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Fan-first cooling maintains thermal comfort at 27-30 °C.

Simple fan automation reduces building cooling energy use by 20-40 %.

Zone-level HVAC construction costs can be cut by up to 35 % with fans.

Ceiling fans reduce short-range aerosol exposure by 54-77 %.

Fan safety depends on humidity and personal factors, not air temperature alone.
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Abstract

Conventional cooling assumes that indoor air must be both cooled and kept still. While effective for main-
taining thermal comfort and protecting occupants from heat stress, this approach is highly energy-intensive
and costly. Raising air speed while allowing a higher air temperature can produce the same cooling sensation
as still air at a lower temperature, with all other environmental and personal factors held constant, at only
a fraction of the energy demand.

Here, we argue for a “fan-first” approach that prioritises air movement as the primary cooling mecha-
nism, applying mechanical cooling only when necessary, across mechanically conditioned, mixed-mode, and
naturally ventilated buildings. We propose ten questions addressing the benefits and challenges of this ap-
proach across thermal comfort, energy efficiency, visual comfort, and indoor air quality, synthesising current
evidence and identifying critical gaps for future research.

Across these questions, evidence indicates that “fan-first” strategies can maintain thermal comfort at
indoor temperatures of 27-30 °C, deliver cooling-energy savings of 20-40 %, and reduce zone-level Heating,
Ventilation, and Air Conditioning (HVAC) construction costs by up to 35 %, while also supporting indoor
air quality through improved room-scale mixing. While ceiling fans receive the most attention given the
breadth of available evidence, the underlying principles apply to any device that elevates air speed across
the body, including desk, pedestal, and portable fans.

Aimed at researchers, practitioners, and policymakers, this article encourages broader adoption of air
movement as a viable, sustainable cooling strategy, reducing reliance on energy-intensive mechanical systems.

Keywords: fan-first cooling, air movement, thermal comfort, energy efficiency, indoor air quality
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Nomenclature

CE Cooling Effect, °C

CFD Computational Fluid Dynamics
CFE Cooling Fan Efficiency

CFEI Ceiling Fan Energy Index

he convective heat transfer coefficient, W/(m? K)
HVAC  Heating, Ventilation, and Air Conditioning
he evaporative heat transfer coefficient, W/(m? kPa)

PAC Portable Air Cleaner

PAQ Perceived Air Quality

PMV Predicted Mean Vote

PMVcg PMYV calculated in accordance with ASHRAE 55:2023
SET Standard Effective Temperature, °C

tay dry-bulb air temperature, °C
TSV Thermal Sensation Vote

tsk skin mean temperature, °C
UVGI  Ultraviolet Germicidal Irradiation
w skin wettedness
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1. Introduction

Increased global temperatures and more frequent extreme heat events [1] are driving a surge in demand
for building cooling, a demand that already generates an estimated 4.1 billion tonnes of CO5 equivalent
annually and is projected to triple installed cooling capacity from 22 TW in 2022 to 68 TW by 2050 under

s a business-as-usual scenario [2]. Among the low-energy strategies attracting renewed attention, “fan-first”
cooling (an approach that prioritises air movement before resorting to energy-intensive air conditioning)
offers substantial potential that reduce cooling loads while maintaining or enhancing thermal comfort, and
occupant health and wellbeing |3, 4].

Air movement enhances convective and evaporative heat transfer from the body, shifting the thermal

10 comfort zone towards higher ambient temperatures and allowing thermostat setpoints to be raised, reducing
energy demand and Heating, Ventilation, and Air Conditioning (HVAC) sizing [5, 3]. Fans also increase con-
vection to and from room surfaces, typically lowering surface temperatures in mechanically cooled spaces [6]
and thereby reducing the radiant temperatures to which occupants are exposed, providing a further thermal
comfort benefit, while increasing heat transfer to the building thermal mass [7].

15 Decades of laboratory and field research confirm that air movement improves thermal comfort and
perceived air quality in naturally ventilated, mechanically conditioned, and mixed-mode spaces. Satisfaction
is further enhanced by providing occupants with personal control over their environment [8, 9].

Despite this compelling evidence, the adoption of “fan-first” cooling remains limited. Several technical,
economic, perceptual, and regulatory barriers persist. These include challenges in accurately measuring

2 and modelling air speed in occupied spaces, uncertainties around control strategies, concerns related to
air quality and safety, integration of fans with HVAC and indoor lighting systems, and cultural factors
influencing occupant acceptance.

This paper follows the “10 Questions” format of Building and Environment, identifying critical research
and implementation challenges for wider uptake of air movement as a primary cooling strategy, and provid-

»  ing a structured agenda for future interdisciplinary research spanning building science, thermal physiology,
public health, engineering, and architectural design. The evidence base spans commercial, institutional, and
residential buildings, with a focus on daytime occupancy; night-time scenarios such as sleeping, fall outside
this paper’s purview. The ten questions are thematically grouped as follows: Questions 1-3 address the
selection, economic and environmental trade-offs, and measurement of air movement devices; Questions 4-5

s focus on modelling and control strategies; Questions 6-8 examine air quality, lighting, and safety implica-
tions; and Questions 9-10 consider thermal stress limits and the cultural, behavioural, and policy factors
influencing adoption.

2. Ten questions (and answers) on “fan-first” cooling

The taxonomy of air movement devices addressed in this paper is shown in Figure 1. Ceiling fans are

5 fixed overhead devices suited to shared spaces; large-diameter or High-Volume, Low-Speed (HVLS) fans,

with diameters exceeding 2134 mm [10], are used in larger commercial and industrial settings. Bladeless

ceiling fans enclose the rotating mechanism within a housing, eliminating visible blade motion and the

associated flicker and strobing effects discussed in Question 2.7. Wall-mounted fans are fixed to vertical

surfaces and typically direct airflow towards specific zones. Portable and personal fans (desk, pedestal,

w tower) are positioned near the body and offer individual control suited to personalised cooling. Truly

handheld, wearable, or industrial air-circulating fans are outside the primary scope of this paper, which
focuses on indoor occupied-space cooling.

2.1. Fan selection: How to select air movement devices in terms of efficiency, design goals,
and practical implementation?

5 No standardised methods currently inform how to select suitable air movement devices, and design
guidance for air speed targets and distributions in real buildings is limited [11].
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Figure 1: Taxonomy of air movement devices addressed in this paper, organised by mounting configuration and usage context.
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2.1.1. Fan Efficiency
The assumption that higher airflow automatically indicates better fan performance can be misleading,
as it does not consider the Cooling Effect (CE) of the air flows over the human body. For instance, doubling
so air speed does not double heat exchange from the body to the environment, due to non-linear convective
heat transfer. A way to express “cooling per watt” is the Cooling Fan Efficiency (CFE) index, as defined in
Equation 1 [12].
Cooling Effect — —At., (1)
Fan Power P

The CE (At.q) is the ambient temperature drop that would give the same convective cooling as the fan,
since heat loss scales with h AT and a higher h. permits a smaller AT for the same effect; higher CFE

s values indicate better performance. Schiavon and Melikov (2009) compared ceiling, desk, standing, and
tower fans, tested across 25-30 °C at multiple speed settings and determined that CFE could range from
0.009-0.177°C/W. These results show that fan selection should consider both the absolute CE and the CFE
at the intended operating point. For fans shared by many people, performance could also be interpreted
per person or per floor area served. CFE could be a useful comparative metric, but standardised cross-type

6 test methods remain experimental and real-world design values are still limited; nevertheless, fan energy use
remains orders of magnitude lower than air conditioning across fan types.

For industrial practice, pure airflow rate comparison between fans without any reference to the conditions
of measurement could be misleading [13]. For larger-diameter ceiling fans (>2134mm or 7{t), the Ceiling
Fan Energy Index (CFEI) offers a complementary wire-to-air efficiency metric comparing a fan’s electrical

s input power (including motor and drive) to a standardised reference fan at the same airflow and pressure [14].
CFEI provides a consistent, code-recognised basis to compare and specify fans of different types and sizes at
their actual operating conditions. For a fair comparison, designers should evaluate fans at operating points
that match the intended use, energy efficiency, and required CE.

CFE =

2.1.2. Design Intent and Occupant Interaction

70 After efficiency screening, the fan type should be selected based on the design goal and the way occupants
will interact with the fans to generate air movement. Figure 2 summarises a decision process based on
whether the desired air speed is designed for personal usage, a targeted area, variability, or uniformity,
where these terms are defined and described in detail in the Fan for Cooling People Guidebook [15]. For

Do occupants Can occupants Are there any
have individual freely move special air
control over or choose movement
their fans? location? needs?
Personal Variability Targeted Uniformity
control

Figure 2: Flow chart of design intent for air speed and distribution

example, a shared office with fixed occupant positions benefits from uniform air distribution, while a space

s with self-selected or variable workstations calls for variability in air speed. When ceiling fans are impractical
due to physical or design constraints, personal control of portable devices (e.g., desk, pedestal, or tower
fans) substantially enhances thermal comfort [16], consistent with the “fan-first” strategy.

2.1.8. Practical Integration and Operational Viability
Even an efficient fan may perform poorly in practice if it cannot be integrated into the space or operated
s reliably. Fixed devices such as ceiling or wall-mounted fans are often best suited to shared spaces with
open layouts, but their performance depends on ceiling height, obstructions, furniture layout, and retrofit
constraints. For ceiling fans, a practical installation rule is that the blade-to-ceiling distance should exceed

5
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0.2 times the fan diameter to avoid airflow restriction [17]. Furniture and partitions can also block and
redistribute airflow, reducing average air movement in the occupied zone [6]. Lighting coordination should

ss  be checked early in design, since rotating blades can interact with ceiling lights and create flicker [18], see
Question 2.7 for more details.

In contrast, portable and personal fans offer easier deployment and greater individual control, but large-
scale use in shared settings can create issues with power access, cable management, ad hoc placement,
maintenance, and safety (see more safety details in Question 2.8). Regardless of fan type, noise should not

o be treated as a secondary issue: perceived annoyance depends on sound level, inflow conditions, rotational
speed, and operating point [19], and minimising it requires proper selection, installation, and maintenance,
though the evidence base on occupant noise perception in fan-cooled spaces remains thin. Underlying all of
these considerations is a key challenge: the absence of a universal evaluation metric, since fan effectiveness
varies by use case; a priority is therefore developing a standardised selection framework with practical metrics

os by fan type and design goal, accounting for airflow, CE, and energy use.

2.2. Economics: What are the economic and environmental trade-offs of adopting “fan-first”
cooling strategies?

“Fan-first” cooling can reduce operating costs in buildings by reducing energy consumption by allowing
1-3°C [5] higher room air temperature setpoints while providing equivalent occupant thermal satisfaction.

wo  2.2.1. Construction Cost Impacts

A “fan-first” cooling strategy can also affect the design of the HVAC system itself, and thus it’s construc-
tion cost. However, there are many open questions for new construction and major retrofit applications
where the building’s HVAC design can be modified to leverage the ceiling fans’ capabilities.

For example, we do not know to what extent fans can be relied upon to provide mixing in the space

s and replace some of the distribution ductwork and terminal diffusers that provide this functionality in a
traditional design. One laboratory experiment found that ceiling fan configurations consistently provided
more spatially uniform air temperatures than a sidewall diffuser alone, though generalisability to other
design scenarios remains limited [20]. In addition, operating at higher indoor temperatures under design-
day conditions also reduces peak cooling loads, allowing downsizing of terminal units, distribution systems,

mo and central plant, a potentially large but as yet unquantified construction cost impact.

Similarly, adding ceiling fans may also incur new costs beyond the cost of the fans themselves. For
example, design changes to avoid lighting flicker or to relocate other components on the ceiling that have
not yet been robustly quantified.

Considering all the different avoided and added construction cost impacts from designing with ceiling fans,

us  the potential for total construction cost savings can be large. One case study of a large office building [15]
estimated that the avoided costs due to the modification of an HVAC design to account for the “fan-first”
cooling strategy far exceeded the added cost of purchasing and installing the fans themselves, yielding a 35 %
reduction in the construction cost associated with all the zone level HVAC equipment, and was ultimately
the design that was built.

w  2.2.2. Operating Cost Impact
Operating energy reductions are now well proven by published studies that evaluated “fan-first” cooling
strategies in simulation or field scenarios in different building types and countries, (|21, 5]). For example, one
study [21] spanned three consecutive summers and measured a 36 % reduction in cooling energy consumption
after installing 99 ceiling fans at different sites and in different space types in California. Another study [5],
s measured a 32% HVAC energy savings from ceiling fans in an office building in Singapore over an 11-
week period. These each showed substantial net energy savings compared to more traditional operation,
even when including the minor energy penalty from operating the fan itself. However, these studies were
primarily retrofit cases where the HVAC system design was not modified and broader system operating
setpoints were not changed in response to the higher zone setpoints [5], leaving further savings potential
130 unexplored.
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2.2.3. Environmental and Other Impacts over the Building Life Cycle
Last, very little published research has been done that has assessed the lifecycle impacts of “fan-first”
cooling strategies. No studies have yet accounted for manufacturing, transport, installation, or end-of-
life environmental impacts; median ceiling fan lifespan is approximately 14 years (US DOE), and ongoing
135 maintenance and replacement costs are similarly uncharacterised. As of writing, no Environmental Product
Declarations exist for ceiling fans, requiring approximation from product-level lifecycle analysis of individual
materials. Similarly, studies could also evaluate the net life cycle operating cost and environmental impact
of the HVAC design strategies outlined above.

2.2.4. Procurement and Split-Incentive Barriers

140 A largely overlooked economic barrier is who purchases fans and who captures the benefit. Ceiling fans
in new construction are typically funded by building owners, who capture construction-cost savings directly;
desk and portable fans are usually purchased by occupants or tenants, creating a split-incentive problem in
which those who bear the capital cost do not capture the energy savings, and this misalignment warrants
dedicated investigation. Overall, further research is needed to quantify the cost, energy, and environmental

s trade-offs of “fan-first” strategies across diverse climates and building types, prioritising integrated design
tools and comprehensive lifecycle assessments of ceiling fans.

2.8. Measurement: How can fan-induced air speeds be accurately and practically measured in
occupied spaces?

Measuring fan-induced air speeds in occupied spaces involves two linked challenges: understanding airflow

150 distribution and how they impact occupants’ perception of cooling. While standardised protocols for these

challenges are lacking, ASHRAE 55:2023 [22] and EN ISO 7726 [23] provide general guidance. However,

neither addresses spatial gradients (e.g., air speeds above 1 m /s under a fan versus near-still air within 1-2m),

sampling strategies, furniture effects, integration with comfort surveys, or multiple-fan interactions [24, 6,

11, 25]. ASHRAE 216 [26] addresses laboratory testing of ceiling fans; however, standardised and validated

155 field protocols are not yet established [11, 17]. High-resolution laboratory techniques such as particle image

velocimetry and thermal manikins are valuable for detailed measurements of flow characteristics and whole-

body cooling under controlled conditions, but cannot be deployed in occupied buildings [27, 28, 12, 29];
thus, this question focuses on methods that can.

2.8.1. Field-Deployable Measurement Methods

w0 Spatial and temporal airflow characterization. These methods are most relevant in spaces with ceiling fans,
particularly when supporting ventilation by improving air mixing. Omnidirectional low-velocity thermal
anemometers provide a practical balance between accuracy and usability [24, 6]. Measurements should cover
at least 15 locations per zone at occupant-relevant heights (ankles, torso, and head levels [23]), sampled for
at least 5min to obtain stable mean air speeds [6, 11, 30, 31|. Parkinson et al. (2020) showed that fewer

165 points fail to capture the non-uniform coverage typical of ceiling fans, while Luo et al. (2021) demonstrated
feasibility in occupied buildings. Other instruments have more limited roles. Hot-wire anemometers remain
useful for targeted turbulence characterization (sampling above 10 Hz) but require trained personnel and
are best reserved for low-occupancy periods [6, 25, 32, 33]. Ultrasonic anemometers avoid probe fragility
but require unobstructed paths, limiting their use in furnished environments rather than dense spatial

wo monitoring [34]. For continuous monitoring, low-cost sensor networks ($50-$200 per node) enable spatially
distributed measurements unachievable with single instruments. Although individual sensors have higher
uncertainty (£20-30 %), dense deployment captures patterns useful for building operational decisions [35].

Cooling effect. For personal and desk fans, detailed airflow mapping may be impractical due to strong spatial
variability and unnecessary given user control [36]. The relevant outcome is thermal comfort. Two occupant-
s centered proxy measures are most practical. First, thermal and air speed preference and thermal sensation
votes are suggested by ANSI and ASHRAE (2023) and correlate well with objective cooling and require no
specialized equipment [8, 37, 38]; He et al. (2017) showed in a field study (60 office workers) that occupants

7
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reliably discriminated between fan speeds by thermal sensation alone. Second, local skin temperature,
measured with an inexpensive infrared thermometer ($20-$100) at exposed sites such as the forehead or

o forearm, provides an objective correlate of convective cooling far more practical than velocity mapping [8, 39]
but less practical and more expensive than asking people how they feel. A reduction of 0.5-2.0°C after
5-10min of fan exposure corresponds to perceptible cooling and improved thermal acceptability [8]. Skin
temperature reflects localized surface cooling rather than whole-body thermal load, and requires a clear line
of sight to the occupant.

185 2.83.2. Practical Considerations for Occupied Spaces
Several factors consistently affect measurement quality in real buildings. First, furniture alters local
air speeds by factors of 2-5 relative to empty-room conditions, creating both enhancement and stagnation
zones (e.g., above and under desk top) [11, 40]; measurements should therefore be conducted in furnished
configurations. Second, fan spacings below 2—-3 fan diameters produce jet interactions that cannot be inferred
wo from single-fan data and must be measured directly [31, 40]. Third, occupant presence introduces variability;
sampling durations of 10-15min during occupied periods average over movement, whereas low-occupancy
measurements offer stability at the cost of realism [6, 30, 35]. Finally, successful field campaigns depend
on coordination with occupants, including clear communication and scheduling, with post-measurement
feedback improving participation in future assessments [6, 35, 30, 37].

w05 2.3.3. Summary and Priorities
In practice, effective measurement requires a fit-for-purpose strategy: use spatially distributed measure-
ments (e.g., low-velocity thermal anemometers or low-cost sensor networks) to understand airflow patterns
in shared spaces, and rely on occupant feedback as the most cost-effective approach. Accepting measurement
uncertainty while focusing on actionable insights is essential for translating air speed data into improved
200 comfort and building performance. Developing validated protocols, defining instrument selection, spatial
sampling density, measurement duration, and integration with occupant feedback, remains a critical research
need [24, 6, 36, 11].

2.4. Modelling: Are current thermophystological models adequate for predicting thermal com-
fort under elevated air movement?

205 Predicting thermal comfort under elevated air speeds is more complex than in still air: fan-induced
movement is temporally and spatially non-uniform, and existing models were designed for uniform, steady-
state conditions, reducing their accuracy under the transient and heterogeneous conditions typical of fan
use. We compare modelling paradigms from single-node indices to multi-segment simulations, focusing on
conditions where dry-bulb air temperature (¢4,) is below skin mean temperature (¢sx); heat stress conditions

20 (tgp > 35°C) are addressed in-Question 2.9.

2.4.1. The Physics of Fan-Induced Cooling
Air movement cools occupants by modifying the thermal boundary layer adjacent to the skin, enhancing
two primary modes of heat rejection: sensible heat loss (convection) and latent heat loss (evaporation). In
forced convection, air speed is the dominant determinant of convective heat transfer coefficient (h..), following
a5 a power-law relationship. A critical modelling challenge is spatial heterogeneity; a desk fan may generate a
2.0m/s jet at the face while the feet remain in near-still air (< 0.2m/s). Fans produce swirling, turbulent
flows, and ignoring turbulence intensity or using spatially averaged coefficients introduces significant errors in
predicted heat loss and consequently in estimated CE. Computational Fluid Dynamics (CFD) can be used to
derive accurate, spatially specific h. values for use in physiological models [41]. Air movement also increases
20 evaporative heat transfer coefficient (h.), accelerating sweat evaporation; like k., this coefficient varies by
body segment and as a function of clothing insulation. Evaporative cooling is particularly important when
tap approaches or exceeds tq, requiring models to dynamically simulate skin wettedness (w) to accurately
predict thermal comfort.
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2.4.2. Thermophysiological Models Overview

25 Predicted Mean Vote (PMV). The PMV model [42], standardised in ISO 7730 [43] and ASHRAE 55:2023 [22],
treats the body as a single thermal node in steady-state equilibrium, with empirical coefficients derived
at low air velocities (< 0.2m/s). ASHRAE 55:2023 defines the PMV calculated in accordance with
ASHRAE 55:2023 (PMVcg) using Standard Effective Temperature (SET) as a corrective intermediate,
yet the PMV g is less accurate, it yields a higher median bias (—0.34) in predicting Thermal Sensation

20 Vote (TSV) than the original PMV (—0.29) [44], because it inherits the single-node model’s limitations
while adding error from the CE estimation. Practitioners are therefore advised to use PMV directly and
restrict its application to the neutrality zone —0.5 < PMV < 0.5 [44].

Two-Node Models. Two-node models such as SET [45] divide the body into core and skin compartments,
enabling calculation of heat storage and active thermoregulation (sweating, shivering). Because warm-

25 environment discomfort correlates strongly with w, two-node models predict fan CE more accurately than
PMV at elevated temperatures. However, as lumped-parameter models they assume uniform exposure and
cannot resolve local thermal discomfort.

Multi-Segment Models (JOS-3, Advanced Berkeley Comfort (ABC), Fiala, ThermoSEM). Multi-segment
models (JOS-3 [46], the ABC model [47], and Fiala [48]) divide the body into segments connected by a
20 vascular network, allowing local air velocities and boundary conditions to be mapped to specific body parts.
They outperform simpler models in both steady-state and transient non-uniform conditions [41], though
limitations remain regarding population diversity and the difficulty of obtaining representative local air
speeds.
A further challenge is translating physiological outputs (e.g., ¢sx) into subjective sensation. The ABC
25 sensation model [49] accounts for local thermal sensitivity and the comfort—sensation distinction (e.g., local
cooling perceived as “very comfortable” rather than merely “cold” when the whole body is warm), and when
coupled with multi-node models it outperforms SET in non-uniform environments [50].

Machine Learning and Data-Driven Models. Data-driven models capture complex non-linear physiological
interactions and are gaining momentum for real-time fan control based on occupant feedback [51, 52, 53,

20 5], though no model has yet been developed specifically for fan-based cooling and generalisability across
populations remains an open question.

These modelling paradigms suit different practical scenarios depending on the air speed conditions in-
volved: for thermal neutrality compliance in still air (v < 0.2m/s), PMV is acceptable [44]. For elevated,
approximately uniform air speeds (v > 0.2m/s), two-node models are better suited as they capture dynamic

»5  thermoregulation; however, no widely used sensation model converts their outputs to TSV, and estimating a
representative average air speed is non-trivial [12]. In more complex, non-uniform conditions with personally
controlled fans, multi-segment models (e.g., JOS-3 and Fiala) coupled with the ABC sensation model are
recommended instead, provided accurate local h. and h, values from CFD or thermal manikin studies are
available [54, 12, 55].

260 For occupant-centric control during building operation, data-driven approaches are a robust fallback
when the spatial and temporal complexity of air movement makes accurate estimation of model inputs
(e.g., local convective coefficients) impractical. Optimising directly on occupant feedback (which integrates
personal, physiological, and environmental factors) rather than on model predictions has been shown to
improve both thermal comfort and energy efficiency [5, 56, 57, 51].

xs  2.5. Control: What are the most cost-effective strategies to optimise comfort and energy use?

Effective control for “fan-first” cooling can be understood along three interacting dimensions: ceiling
fan control logic, integration with central building management systems, and the type of control inputs
used (Figure 3). The control strategy may range from manual operation to rule-based and more adaptive
or coordinated approaches, including whether ceiling fan speeds are maintained based on indoor thermal

a0 conditions or allowed to adapt to occupant feedback.
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Figure 3: Conceptual control space for ceiling fan operation in “fan-first” cooling applications, defined along three interacting
dimensions: (i) ceiling fan control strategy (ranging from manual to adaptive or coordinated control, including the extent to
which indoor thermal conditions are maintained at fixed setpoints or allowed to vary), (ii) system integration (from standalone
operation to integration with central building management systems and HVAC), and (iii) control inputs (from no sensing
in manual operation, to environmental sensing, occupancy-based inputs, and occupant-in-the-loop feedback). Any control
approach is a path across the three axes. Simple and advanced control mark the extremes of the space, while typical automation
indicates where most deployed systems sit once automated: rule-based logic running standalone on environmental sensing alone.

In practice, most deployed ceiling fan systems occupy a limited portion of this control space. An examina-
tion of ceiling fan use in commercial building projects shows that fan operation is predominantly manual [58].
Where automation is implemented, it is typically limited to simple rule-based logic driven by schedules or
basic temperature thresholds, with integration between ceiling fans and HVAC supervisory control remaining
uncommon. This naturally raises the question of whether complex coordination and optimization between
fan and HVAC control provides significant additional benefits beyond those already achievable using simple
and transparent fan control to support elevated indoor air temperature setpoints. Desk and pedestal fans
are not considered here as their highly localised, user-dependent effects make space-level control strategies
impractical [16]; see Question 2.1 for selection guidance.

Evidence from prior studies indicates that substantial comfort and energy benefits can be achieved
without complex coordination with the HVAC system. Miller et al. (2021) demonstrate cooling energy
savings of the order of 20-40 % while maintaining thermal comfort within acceptable limits using sensing
and automation onboard the fans. Here, fan speed increased linearly with indoor air temperature above a
temperature setpoint that was automatically adjusted based on user interactions with the fan, and the fan
switched off after prolonged vacancy, manual override (with timeout) was always available to the occupants.
A field study in a tropical climate further showed that such strategies can be implemented using simple
default settings with occupant override, with around 32 % reduction in HVAC energy use reported [5]. Similar
observations have been reported in mixed-mode ventilated spaces with dynamic indoor air temperatures,
where simple temperature-based fan control with occupant override remains effective without optimization
or supervisory HVAC integration [59].

A recent study comparing manual fan operation with simple rule-based fan control further clarifies when
automation adds the most value [60]. While no significant differences in average thermal satisfaction were
observed overall, simple automated control maintained more consistent occupant satisfaction as conditions
approached the higher end of the tested temperature range, whereas manual control exhibited a decline
in performance. At the other end of the control spectrum, several studies have explored more complex
approaches, including digital twin-based or occupant-tracking systems and predictive occupant-in-the-loop
control, that optimise fan and cooling operation using occupant feedback, thermal comfort indices (e.g.,
PMV), or proxy metrics such as air speed at the occupant location [61, 62, 63]. While these approaches
have demonstrated improvements in thermal comfort and energy performance [63, 56|, they are rarely
benchmarked against simpler, well-designed baselines, making the marginal benefit of added complexity
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difficult to quantify across studies. Practical deployment also carries real costs: integration with existing
controls platforms, vendor-specific systems, custom programming, and commissioning can in some cases
exceed the first cost of the fan itself, raising an open question as to when such sophistication is worth it
relative to simpler control approaches.

305 Looking ahead, current evidence suggests that both manual fan control and simple rule-based automation
can deliver meaningful energy savings while maintaining thermal comfort, with their suitability depending
on operating contexts such as space type and occupancy characteristics. Rather than pursuing increasingly
complex control algorithms in isolation, a greater impact is likely to come from reducing practical barriers
to deploying simple automation at scale. This includes standardised digital or analogue control inputs in

a0 all ceiling fans, enabling temperature-, occupancy-, or schedule-based automation at scale; low-cost sensors
embedded in the fan are an alternative pathway. Simple occupancy-based control can also be implemented
via relay-based switching using PIR sensors shared with lighting systems. Providing local control also carries
a direct regulatory benefit: ANSI and ASHRAE (2023) (§5.3.4.2) caps average air speed at 0.8 m/s in spaces
where occupants cannot adjust air speed, but removes this ceiling entirely once local control is available

as  (§5.3.4.1), giving designers an additional incentive to include individual fan speed adjustment.

2.6. Air quality: How does air movement affect indoor air quality, and the distribution of
pollutants and airborne pathogens?

Fan-elevated air movement transitions spaces from stagnant, stratified conditions to well-mixed envi-

ronments. While fans do not actively remove pollutants like filtration or ventilation, they influence occu-

20 pant exposure by modifying pollutant transmission pathways, enhancing air cleaning systems, and altering

surface-to-air interactions (deposition, chemistry, and moisture control). This question focuses on ceiling
fans given the available literature; personal devices also play a role.

2.6.1. Perceived Air Quality (PAQ)
Air movement significantly improves occupants’ Perceived Air Quality (PAQ). Even in warm, humid
s conditions, elevated air speeds can maintain PAQ at acceptable levels where stagnant air would be unaccept-
able [64], attributed to disruption of the thermal plume and bioeffluents around the body and dispersion of
odorous contaminants in the breathing zone, creating a sensation of freshness [65, 66]. However, improved
PAQ does not necessarily mean lower overall pollutant concentration.

2.6.2. Airborne Transmission and Infection Risk

330 Fans’ impact on infectious disease transmission depends on the balance between dispersing high-concentration
aerosols near an infector (short-range) and homogenizing viral loads throughout the room (long-range). For
short-range transmission, ceiling fans effectively disrupt the concentrated expiratory jets that drive infection
risk during close contact. Tracer-particle experiments show that fan-enhanced mixing reduces short-range
particle exposure by 54-77 % compared to fan-off conditions across ventilation rates of 1.6 to 6.4 ACH, with

15 the reduction increasing with ventilation rate [67]. This protection extends to transient events: for horizon-
tally directed coughs in a room with a DOAS system and ceiling fans, fan operation reduced breathing-zone
concentration of 0.25-2.5 um particles by 87-98 % [68]. Steady-state investigations confirm that ceiling fans
mitigate the “locking” of pollutants in breathing zones caused by thermal stratification, reducing exposure
by over 20 % [69].

340 For long-range transmission, fan-enhanced mixing redistributes exhaled particles more uniformly, slightly
increasing exposure for occupants farther from the source. In Li et al. (2024), this increase remained <14 %,
smaller when background removal is weak, because dispersed particles are then removed effectively by
ventilation or filtration. In large, sparsely occupied spaces such as warehouses, parametric CFD analysis
found that operating large-diameter fans at high speed yielded the lowest infectious particle concentrations,

us  including compared to cases without fans, at both short- and long-range locations throughout the space [70].
Ceiling fans are therefore most beneficial when short-range exposure dominates and background removal is
adequate; they supplement rather than substitute for ventilation, consistent with ASHRAE Standard 241’s
principle that air mixing distributes equivalent clean airflow rather than replacing it [71].
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2.6.3. Mixing, Ventilation Efficiency, and Air Cleaning
350 The air surrounding the body forms a human microenvironment shaped by the convective boundary
layer, thermal plume, respiration, posture, and clothing [72]. A “personal CO2 cloud” of 200-800 ppm
above room background has been measured in seated subjects, which a small oscillating desk fan reduced
close to background, indicating local dilution rather than removal [73]; similar near-body gradients occur
for particles [74]. The net effect depends on airflow direction and source location: mixing flow produces
s uniform concentrations, whereas stratified flow lets the thermal plume either protect the breathing zone
or transport floor-level pollutants upward, increasing coarse-particle inhalation up to four times ambient
levels [75]. Thus, fans can disperse unfavourable near-body accumulations, but their benefit is pollutant-
and configuration-specific.
At the room scale, fans reduce the age of air: in a ceiling-fan-integrated air-conditioning system, it
w0 decreased from 12.7min (fan off) to 10.8min at 72rpm and 8.8min at 122rpm [76]. Fans also enhance
Portable Air Cleaners (PACs) by homogenizing room air and breaking up localized pollutant clouds: in
a 110 m? multiroom test house, combined operation of ceiling fans and PACs yielded additional particle
removal equivalent to 0.16 to 0.44 ACH, with coarser particles showing greater improvements [77].
Fans are also important for upper-room Ultraviolet Germicidal Irradiation (UVGI), transporting mi-
s croorganisms from the occupied zone to the upper irradiated zone. Adding a mixing fan increased UVGI
effectiveness for S. marcescens aerosols from 46 % to 62 % at 2 ACH and from 53 % to 86 % at 6 ACH [78];
NIOSH reports a case where it rose from 12 % to 89 % in a poorly mixed room [79]. However, effectiveness
depends on fan speed, direction, and source location, with best performance at moderate upward speeds
when the source is below the fan [80, 81, 82, 83].

s 2.6.4. Deposition, Resuspension, and Indoor Chemistry
Elevated air speeds decrease boundary-layer thickness over indoor surfaces, increasing particle deposi-
tion [84]. While settled-dust resuspension is a concern, the threshold friction velocities required (>10m/s)
are generally higher than air speeds used for thermal comfort (<0.5m/s) [85], and resuspension is primarily
driven by mechanical disturbances such as walking rather than air movement alone. Consequently, the net
a5 effect of fans is often reduced airborne concentration due to enhanced deposition [77]. Fan-enhanced air
movement also alters indoor chemistry: mixing increases ozone deposition onto surfaces and skin, gener-
ating VOCs but suppressing ultrafine-particle formation [86], while increased turbulence enhances ozone
delivery to skin and secondary product formation [87]. These effects are chemical-specific and warrant
further investigation.

s 2.6.5. Moisture Control and Condensation
Air movement also helps prevent moisture-related IAQ issues: by accelerating surface evaporation, fans
reduce water activity on building materials, inhibiting mold germination and growth even under high humid-
ity [88]. This is particularly relevant for radiant cooling, where elevated air movement increases radiant-panel
cooling capacity by up to 22 % while mitigating condensation risk through enhanced mass transfer, as con-
ss  firmed by full-scale laboratory testing of a radiant chilled ceiling [89, 90].

2.6.6. Summary
“Fan-first” strategies can support IAQ goals across perceived air quality, short-range infection risk, air
cleaning, particle deposition, and moisture control. However, fans cannot substitute for source control,
filtration, or adequate ventilation in high-pollutant environments, and the evidence base remains dominated
a0 by laboratory or chamber studies. Priority future research needs are field validation in occupied buildings,
studies of fan interactions with natural and mixed-mode ventilation, and source-receiver-specific assessment
of personal and portable fans in shared spaces.

2.7. Lighting: How do fans interact with lighting systems, and what strategies can mitigate
these issues?

305 Ceiling fans installed alongside electrical lighting produce flicker and strobing through the continuous

interference of rotating blades with the light beam; these effects are amplified in spaces with lighter surface
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finishes that reflect them across floors, walls, and the ceiling. The most prevalent and problematic scenario
is when ceiling fans are installed alongside recessed electric lighting, causing visual flicker to occur [18].
Many design resources specifically recommend spacing the fan blades farther from the light cone [91, 92, 93],

w0 with some suggesting at least a 0.6 m gap to avoid flicker (e.g., Figure 4a). Figure 4 shows that this does
not remove flicker caused by parallax effects. Parallax effects occur when the fan blades intermittently pass
through the observer’s line of sight between the light source and the viewed surface, causing periodic changes
in the perceived light intensity. As a result, flicker can only be seen at certain viewing angles when the line
of sight aligns with the moving fan blades and electric light [15].

405 Lighting designers may also struggle to maintain uniform light distribution in larger spaces when com-
peting with fans for ceiling space. Kent et al. (2020) showed that even brief exposures to ceiling fan flicker,
following standard design recommendations, led to minor adverse effects including difficulty concentrating
and a slight decrease in cognitive performance. A longer duration would likely expose more evident symp-
toms linked to flicker, including headaches and eyestrain [94]. Since ceiling fans always rotate within the

a0 perceptible visual flicker range (20250 rpm) [17], increasing fan speed alone cannot eliminate flicker [18].

(a)
Visual flicker
<+Gap
(b)

Strobing

Reflected light

Figure 4: Sectional view showing the interaction between a ceiling fan and electric lighting: (a) using recessed lighting that
causes visual flicker when following most design recommendations, and (b) using suspended electric lighting that causes strobing
from reflected light

While flicker can be challenging to prevent in certain designs, strobing caused by light reflecting off
surfaces (such as the floor or work areas) back towards the ceiling fan or walls is another problem (Figure 4b).
This resulted in shadow patterns from the moving blades being rhythmically cast onto the interior surfaces.
Strobing can be mitigated by using diffused or darker interior surface colours to reduce reflections. This

ais  approach is especially effective when ceiling fans and lighting are suspended at the same height, helping
to minimise flicker and strobing [5]. Ceiling fans can be mounted onto down rods to achieve the desired
suspension.

Suspended lights may be a more suitable configuration for office workstations than recessed lights. Mount-
ing ceiling fans at the same height, or above, electric lighting removes direct visual flicker. However, designers

a0 should be careful about the height of suspended electrical lights. Even if the ceiling fan achieves the min-
imum clearance height required under IEC 60335-2-80 (2.3m above the floor) [95], electric lights, if not
properly selected, may be so close to the observer that this gives rise to discomfort from glare [96]. This
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clearance differs from the UL 507 requirements described in Question 2.8 (3.05m, or 2.15 m for low-tip-speed
designs), which also distinguish between standard and large-diameter fans; designers should follow the stan-

»s dard applicable in their jurisdiction rather than treating these values as interchangeable. Another solution is
to use a fan light kit that closely matches the geometry and lighting characteristics of the existing suspended
luminaires. The suspended luminaire can then be replaced with the fan light kit at locations where a fan is
needed, while maintaining a consistent lighting layout. Table 1 summarises the aforementioned designs and
highlights some design conditions and drawbacks of each.

Table 1: Design situations that highlight special design considerations and potential drawbacks when ceiling fans are installed
alongside electric lighting

Designs

Design Conditions

Potential Drawbacks

Ceiling fans and re-
cessed lighting*

Adequate ceiling spacing for both
fans and lights to ensure uniform il-
luminance

Flicker may be unavoidable

Transparent fan
blades and recessed
lighting

Adequate ceiling spacing for both
fans and lights to ensure uniform il-
lumination

Fan blades less visible than opaque
versions

Ceiling fans with
light kits

Enough floor-to-ceiling height, mini-
mize reflective floor or work surfaces

Reflected light may cause strobing
on walls and ceiling

Ceiling fans and
suspended lighting

Suspend fans and lights at same
height or above, securely fasten
lights, ensure sufficient headroom,

Reflected light may cause strobing;
lights can sway if not secure; possi-
ble glare in low headroom

avoid reflective surfaces

*Note: Ceiling fans shouldn’t be installed under skylights.

430 Bladeless ceiling fans, where an exterior casing prevents the blades from interacting with light emitted
by luminaires, avoid the blade-luminaire interaction that gives rise to flicker and strobing, though they
remain rare in practice and carry offsetting penalties: they are noisier, require more energy to move a given
volume of air, and suit only smaller rooms [15]. Desk, pedestal, and wall-mounted fans are also flicker-free
alternatives that deliver elevated air movement without lighting interactions.

s 2.8. Safety: What are the potential safety hazards associated with air movement devices?

Selecting an air movement device requires evaluating product design and testing, environmental factors,
clearances, and mounting. ‘Comprehensive, high-quality safety data remain scarce, particularly on injury
incidence outside pediatric settings and on risk-assessment frameworks specific to “fan-first” deployments,
underscoring an urgent need for improved evidence even as these criteria must still guide safe application in

w0 practice.

2.8.1. Product Minimum Safety
Air movement devices require mandatory third-party safety certification, with requirements set by local
building codes or government regulation. In the United States, fans are tested to UL 507; outside the
US, IEC 60335-2-80 applies, with national marks required in most jurisdictions (CE in Europe, RCM in
ws  Australia/New Zealand, Safety Mark in Singapore, PSE in Japan). The IECEE CB Scheme allows products
tested to IEC standards to be certified more readily across participating countries, accelerating national
approvals through a shared test foundation, though it does not grant market access by itself.

2.8.2. Environmental Factors
Environmental conditions where the device will be used are another important safety factor: water
w0 exposure can cause electrical issues, and wind can damage the fan or its connection to the building structure.
Accordingly, fans are rated for indoor, damp (humidity present but no liquid contact), or wet (direct water
exposure) environments, with the latter requiring sealed motors and corrosion-resistant materials. IEC
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60529 Ingress Protection (IP) ratings specify enclosure protection from solids (first digit) and water (second
digit); IP65, for example, indicates dust-tight and jet-water protection. In addition to moisture, corrosion
ss5  resistance and wind-load tolerance should be factored into fan selection for exposed or coastal locations.

2.8.8. Clearances to Surrounding Objects
Clearance requirements may differ between residential and commercial/industrial settings. Residential
fans are typically designed to operate at 2.15 m blade heights, and therefore, standards often permit their use
in most common residential applications. Whereas commercial and industrial (i.e. large diameter) fans are
w0 more often installed with generous clearances of 3.05m blade height in open or high-ceiling environments.
The rationale is to minimize the risk of accidental contact with fast-moving blades in occupiable spaces,
while accommodating ceiling height limitations in homes. Policy and installation practices should take these
building context differences into account to maintain safety.
Data on fan-related injuries is limited, though some studies provide useful estimates for pediatric set-
w5 tings. A nationally representative US study of emergency department visits from 2013 to 2021 documented
approximately 2300 pediatric head injuries per year attributable to ceiling fans [97]. Most injuries were
lacerations (60 %) and the vast majority of patients (98 %) were treated and released; however, a small
proportion involved internal organ injuries or skull fractures. Injury risk was concentrated in two scenar-
ios: children under three years of age being lifted or tossed by caregivers beneath a running fan, and older
a0 children jumping or climbing on furniture, particularly bunk beds, positioned below fans. These findings
suggest that ceiling fan injuries in children, while not negligible, are largely preventable through appropriate
clearances, furniture placement, and user awareness. Quantitative injury data outside pediatric settings and
beyond the United States remain scarce, which hinders risk assessment and impedes the development of
evidence-based safety standards. To mitigate such risks, unguarded fans should maintain a minimum blade
a5 height of 3.05m above the floor (2.15m for low-tip-speed designs per UL 507), with perimeter clearances
of 0.6 m to rigid objects and 1.0 m where possible; greater clearances may be required to prevent intake air
starvation.

2.8.4. Guards
When unguarded fans are inappropriate from a safety standpoint, guards can be used. While fan guards
w0 Increase safety, they also decrease fan efficiency by 5-15%, depending on the spacing and aerodynamic
properties of the guard. This range is based on manufacturer data, peer-reviewed data quantifying this
penalty is scarce. More rigorous, independent research examining the aerodynamic impact of various guard
designs is needed. Minimum guard spacing and finger protection from fan blade contact are covered by
several standards, including O0SHA 1910.212(a) (5), UL 507, and IEC 61032.

ws  2.8.5. Mounting
Fans must be mounted to structures capable of supporting their weight and the torque generated during
startup (UL 507); dynamic load calculations are required for wind-exposed installations, and safety cables
are recommended for higher-risk applications.

2.9. Thermal stress: Up to which environmental conditions can fans keep people comfortable
490 and safe?

Electric fans improve thermal comfort and reduce physiological strain in hot environments, with efficacy
that diminishes as air temperature rises. Two aspects are central: the environmental limits within which
fans maintain thermal comfort, and the physiological safety thresholds beyond which fan use may cause
harm.

ws  2.9.1. Thermal Comfort Limits
Laboratory evidence shows that elevated air movement above 26 °C can maintain thermal comfort relative
to a cooler, air-conditioned climate: an air speed of 1m/s increased effective temperature to 29 °C [98, 99].
A fan providing approximately 1.4 m/s maintained comfort at rest up to 31°C [100], while resting supine,
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optimal comfort occurred at 29 °C with 0.4 m/s [101]. These complement tropical field studies demonstrating
s0 maintained comfort and sensation at tg, up to 27-30°C [102, 5, 103]. Moreover, personally controlled air
movement enables comfort approaching 30°C [66], though occupants typically select lower speeds than the
maximum available: in practice, 0.5-1.0 m/s is targeted in offices and classrooms, and up to 1.25 m/s in less
sensitive spaces such as warehouses [104]. Taken together, this evidence indicates that approximately 1m/s
can extend the upper acceptable temperature limit by roughly 2—4 K relative to still air, with the range
ss reflecting clothing insulation and metabolic rate: ANSI and ASHRAE (2023)’s SET-based cooling-effect
procedure gives 1.7-2.5K at 0.5-0.8 m/s for a sedentary occupant in moderate clothing [105], and up to 4K
is reported for ceiling fans at similar speeds [21].
Notably, fan airflow can continue to attenuate thermal discomfort relative to still air even when air
temperature exceeds skin temperature. Studies have shown improved comfort with a pedestal fan up to 40 °C
s in younger adults [106] and 38°C in older adults [107]. However, at 47°C a fan elicits greater discomfort
than still air in young adults [106, 108], and an indoor overheating model places this breakpoint around
46 °C [109]. Dehydration can nullify the comfort improvement with a fan at 40 °C in young adults [110]. In
summary, evidence suggests a fan can maintain thermal comfort up to 30 °C-in short-term lab conditions
and ~27°C in longer-term field conditions, improve comfort relative to still air up to 40°C, and worsen it
si5 above 46 °C.

2.9.2. Safe Physiological Limits

Current heat-health guidelines are inconsistent: the CDC limits fan use below 32.2°C, while the WHO,
after briefly raising its limit to 40 °C [109, 111, 112], has since reverted to 35 °C [113]. Following the principle
of “first, do no harm” [114], we define a fan as harmful when it increases physiological strain (core temperature

s0 or heart rate) above still-air levels, safe when it does not, and beneficial when it reduces strain.

For a fan to be safe when air temperature exceeds skin temperature, the net heat gained must be
counterbalanced by sweat evaporation; otherwise core temperature and heart rate rise. At low humidity,
evaporative efficiency stays high even in still air, so a fan (though it raises sweat rates) does not exacerbate
core temperature or heart rate and remains safe until a critical temperature is met [109]. As humidity rises,

s reduced evaporative efficiency limits sweat evaporation, and such conditions benefit greatly from fans, as
the authors first demonstrated over a decade ago [115, 116].

Safe limits therefore cannot be expressed as tg, alone. The thresholds below apply to the specific
conditions of the underlying studies (hydration status, humidity range, and age group) and should not be
read as universal cut-offs. In young adults, laboratory evidence and biophysical modelling support safe

s0 or beneficial fan use up to 43 °C when euhydrated [115, 117, 118, 119, 106, 110]. The safe limit for older
adults is likely lower due to age-related decrements in thermoregulatory capacity, with evidence showing it
is safe [120] and beneficial [107] up to 38 °C and harmful at or above 42°C [107, 121, 108]. A fan can still be
beneficial at temperature-humidity permutations beyond these thresholds [122]: at 44 °C, it may be harmful
at 30 % relative humidity but beneficial at 50 % [122].

535 Humidity is thus a key determinant of fan safety, yet current heat-health guidance relies on a fixed
air-temperature threshold for simplicity [106]. We encourage use of metrics accounting for air speed, tem-
perature, humidity, and personal factors such as metabolic rate, clothing, and age; tools like the CBE
Thermal Comfort Tool — Fans&Heat (https://comfort.cbe.berkeley.edu/fan heatwaves) provide more nu-
anced guidance. Despite a decade-old call to action [123], evidence on safe fan-use limits in ecologically valid

s settings remains scarce and should be extended to heat-vulnerable populations and field settings.

2.9.8. Practical Considerations and Possible Adverse Effects
Although fan-induced air movement improves comfort and reduces heat strain, it is not uniformly benefi-
cial, and its foreseeable disadvantages should be acknowledged. Direct or prolonged airflow towards the face
can destabilise the tear film and cause ocular dryness or discomfort [124, 125], particularly for contact-lens
s wearers and occupants with pre-existing dry-eye symptoms. The effect is compounded during visually de-
manding screen work, which both reduces blink frequency and, where the monitor requires an upward gaze,
widens the exposed ocular surface [126]. Concerns have occasionally been raised that drafts directed at the
face may precede facial nerve palsy (Bell’s palsy); however direct causal evidence in the context of indoor
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fan use is lacking. Other practical issues include noise, and disturbance of papers and other lightweight

sso  objects. The magnitude of these effects varies with fan type and configuration: desk and pedestal fans
sit close to the occupant and generate higher local air speeds, making ocular dryness and noise annoyance
more likely than with ceiling fans, which distribute air over a wider area (Question 2.1). However, desk and
pedestal fans are also typically under direct control of the person using them, whereas ceiling fans are more
often centrally controlled and cannot always be adjusted by the individual occupant, particularly in office

s settings; this control partly offsets their disadvantages. Together these considerations underline the value of
occupant control over fan speed and airflow direction, which mitigates most of them.

2.10. Culture: What cultural, climate, and behavioural factors influence fan usage behaviour
and acceptance of elevated air movement?

Despite its documented effectiveness, fan-based cooling has not been widely adopted beyond residential

s buildings, even in climatic contexts well suited to it [127]. The climatic, socio-economic, cultural, and
behavioural determinants of adoption remain understudied, and a comprehensive answer is lacking; however,
evidence from multiple studies can inform a preliminary synthesis.

Thermal expectations, shaped by cultural background and habitual exposure, strongly influence thermal
perception and acceptance [128, 129, 130], dimensions that are likely to affect fan usage. Using a subset of the

ss  ASHRAE Global Thermal Comfort Database II [131], Zhang and de Dear [129] concluded that occupants’
sensitivity to air movement is significantly influenced by ventilation mode. While their multilevel linear
model primarily addressed other factors, their findings indicate a meaningful association between ventilation
mode and air-movement sensitivity. Specifically, while ventilation mode did not significantly affect mean
thermal sensation, it significantly modified air-movement sensitivity: occupants in AC buildings exhibited

s higher sensitivity to air speed than those in mixed-mode buildings, whereas no significant difference was
observed between naturally ventilated and mixed-mode configurations.

Further evidence of the role of habituation and contextual exposure is provided by Xiong et al. (2019), who
conducted an extensive field study comparing thermal comfort between rural and urban areas in Luotuoao
and Wuhan (China), respectively (1841 summer responses). Their questionnaire included an air-movement

s sensation item using a five-point scale. The authors reported that indoor air velocities corresponding to
each category of perceived air movement were consistently higher in the rural group than in the urban
group, indicating a higher preference for—or acceptance of-air movement in rural areas. Moreover, rural
residents expressed a preference for increased air movement in their homes irrespective of season. The
authors attributed these differencesto long-term habituation, noting that rural participants were consistently

ss0  exposed to higher levels of air movement, thereby developing greater acceptance. These results suggest that
cultural factors and indoor climate experience may shape air-movement acceptability and preference. In
addition, prior experience with fan operation appears to increase acceptance of elevated air movement, as
shown by Rissetto et al. (2021).

Importantly, greater acceptance of air movement does not necessarily imply substitution of mechanical

ses  cooling with fan-based strategies. The United States provides an illustrative example. Fan use is widespread
in U.S. residential buildings, with survey-based evidence indicating that approximately 87 % of households
use fans (including ceiling and portable devices) [134]. At the same time, the same report indicates that
almost 89 % of homes are equipped with air conditioning. These figures suggest that elevated air movement is
familiar and broadly accepted, but they do not support the conclusion that it has displaced air conditioning

s as a cooling strategy; rather, fans may in some cases be used to provide thermal comfort within certain
temperature ranges before air conditioning is activated. Finally, construction practices and national policies
may constrain implementation through technical limitations. For ceiling fans, feasibility can be restricted
by ceiling height, which limits allowable mounting configurations and blade clearance [135]. Ceiling height
is not solely determined by building codes (which mainly affect new constructions), but also reflects climatic

sss conditions and established construction practices [136]. This introduces an indirect link between cultural
habits and the use of air movement for thermal comfort. Moreover, installation parameters associated with
ceiling height (e.g., blade height and blade-to-ceiling distance) measurably influence the air speeds achieved
within the occupied zone, and therefore the magnitude of comfort benefits [17]. The breadth and complexity
of non-technical determinants highlighted here underscore the need for concerted research using large-scale
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60 surveys, longitudinal behavioural observation, cross-cultural comparisons, and post-occupancy evaluation to
determine how cultural, behavioural, and contextual factors shape the adoption and perceived effectiveness
of fan-first cooling across different climates and building types.

2.11. Conclusion

The ten questions examined in this paper build a cumulative evidence-based case that elevated air
65 movement is not a compromise relative to conventional air conditioning but a competitive cooling strategy
with documented advantages in energy, economics, health, and occupant experience.

The positive evidence is substantial and spans multiple domains. On energy and economics, field stud-
ies demonstrate HVAC operating-energy reductions of 20-40% from simple ceiling-fan integration, with
construction-cost savings of up to 35 % in zone-level HVAC equipment documented in commercial buildings

o0 (Question 2.2). On thermal comfort and safety, fans maintain occupant comfort at 27-30°C and continue
to improve perceived comfort relative to still air up to 40°C in young adults and 38 °C in older adults;
physiological safety is jointly determined by humidity and personal factors rather than air temperature
alone, with fans safe up to 43 °C in euhydrated young adults, substantially above the thresholds assumed in
existing public health guidance (Question 2.9). On indoor air quality, ceiling fans reduce short-range aerosol

a5 exposure by 54-77% and cut breathing-zone particle concentrations during cough events by 87-98 %, and
air movement inhibits mould growth by accelerating surface evaporation (Question 2.6). Finally, even the
simplest occupancy- and temperature-based control strategies achieve the bulk of available energy savings
without sophisticated HVAC integration (Question 2.5), and field evidence confirms that consistent expo-
sure to elevated air movement progressively increases occupant acceptance, making adoption self-reinforcing

620 (Question 210)

Three critical research gaps constrain deployment at scale. First, validated field measurement protocols
and adequate thermophysiological models for non-uniform, elevated air-speed environments remain absent
(Questions 2.3 and 2.4): without standardised spatial sampling and models that capture heterogeneous
airflow, fan-based strategies cannot be reliably quantified or verified in code-compliance contexts. Second,

o5 full lifecycle cost and environmental impacts are uncharacterised (Question 2.2), preventing systematic
integration into design tools, procurement standards, and policy frameworks. Third, cultural, behavioural,
and regulatory barriers are poorly understood (Questions 2.10 and 2.8): inconsistent safety standards,
humidity-blind heat-health guidance, and limited cross-cultural evidence collectively constrain deployment
where the need for sustainable cooling is greatest. Fan acoustics remains a further recognised barrier for

60 which the evidence base is insufficient, and dedicated investigation of noise perception and mitigation will
be essential as “fan-first” deployment scales.

For practitioners, the most impactful near-term actions include implementing simple temperature- and
occupancy-based fan automation, coordinating fan and lighting layouts at the design stage to prevent flicker
(Question 2.7), and applying the physiologically grounded thermal comfort limits synthesised in Question 2.9

e 1n place of conservative fixed-temperature thresholds. For policymakers, several instruments can embed
“fan-first” cooling into practice. Building energy codes should align with thermal comfort standards such
as ASHRAE 55:2023, which already relaxes its air-speed limit where occupants have local control (Ques-
tion 2.5), so that fan-delivered air movement counts toward compliance and allows higher cooling setpoints.
Green certification systems should award explicit credits for fan-integrated designs that reduce mechanical

e0 cooling demand. Incentive policies should extend the rebates to high-efficiency fans. These measures should
be supported by harmonised fan safety standards (Question 2.8) and by heat-health guidelines that relax
overly conservative fan-use temperature limits in line with physiological evidence and account for humidity
(Question 2.9).

The “fan-first” paradigm represents a compelling and necessary response to the convergence of climate

es change and the global cooling challenge. With installed cooling capacity projected to triple by 2050, strate-
gies that maintain thermal comfort at 27-30°C at a fraction of the energy demand of conventional air
conditioning are no longer optional innovations but essential components of sustainable building design.
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