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ABSTRACT 
Personal comfort systems (PCSs) that are energy efficient have been widely used indoors to improve occupant thermal comfort and acceptability under a variety of indoor temperatures. Although numerous studies have shown that the use of PCSs has beneficial effects, definitive conclusions on the effectiveness of PCSs on thermal comfort enhancement have yet to be drawn. Furthermore, detailed analyses of specific indoor conditions that may be the most promising are lacking. As a result, a comprehensive meta-analysis review was conducted to summarize, analyze, and compare findings from eligible documented studies on the effects of various PCSs on occupants’ perceptual responses. Besides, the energy performance of various PCSs was examined. The effects of total cooling or heating area as well as types of PCSs, on occupants’ perceptual responses were specifically addressed. This meta-analysis and systematic review serve as a foundational reference source for the selection of highly energy-efficient and effective personal comfort systems to improve thermal comfort of indoor occupants.
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	List of abbreviations

	ABL
	Natural or cool air blowers utilizing convective thermal transfer mechanism

	AI
	artificial intelligence

	ASHRAE
	American Society of Heating, Refrigerating and Air-Conditioning Engineers

	CCP
	Cooling chairs/pads utilizing conductive thermal transfer mechanism

	CEP
	Corrective efficiency power

	CI
	Confidence interval

	CRT
	Cooling radiators using radiative thermal transfer mechanism

	EFS
	Effect size

	HAB
	Hot-air blowers based on both radiative & convective thermal transfer mechanisms

	HCP
	Heated chairs/pads that utilize conductive thermal transfer mechanism

	HRT
	Heating radiators utilize radiative thermal transfer mechanism

	HVAC
	Heating, ventilation, and air conditioning

	ISO
	International Organization for Standardization

	MCD
	Multiple cooling devices that utilize more than two heat transfer mechanisms

	MHD
	Multiple heating devices that adopt more than two thermal transfer mechanisms and combine two or more of the above devices

	PCD
	Personal cooling device

	PCS
	Personal cooling system

	PHD
	Personal heating device

	PRISMA
	Preferred Reporting Items for Systematic Reviews and Meta-Analyses




1. Introduction
[bookmark: OLE_LINK55][bookmark: OLE_LINK10][bookmark: OLE_LINK54][bookmark: OLE_LINK77][bookmark: OLE_LINK57]People in urban areas spend the majority of their time indoors, and the quality of indoor environment has a significant impact on human health and work efficiency [1]. The indoor environmental quality is mainly affected by its thermal, acoustic, and visual conditions as well as indoor air quality, etc. [2]. Recent research has consistently found that thermal comfort contributes most to people’s overall satisfaction with the environmental quality indoors [3,4]. In order to achieve better indoor thermal comfort, utilizing the heating, ventilation, and air conditioning (HVAC) system is the primary method of controlling thermal environment indoors. HVAC, on the other hand, has been criticized for the drawbacks associated with high energy consumption, air pollution and the greenhouse effect [5]. Furthermore, due to individual differences such as gender, age, fitness, and personal preference, indoor uniform temperature and humidity created by an HVAC system has been found to be difficult to satisfy individual thermal comfort needs [6,7]. To address issues of the HVAC system, personal comfort systems (PCSs) that provide direct cooling or heating at an appropriate intensity to an occupied space have been extensively researched for their effectiveness in improving thermal comfort and lowering energy expenditure indoors [8,9]. It has been reported that using HVAC alone could only satisfy about 80% of occupants, whereas utilizing PCSs in conjunction with HVAC could satisfy a higher percentage of occupants. More important, proper use of PCSs could save a significant amount of energy consumption [10-12]. It is estimated that the use of appropriate PCSs could result in an energy savings ranging from 4% to 60% [13-15]. 
[bookmark: OLE_LINK63]Currently, various types of PCSs for cooling and heating have been investigated in extensive literature studies, including chairs and desks that incorporated cooling or heating elements [16,17], thermal radiators that were located near the human body [18,19], air nozzles that provide various airflow rates and directions [20,21], personalized ventilation systems that provide improved quality of inhaled air and elevate air movement around occupants [22,23], wearable clothing/pads incorporating cooling or heating units [24,25], and multiple comfort systems that combine two or more of the aforementioned technologies [26,27]. To date, several systematic literature reviews have described various PCSs in detail, including their types, effects, energy consumption and economics, etc. [8,11,12,28-33]. However, definitive conclusions about the effectiveness of PCSs in terms of human thermal comfort and energy saving efficiency have yet to be drawn. The reason for this is that the data from PCS interventions cannot be directly compared or integrated because they are based on different PCS types, protocols (e.g., activity intensity) and body regions targeted by PCSs (e.g., head, torso). Moreover, detailed analyses of the specific conditions in which PCSs may be most promising are currently lacking. Therefore, it is critical to classify and evaluate existing studies in order to analyze the effects of the multiple types of PCSs in various scenarios.
To assess the effectiveness of using PCSs in improving thermal comfort, the main parameters, i.e., whole-body and local thermal sensation, thermal comfort and thermal acceptability, were often separately or concurrently utilized by researchers [33,34]. Thermal sensation refers to the magnitude and sign (warm versus cool) of the experience, whereas thermal comfort is defined in the ASHRAE 55 standard as the state of mind that expresses satisfaction with the thermal environment. Thermal acceptability provides an estimate of the subjects’ acceptance level towards to the ambient thermal environments [33,34]. These parameters, however, could not be used to compare the effectiveness of different PCSs under various environmental conditions. Corrective power (CP) proposed by Zhang [28] provides a means of comparing the performance of various PCSs, which could quantify the degree to which a warm or cool ambient temperature (expressed in temperature, thermal sensation, or thermal comfort) can be compensated by a PCS. Corrective power, for example, can be calculated as the difference in average thermal sensation or thermal comfort at steady-state between the reference case and a case with PCS [28]. A review study published in the year of 2015 calculated the corrective power values of published papers on PCSs, but it failed to provide specific guidance on which types of PCSs performed best because existing studies were conducted under different testing scenarios [28].
 To evaluate the energy performance of PCSs, various parameters such as energy saving percentage and energy consumption were used, which are obtained through either model simulations or rough estimations [34]. However, the energy performance of various PCSs cannot be compared directly using these parameters because they are assessed under different environmental and building conditions [8]. In light of this, corrective power efficiency (CEP) was introduced, which was used to compare the energy performance of various PCSs [28], CEP relates to the energy consumption for correcting the ambient temperature to neutral one and corrective power. This parameter has been used in several studies to compare the energy efficiency of personal heaters [17]. Nevertheless, no review of the literature summarized, analyzed, or compared the CEP values of the existing PCSs.  
 Therefore, a meta-analytical and systematic study was carried out to review and synthesize current literatures on the effectiveness of PCSs in improving thermal comfort and their energy performance indoors. Meta-analysis is a statistical technique used to extract and synthesize statistic data from independent individual studies gathered through a systematic literature review aimed at deriving the collective intelligence (i.e., the summary effect) [35]. The method provides a precise overall effect of an intervention weighted by the sample size of the included studies, and it addresses uncertainty when outcomes differ across individual studies [35]. The meta-analysis adopted here was to identify the optimum PCSs for improving occupant thermal comfort. In addition, a systematic review was conducted to compare the energy performance of the various PCSs by expanding temperature setpoint of building air conditioning. Integrating, categorizing, and analyzing various studies is critical for gaining a clear understanding of the “best practice” and guiding future research and applications.

2. Methods
[bookmark: OLE_LINK18][bookmark: OLE_LINK17][bookmark: OLE_LINK3][bookmark: OLE_LINK16]We conducted this review in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [36], which aims to assist reviewers in improving the quality of systematic reviews and meta-analysis reporting. The statement includes a checklist and a flow chart that outline a standardized four-stage process (Identification, Screening, Eligibility and Inclusion) for identifying and evaluating sources for inclusion in the review. It can be used to assess  interventions [36], and in this study, personal comfort systems are the interventions introduced to improve thermal comfort of human body.

[bookmark: _Hlk82591266]2.1. Literature research
[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK38]Extensive literature research was conducted using Google Scholar (1920-2021), Web of Science (1949-2021), Science Direct (1949-2021), Scopus (1949-2021), Wiley Online Library (1949-2021) and Taylor and Francis Online (1892-2021) and the following keywords: “personal comfort system/device”, personalized cooling/heating”, “personalized ventilation”, ‘“heating/cooling clothing”, “task ambient conditioning” and “wearable thermal equipment”. Searches were systematically conducted by combining the keywords and using Boolean operators “AND” and “OR” to produce the most relevant studies. In addition, additional publications including review articles were tracked by examining the references listed in the searched results.

2.2. Selection criteria
The extensive literature search yielded a great number of potential publications. The publication selection process is shown in Fig. 1. First, studies in non-English expression or with only the abstract and unpublished theses were excluded. Then, publications were included according to the following criteria based on the objectives of this study: 
1) Personal comfort systems (PCSs) were adopted to indoor conditions where participants are sitting, standing or performing low intensity activities (i.e., metabolic rate<2.1 mets) [37];
[bookmark: OLE_LINK43]2) PCSs were employed in high (>26 oC) or low air temperature environments (<20 oC), which were studied for primarily achieving thermal comfort; 
3) Participants were defined as “healthy” or “able-bodied”, and without disability or diseases that affects thermoregulation and perceptual responses;
4) Studies were randomized controlled trials with participants either being administered with cooling/heating trials or control trials;
5) Human trials conducted in laboratories with steady-state thermal environments;
6) Studies assessed occupant thermal sensation, thermal comfort, and/or thermal acceptability of PCSs as an outcome with sufficient quantitative information (e.g., means, standard deviations, the number of participants) to determine the effect size of PCSs.
[bookmark: OLE_LINK23][bookmark: OLE_LINK48]Thereafter, a quality assessment process was performed to eliminate low-quality studies. It is based on the Physiotherapy Evidence Database (PEDro) scales, which were widely utilized to assess the methodological quality of clinical trials [38]. Except for item 1, each of the eleven items in PEDro (i.e., eligibility criteria and source of subjects specified) contributes one point and the eleven items could produce a total score of 10. In fact, the three items including blinding the cooling/heating modalities used on subjects, administrators or assessors are often impossible, and thus the attainable maximum score of the PEDro is 7. In view of this, publications with scores greater than 6 were considered to be of high quality [39]. Three reviewers were asked to score the publications chosen based on the above criteria, and if there was any disagreement, a group meeting was held.
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描述已自动生成]
Fig. 1. Flow chart showing the searching and selection process of literature publications.

2.3. Study classification
PCSs discussed in included studies include personal cooling devices (PCDs) and personal heating devices (PHDs). They were further classified based on these two types of devices.

[bookmark: OLE_LINK40][bookmark: OLE_LINK45]2.3.1. PCD classification
[bookmark: _Hlk81895251][bookmark: OLE_LINK7][bookmark: _Hlk62509773][bookmark: OLE_LINK14][bookmark: OLE_LINK33][bookmark: OLE_LINK37][bookmark: OLE_LINK15]Currently, PCSs can be classified in a variety of ways, including heat transfer modes, subject response, etc. [12]. In this study, PCDs were classified into five subgroups based on heat transfer modes, i.e., cooling chairs/pads close to the human body that use conductive thermal transfer mechanism (CCPs), cooling radiators that use radiative heat transfer mechanism (CRTs), natural or cool air blowers that use convective heat transfer mechanism (NCABs) and multiple cooling devices that utilize more than two heat transfer mechanisms (MCDs). It is worth noting that CCPs were constructed by incorporating thermoelectric-cooling pads into chairs [40,41], covering cooling pads on the head [42] or overlaying the pads on clothing [43]. CRTs were either radiant panels filled with circulating chilling water that were placed around the human body [44] or clothing made of infrared-transparent textiles [45]. NCABs include table air fans [46-49], air cooling chairs [50,51], personal ventilation providing cool and clean air [52,53], air nozzles [54,55], ceiling jets [56]. The multiple cooling device consists of two or more of the above-mentioned device types and employs combined heat transfer mechanisms [48, 57-59].  

2.3.2. PHD classification
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK1][bookmark: _Hlk62547286]Similarly, PHDs were divided into five subgroups, i.e., heating chairs/ pads that based on the conductive heat transfer mechanism (HCPs), heating radiators based on the radiative heat transfer mechanism (HRTs), hot-air blowers that employ both radiative & convective thermal transfer mechanisms (HABs), and multiple heating devices that adopt more than two heat transfer mechanisms and combining two or more of the above devices (MHDs). HCPs were constructed by embedding electric heating pads into chairs [60-63], placing heating pads under feet [64] or incorporating the pads into clothing [65]. Heating radiators include footwarmers [60,66], retrofitted Huotong (i.e., a warm barrel with halogen heating tubes inside) [67], and heated floor panels under feet [68]. Hot-air blowers include local heating devices that supply hot air to feet and calves [69,70] as well as thermoelectric air conditioning system that supply hot air to the chest region [71]. Multiple heating devices comprise of two or more of aforementioned devices, and use multiple heat transfer mechanisms [72,73].  

2.4. Effect size assessments and statistical analyses
[bookmark: OLE_LINK27]The standardized mean difference effect size and 95% confidence intervals (95% CI) were calculated to evaluate effects of the use of PCSs on improving thermal comfort. Here, the bias-corrected hedge’s effect size (EFS) was adopted to overcome drawbacks associated with the small sample size using Review Manager software (RevMan version 5.4.0, Cochrane, London, UK) [74]. Mean and standard deviation values of perceptual responses (i.e., thermal sensation, thermal comfort and thermal acceptability) and the sample size of each study were required for calculating EFSs. When relevant data was only presented in figures, one of the authors extracted it using GetData Digital Digitizer software, and had it validated by another author. When only the standard error was given, the standard deviation can be calculated by multiplying the standard error by the square root of sample size. Authors of the specific studies were contacted if important data were missing from published studies. 
[bookmark: OLE_LINK41][bookmark: _Hlk70152107]The assessment of the publication bias was performed using Egger’s funnel plot, which describes the relationship between effect size and standard deviation of effect size. The Egger’s funnel plot has been widely used to evaluate study differences [75]. Statistical heterogeneity (using I2 statistic) was used to determine the percentage of the variability in effect estimates. When moderate (I2 ranging from 50% to 75%) or high heterogeneity (I2 > 75%) was detected, a random-effects regression model was chosen to calculate the pooled intervention effect; otherwise, a fixed-effect inverse variance approach was used to calculate the intervention effect [76]. The weighted-mean effect size was calculated based on the weighting of each study. EFSs in the range of 0-0.19, 0.2-0.49, 0.5-0.79 and higher than 0.8 represent negligible effect, small effect, moderate effect, and large effect, respectively [77]. In addition, subgroup-differences were presented as p values, with statistically significant differences set as p<0.05 [78]. 

3. Results 
3.1. Included studies 
Table S1 lists high-quality publications with PEDro scores greater than 6. Based on the selection process, a total of 34 articles (including 33 journal articles and 1 conference paper) were identified as meeting all inclusion criteria. The number of papers focusing on PCDs and PHDs is 20 and 17, respectively, with 3 papers examining both heating and cooling devices [40, 54, 58]. Several papers compared multiple PCSs in a single or multiple environments or examined a single PCS in multiple environments. The total number of studies on PCDs and PHDs is 65 and 67, respectively. Tables S2 and S3 provide an overview of those articles, including the authors and year of publication, sample size, genders, occupant demographic characteristics, testing protocols, environmental conditions, types of PCDs and PHDs, effect sizes of perceptual responses as and power consumption of those PCS devices.  
As for the perceptual response outcomes, thermal sensation was assessed using either the ASHRAE 7-point [37] or 9-point scale method [79], thermal comfort was assessed using the ASHRAE 7-point scale [37], ISO 4-point scale [79] or accommodated 5-point [48], 9-point [40] or 11-point scale [53], and thermal acceptability was evaluated using a 2-point scale [72], the ASHRAE 3-point scale [45] or the adjusted 6-point scale [63].

3.2. Publication bias
The publication bias of 65 PCD studies and 67 PHD studies was assessed using funnel plots (the EFS versus the standard error of the EFS) (Fig. 2). It should be noted that thermal comfort, rather than thermal sensation, was used for the assessment because it serves as a comprehensive index for evaluating the effectiveness of PCSs [33]. Besides, thermal comfort is associated with more research studies than thermal acceptability. The plot of PCD studies demonstrates that there is no publication bias (Fig. 2a), which is supported by insignificant Egger’s (p>0.05) and Begg’s tests (p>0.05). In contrast, publication bias was found in PHD studies (see Fig. 2b), as evidenced by statistically significant Egger's (p<0.01) and Begg's tests (p<0.01). Cooling studies had low heterogeneity, as evidenced by I2 of 38%, whereas heating studies has moderate heterogeneity, as evidenced by I2 of 64%. As a result, the fix-effects model and the random-effects model were used to calculate thermal comfort EFSs for PCDs and PHDs, respectively.
[image: ]
Fig. 2. Funnel plots for analysis publication bias: (a) personal cooling systems, (b) personal heating systems (standard error vs. standard mean deviation).

3.3. Effects of PCDs on perceptual responses and power consumption 
The I2 statistic values for thermal sensation, thermal comfort and thermal acceptability are 45%, 38% and 0%, respectively. PCDs showed large effect in reducing thermal sensation [EFS=1.23, 95% Confidence Intervals (CI): 1.13 to 1.32; n=65 studies] and moderate effects on thermal comfort (EFS=0.73, 95% CI: 0.63 to 0.83; n=55) and thermal acceptability (EFS=0.68, 95% CI: 0.52 to 0.84; n=19). 

3.3.1. Effect of PCDs on perceptual responses targeting different body regions
Fig. 3 shows the effects of PCDs on thermal sensation, thermal comfort and thermal acceptability targeting at different body regions. Cooling the head/face demonstrated a large effect on improving thermal sensation (EFS=1.07, 95% CI: 0.9 to 1.23, n=20), and moderate effects in improving thermal comfort (EFS=0.55, 95% CI: 0.36 to 0.74, n=16) and thermal acceptability (EFS=0.77, 95% CI: 0.35 to 1.18, n=2). 
[bookmark: _Hlk82334032]Cooling the torso had a large effect on thermal sensation improvement (EFS=1.33, 95% CI: 1.06 to 1.59, n=29), a moderate effect on thermal comfort (EFS=0.71, 95% CI: 0.58 to 0.85, n=29) and a small benefit on thermal acceptability (EFS=0.47, 95% CI: 0.19 to 0.75, n=9). One study found that cooling the extremities had a negligible effect on both thermal sensation (EFS=0.20, 95% CI: -0.5 to 0.89, n=1) and thermal acceptability (EFS=0.19, 95% CI: -0.51 to 0.88, n=1). 
Cooling more than two body regions manifested large effects in improving thermal sensation (EFS=1.30, 95% CI: 1.11 to 1.49, n=15), thermal comfort (EFS=0.96, 95% CI: 0.6 to 0.8, n=9) and thermal acceptability (EFS=0.8, 95% CI: 0.57 to 1.02, n=8).
 
[image: 图示
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Fig. 3. The hedge’s effect sizes of personal cooling devices on thermal sensation (a), thermal comfort (b) and thermal acceptability (c) in high temperature environments related to subgroups based on cooled body regions. 

3.3.2. Effect of different types of PCDs on perceptual responses
[bookmark: OLE_LINK60]Fig. 4 displays the forest plot of the hedge’s effect sizes for the effect of different types of PCDs on thermal sensation, thermal comfort and thermal acceptability. CCPs showed a large effect on thermal sensation (EFS=1.55, 95% CI: 1.19 to 1.91, n=18) and thermal comfort (EFS=0.95, 95% CI: 0.78 to 1.13, n=18), but a small effect on thermal acceptability (EFS=0.42, 95% CI: 0.06 to 0.79, n=3). For the two types of CCPs, cooling chairs had a large effect on thermal sensation (EFS=1.88) and thermal comfort (EFS=1.17), while cooling pads had a large effect on thermal sensation (EFS=1.13), and a moderate effect on thermal comfort (EFS=0.66). 
The NCABs had large effects on thermal sensation (EFS=1.14, 95% CI: 1.02 to 1.26, n=37), and moderate effects on thermal comfort (EFS=0.66, 95% CI: 0.45 to 0.87, n=31) and thermal acceptability (EFS=0.65, 95% CI: 0.37 to 0.92, n=9). For the various NCABs, desk fans, personalized ventilations, air nozzles and desk fans & air-cooling chairs demonstrated large effects in thermal sensation improvements (EFSs>0.99), while air-cooling chair demonstrated a moderate effect (EFS=0.71). Only desk fans & air-cooling chairs had a large effect on thermal comfort improvement (EFS=1.34), while the other types of NCABs showed moderate effects on thermal comfort (EFSs: from 0.5 to 0.59). The NCABs reported a moderate effect on thermal acceptability improvements (EFSs: from 0.54 to 0.79). 
CRTs had a large effect on thermal sensation improvement (EFS=0.86, 95% CI: 0.14 to 1.31, n=2), but a small benefit on improving thermal comfort (EFS=0.34, 95% CI: 1.11 to 1.62, n=1) and thermal acceptability (EFS=0.42, 95% CI: 0.02 to 1.18, n=1). 
 MCDs exhibited large effects on improving thermal sensation (EFS=1.36, 95% CI: 1.11 to 1.62), thermal comfort (EFS=0.91, 95% CI: 0.59 to 1.22) and thermal acceptability improvements (EFS=0.87, 95% CI: 0.61 to 1.14). This type of device had a greater impact on improving the perceptual sensations than other types of PCDs (p<0.05). 

[image: ]
[bookmark: OLE_LINK2]Fig. 4. The hedge’s effect sizes of personal cooling devices on thermal sensation (a), thermal comfort (b) and thermal acceptability (c) in high temperature environments related to subgroups based on the type of PCDs.

3.3.3. Energy performance of PCDs
[bookmark: _Hlk84452644][bookmark: _Hlk84452217]Thirty-one studies from eight publications reported on the power consumption and energy performance of PCDs (Table S4). The various PCDs were discussed with air temperatures and relative humidity levels ranging from 28 to 32 oC and 40% to 60%, respectively. It should be noted that corrective power (CP) and corrective power efficiency (CEP) were included in the table, as well as the relationship between CEP. It should also be noted the maximum input power values were presented in some papers, and thus were listed as ranges. Corrective power values were calculated based on the thermal sensation values. The relationship between CEPs and air temperatures are depicted in Fig. 5. 
CEP values of CCPs are clearly seen to range from 11.4 to 47.6 W/K. It is also discovered that NCABs that use wind generated by mechanical fans produce much lower CEPs (i.e., <3.5 W/K) in the various air temperatures examined. A study that investigated air nozzles and hand devices with cooled supply air from the chamber’s HVAC system found CEPs of less than 13.6 W/K, which was lower than those of CCPs under the same temperatures. At 32 oC, an MCD consisting of a cooling desk and a radiator cooled with chilled water from cooling-water machine has a CPE of 32.7 W/K. In contrast, one study found that an MCD with a desk fan, an air-cooling chair and a thermoelectric-cooling wristband has lower CPE (i.e., 1.9 W/K) at 29 oC. Interestingly, the energy consumption and CEP values of a long-sleeved shirt made of an infrared transparent visible opaque fabric are both zero at 27 oC. 

[image: 图表
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Fig. 5. Relationship between corrective power values of personal cooling devices and air temperatures. 

3.4. Effects of PHDs on perceptual responses and energy consumption 
[bookmark: OLE_LINK24][bookmark: OLE_LINK25]The I2 statistic values for thermal sensation, thermal comfort and thermal acceptability are 62%, 64% and 66%, respectively. PHDs displayed a large effect on thermal sensation (EFS=1.05, 95% CI: 0.91 to 1.21; n=72), thermal comfort (EFS=0.99, 95% CI: 0.81 to 1.71; n=59) as well as thermal acceptability (EFS=1.02, 95% CI: 0.71 to 1.32; n=15).

3.4.1. Effects of PHDs on perceptual responses targeting different body regions 
Fig. 6 displays the effects of PHDs on thermal sensation and thermal comfort when directed at various body regions. Heating the torso displayed a large effect on thermal sensation (EFS=1.05, 95% CI: 0.78 to 1.33; n=19) and thermal comfort (EFS=1.22, 95% CI: 0.86 to 1.57; n=16) but had a negligible effect on thermal acceptability improvement (EFS=0.23, 95% CI: -0.21 to 0.68; n=4).
Heating extremities showed large effects on improving thermal sensation (EFS=0.95, 95% CI: 0.76 to 1.15; n=38) and thermal acceptability (EFS=1.0, 95% CI: 0.55 to 1.44, n=7), but had a moderate effect on thermal comfort improvement (EFS=0.73, 95% CI: 0.53 to 0.93; n=26). 
Heating both the torso and the extremities exhibited large effects on improving thermal sensation (EFS=1.4, 95% CI: 1.05 to 1.76; n=11), thermal comfort (EFS=1.39, 95% CI: 1.04 to 1.73; n=10) and thermal acceptability (EFS=1.39, 95% CI: 1.16 to 1.49; n=5). 

[image: ]
Fig. 6. The hedge’s effect sizes of personal cooling devices on thermal sensation (a), thermal comfort (b) and thermal acceptability (c) in high temperature environments related to subgroups based on heated body regions. 

3.4.2. Effects of different PHD types on perceptual responses    
 Fig. 7 depicts the effects of various types of PHDs on thermal sensation, thermal comfort and thermal acceptability. HCPs showed large effects on thermal sensation (EFS=0.85, 95% CI: 0.86 to 1.57; n=42) and thermal comfort (EFS=1.03, 95% CI: 0.81 to 1.25; n=36), while displayed moderate effects on thermal acceptability (EFS=0.78, 95% CI: 0.4 to 1.15; n=9). For the various types of HCPs, heating chairs had large effects on thermal sensation (EFS=0.89) and thermal comfort improvements (EFS=1.23) while having a negligible effect on thermal acceptability improvements (EFS=0.23); heating pads showed large effects on thermal sensation improvement (EFS=0.83), and moderate effects on thermal comfort (EFS=0.5) and thermal acceptability improvements (EFS=0.58); Heating chairs & pads demonstrated large effects on improving perceptual responses.  
HABs showed large effects on improving thermal sensation (EFS=1.33, 95% CI: 1.04 to 1.68; n=10) and thermal comfort (EFS=0.82, 95% CI: 0.14 to 1.51; n=3). HRTs demonstrated moderate effects on improving thermal sensation (EFS=0.45, 95% CI: 0.12 to 0.78; n=6) and thermal comfort (EFS=0.50, 95% CI: 0.17 to 0.84; n=6). There was no research reported the effects of HRTs and HABs on thermal acceptability.
MHDs displayed large effects on improving thermal sensation (EFS=1.56, 95% CI: 1.01 to 2.1; n=9), thermal comfort (EFS=1.31, 95% CI: 0.75 to 1.86; n=7) and thermal acceptability (EFS=1.37, 95% CI: 0.97 to 1.77; n=6). In addition, MHDs showed the greatest effects benefits in terms of improving perceptual responses. 
[image: ]
Fig. 7. The hedge’s effect sizes of personal cooling devices on thermal sensation (a), thermal comfort (b) and thermal acceptability (c) in high temperature environments related to subgroups based on types of personal heating devices.

[bookmark: OLE_LINK31]3.4.3. Energy performance of using PHDs
A total of fifty-five studies from thirteen publications provided power consumption or energy performance analysis of PHDs (Table S5). Fig. 8 depicts the relationship between CEP values and air temperatures of the PHDs. The various PHDs were examined at air temperatures and relative humidity levels ranging from 8 to 18 oC, and 40% to 50%, respectively. CEP values of CCPDs appear to range widely (from 0 to 57.9 W/K). Using an electrically heated pad under the feet produced much higher CEP values than incorporating one or two pads directly under the surface chairs (<22.5 W/K). Using heated chairs, researchers obtained a CEP value of 3.3 W/K at 10 oC, and a value less than 3.1 W/K at 16 oC. It is also worth noting that heated chairs with electric resistance elements have lower CEP values than those with thermoelectric-heating pads. In addition, HRTs displayed higher CPE values than HCPs at the discussed air temperatures of 10 oC and 18 oC. For MHDs, a warm-barrel has CEP values ranging from 12.6 to 14.9 W/K in air temperatures ranging from 9 to 18 oC, and a combination of a heated insole, thermoelectric-heating wristband and heated chair has a lower CPE of <8.8 W/K.
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Fig. 8. Relationship between the corrective power values of personal heating devices and air temperatures. 

4. Discussion
4.1. Effects of personal cooling devices 
[bookmark: OLE_LINK30][bookmark: _Hlk70153510]Personal cooling devices (PCDs) were found to have a large effect on reducing thermal sensation, a moderate effect on improving thermal comfort and thermal acceptability in high temperature environments. Cooling more than two body regions exerts a large effect on improving thermal comfort and thermal acceptability. Furthermore, cooling chairs/pads that use the conductive thermal transfer mechanism (CCPs) or multiple cooling devices employing the combined thermal transfer mechanisms (MCDs) exhibit a large effect on improving thermal comfort. Natural/cooled air blowers (NCABs) showed a moderate effect on improving thermal comfort but may be more energy efficient than CCPs. MCDs with limited coverage that combine natural air-cooling units and thermoelectric cooling units could achieve a large effect on thermal comfort and thermal acceptability improvements, as well as better energy performance.

4.1.1. Effects of cooling regions
[bookmark: OLE_LINK73][bookmark: _Hlk70000278][bookmark: OLE_LINK32][bookmark: OLE_LINK29][bookmark: OLE_LINK62][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK34]Cooling the head/face, torso and more than two body regions showed large effects on improving occupants’ thermal sensation. Previous research [42,80] pinpointed that there is a lack of vasoconstrictive innervation in the head region, but abundant blood supply is noted in this region, resulting in a great amount of heat loss when head cooling is used. Furthermore, high sudomotor thermosensitivity to face cooling greatly suppresses sweating at the facial area [42,81]. As a result, cooling the head/face is more efficient than cooling other body parts per unit surface area [82, 83]. It has also been reported that cooling local regions with appropriate cooling stimulus density could produce more notable effects on local thermal comfort improvement. Improved local thermal comfort of specific body parts can attenuate the discomfort of other body parts, resulting in an increase in overall thermal comfort [84]. Cooling the head/face had a moderate effect on improving thermal comfort.
Cooling the torso and more than two regions demonstrated a larger effect on improving body thermal sensation and thermal comfort than cooling the head/face. Cooling more than two body regions demonstrated the largest effects on thermal sensation and thermal comfort. Researchers found that the torso region is the “most influential group” of local body parts influencing thermal comfort, owning  larger cooling area, greater vascularization, and greater number of cold receptors at the torso [85]. This could explain why cooling the torso or cooling more than two regions has a large effect on improving body thermal sensation. Regarding thermal comfort improvements, predication models were proposed for improving thermal comfort in  non-uniform environments created by the use of PCDs. Zhang et al [86,87] discovered that the overall thermal comfort is determined by the average of the body points with the greatest comfort and the two with greatest discomfort. Zhang et al. [88] found that thermal comfort is linearly related to the maximum thermal sensation difference across the entire body. He et al. [59] proposed a more accurate model in which thermal comfort is determined by the overall thermal sensation as well as the local discomfort caused by cooling. Cooling a larger body region with a lower cooling density could result in a greater reduction in thermal sensation, less local discomfort in the cooled regions, and a narrowing of the maximum thermal sensation difference across the entire body [59]. This could explain why there is a greater improvement in body thermal comfort when cooling the torso or more than two regions, particularly the latter. One study also found [44] that cooling extremities has a negligible effect on thermal sensation improvement, which is consistent with the fact that extremities are the least thermosensitive body parts [88]. It is thus not surprising that cooling extremities exerts a negligible effect on thermal comfort due to its limited effect on thermal sensation enhancement.
Only cooling more than two body regions displayed a large effect on improving thermal acceptability, and the eight studies involved produced moderate to large results. Thermal acceptability was found to be linearly related to thermal comfort in both uniform and non-uniform environments [87]. Other factors that influence thermal acceptability include indoor air quality, air movement and stuffy air [82, 89]. This was most likely because PCDs with no function for fresh air exchanges could not alleviate the poor perceived air quality and stuffy air. Indeed, good air movement preference was perceived when air blowers were used, which positively influenced occupants’ thermal acceptability [82, 90]. Cooling radiators that create a cooling environment around the face also improved air quality [59]. Among the eight studies, five involved table air fans directed at the human face, and three involved cooling radiators positioned in the front of human face, which accelerated air movement or improved air quality around the face area [44,54]. Apart from having a large effect on thermal comfort, cooling more than two body regions with preferred air movement or air quality has the potential to significantly improve air quality and thus have a large effect on thermal acceptability. 
Cooling the head/face with air fans or personalized ventilations was discovered to exert a near large effect on thermal acceptability, possibly due to the improved air quality [44]. However, it is difficult to draw any firm conclusions on head/face cooling in terms of thermal acceptability enhancement because only two studies from a publication are documented. Cooling the torso only exhibits a moderate effect on thermal acceptability. This could be because studies on cooling the torso had no or little effects on air quality improvement in occupied areas.

4.1.2. Effects of various types of cooling devices 
CCPs showed a large effect on improving thermal sensation and thermal comfort, which may be attributed to the effective and efficient conductive heat loss of such types of PCDs [41]. For the two types of CCPs, cooling chairs/desks had greater effects than cooling pads, and the possible reason is that the former was mostly targeted at a greater body surface area (both buttocks & back) than cooling pads (smaller cooling area in most cases). Cooling pads had only a moderate effect on improving thermal comfort. Aside from minor thermal sensation improvements, there are also other possible explanations, such as the local discomfort caused by ‘overcooling’ in the cooled regions which is frequently reported in documented studies [41,43,44]. MCDs displayed large effects on improving thermal sensation and thermal comfort, with the most remarkable effect on improving thermal comfort. This is understandable given that they have a  larger cooling body surface area than other types of PCDs.
[bookmark: _Hlk70260418]NCABs and CRTs demonstrated large effects on thermal sensation but only moderate effects on thermal comfort. For various NCABs, personalized ventilation proving cooling air at the breathing area, air nozzles providing cooling air at the head region and a combination (i.e., desk fan & air-cooling chair) with larger cooling body surface area displayed larger effect on improving thermal sensation than the other two types of PCDs (i.e., desk fan, air-cooling chair). Only the combination demonstrated a large effect on thermal comfort improvement. This could be due to the larger cooling body surface area which results in greater thermal sensation improvement and possibly greater thermal inhomogeneity caused by these cooling devices [86]. The effect of air nozzles on thermal comfort improvement was not reported. Cooling radiators (reported in one study only) showed less benefits than other four types of cooling devices. This is evidenced from the study of Melikov et al. [44] who found placing radiant panels around the occupants was less effective in reducing thermal sensation than CCPs and NCABs. It is very likely that the radiated cooling was absorbed by the ambient environments, weakening their effects on the human body [44]. 
Only MCDs demonstrated a large effect on improving thermal acceptability, while the other three types of PCDs displayed moderate effects on thermal acceptability. The more remarkable benefit of MCDs is due to the more significantly enhanced thermal comfort [86] and improved air quality achieved through the use of air fans [58] or cooling radiators in front of the face [44]. CCPs displayed a moderate effect on thermal acceptability, which is because that the three studies involved are cooling pads that produced moderate effects in thermal comfort improvements [43].   

4.1.3. Energy performance of PCDs
The energy performance of reported PCSs is heavily dependent on the cooling mechanisms adopted, the adjustability of the devices, cooling area and ambient air temperatures, etc. [31, 91]. Corrective power efficiency (CEP) refers to the amount of energy required to compensate of one unit of thermal sensation using a PCS [27]. PCSs with lower CEP values mean that they require the least amount of power per mitigated thermal comfort [27].
[bookmark: OLE_LINK53]At the same air temperatures, CCPs using only the thermoelectric-cooling method showed higher CEP values (11.4 to 47.6 W/K) than those using other cooling mechanisms [40,41,43]. A thermoelectric pad made of two different semiconductor materials connected in series is based on the Peltier-Setback effect, which creates cooling and heating at both ends of the device when direct current is passed through it. This method is criticized for its inefficient cooling and high energy consumption [91]. Though existing thermoelectric cooling devices use small-sized semiconductor chilling pads to provide local cooling at one or two body regions, they may still consume more energy than other cooling mechanisms. 
NCABs using wind generated by mechanical fans produce much lower CEPs  (i.e., <3.5 W/K) in the various air temperatures examined [49,51,58]. A study discussing air nozzles that utilized cooling air from the chamber’s HVAC system presented CEPs less than 13.6 W/K [54]. Though CEP values were presented in ranges, it is expected that a higher power value was needed to cool the air for the NCABs using cooling air. Though being aimed at a large body surface area, an MCD consisting of an air fan, air-cooling chair & a wristband has much lower CPE (i.e., 1.9 W/K) at 29 oC, owning to the low energy consumption natural air-cooling devices and tiny thermoelectric device used (i.e., cooling wrist). It is worth noting that a garment that uses the passive cooling method consumes 0 W, while still producing a large cooling effect in terms of thermal sensation reduction [58]. The garment in this case is made of infrared transparent visible opaque textiles, which are transparent to the near infrared radiation, allowing for excessive passive radiative body cooling in moderate indoor conditions [45]. The cooling benefit provided by the passive cooling clothing, on the other hand, was insufficient to have a significant impact on thermal comfort enhancement. 
Furthermore, it is critical to analyze a PCS in conjunction with the building, because shifting a heating set point will result in different energy savings potential [12], which may not correspond to the energy performance differences between the various PCSs. 

4.2.  Effects of personal heating devices 
[bookmark: _Hlk70419285]Personal heating devices (PHDs) were found to have a large impact on thermal sensation, thermal comfort and thermal acceptability in low temperature environments. Heating a larger body surface area, i.e., both torso & extremities, demonstrated more remarkable effects on improving thermal comfort and thermal acceptability than heating only the torso or extremities. Large effects on improving thermal comfort were found on heating chairs/pads utilizing conductive thermal transfer mechanism (HCPs), hot air blowers (HABs) and multiple heating devices employing the combined thermal transfer mechanisms (MHDs). MHDs demonstrated the most impressive effects in improving thermal comfort and thermal acceptability. Heated chairs with electric resistance elements may have better energy performance than other types of heating systems. 

4.2.1. Effects of heated body regions 
[bookmark: _Hlk70092910]Heating the torso exerted a large effect on improving thermal sensation, which was highly related to the large, heated body area as well as the high thermal sensitivity at the torso [93]. Though the targeted heating area is small, heating the extremities also exerted a large effect on improving thermal sensation. It is widely acknowledged that extremities are the coldest parts of the human body and heating the extremities could significantly raise the skin temperature and thus promote blood flow. As a result, both local thermal sensation and overall body thermal sensation could be greatly improved [94,95]. It is also not surprising to learn that heating both the torso and the extremities could result in a large effect on thermal sensation. 
[bookmark: OLE_LINK44][bookmark: _Hlk70099166][bookmark: OLE_LINK61][bookmark: OLE_LINK39][bookmark: _Hlk70100199]Given the preceding analysis, it is not surprising that heating the torso, as well as heating both the torso and extremities could induce a large effect on improving thermal comfort. In particular, heating both body regions exerted a more prominent effect on thermal comfort. Previous studies have demonstrated that thermal acceptability is linearly related to thermal comfort [87]. This could explain why thermal acceptability was more significantly improved while PHDs heated both regions rather than just the torso or extremities. Notably, thermal acceptability reported in the two studies was rated as “totally acceptable” when PHDs were used to heat both the torso and extremities at 16 oC and 18 oC [62,73]. Heating extremities could also greatly improve thermal acceptability but results were inconsistent. He et al. [67] found that a retrofitted warm barrel targeting the legs and feet generated a large effect on thermal acceptability. In contrast, several studies using small-sized heating devices covering hands or feet reported small to moderate effects on thermal acceptability [58,62]. When PHDs were used to heat the torso, only a minor benefit was discovered, which could be attributed to the small to moderate effects (i.e., ranging from 0 to 0.68) on thermal comfort observed in the three studies from a publication [58]. This should not be used to dismiss the effectiveness of torso heating due to the small number of documented studies. 

4.2.2. Effects of types of heated devices
Heated chairs/pads (HCPs) have a large impact on thermal sensation and thermal comfort. The large effect could be attributed to the instantaneous and efficient conductive thermal transfer mechanism, large body region and high sensitivity of warm pots involved in heated region (mostly the torso region) [95]. For the three types of HCPs, heating pads produced a moderate effect on improving thermal comfort, whereas heated chairs and heated chairs & pads generated a large effect on thermal comfort. The twelve studies that used heated pads under feet may have reduced their benefit, possibly due to the small heating area and the thermal insulation of shoes [64]. In contrast, heated clothing that used heated pads with a large covering area (both torso & legs) produced a large effect on improving thermal comfort. Based on the results of the preceding analysis, utilizing both heated chair & pad produced a greater effect on thermal comfort than using only chairs or pads. 
Heating radiators (HRTs) produced moderate effects in improving thermal sensation and thermal comfort, with the 6 studies involved reporting small to large effects on thermal sensation and thermal comfort. That is, heating radiators aimed at the feet or hands produced only small to moderate effects, whereas heating both feet & legs produced large effects. This contradicts studies found that in cold environments, overall thermal sensation was dominated by the local thermal sensation of hands and feet [87,94]. According to Wang et al. [94], the legs and thighs are more influential body parts in receiving local cold stimuli. The large effects observed on heating radiators aimed at feet and calves could be attributed to the large heated area and the calves’ high thermal sensitivity. Given the preceding analysis, it understandable to find that the studies involving hot-air blowers (HABs) with feet and calf heating reported large effects on occupants’ thermal sensation and thermal comfort. Notably, a garment using hot air targeting at the chest region had a much larger effect on increasing  thermal sensation than other HABs, but its other benefits, such as thermal comfort improvements were not reported [70].  
Multiple heating devices (MHDs) demonstrated more significant impacts on thermal sensation and thermal comfort improvements than other types of devices. The reason for this is that using MHDs that target a larger body surface area with a lower heating intensity may result in a more significant benefit [66]. Given this, a greater benefit was revealed in MHDs in terms of improving thermal acceptability. 
HCPs demonstrated a moderate effect on improving thermal acceptability. For the three types of HCPs, only using heating chairs & pads had a large effect on improving thermal acceptability, possibly due to the larger heating area. Using heating pads or heating chairs produced only small and moderate effects on thermal acceptability. 

4.2.3. Energy performance of PHDs
HCPs’ energy performance varied greatly. Heating pads placed under the feet had higher CEPs (i.e., > 30 W/K) [64], indicating that it was an energy-intensive method, whereas the pads placed in other body regions had lower CEPs (i.e., < 9.3 W/K) [58]. Heated chairs produced much lower CEPs (i.e., <12.7 W/K) [40,51,60,62,63], which could be attributed to the instantaneous and efficient thermal conductive transfer mechanism. Under the same ambient temperatures, heated chairs using electric resistance wires had lower CEPs than those heated with thermoelectric heating modules, confirming the higher energy consumption of the thermoelectric heating method [40]. The low energy consumption was also observed in heating clothing with electric resistance wires (input power of 16 W) [64]. A study concerning a combination (heating chair & pad) using electric heating wires also revealed a lower CEP (<8.8 W/K) [58]. 
Larger CEPs were discovered in HRTs (>9.1 W/K) than HCPs (<9.3 W/K) under the same air temperatures [54]. The poor energy performance of the HRTs may be because the radiant heat of the device is partly absorbed by the ambient environment [54]. It is understandable that MHDs with a greater heating area that used radiant and conductive thermal transfer produced larger CEPs (12.6 W/K) than HCPs and HRTs with a smaller heating area [66].      

4.3.  Practical implications  
In practical applications, in addition to thermal comfort and energy performance, other factors such as convenience of use, space occupation, adjustability, adjustment response time, cost and user willingness to use or purchase the system should be considered for PCS selection [11,12].
[bookmark: OLE_LINK8]PCSs using conductive thermal transfer mechanism were built by incorporating into the cooling/heating elements into the chairs, allowing for instantaneous and efficient cooling/heating power [40,41,50,51]. This type of device is simple to operate, and the users can fully control the system via a knob or key on the interface. Besides, its control is fast due to the conductive thermal transfer mechanism. CCPs, on the other hand, necessitate a heat dissipation system to dissipate the heat generated on the hot surface of the semiconductor chip such as heat exchangers, water tank and water pump, all of which have the disadvantages of extra occupied area requirement and an unappealing appearance. The rigid and heavy weight of the cooling pad (1.3 kg reported in a paper) that overlay on a body part, in particular, may make people unwilling to use the device [43]. The advantage is that there is less protrusion in HCPs that do not require extra space, particularly in heated chairs that are similar to regular chairs.
The control of PCSs via convective thermal transfer mechanism is also simple and quick, the airflow rates, airflow directions or the air temperatures can all be freely adjusted. For the various NCABs, desk fans and air-cooling chairs occupy less space, particularly air-cooling chairs that could integrate the air-cooling system as an integral. A test performed by Knecht et al [95] indicated that a desk fan is perceived as more convenient for workspace use than cooling pads because it allows for greater adjustability of position and cooling affect. However, using high-velocity desk air fans may cause vibration and noise, as well as other discomforts such as eye-dryness and draft [44]. Using both air fans & air-cooling chairs may address this issue by choosing moderate air velocity and providing a large cooling effect. However, these devices provide an isothermal airflow, which becomes ineffective at high air temperatures for dissipating human heat loss [50]. Personalized ventilation and air nozzles could provide clean and cool air to the human breathing area or chest region, with adjustable airflow temperatures and direction controlled by manual manipulation. However, connecting the devices to the HVAC system or outdoors necessitates complex and costly wiring, which may limit their application. For HABs, local heaters were placed near human feet, requiring extra occupation space, and more importantly, inducing draft sensations, dry eye symptoms and an uncomfortable feeling in the users [68,69].
[bookmark: _Hlk84409298][bookmark: _Hlk84447334]CRTs or HRTs using radiant thermal transfer mechanism are inefficient and not energy efficient. Most of PCSs using combined thermal transfer mechanisms are made up of more than two types of devices, making them more complex and inconvenient. Among various systems, an MCD using desk fan & thermoelectric wristband is a relatively simpler system, and the wristband is small enough to produce an instantaneous cooling effect with input power close to 1 W [58]. This type of device may be very useful because if its ease of use and very low power consumption. An MHD using a warm barrel with halogen heating tubes inside has fewer ergonomic issues, which could be regarded as a special type of heated chair [66]. 
 It should be noted that portable PCSs such as a cooling garment incorporated with air fans and PCM packs and heated clothing embedded with electric resistance wires, have been reported [57,64]. Previous studies showed that users prefer solutions that require little interaction to run [95]. However, users have to recharge the batteries after several hours of use and also need to load and unload the PCMs, making them impractical [95]. Furthermore, the discomfort caused by the direct contact batteries, circuits, and PCMs, as well as the lack of aesthetic appearance and bulkiness make users unwilling to use it [96]. Future studies should focus on designing heating clothing with micro-electronic components and flexible circuits to alleviate existing ergonomic issues. A nanoPE shirt, like regular clothing, does not require power supply. Nevertheless, it only has a minor effect on improving thermal comfort at an air temperature of 27 oC [45]. This represents a type of passive cooling material (such as 3D printing and graphene coated fabric) [97], and it is also the only one that has been examined using human physiology experiments. Other issues addressed in this study, that may limit its application include transparency, sweat porosity, mechanical resistance and foldability, as well as the safety associated with the use of nanotechnology [98]. That demonstrates the need for additional research or other textile solutions.
The economic issue is another important factor affecting the application of the PCSs. For the PCSs that are fixed to the building (such as personalized ventilation and air nozzles) or some PCSs that are the partly fixed to the ambient environment (such as cooling chairs), payment should be the offered by the landlord while the profit is the tenant. For the portable PCSs such as cooling wearables, the cost should be borne by the users, and accordingly, the price of the PCSs should be a determining factor. Wearables are typically an individual’s free choice for office workers, and the issues addressed above cause the users to refuse to use the items. Using desk fans, in particular, is a practical strategy with low cost and the benefits discussed above.  
Future research should consider the ergonomic and economic issues associated with PCSs, as well as thermal comfort and energy performance. Besides, novel technologies such as wireless charging, microelectronics, and artificial intelligence (AI) offer great opportunities to save energy, improve thermal comfort, while reduce ergonomic issues. For instance, AI technology could non-invasively capture the real-time personal data and automatically adjust the personal comfort system to meet personal thermal comfort requirements [8,31].

5. Limitations and future perspectives
This comprehensive meta-analysis review aims to investigate the effects of personal comfort systems on thermal comfort and energy consumption as well as to identify the appropriate personal comfort strategies for indoors. This study’s strengths lie in the selection criteria, the quality of the studies, and the extent to which the information from those studies can be integrated. Several limitations, however, must be acknowledged. Only studies written in the English language were included, which may result in study omissions, resulting in publication bias. Indeed, publication bias was detected in this study because a few negative results were reported. This could be due to a lack of publications and the preference for positive outcomes [66]. It is impossible to blind the participants, investigators and outcome assessors from cooling or heating, and hence, the “placebo effect” of PCSs cannot be eliminated. All of these factors may amplify the effects of PCSs. 
[bookmark: OLE_LINK47]Furthermore, research discussing other types of PCSs, such as floor fans, the ceiling fans and radiant heaters that target the majority of body parts, may be missing after the publication selection. Apart from that, differences in methodologies (e.g., testing duration), subject characteristics (e.g., gender and age), environmental conditions (e.g., air temperature and relative humidity), clothing (e.g., insulation and moisture permeability) and chairs (e.g., insulation) could be the barriers to the overall assessment and comparison of those studies. Apart from that, different visual analogue scales were used to assess occupant’s perceptual responses when using PCSs, which may have influenced the results. In future studies, all of the aforementioned factors should be standardized based on the actual-use scenario of the PCSs. Their effects on thermal comfort and energy consumption should be investigated and compared in uniform experimental settings. 
Finally, the effectiveness of PCSs was primarily assessed in laboratory settings. The reported effectiveness on the use of various types of PCSs obtained in laboratory setting may differ significantly from actual performance in the field. There are numerous issues in actual working environments that could impair the effectiveness of the devices. For example, instead of sitting still, occupants may have the compound moving forms of the body. More field studies should be carried out to assess the benefits of various PCSs in terms of thermal comfort enhancement and energy consumption. In addition, as computer vision technology advances, PCSs should be operated more intelligently in order to improve occupant thermal comfort [99].

6. Conclusions  
This meta-analysis review indicates that the use of PCSs can improve thermal comfort indoors at air temperatures that deviate from thermoneutral temperatures. Cooling or heating a larger body surface area has more noticeable effects on improving thermal comfort and thermal acceptability than cooling or heating a specific small region. 
In terms of cooling devices, using cooling chairs/pads (CCPs) has a significant impact on thermal comfort improvement. The multiple cooling devices (MCDs) demonstrated a large impact on thermal comfort and thermal acceptability improvements. Natural/cool air blowers (NCABs) or multiple cooling devices utilizing air-cooling units and a thermoelectric cooling unit with limited coverage are more energy efficient than other PCDs. With regard to HCPs, heating chairs/pads utilizing conductive thermal transfer mechanism (HCPs), hot air blowers (HABs) and multiple heating devices employing the combined thermal transfer mechanisms (MHDs) produced large effects in improving thermal comfort, and MHDs manifested the most remarkable effect on improving thermal comfort and thermal acceptability. Heated chairs with embedded heating elements, particularly those that use electric heating wires, may have better energy performance.
Considering practical implications, using desk fan & air-cooling chair has a large impact on improving occupants’ thermal comfort and thermal acceptability while exhibiting fewer ergonomic issues and good energy performance. Furthermore, MCDs based on air cooling units or air cooling and tiny-sized thermoelectric cooling units could achieve significant improvements in both thermal comfort and thermal acceptability, as well as less ergonomic issues and good energy performance. Regarding the various PHDs, heating chairs demonstrated large improvements in thermal comfort while exhibiting fewer ergonomic issues and good energy performance. 
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