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Abstract

Thermostats control the heating, ventilation and air-conditioning (HVAC) system of a building based on the 

temperature they measure. Integration with communication network technologies allows wireless sensors to be 

used as the temperature sensing component of an HVAC system, increasing the flexibility in the selection and 

positioning of sensors. This study compared the temperature measuring performance of nine wireless and two 

conventional wired temperature sensors against reference air and globe temperature sensors in a climate chamber 

with a two-person office setup. The influence of sensor position, room cooling system (all-air or radiant with 

ventilation) and cooling load (33, 61 W/m2) was studied. 

Sensors placed at the same position had a measurement difference of up to 1.8 K, and assumptions about the type 

of temperature a sensor measures (air or globe) had the largest impact on the deviation from the reference 

temperatures. As opposed to common assumptions, conventional wired temperature sensors measured closer to 

globe temperature sensors and could be a possible indicator for the operative temperature. When the load settings 
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were high, measurements in radiant system cases had smaller deviations from the reference sensors compared 

with all-air systems, due to the chilled surface compensating for the radiation from the loads.

1. Introduction

The thermal environment is of considerable importance for an occupant's satisfaction with the indoor environment 

[1]. Hence, heating, ventilation and air-conditioning (HVAC) systems must be properly controlled in order to 

achieve a thermally comfortable environment, and thermostats are installed for this purpose. The use of 

thermostats is important for maintaining a comfortable environment and to properly control energy use. 

Peffer et al. [2] pointed out that the components of thermostats, such as sensors and actuators, are becoming 

disaggregated due to the advancement of communication networks. This would allow independent wireless 

sensors to be used as a temperature sensing component of the HVAC control system and would thus provide 

more flexibility in the selection and positioning of temperature sensors. If wireless sensors are to be integrated in 

the Building Management Systems (BMS) of non-residential buildings, they can be deployed in larger numbers 

to occupied areas, instead of being placed on walls, and in this way a human-centric control of the HVAC system 

(including personalized systems) would become possible. The implementation of such wireless devices allows 

additional features such as remote access and more complex control [3,4], in addition to faster installation at a 

lower cost due to minimal wiring [5]. The use of wireless sensors is becoming more common in recent years; for 

example, Ueno and Meier [6] estimates that since 2010, about 20 million Internet-connected thermostats have 

been installed in the residential sector of North America.
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Kintner-Meyer and Brambley [7] examined the cost benefit of wireless temperature sensors; in one of the case 

studies they presented, a wireless sensor network comprised of 37 wireless temperature sensors were installed 

and tested in a building with approximately 8 hours of labour in total. They concluded that a wireless sensor 

network is especially cost effective when a large number of sensors are to be used, or in building retrofit cases 

where the labour cost is high. Lin et al. [8] conducted a simulation to compare a single-sensor control strategy 

where a single temperature sensor was used to control several rooms with a multi-sensor strategy where sensors 

were placed in each room, and concluded that the latter performed better in terms of energy performance and 

comfort (evaluated by predicted percentage dissatisfied). Wang et al. [9] gave several benefits of having multiple 

temperature sensors in a room, such as energy saving, the detection of discomfort caused by stratification, and 

the control of both the average temperature and the temperature gradient in a room. Menzel et al. [10] introduced 

a platform in which wireless sensors can be integrated with the BMS. In order to examine the capabilities of 

wireless sensors to be used as temperature sensors for the control of HVAC systems, Mylonas et al. [11] 

conducted trials with several wireless sensors available in the market in a steady-state, uniform test chamber and 

all the sensors performed satisfactorily in terms of temperature measurement. These studies suggest that wireless 

temperature sensors are viable alternatives to conventional wired thermostats.

Wired thermostats have been conventionally placed on walls, away from occupants. The increased freedom in 

the placement of wireless sensors calls for an evaluation of the impact of sensor position on the measured 

temperature and on HVAC control based on that input. Liu et al. [12] summarized the information necessary to 
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determine sensor position as the following: space dimension, sensor specification, types and location of HVAC 

components, material of the building envelope, and functionality of the space. Dong et al. [13] conducted a 

comprehensive review of sensors in the built environment and their influence on aspects such as energy saving 

and thermal comfort. Based on their literature review, introducing occupancy in the control plays a large role in 

energy savings and up to 70 % of the HVAC energy consumption can be saved by an occupancy-based sensor 

network. Madsen et al. [14] observed a reduced fluctuation of the indoor temperature and a more constant 

temperature distribution across the room when the thermostat was placed in the centre of the room, compared to 

when it was placed on the wall. Alhasme and Ashgriz [15] simulated various temperature distributions within a 

room by using computational fluid dynamics (CFD) and reported that controlling the HVAC system based on the 

local temperature close to an occupant resulted in a 22% energy saving compared with a thermostat controlled 

from a single temperature sensor mounted on the wall. Huang et al. [16] developed a CFD-aided method to 

generate a real-time temperature distribution of a room and optimize the location of wireless temperature sensors. 

Arnesano et al. [17] introduced a tool to optimize the position of air temperature sensors on the walls in a large 

space and validated it against measurements conducted in a large sports facility of 35 m × 16.5 m (width × depth). 

Yu and Megri [18] proposed a method to modify the thermostat setpoint for a more accurate energy demand 

estimation in a non-uniform room. Using a different approach, Tian et al. [19] coupled airflow and HVAC 

simulations to optimize the thermostat position at the design phase.

In addition to the accuracy and position of a thermostat, the type of temperature measured by a thermostat is 
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important for the control of HVAC systems. Kontes et al. [20] pointed out that the difference between the air and 

operative temperature was minimal in heavy buildings but became considerably larger in lighter buildings, 

emphasizing the need to control the HVAC system by the operative temperature instead of the air temperature to 

provide better comfort. Wang et al. [21] and Olesen et al. [22] compared air- and operative-temperature based 

controls of fan-coil and radiant systems and concluded that each combination of control reference temperature 

and system resulted in different thermal comfort conditions and energy use. It was found that a fan-coil system 

controlled by the operative temperature provided better thermal comfort than when it was controlled by the air 

temperature but resulted in increased energy use. For radiant systems, operative temperature control resulted in 

both adequate thermal comfort and energy savings. This shows the importance of the ability of a thermostat to 

capture the thermal environment experienced by the occupants, i.e. the operative temperature. 

A common assumption is that thermostats sense dry-bulb air temperature [23,24], unless they are specifically 

designed to measure other elements such as radiant temperature. However, considering that the temperature-

sensing component of a thermostat is inside a casing, it is possible for the measurement to be affected by radiation. 

Therefore, in the present study, it was hypothesized that the position and casing properties such as size, shape, 

colour and material will influence a sensor’s response (hence its measurements) to the thermal environment. As 

a reference, Simone et al. [26] compared spherical, flat, and hemispherical temperature sensors to evaluate which 

type was best suited for the measurement of operative temperature. They found that the optimal shape of the 

sensor depended on its position: hemispheres performed best when placed on the wall, and spheres performed 
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best when placed in the centre of the room. 

Previous studies have shown the importance of considering where in the room the control reference temperature 

is measured and the shape or construction of the sensor. When considering wireless sensors as an alternative to 

traditional wired sensors, a comparison of the two types of sensor is necessary. This paper reports the results of 

a climate chamber experiment comparing the temperature measuring performance (whether a sensor is 

representative of air or globe temperature) of commercially available wired and wireless room temperature 

sensors. Measurements were conducted in both radiant and all-air systems at two levels of cooling load. The 

position (location in the chamber and height above the floor) of the sensors were varied to consider the distributed 

nature of the wireless sensors. 
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2. Methodology

2.1 Sensors

Commercially available wired and wireless temperature sensors were evaluated in the experiment. The same 

seven wireless sensors that had been evaluated by Mylonas et al. [11] were evaluated, in addition to four of the 

wall-mounted (two wireless and two wired) sensors that had been evaluated by Borier et al.[27]. Both studies 

selected their sensors after a thorough market search. The seven wireless sensors were selected to meet the 

following criteria: temperature, relative humidity and CO2 concentration measurement capability, internet 

connectivity, real-time remote tracking possibility, ease of access to measured data, availability and price [11]. 

The four wall-mounted sensors were selected to represent conventional and new generation thermostats. 

Measured values were compared with reference air and globe temperature sensors. 

Table 1 summarizes the specifications of all the sensors used in this study. Fig. 1 shows how the sensors were installed 

and Fig. 2 illustrates the exterior of each selected sensor. The scale between the drawings are consistent but the 

overall scale was set to fit the page. The position of the temperature sensing component inside the casing is not shown 

as it is proprietary. Further specifications of the selected sensors, such as power consumption and communication 

protocol, are listed in the appendix. 
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Table 1 Specifications of all sensors

Sensors at fixed position in the room (a ~ d in Fig. 3)

Sensors Height [m] Measurement Range [°C] Accuracy [K] Notes

Air 1.1 10 – 30 °C ±0.2 -

Globe 1.1 10 – 30 °C ±0.2 Grey globe, 40 mm diameter
accuracy of thermistor (in the globe) listed

Hemispherical 1.5 Not available ±0.15 (at 0 °C),
±0.35 (at 100 °C) handmade, accuracy of PT100 listed

Sensors selected for evaluation: moved to different positions according to the test case (1 ~ 3 in Fig. 3)

Casing Characteristics
Sensor Type Acronym Temperature Range [°C] Accuracy

[K] Colour Passage for air

A -20 – 80 ±0.3 White Yes

B -40 – 100 ±0.3 White Yes

C -10 – 85 ±0.4 White Yes

D1 0 – 50 ±0.3 Silver No

D2 0 – 50 ±0.3 Silver No

E -10 – 40 ±10% White Yes (w/ fan)

Wireless

F -40 – 85 ±0.5 White Yes

W n/a Heating ±0.4, 
Cooling ±0.6 Silver / Black NoWireless,

Wall-mounted X -30 – 51 ±0.3 White Yes

Y 0 – 50 ±0.6 White NoWired,
Wall-mounted Z -35 – 70 ±0.4 White Yes

Reference Sensors: always positioned close to the selected sensors above

Sensors Measurement Range [°C] Accuracy [K] Notes

Reference Air -100 – 150 ±0.03 -

Reference Globe 10 – 30 ±0.2 Grey globe, 40 mm diameter
accuracy of thermistor (in the globe) listed

Air Speed 0 – 5 m/s ±(0.03 m/s + 4% of 
measured speed) -

Fig. 1 Sensors installed on an acrylic board (left) and other sensors installed on a metal plate (right) 
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Fig. 2 Casing exterior of sensors evaluated

Air-temperature, globe-temperature and hemispherical sensors were placed at fixed positions to measure the temperature 

distribution within the room. The location of the fixed sensors will be given in the following section, with the specifics 

of the chamber. The selected sensors (sensors A – F from [11] and sensors W – Z from [27]) were moved to different 

positions in the room depending on the test case. Sensors A – F were placed on a metal plate (0.6 × 0.6 m) painted 

in opaque white and positioned parallel to the floor, and sensors W – Z were attached to a transparent acrylic board 

positioned perpendicular to the floor. The plate and the acrylic board were attached to a pole to allow height 

adjustment. To prevent any heating of other sensors, the thermostat function of the wired sensors was disabled 

and they were used solely for temperature logging. 

A high precision thermometer (PT100) with an accuracy of ±0.03 K was used as the reference for air temperature. 

A grey globe temperature sensor (diameter of 40 mm) with an accuracy of ±0.2 K was used as the reference globe 

temperature sensor. According to ISO 7726 [28] and Simone et al. [26], measured temperature from the grey 

globe sensor can be used as an approximation for operative temperature when positioned at the height of 0.6 or 

1.1 m. Only the accuracy of the thermistor in the globe is available; however, in a previous uncertainty analysis 

by Kolarik and Olesen [29], the expanded uncertainty of the grey globe temperature sensor were between 1.2 to 
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1.6 K (coverage factor k = 2) based on field measurements conducted in four different buildings. The reference 

air temperature sensor was calibrated by the manufacturer prior to the experiment. The reference globe 

temperature sensor was calibrated against the reference air temperature sensor in an insulated polystyrene box, 

in which the air temperature and surface temperatures were equal. The reference air and globe temperature sensors 

were always positioned close to the sensors being evaluated (sensors A – F and W – Z) so that the surrounding 

conditions of the sensors were as close as possible, and were moved to different locations depending on the test 

case. An air velocity sensor was located close to the reference sensors. 

Most of the selected sensors had an accuracy of between ±0.3 – 0.6 K according to the specifications provided 

by each manufacturer. Sensor E had a manufacturer-provided accuracy of ±10%, corresponding to a range of 

more than ±2 K, which was the largest among all the selected sensors. In terms of casing characteristics, most of 

them had a white casing. Sensors D1 and D2 had a silver metallic casing, and sensor W had a silver metallic 

casing on the side and a black screen on the front. Some sensor casings did not have any openings for air to pass 

through, while others (such as those of sensors E and F) had a wide opening for air (e.g. a grill). All of the sensors 

were calibrated prior to the measurements. 
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2.2 Chamber Setup

Measurements were conducted in a climate chamber at the Technical University of Denmark. The climate 

chamber had dimensions of 4.12 × 4.2 × 2.89 m (L × W × H), with a floor area of 17.3 m2. All the walls of the 

chamber were inner walls, as the entire chamber was built inside a large-space laboratory. The wall construction 

consisted of a mineral wool layer with metal plates on both sides, coated with 25μm white polyester lacquer. The 

wall heat transmission coefficient was 0.25 W/(m2·K). Further specifications for the construction of the chamber 

can be found in [30] (Chamber 5), however the dimensions has been modified since then for increased flexibility 

in the installation of other mechanical systems when necessary. The chamber was configured as a two-person 

office, with two heated dummies simulating occupants seated at the centre of the chamber, each with a laptop 

computer. 

Fig. 3 shows the floorplans of the chamber, with the location of the cooling systems and with the position of the 

heat loads and sensors. The suspended ceiling consisted of 18 radiant panels, each with a dimension of 1.2 × 0.6 

m, covering 75% of the ceiling. In addition, two linear slot diffusers were mounted above the centre of the room, 

and two circular exhaust valves at the corners of the ceiling. One side of the wall was covered with five hydronic 

radiant panels to simulate a window heated by solar radiation. The radiant panels were located 0.7 m above the 

floor and 0.6 m below the ceiling, covering a total of 6.3 m2 of the wall. On the floor beneath the simulated 

window were five electric mats that covered the floor to 2 m from the wall to simulate the heating effect of direct 

solar radiation. 
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Fig. 3 Floorplans of the chamber with the location of system and equipment (left) and the location of 
sensors and loads (right)

Fixed air and globe sensors were positioned at a height of 1.1 m. They were positioned near the simulated window, 

occupants, and by the inner wall on the other side of the simulated window (a – d in Fig. 3) to measure the 

temperature distribution within the room. The globe sensor at position c at a height of 1.1 m was used as the 

reference for the control of the cooling system since it was closest to the occupants and far enough from the 

simulated window to avoid any undue effect of thermal radiation (so position c was chosen instead of position 

b). Fixed hemispherical sensors were placed at a height of 1.5 m on the west and east side walls. 

Sensors A – F, W – Z and the reference sensors in Table 1 were positioned near the simulated window, occupants 

or wall (1 – 3 in Fig. 1) at a height of 0.6 or 1.1 m. Measurement heights of 0.6 and 1.1 m represent the waist and 

head height of a seated occupant, respectively [31]. When the sensors were placed close to the wall, measurements 

were also conducted at a height of 1.5 m, which was the installation height recommended by the manufacturers 

of the wall-mounted thermostats selected in this study. Seven combinations of sensor location and height were 
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therefore tested. 

2.3 Measurement Procedure and Conditions

Measurements were carried out for both radiant and all-air systems. The radiant and all-air systems were each 

tested for low and high cooling loads, resulting in four test conditions. System operations and load conditions 

were set as closely as possible to previous experiments by Mustakallio et al. [32,33] and Kazanci et al.[34]. For 

each of the four conditions, the reference and selected sensors were moved to seven different positions, as shown 

in Fig. 3, so 28 sets of measurements were carried out. Each measurement was conducted for 1 hour with a 5-

minute logging interval after the room had reached steady state. The only exception was in the case of sensor C, 

which allowed only for a 15-minute logging interval. Therefore, sensor C logged the temperature 5 times during 

each measurement while all the other sensors logged the temperature 13 times. The logged temperatures were 

instantaneous and not the average over the time step. After each measurement, the reference and selected sensors 

were moved to a different position, and the next measurement was conducted once the chamber had reached 

steady state again. After measurements were conducted for all seven positions, the cooling system or load 

condition was altered, and measurements were conducted following the same procedure. The room globe 

temperature was monitored constantly so that the chamber maintained steady state throughout the measurement. 

The overall standard deviation of the globe temperature during the measurements was 0.2 K. Measurement data 

from the wireless sensors were obtained from their dedicated online web page or phone application, and wired 

sensors were physically connected to a data logger outside the chamber. Obtained temperature data were then 

adjusted according to the calibration curve of each sensor. The average (over the one hour of measurement) of 
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each sensor’s calibrated measurements was used in the analysis. Therefore, for each sensor, there is one data 

point for each of the 28 measurement cases.

2.3.1 Cooling Load

Table 2 shows the cooling load components. Two conditions were set for the cooling load, low (usual) and high 

(design) loads, in accordance with previous experiments conducted in the same climate chamber by Mustakallio 

et al. [32,33] and Kazanci et al. [34], using the same load inputs. For both the low and high load cases, two 

dummies simulating occupants, two laptops and four suspended lighting units were used. The dummies were 

made of metal cylinders (without any openings) with electric heating cables wrapped in the inside. The cooling 

load from the lighting units was 168 W throughout the experiment, as in previous measurements [34]. The laptop 

computers were connected to power at all times, and the screensaver and sleep modes were disabled to prevent a 

change in the generated heat during the experiment. An electricity meter was used at the plug to measure the 

electricity consumption of the dummies, laptops, and electric mats (simulating a solar load on the floor) separately. 

Each measured electricity consumption was assumed to be equal to the heat released to the room. A surface heat 

transfer coefficient of 8 W/(m2·K) [35] was used to calculate the load from the simulated window (hydronic 

radiant panel on the wall). The low and high load cases were differentiated with the surface temperature of the 

simulated window and the electric mats simulating solar load on the floor close to the window. The simulated 

window maintained a surface temperature of 30.4 °C and the electric mats were turned off for the low load cases. 

For the high load cases, the surface temperature of the simulated window was increased to 34.7 °C and all five 

of the electric mats were turned on. This would also create a temperature difference among the measurement 
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points within the room. The total cooling load of the high and low cooling load conditions were 61 W/m2 and 33 

W/m2, respectively. 

Table 2 Load Components

Type of Loads Units Consistent Low High
Window surface temp. [°C] - 30.4 ± 0.1 34.7 ± 0.1
Window Load [W] - 197 413
Dummies [W] 158 ± 2 - -
Laptops [W] 54 ± 3 - -
Solar load on floor [W] - - 254 ± 3
Lighting [W] 168 (nominal) - -
Total Load
(Including consistent loads)

[W/m2] - 33 61

2.3.2 Radiant System

In practical use, radiant systems need to be coupled with a ventilation system. Therefore, the radiant system 

condition in this study was designed so that the ventilation system operates with the minimum flow rate and the 

radiant cooling system removes the remaining load. The supply air temperature was precooled and maintained at 

approximately 16.5 °C, and the supply air flow rate was determined to meet the minimum ventilation rate for two 

people in a low-polluting building in accordance with Category II of EN 16798-1 [36]. The actual supply air flow 

rate was set slightly higher than the calculated value as a safety measure to keep the room pressure positive and 

to compensate for any leakage in the ducting system. The resulting supply flow rate was 26.9 L/s, corresponding 

to 1.9 ACH. After the ventilation system was set to the minimum flow rate, the supply water temperature for the 

radiant ceiling panels was adjusted so that the room globe temperature (at position c in Fig. 4) would be 26 °C. 

The supply water flow rate was kept constant throughout the experiment. The overall average globe temperature 

of the room cooled by the radiant system was 26.5 °C. The average ceiling panel surface temperature was 25.3 °C 
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for the low load conditions, and 21.6 °C for the high load conditions.

2.3.3 All-air System

The supply air temperature was also maintained at approximately 16.5 °C for the all-air system conditions. The 

chilled water circulation in the radiant ceiling panels was turned off, and the supply air flow rate was increased 

until a room globe temperature of 26 °C was obtained. The resulting flow rate was 35.4 L/s (2.5 ACH) and 71.3 

L/s (5.1 ACH) for the low and high cooling load conditions, respectively. The overall average globe temperature 

of the room cooled by the all-air system was 26.5 °C, the same as when it was cooled by the radiant system.

3. Results and Discussion

3.1 Temperature Distribution in the Chamber

Fig. 4 shows the temperature measurement values for the fixed sensors and the temperature difference in relation 

to the temperature at the occupant position (c). The globe temperature at the occupant position (c) was used as 

the control reference of the cooling system. West and east wall positions in “Hemispherical and Globe 

Temperature Sensors” are measurements from hemispherical sensors, and the remaining measurements in the 

same section are from globe temperature measurements. 
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Fig. 4 Temperature of fixed sensors and temperature difference in relation to occupant position

The overall results show a larger temperature difference between the globe temperatures than between the air 

temperatures. The average globe temperature difference between the window and wall positions was 

approximately 1.2 K for the high load cases, and 0.7 K for the low load cases while the air temperature differences 

were 0.9 K and 0.6 K for the high and low load cases, respectively. In terms of the difference between the occupant 

position and the wall, the maximum temperature difference was 0.5 K for the globe temperature and 0.6 K for 

the air temperature. The maximum temperature differences between the wall and occupant positions were seen 

in the radiant high load cases, with both the globe and air temperature near the wall being lower than at the 

occupant position. This may be assumed to be an effect of the wall being cooled by the chilled ceiling. 
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Among the low load cases, the temperature differences relative to the occupant position took similar values for 

the all-air and radiant system cases. Both the air and globe temperature differences between the occupant position 

and the window position became larger for the all-air system when the cooling load was high. The chilled ceiling 

may have compensated for the effects of radiation from the simulated window in the radiant system cases, as 

noted by Kazanci et al. [34] in the same chamber with similar conditions. 

In the present chamber setup, the temperature difference between the wall and occupant positions was 0.5 K at 

the most, but the simulated window created a globe temperature difference of 0.9 – 1.1 K between the occupant 

position and the position adjacent to the window in the high load cases. The radiant system resulted in a slightly 

lower temperature difference between the window and occupant positions. The results show that the globe and 

air temperatures decrease as the measurement points are positioned further away from the simulated window. 

The sensors to be evaluated in the following section were placed near the fixed sensors at positions a, c and d (in 

Fig. 3), and it was confirmed that the surrounding temperature of the sensors in each location was different as 

intended.
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3.2 Measurements by Selected Sensors

Fig. 5 shows the average measurement made by each sensor and the maximum temperature differences (between 

different sensors at the same position and between different positions for the same sensor) in each position and 

room condition. The average of the logged temperature data of each sensor at all 28 sets of measurement 

conditions are presented in Fig. 5. The differences between the maximum and minimum temperatures in each 

row and column are listed; i.e., the maximum temperature difference between the sensors at the same position is 

listed in the “Max. Diff. Sensors” column, and the maximum temperature difference between different positions 

for the same sensor is listed in the “Max. Diff. Positions” row. Sensor W gave measurements only in 0.5 K 

intervals so a proper calibration could not be obtained, and uncalibrated measurements were closer to the 

reference temperature. Hence the uncalibrated measurements of sensor W was used.
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Fig. 5 Sensor measurements (°C) and maximum temperature difference (K) in each position and 
room condition. (label: position_height (m); Max. Diff. Sensors: maximum temperature difference 

between different sensors at the same position; Max. Diff. Positions: maximum temperature 
difference between the same sensor at different positions)

In general, higher temperatures were observed when the sensors were positioned near the window. The maximum 

temperature difference in relation to the measurement position (Max. Diff. Positions) was the smallest for the 
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reference air temperature sensor in all four conditions. For the selected sensors, the maximum temperature 

differences relative to the position ranged from 0.5 – 1.6 K for the low load conditions, and 1.5 – 2.5 K for the 

high load conditions. When placed at the same position, the temperature difference relative to the measurement 

height was on average 0.1 K at the desk position and 0.3 K (maximum 0.7 K) at the wall and window positions. 

The effect of measurement height was negligible in most cases.

With the exception of the radiant system low load case, in which sensor W indicated an exceptionally low value 

(desk_0.6 case), the largest temperature differences between the sensors (Max. Diff. Sensors) were seen when 

they were placed close to the window. The maximum temperature differences between the sensors were around 

1.3 – 1.4 K for the radiant system cases and 1.2 – 1.8 K for the all-air cases at the window positions (window_0.6 

and window_1.1). One possible explanation for the range in the measured values would be differences in the 

sensors’ sensitivity to radiation. The largest temperature differences between the sensors were seen when they 

were placed close to the window under high load conditions, and the radiant system resulted in a smaller 

temperature difference than the all-air system since there was both heating and cooling by radiation (from the 

simulated window and the chilled ceiling). 
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Fig. 6 shows the distribution of temperature differences in comparison with the reference air and globe 

temperatures (ΔTair and ΔTglobe, respectively). Each box shows the distribution of temperature differences from 

the reference temperatures among the seven sensor positions. The lower and upper edges of the boxes represent 

the 1st and 3rd quartiles, and the lines in the middle represent the median. White dots indicate the mean value, and 

the whiskers represent the minimum and maximum values. The green shadings represent the required and 

desirable accuracy of air temperature sensors within a measurement range of 10 – 40 °C for class C (comfort) in 

ISO 7726-2001 [28]. The required and desirable accuracies are ±0.5 K and ±0.2 K, respectively. As a reference, 

the required and desirable accuracies for the mean radiant temperature are ±2.0 K and ±0.2 K, respectively. 

Results from Fig. 5 suggested that each sensor had different sensitivities to radiation, so the measured values 

from all the selected sensors were compared against both the reference air and globe temperatures.
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Fig. 6 Temperature difference in comparison with reference air temperature and globe temperature 
(*from ISO 7726 [28])

Most measurements in the low load conditions were within the required air temperature accuracy. In some cases, 

ΔTair of certain sensors (e.g., sensors A, C, D2) did not achieve the required accuracy range while most ΔTglobe 

remained within ±0.5 K. The number of cases in which the sensors failed to achieve the required accuracy 
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increased in the high load conditions, and was most noticeable in the all-air cases for the conventional wall-

mounted sensors Y and Z. As discussed in the previous section (3.1), the radiant system cases had a smaller 

temperature difference as radiant heat lost to the chilled ceiling compensated for the radiant heat supplied from 

the simulated window. For these two sensors (Y and Z), in the all-air high load condition, the maximum ΔTair and 

ΔTglobe was around 1.6 K and 0.8 K, respectively, and the mean of ΔTair was also outside the required accuracy 

range. Many wireless sensors had smaller ΔTglobe compared to ΔTair. Such sensors may have had their accuracies 

measured in a chamber or enclosure with a very small difference between the mean radiant temperature and air 

temperature (i.e., Tair ≈ mean radiant temperature).

3.3 Measurement Tendency and Accuracy

Fig. 7 shows the distribution of the difference in the differences between the measured temperature and the 

reference globe and air temperatures (|ΔTglobe| – |ΔTair|) for each measurement condition. Positive values indicate 

that the measured temperature was closer to the reference air temperature, while negative values indicate that it 

was closer to the reference globe temperature. 
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Fig. 7 Difference in temperature differences between the reference globe and air temperatures 
(positive: closer to air temperature, negative: closer to globe temperature)

As was suggested in Fig. 6, the results shown in Fig. 7 clearly show that sensors Y and Z had measurements close 

to the reference globe temperature. Sensors A, C, and D2 also yielded measurements similar to those from sensors 

Y and Z. Of these five sensors, all sensors except sensor D2 had white rectangular casings, and all had relatively 

few or no openings for air to flow through the casing. In terms of casing shape and colour, sensors B and X also 

had white rectangular casings but tended to yield values closer to the air temperature. This was probably because 

the two sensors had more openings through which air could flow freely compared to the other sensors with similar 
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casing constructions. 

Sensors D1 and W had silver metallic casings with no openings but yielded values closer to the air temperature. 

This was probably due to their lower surface emissivity, which would result in a reduced effect of radiation. 

Sensors D1 and D2 were part of the same product line and had very similar casing properties but showed different 

measurement tendencies. In terms of product differences, sensor D1 included a barometer (air pressure sensor) 

and a sound meter that were not included in sensor D2, and also had an additional 50 mm in height compared to 

sensor D2. It is possible that such structural differences, including sensor positioning within the casing, affected 

the temperatures measured by the two types of sensor. Sensors that contain sensing components that generate 

heat may sometimes adjust its measured temperature, as described in [38]. Hence, the temperature offset 

algorithm may have had an influence on the obtained results, in addition to the influence from the exterior of the 

casings. Another possible explanation could be variation between different examples of the same product. 

Comparing multiple D1 and D2 sensors would be the only way to discover whether this is the case. Sensor E 

yielded measurements closer to the air temperature, owing to its oval shaped structure with a large air intake 

space in the centre and a built-in aspiration fan. Sensor F had a cylinder-shaped casing with air passages in both 

the lower and upper sections but was not consistently biased towards air or globe temperature: measurements 

were closer to the air temperature in the radiant system conditions and closer to globe temperature in the all-air 

conditions. However, almost all the measurements by sensor F were within its accuracy range.
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Table 3 lists a comparison of the sensor accuracy provided by manufacturers and the temperature difference from 

the reference temperature sensors measured in the present study. The accuracy of sensor E was given as ±10% of 

the measured temperature and the measured values were within this range in all 28 cases. Other sensors had 

narrower accuracy ranges so their measurements were outside the sensors’ range of accuracy in some cases. 

Sensor F had the least number of cases outside the stated range of accuracy; two cases when the reference was 

the air temperature and none when the reference was the globe temperature. The largest differences were seen for 

sensor A, where 23 cases were outside the range of accuracy when the reference was the air temperature, and 11 

cases when the reference was the globe temperature. The cases falling outside the range of accuracy may have 

been a result of the difference in the chamber’s air and mean radiant temperature compared with the room or 

chamber in which the accuracy was measured by the manufacturers. If the accuracy of a sensor that acts like a 

globe temperature sensor was measured in a chamber with nearly identical air and mean radiant temperatures, 

actual measured values may exceed its accuracy range when positioned near a high temperature surface.
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Table 3 Stated sensor accuracies and measured temperature differences

Accuracy stated by 

Manufacturer

Difference from Reference Temp.

ΔT [K]

Number of cases where 

ΔT > Accuracy (max. 28 cases)Sensor

[K] Air Globe Air Globe

A ±0.3 0.0 – 1.3 -0.1 – 0.5 23 11

B ±0.3 -0.5 – 0.8 -0.6 – 0.0 7 14

C ±0.4 -0.2 – 1.3 -0.4 – 0.7 16 6

D1 ±0.3 -0.4 – 1.0 -0.6 – 0.2 8 12

D2 ±0.3 0.1 – 1.1 0.0 – 0.6 24 16

E ±10% -1.0 – 0.5 -1.1 – 0.0 0 0

F ±0.5 -0.2 – 0.8 -0.5 – 0.2 2 0

W ±0.6 (Cooling) -0.5 – 0.8 -0.7 – 0.3 1 3

X ±0.3 -0.6 – 0.9 -0.8 – 0.4 17 21

Y ±0.6 0.0 – 1.6 -0.1 – 0.8 5 2

Z ±0.4 0.0 – 1.6 -0.1 – 0.7 12 3

3.4 Implications and Limitations

A previous study by Borier et al. [27] conducted experiments under conditions similar to those of the radiant 

system high load case in the present study. In their study, the reference air temperature sensor was placed at a 

fixed position near the occupant during the whole experiment, while it was moved together with the sensors being 

evaluated in this study. When comparing the measurements of the sensors used in both studies (and only in cases 

with the same setup), the temperature difference ranged between 0.8 – 1.5 K in [27] and 0.6 – 1.6 K in the present 

results. These results were thus in good agreement and the reproducibility of the experiment was therefore 

confirmed. 

In this study, measurements from the grey-globe temperature sensor (when placed at the height of 0.6 or 1.1 m) 
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is assumed to represent the operative temperature, according to ISO 7726 [28]. Previous experiments conducted 

by Simone et al. [26] compared grey-globe sensors with ellipsoid temperature sensors and concluded that grey-

globe sensors are a valid indicator of the operative temperature. However, a recent study revealed that free 

convection has not been properly considered in the correction of globe temperature to mean radiant temperature, 

and an empirical model to consider mixed convection has been proposed [37]. Therefore, the proposed model 

was applied to the measurements made in the present study to confirm whether the grey-globe readings can be 

used as an indicator for operative temperature. As a result, the difference between the calculated mean radiant 

temperature and the air temperature ranged between 0.2 – 1.9 K (average of 0.7 K); the mean radiant temperature 

was higher than the air temperature in all cases. The maximum air speed was 0.17 m/s, which would enable 

operative temperature to be estimated as the average of the air and mean radiant temperature, according to ISO 

7726 [28]. The calculated operative temperature was higher than the globe temperature by up to 0.14 K. It was 

confirmed that the temperature measured by the grey-globe sensor is a valid approximation of the operative 

temperature when placed at 0.6 or 1.1 m above the floor surface.

Results from the present study suggest a difference in each sensor’s sensitivity to radiation and that the casing 

properties influence the measured temperature, supporting the hypothesis. The position of the temperature sensor 

within the casing and the presence of sensing components for other parameters such as humidity and CO2 

concentration may also be an influential factor, as discussed in the previous section (3.3). Conventional wall-

mounted temperature sensors (Y and Z) yielded values close to a globe temperature sensor, so they can be 

assumed to represent the operative temperature when positioned at a height of 0.6 or 1.1 m. The majority of the 
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measured values of sensors Y and Z were within their stated accuracy range when the temperatures measured 

were assumed to be the globe temperature instead of the air temperature. In addition, the temperature difference 

of sensors positioned at the same location at different heights (0.6, 1.1, 1.5 m) resulted in a temperature difference 

of 0.3 K on average and 0.7 K at the maximum. Other parameters, such as the difference in sensors, load 

conditions, reference temperature (air or globe) yielded larger temperature differences. Hence, a thermostat 

positioned at the height of 1.5 m, if it cannot be placed at 0.6 or 1.1 m, may also be a valid indicator of the 

operative temperature. The possibility that the air temperature or the mean radiant temperature may differ between 

the occupied zone and the thermostat position must always be considered.

For the remaining sensors (A – F, W and X), some yielded measurements close to the globe temperature while 

others measured closer to the air temperature. Sensors measuring closer to the air temperature tended to have 

more openings for air to pass through. Wireless sensors could be placed more freely compared to wired sensors; 

in cases where the difference between the mean radiant temperature and the air temperature is minimal, any of 

the studied sensors could be used as a temperature sensing component of a thermostat and thus the control input 

for the BMS. However, in positions where the mean radiant temperature and air temperature tend to deviate, such 

as in perimeter zones or in buildings with low thermal mass, it would be advisable to use sensors that yield 

measurements close to globe temperature. It is recommended that manufacturers conduct measurement accuracy 

tests of their sensors in a chamber or enclosure with a temperature difference between the air temperature and 

mean radiant temperature to test their response to radiation. In order for wireless sensors to be seamlessly 
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integrated to the BMS, other characteristics such as communication protocols and usability must also be 

considered.

One practical limitation of this study is that only one of each sensor type was evaluated (as opposed to having 

multiple sensors of the same type as in [11]), and that the sensors were not brand new. The effect of aging could 

have been disregarded if all the sensors had been left unused, which was not the case in the present study. Sensors 

A – F had been previously used in a series of experiments by Mylonas et al. [11] and sensors W – Z had been 

previously used in a series of experiments by Borier et al. [27]. None of the sensors had been used for any other 

purpose. Evaluating multiple examples of the same product would be the only way to take into account any 

variations between different examples of the same product. In this study, the effects of such uncertainties were 

minimized by the calibration process, and most comparisons were made in terms of temperature differences 

between the test cases for each sensor instead of as a direct comparison between different sensors. 

4. Overall Discussion and Future Studies 

It is commonly assumed that thermostats sense dry-bulb air temperature. Besides the manufacturers’ 

recommendations to avoid direct solar radiation, the effect of longwave radiation tend to be ignored for both 

wired and wireless sensors. However, the results revealed that the common assumption does not apply to certain 

sensors when there is a difference between the mean radiant temperature and air temperature at the sensor location. 

Previous studies have focused on the difference of the mean radiant temperature and air temperature at different 

locations and the type of temperature in which the HVAC system is to be controlled. For the findings of such 
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studies to be effective, a proper assumption of the type of temperature a sensor measures (air or globe) is necessary. 

Among the parameters observed in this study (i.e., cooling system, loads and sensor position), it was found that 

the assumption of the measured temperature type had the largest impact on the deviation from the reference 

temperatures. Therefore, even if a wireless sensor was positioned in the occupied zone, the control of the HVAC 

system may not improve if the assumption of the measured temperature type is incorrect.

In the conditions observed in the present study, the maximum measured difference between sensors was 1.8 K, 

at the position close to the simulated window in the high load all-air system condition. A 1.8 K difference in the 

operative temperature corresponds to a 0.6 difference in the predicted mean vote (PMV). Since the measured 

temperature serves as a control reference for the HVAC system, the uncertainties of the sensor measurements 

would influence the resulting thermal environment (e.g., compliance with comfort categories in standards such 

as [36]) and energy use. The same applies for other indoor environmental quality parameters [39,40]. Further 

numerical analyses such as those done by Kolarik and Olesen [29] would be necessary to quantify such an 

influence.

Compared to conventional wired sensors, which are usually mounted on walls in the interior zone, wireless 

sensors are more likely to be exposed to shortwave radiation (solar radiation) if they are placed near occupants. 

Wireless sensors in the market are available in much more diverse sizes, colours, shapes, materials and 

construction (e.g., position of temperature sensing component within the casing and sensing components of other 
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parameters) and therefore could introduce a variety of uncertainties due to these characteristics. It should be noted 

that only longwave radiation is taken into account in this experiment, and the effects of shortwave radiation (solar 

radiation) on casings with different colours and emissivities should be considered in future studies. In addition, 

it would also be valuable to conduct measurements at different room temperatures and also under transient 

conditions, to observe how each temperature sensor performs dynamically.

5. Conclusion

The objective of the present study was to quantify the differences in the temperature measured by commercially 

available room temperature sensors (wired and wireless) from the temperature measured by reference air and 

globe temperature sensors. The influence of sensor position in the room, room conditioning system (all-air or 

radiant) and cooling load level was studied. As a result, the following conclusions were drawn:

 The values measured by the sensors evaluated differed by up to 1.8 K when measured at the same position, 

which was larger than the globe temperature difference observed in the chamber. Larger temperature 

differences were seen when sensors were located close to the simulated window, suggesting a difference in 

their sensitivity to radiation.

 Though the effect of cooling system type on the deviation from the reference air and globe sensors was 

negligible in low load conditions, under high load conditions, the temperature differences from the reference 

air and globe temperatures was slightly lower for the radiant system conditions; reductions of up to 0.5 K 

were found. This was probably because the chilled ceiling compensated for the radiation from the loads 

present in the room, reducing the difference between the air temperature and mean radiant temperature.
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 The average difference in temperatures measured at the same location but at different heights was around 0.1 

– 0.3 K at the three locations (near the simulated window, near simulated occupants or on the inner wall). 

The effect of measurement height was thus negligible in most cases. 

 Contrary to common assumptions, conventional wired temperature sensors yielded measurements closer to 

the globe temperature than to the air temperature, due to their casing properties such as shape and material. 

Most measured values of the wired sensors were within their stated accuracy range if the temperatures to be 

measured are assumed to be the globe temperature rather than the air temperature. 

 Among the parameters observed in the present study, the assumption of the type of temperature a sensor 

measures (air or globe) had the largest impact on the deviation from the reference temperatures. Therefore, 

the incorrect assumption of the type of temperature a sensor measures may not contribute to an improved 

control of the HVAC system, even if the sensor was placed in the occupied zone, close to occupants. When 

testing the accuracy of temperature sensors, it is suggested that manufacturers also conduct measurements in 

a chamber or enclosure with a temperature difference between the air temperature and mean radiant 

temperature to test its response to radiation.

 In practice, measurements from a conventional wired temperature sensor may be assumed to represent the 

operative temperature (estimated as the globe temperature) if it is located at a height of 0.6 or 1.1 m. 

Measurements at a height of 1.5 m, if it cannot be placed at 0.6 or 1.1 m, can also be used as an approximation 

for the operative temperature in most cases. In rooms equipped with a conventional wired thermostat, HVAC 

systems are thus controlled by measurements close to operative temperature. When performing simulations, 
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the control reference should be set as the operative temperature instead of air temperature. However, the 

possibility of a difference in the air temperature or mean radiant temperature between the thermostat position 

and the occupied zone must still be considered.

 Wireless sensors varied in their sensitivity to radiation and differed in their relationship to the reference air 

and globe temperature measurements. In most cases, the temperature difference from the reference air or 

globe temperature was within ±0.5 K. If the difference between the mean radiant temperature and the air 

temperature is minimal, any of the observed sensors could be used as a temperature sensing component of 

the BMS, but where a large difference between the air and mean radiant temperature is expected at a given 

position (e.g., in perimeter zones), it is suggested that sensors that measure closer to the globe temperature 

be used. In addition, when implementing wireless sensors to the BMS, other characteristics such as 

communication protocol and utility must be considered as well.
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Appendix. Additional Characteristics of the chosen sensors

Appendix Table 1 Technical Specifications and Price

Power

Consumption
Price a)

Sensor Power Source Age
Ingress Protection (IP)

Rating Certification
[W] [€]

A Wall Plug n/a 0.1 513

B Wall Plug IP40 0.5 – 0.8 304

C Battery (6 months) n/a 0.8 380

D1 Wall Plug IP41 Up to 2.8 162

D2 Battery (1 year) IP41 0.8 70

E Wall Plug & Built-in Rechargeable Battery (3-8 h) n/a 5 277

F Wall Plug

Used in 

[11]

IP30 0.9 – 1.5 270

W Built-in Rechargeable Battery n/a 1.4 241 b)

X Battery (4 years) n/a n/a 430 b)

Y Wall Plug IP30 0.7 38 b)

Z Wall Plug

Used in 

[27]

IP20 0.4 96 b)

a) At the time of purchase
b) Calculated from exchange rate 1 DKK = 0.13 €

Appendix Table 2 Data Handling

Sensor Data Monitoring a) Internal Memory Wireless Communication Protocol

A Portal Yes (7 days) WiFi: 802

B Portal & Phone App No Zigbee

C Portal & Phone App Yes (3 days) TCP/IP

D1 Portal & Phone App Yes (7 days) WiFi: 802.11

D2 Portal & Phone App Yes (7 days) Wireless connection (radio) with D1

E Phone App Yes (3 GB capacity) WiFi: 802.11

F Phone App No WiFi: 802.11

W Phone App No WiFi: 802.11

X Portal No Sigfox / LoRa

Y - No -

Z - No -

a) Portal: an online platform that offers visualization and download of the measured data
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Highlights
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 Room temperature sensors were compared to air and globe temperature sensors.

 The assumption of measured temperature type affected sensor performance the most.

 Conventional wired sensors measured close to operative temperature.

 Wireless sensors varied in their sensitivity to radiation depending on the casing.

 Deviations from the reference sensors were smaller in radiant system cases.


