is difficult. When dealing with multi-scale spatial problems, traditional OTC methods are challenging to respond to the characteristics of the outdoor thermal environment and spatial and temporal differences in thermal comfort (Lai et al., 2019), and at the same time, they will consume a lot of labor, time and computational costs. When facing a specific group of people, traditional questionnaire methods are complex in reflecting individual differences and the specificity of their thermal comfort needs. When facing diverse climate parameters perception, traditional methods make it difficult to assess the impact of complex parameters on OTC.

To solve the above problems, some scholars improved and innovated OTC methods. For example, (1) oriented toward complex environments, Li et al. (2023) developed a novel OTC simulation model for heritage environments (OTC-SM-HE) using 3D real scene modeling and UTCI, enhancing the capture of environmental complexity and diversity. (2) Oriented toward multi-scale spatial requirements, Zhang et al. (2022a) assessed the relative importance of macro- and micro-climatic factors on OTC impacts for evaluation through an artificial neural network (ANN) model. (3) Oriented toward specific populations, Li et al. (2024) created a predictive model for children’s outdoor thermal sensation by integrating ML for facial expression analysis with meteorological data and questionnaires, thereby enhancing the accuracy of thermal comfort predictions for children. (4) Oriented toward diverse climate parameters, Wei et al. (2022) employed ML to explore the influence of climate parameters on outdoor heat perception, identifying the significance of different parameters. Guo et al. (2024) developed a high-accuracy ML model for OTC in cold regions using microclimate measurements and questionnaires optimized through Bayesian methods, which significantly improved prediction accuracy and supported urban space design.

In summary, the integration of AI techniques like ML and ANN into OTC research has led to methodological advancements, enhancing precision, broadening research scope, and improving computational efficiency. These innovations not only support the theoretical development of OTC but also provide practical tools for urban environmental sustainability and resident quality of life improvements.



5.3 Large-scale OTC study

As urbanization accelerates globally, urban areas face the growing issue of climate change, particularly the Urban Heat Island (UHI) phenomenon (Zhou and Chen, 2018). UHI studies explore how urbanization increases temperatures through changes in surface cover, building density, and heat source activities (Salata et al., 2017). These studies require a dense network of sensors to monitor urban temperatures over large areas, which poses time-consuming and costly challenges for large-scale research (Mirzaei and Haghighat, 2010). In this context, large-scale OTC study have become a current trend. However, earlier OTC studies were mostly focused on microclimate perception and assessment, making it difficult to compare results across regions.

Recent developments have seen scholars use the LCZ classification system for large-scale OTC study (Feng and Liu, 2022), exploring the relationships between temperature differences, urban spatial patterns, and urban climate (Lau et al., 2019). The LCZ system, introduced by Stewart and Oke (2012), divides cities and their surroundings into categories based on land cover, building density, vegetation, and surface materials. This classification provides a standardized framework for urban climate studies.

Based on this, Large-scale OTC study refer to a wide range of outdoor thermal environment and thermal comfort analyses at the urban or regional scale using different climatic and environmental data, particularly through the LCZ classification system and OTC assessment indexes. OTC studies combined with the LCZ classification system can more effectively reflect human thermal perceptions of different urban microclimates on a large scale, which is essential for the quality of life of urban residents and has long-term impacts on the sustainable development strategy. The detailed surface characteristics described in LCZ can help identify the key factors affecting the thermal environment, enabling more accurate OTC assessments. For example, Das et al. (2020) assessed OTC across different environments in a tropical planning area during the summer season, demonstrating differences in subjective perceptions of OTC across LCZs through questionnaires and field measurements.

When OTC index models are used in conjunction with LCZs, the detailed classification information of the LCZs can be used as an input parameter for the model, helping to adjust and optimize the output of the model, especially in complex urban environments, which can improve the accuracy of the software simulation in predicting OTC (Figure 5). Fan et al. (2022) mapped urban morphology using the LCZ system and demonstrated a stronger consistency between UTCI and LCZs in the Guangdong-Hong Kong-Macao Greater Bay Area. Similarly, Wu et al. (2022) analyzed UTCI using meteorological data from 11 LCZ types to explore spatial and temporal patterns of OTC, further refining the relationship between LCZs and UTCI.

[image: Figure 5]

FIGURE 5
 Application of the LCZ classification system to large-scale OTC studies.


In summary, in terms of the adaptive application of indexes of the above studies, UTCI is more adaptive and flexible in OTC research. In terms of the innovation of the methods in the above studies, combining OTC research methods with AI technology is the current optimal method. In terms of large-scale methods of the above studies, the LCZ classification system is the basis of large-scale OTC research. Combining these, the surface features and microclimate characteristics of the city and the surrounding area can be described as standardized, thus overcoming the problem of disjunction in studying the traditional method between different regions (exact location).




6 Discussion


6.1 Framework of large-scale OTC studies

Based on the above analysis, this paper proposes a large-scale OTC study technology framework (Figure 6). The study is divided into five steps: study area, field research, model simulation, data analysis, and research applications, which are carried out as follows: (1) Research object: using urban topography and land use data, draw LCZ classification maps to determine the climate type. (2) Field research: collect data through questionnaires and environmental measurements, analyzing TSV and meteorological data. (3) Model simulation: build spatial models using RS imagery and 3D real-scene data to simulate microclimates and UTCI values. (4) Data analysis: calibrate the urban thermal environment by combining simulated and measured results, analyzing thermal environment distribution and variations. (5) Research applications: propose climate-resilient design strategies based on thermal environment analysis and sample data, aiming to optimize urban environments, improve residents’ quality of life, mitigate UHI effects, and promote sustainable urban development.
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FIGURE 6
 Framework for a large-scale OTC study.


To align large-scale OTC studies with thermal comfort and urban sustainability goals, urban strategies must integrate two key perspectives: (1) Subjective perception of thermal comfort: While objective metrics like temperature are essential, capturing subjective thermal comfort perceptions across demographic groups is equally critical. Factors such as age, activity levels, and cultural backgrounds influence individual experiences (Wang et al., 2018). Incorporating surveys and participatory methods ensures urban designs meet diverse user needs, fostering inclusivity and livability. (2) Integration of positive energy districts (PEDs): PEDs offer a transformative approach to urban energy transition, emphasizing renewable energy surplus and holistic environmental and socio-economic solutions (Gohari et al., 2024). Beyond energy efficiency, PEDs address UHI mitigation, microclimate optimization, and enhanced walkability (Natanian et al., 2024). Their design requires multi-stakeholder collaboration, integrating nature-based solutions, dynamic climate adaptation, and data-driven assessments. Embedding PED principles into OTC research supports resilient, climate-adaptive urban environments, aligning thermal comfort with broader sustainability goals, including the UN SDGs.

Thus, Combining subjective assessments with PED-based design strategies will create more livable, sustainable urban spaces that address UHI challenges and promote energy resilience, improving the quality of life for residents in urbanized environments.



6.2 Limitations

This study has certain limitations in data sources and analyses, primarily in two areas: (1) Data Source Constraints: The study relies solely on the WOS database, excluding other databases such as China National Knowledge Infrastructure (CNKI) and Scopus. As a result, the sample may not fully represent the entire field. Future research could incorporate data from additional databases or custom sources to enhance comprehensiveness. (2) Analysis Software Limitations: While VOSviewer is widely used for data analysis, advancements in digital technologies, particularly machine learning and digital programming, offer more intelligent and precise analytical capabilities. The current analysis methods may not fully leverage the data’s potential. Future studies should consider adopting more advanced software tools to optimize and improve analytical outcomes.




7 Conclusion

Based on PRISMA, this study reviewed the OTC-related paper in the past ten years. It was analyzed in terms of source, keywords, content and high citations. It was found that the current OTC research suffers from problems with unclear definitions, confusing indexes, and old-fashioned methods. In response to the above issues, this paper combed three aspects of OTC research, namely, definition, method and trend, and found that:

1. In terms of OTC characterization methods, the development of OTC has gone through three phases: germination, consolidation and innovation, with subjective and objective characteristics, and UTCI is most suitable for OTC measurement on a large scale.

2. In terms of OTC research method, the traditional OTC research method combines three subjective and objective methods, namely SPEQ, OPEM, and SCS, and further combines with new technologies such as AI, which has become a cutting-edge research method.

3. In terms of OTC research trends, based on combining the adaptive application of OTC indexes, research method innovation, and large-scale research, the adaptability and flexibility of UTCI and the advantages of new technologies such as AI are further corroborated. The potential for applying the LCZ classification system in large-scale OTC study is found.

On this basis, this paper proposes a large-scale OTC study technology framework. The framework can be used to achieve more accurate and comprehensive large-scale multi-scale OTC assessment in the future, and promote the optimization of urban planning and public health policies. In this paper, by combining the adaptability and flexibility of UTCI, the efficiency of AI technology, and the potential application of the LCZ classification system in large-scale study, the prediction accuracy and research efficiency of OTC studies are enhanced. It not only provides a scientific basis for the optimization of the urban environment in practice, but also promotes the sustainable development of cities and the improvement of residents’ quality of life.
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MTSV - Mean thermal sensation vote

TPV - Thermal preference vote
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SET* - Standard effective temperature

PET - Physiological equivalent temperature

OPEM - Objective physical environment measurement
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