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Highlights 

 

 The cooling capacity of the chilled radiant floor was measured to increase from 32 up to 

110 W/m
2
 under direct solar radiation.  

 The surface temperature region exposed to solar radiation reached a peak temperature of 

26 °C while the unexposed areas were between 20 and 21 °C. 

 Increasing the chilled water supply temperature from 12 to 18 °C caused a decrease in 

cooling capacity from ~110 to ~95 W/m
2
.  

 Higher air speeds along the floor created by ceiling fans increased the radiant slab 

cooling capacity by ~12 % (from 32 to 36 W/m
2
) when the operative temperature was 24 

°C and, up to ~19 % (40 W/m
2
) when it is increased to 26 °C.  

 The presence of thin carpet tiles marginally reduced the radiant floor cooling capacity (~ 

5 %) compared to an exposed floor slab. 
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Abstract 

Direct solar radiation on a cooled radiant floor increases its cooling capacity. There is limited 

measured evidence of this phenomenon reported in the literature. We assessed the effect of solar 

radiation, increased air movement, and carpet on the cooling capacity of the radiant floor in a 

laboratory exposed to the outside environment. We performed experiments for different chilled 

water supply temperature. The cooling capacity of the chilled radiant floor was measured to 

increase from 32 up to 110 W/m
2
 under direct solar radiation. The surface temperature region 

exposed to solar radiation reached a peak temperature of 26 °C while the unexposed areas were 

between 20 and 21 °C. Increasing the chilled water supply temperature from 12 to 18 °C caused 

a decrease in cooling capacity from ~110 to ~95 W/m
2
. Higher air speeds along the floor created 

by ceiling fans increased the radiant slab cooling capacity by ~12 % (from 32 to 36 W/m
2
) when 

the operative temperature was 24 °C and, up to ~19 % (40 W/m
2
) when it is increased to 26 °C. 

The presence of thin carpet tiles reduced the radiant floor cooling capacity for ~5 % compared to 

an exposed floor slab. 

 

1. Introduction 

Radiant floor cooling can be used in building spaces with large glazed surfaces designed to allow 

direct penetration of sun and daylight, for example, atriums, airports, and entrance halls. Some of 

the applications of radiant floor cooling systems include Hearst Tower in New York, Akron art 

museum in Ohio, and Suvarnabhumi Airport in Bangkok, Thailand (Simmonds et al., 2006).  

 

When compared to conventional all-air systems, radiant floor cooling offers several advantages: 

(i) higher energy efficiency (Stetiu, 1999; Watson and Chapman, 2002)  especially through high 

temperature cooling (Meggers et al., 2012, 2013), (ii) application of non-compressor-based 

energy sources like geothermal and evaporative cooling (Meggers et al., 2013; Ren et al., 2010), 

(iii) equal or better thermal comfort than air systems (Karmann et al., 2017b; Karmann paper 

under review), (iv) reduction of circulation energy for water vs. air (Feustel and Stetiu, 1995), (v) 

the ability of load shifting from daytime to nighttime (Olesen, 2000), (vi) reduction of peak 

energy demand (Gwerder et al., 2008), and (vii) material and spatial savings through slab and 

ceiling integration (Kiel 2010; Schlueter et al., 2016). Radiant systems pose also some 

challenges: (i) thermally massive systems with large exposed concrete surfaces may lead to 

higher reverberation time and therefore proper acoustical treatment is needed. Acoustical cloud 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

coverage of ~30% of the ceiling in a private office or ~50% in an open plan office creates 

sufficiently acceptable sound absorption conditions with a reduction of only ~10% of cooling 

capacity (Karmann et al., 2017a); (ii) in humid climates there is a need to control humidity to 

avoid the risk of condensation (Mumma, 2002; Tang et al., 2016) (iii) high thermal mass radiant 

systems have a large response time (on the order of hours), which can require more challenging 

control strategies to fully take advantage of (Ning et al., 2017); (iv) floor carpet and furniture 

coverage will reduce cooling capacity.   

 

Chilled radiant floors are able to instantaneously remove radiant heat (long and short wave) from 

external (solar) or internal heat sources, as well as an interior surface within its line-of-sight 

view. All-air systems remove heat gain from the space through convection, while radiant floors 

remove heat gain from the zone through radiant heat transfer between external and internal heat 

sources and convection from the warmer indoor air. A range of radiant floor cooling capacities 

has been reported in the literature for two distinct scenarios, with and without direct solar load. 

Olesen (1997) reported that radiant floor cooling capacity range is 35 - 50 W/m
2
, but for cases 

with direct sunshine on the floor, the cooling capacity ranges from 100 – 150 W/m
2
. Simmonds 

et al. (2000) reported that 70 – 80 W/m
2
 was used as an average cooling capacity for mixed loads 

in the Bangkok airport design. The two works mentioned above did not provide measured 

evidence of their claims. Odyjas and Górka, (2013) simulated different thermal loads in the space 

and reported that floor cooling capacities for convective loads range from 22 to 28 W/m
2
, for 

mixed loads range from 39 to 50 W/m
2
 and for direct solar load they range from 68 to 86 W/m

2
 

for the floor surface temperature between 22 and 23.5 °C. In their review paper, Zhao et al. 

(2013), without citing the source of this information, suggest that for buildings with large glass 

surfaces, cooling capacity of the radiant floor can reach 60 to 120 W/m
2
 and for buildings with 

less glazing and direct solar penetration, cooling capacities are 35 to 40 W/m
2
. Measurements of 

radiant floor cooling capacity in Xi’an Xianyang International Airport (Zhao et al., 2014) 

showed cooling capacities from 25 to 40 W/m
2
 in areas with no direct solar exposure and 110 to 

140 W/m
2
 in locations directly exposed to the solar radiation. Feng et al., 2016 used EnergyPlus 

to simulate a total of 864 cases in which the window-to-wall ratio, building orientation, shading 

options and floor absorptivity varied, and concluded that radiant floor cooling capacity can vary 

between 20 and 44 W/m
2
 without solar, and can go up to 150 W/m

2
 with direct solar. Feng et al., 

2016 also compared simulated capacities with the capacities calculated with ISO calculation 

method (ISO 2012) and concluded that the capacity is 1.2 to 2.7 times higher for the cases when 

floor is exposed to direct solar.  

 

Changing the convective coefficient can influence cooling capacity of the radiant floor. The 

convective coefficient can be increased with the use of ceiling fans that create boundary layer 

flow across the floor surface (Gao et al., 2017). Boundary layer flow across the floor has higher 

velocity compared to the flow field established in the indoor environment without ceiling fans. 

To the best of our knowledge impact of the use of ceiling fans on floor cooling capacity have not 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

been quantified. Karmann et al., (2017 - submitted for publication) showed that the use of fans 

between a radiant chilled ceiling and acoustical canopies mounted below them can increase 

cooling output of the radiant ceiling by up to 20 %. 

 

In commercial buildings floors are often covered with carpet tiles. From a heat transfer 

perspective, carpet tiles present additional thermal resistance. Additional resistance reduces 

cooling capacity of the floor. The effect of the additional thermal resistance is especially 

important if areas of the floor that will be carpeted are known during the design stage. This 

phenomenon has been extensively tested with simulation, but it has not been quantified 

experimentally. 

 

In this study, "cooling capacity" is the heat flux on the surface of the slab. We need to distinguish 

this term from the hydronic cooling capacity that refers to the amount of heat that is exchanged 

between the slab and hydronic tubing. A wide ranges of cooling capacities under solar radiation 

have been reported based on engineering judgment (100 – 150 W/m
2
 in Olesen, 1997; numerical 

calculations (up to 150 W/m
2
 (Feng et al., 2016)), and field studies (110-140 W/m

2 
(Zhao et al., 

2014)). All the studies point out that cooling capacity of chilled radiant floors exposed to direct 

solar radiation require special consideration. To our knowledge, laboratory measurement of floor 

cooling capacity has not been previously conducted or reported. The objective of this study was 

to measure, in a highly controlled laboratory facility with outdoor solar exposure, the effect on 

radiant floor cooling capacity of: (1) direct solar radiation exposure; (2) elevated air movement 

caused by ceiling fans; and (3) presence of carpet tiles.  

 

2. Experimental methods 

2.1. Measurement equipment 

We conducted experiments in chamber 3B of FLEXLAB
®

 (https://flexlab.lbl.gov/) at Lawrence 

Berkeley National Laboratory (LBNL). Chamber 3B (Figure 1) has dimensions of 6.4 x 9.64 m 

and is equipped with an embedded PEX tubing floor cooling system consisting of seven water 

loops. The PEX tubing  (0.0159 m diameter) is attached to the rebar at a depth of 0.05 m in the 

concrete floor slab, with 0.15 m of concrete below, followed by foam insulation (0.15 m thick) 

which separates the concrete slab from the ground. The water loops are distributed across the 

floor with the objective to create a uniform slab temperature distribution. We measured slab 

temperature with in-slab temperature sensors positioned in the middle of the 3B chamber. The 

vertical position of the sensors is 0.05 m below PEX tubes. Another in-slab temperature sensor 

was positioned just above the foam insulation. The rated accuracy of the in-slab temperature 

sensors is ± 0.05 °C. The windows in the 3B chamber are on the south wall at 0.8 m height from 

the floor along the full width of the wall, which is oriented South. The low-e double-pane glass 

windows were built in compliance with ASHRAE Standard 90.1 (2010) with SHGC of 0.25 and 

U-value = 3.4 W/(m
2
·K). Thermistors were mounted on the inner side of the inner glass pane 

(4
th

) to measure glass surface temperature and enable estimation of amount of heat in the long 

wave spectra irradiated towards the interior. A weather station, containing an air temperature 
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sensor, a humidity sensor, a pyranometer for measurements of total and diffuse solar irradiance, 

and a wind speed and direction sensor, was mounted on the roof of the 3B chamber.  

 

We installed three pyranometers (Epplet, SPP), recording at 1 min interval, inside 3B in different 

locations to measure solar radiation. The pyranometers measure solar radiation wavelength 

ranging from 0.295 to 2.8 μm, capturing visible and near infrared spectra. This range contains 

approximately 99% of the solar radiation at the earth’s surface. The standard measurement 

uncertainty is 3.5% and the response time is 5 s. We calibrated each pyranometer before they 

were deployed.  

 

We used omnidirectional air speed probes with a range of 0.05 to 5 m/s to measure air speed. 

The measurement accuracy of the air speed probes is 1 % of the reading or 0.02 m/s in the range 

of 0.05 to 1 m/s. This was the range of velocities during our experiment. We measured surface 

temperature with k-type thermocouples. Measurement accuracy was with special limits of ±1.1 

°C or 2 % of the reading. We measured air and operative temperature with an accuracy of 0.2 °C 

or 2 % of the reading. We measured airflow with an in duct installed airflow meter with an 

accuracy of 3 % of the reading. We measured s air temperature in the supply and return duct with 

the accuracy of ±0.2 °C. We measured supply water flow rate with accuracy of 2 % of the 

reading. We measured supply and return chilled water temperature with accuracy of ±0.2 °C.   

 

We mounted heat flux sensors at selected locations on the floor surface, applying thermal sink paste on 

the bottom sensor surface to increase thermal conductivity between heat flux sensor and the floor surface. 

We covered the top part of the sensor with black tape. The large area heat flux (FluxTeq, PHFS-09e ), 

HFb, sensor (Figure 1b) is 88 x 95 mm in size (84 cm
2
 of sensing area) and uses a differential temperature 

thermopile with a response time of 0.9 s. The measurement accuracy was 2.5 %. In addition to these large 

sensors, we also used smaller heat flux (FluxTeq, PHFS-01e), HFs, sensors to further increase the 

resolution of heat flux measurements on the floor surface, as shown in Figure 1B. This smaller heat flux 

sensor has a total sensing area of 6.45 cm
2
, a response time of 0.9 s and a measurement accuracy of 5 %. 

We used a Labjack data logger combined with a terminal board to acquire data from the sensors. The 

Labjack data logger analog inputs can measure differences of up to ±0.01 V, and the heat flux sensors 

were directly connected to the data logger.  

 

2.2. Experimental conditions and procedures  

During the experiments, we used a combination of a constant volume air system and floor 

cooling to maintain the operative temperature setpoint. We based the decision to use operative 

temperature on conclusions derived from simulation and experimental work by Feng et al., 2013 

and Feng et al., 2014. We calculated the average operative temperature based on the readings of 

three operative temperature sensors positioned at 0.6 m from the floor. We placed these operative 

temperature sensors (Figure 1b) along the chamber centerline and they were not exposed to the 

direct solar radiation. The total amount of interior heat loads in the space was 3630 W (61 W/m
2
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floor area) distributed with six dominantly radiant heaters (200 W each) and two convective 

heaters (750 W each), four thermal manikins resembling building occupants (75 W each) and 

four thermal cylinders (120 W each).  
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Figure 1. Experimental setup. (a) Full chamber (left) and zoom in on the sun exposed region (right), (b) 

measurement and equipment distribution plan. 
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Since solar radiation entered through the south facing window, the floor area was divided into 

two parts: the part that was exposed to the direct solar and the part that was not. We located the 

three larger, more accurate heat flux sensors strategically in order to capture this phenomenon: 

south (HFb,south) – close to the window, on the chamber centerline (HFb,middle) – on the chamber 

centerline in the middle of the chamber, north (HFb,north) – close to the north wall opposite of the 

window on the chamber centerline (Figure 1b). We then located a grid of 24 heat flux sensors, 

nine surface temperature thermocouples and two pyranometers (Figure 1b) on the floor surface 

to measure surface heat flux, surface slab temperature and solar irradiance reaching the floor.  

 

We measured air speed, air temperature and operative temperature at heights of 0.1, 0.3, 0.6, 1.1, 

1.7 and 2.1 m from the floor (ISO 7726, ISO 7730, ASHRAE Standard 55) along the centerline 

of the chamber to monitor possible stratification and heterogeneity of indoor conditions, both of 

which might impact floor cooling capacity. We positioned three measurement trees across the 

centerline of the chamber to enable proper comparison between chamber conditions. Table 1 

shows the experimental conditions for the 22 individual experiments that we performed. 

 

Table 1. Experimental test conditions 

 Top [
o
C] Twi [

o
C] Window 

Concrete slab 24 12, 13.5, 15, 16.5, 18 
Open 

Blocked 

Ceiling fans 
24 15, 16.5, 18 Blocked 

26   

Carpet tiles 24 12, 13.5, 15 
Open 

Blocked 

 

2.3. Measurement Uncertainty 

Three components of multiple measurement error are absolute constant error, conditionally 

constant error and random error. Absolute constant errors have a constant value that is the same 

in all the measurements and it is unknown. In a measurement, rarely more than one or two 

absolutely constant errors exist, and they are, as a rule, insignificant. Absolute constant error can 

be considered as 0. Conditionally constant error,   , accounts for the intrinsic measurement error 

of the instruments and additional elementary errors (e.g., experimental procedure error or putting 

the tape over the top surface of the heat flux meter),   . For floor cooling capacity measurement: 

      √  
    

       √                . ka is coefficient for various number of 

component errors. Rabinovich (2013) suggests a value of 1.12. Random error is calculated using: 

           ̅                  , where tq is correction coefficient 2.04 (Rabinovich, 

2013) and   ̅ is the standard deviation of the measured result. Multiple uncertainty is       

              7.74 %. Table 2 shows measurement uncertainties for solar flux, surface 

temperature measurements, velocity and operative temperature. 
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Table 2. Measurement uncertainty 

    ka    tq Sx       [%] 

Solar flux 3.5 1.12 1 2.04 1.73 7.61 

Surface temperature 2 1.12 2.5 2.04 1.92 7.5 

Heat flux 2.5 1.12 2.5 2.04 1.85 7.74 

Velocity 1 1.12 1 2.04 2 5.67 

Operative temperature 1 1.12 2 2.04 1.6 5.77 

 

2.4. Total floor cooling capacity calculation 

The cooling capacity for the case when the window was open and part of the floor was exposed 

to the direct solar was calculated in two parts. The first part is the area exposed to the sun (~6 

m
2
). the second part is the area of the floor that is not exposed to the sun (~54 m

2
). 

 

3. Results and Discussion 

3.1. Solar penetration through the windows 

Results in Figure 2a show distribution of global solar irradiance that reached the horizontal roof 

surface on chamber 3B for 25
th

 and 30
th

 April and 2
nd

 May 2016. The right photo in Figure 1a 

shows how the sunlight penetrated into the indoor environment and the part of the floor directly 

irradiated by the sunlight. Results presented in Figure 2 show that global solar irradiance was 

similar for these days. We measured the intensity of the solar radiation passing through the 

double-glazed window in the vertical plane by mounting pyranometer immediately inside the 

window glass. Figure 2b depicts the solar intensity profile after the window. Results in Figure 2b 

are from the same days and show that solar radiation on the horizontal surface on the roof 

reaches up to 1000 W/m
2
. Solar irradiance in the vertical plane after the window reached a peak 

of approximately 100 W/m
2
. Profiles depicted in Figures 2a and b show the sudden drop at one 

point due to cloud shading. The similarity between solar profiles depicted in Figures 3a allows us 

to compare the radiant floor surface heat fluxes for different chilled water supply temperature 

used on those respective days. 

 

  
Figure 2. (a) Global horizontal solar irradiance measured on the roof of the FLEXLAB and (b) global 

vertical solar irradiance immediately after the window glass for three typical days (April 25
th
, April 30

th
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and May 2
nd

) for chilled water supply temperatures of 12, 15 and 18 
o
C respectively. 

 

3.2. Impact of solar radiation on cooling capacity  

 

Results in Figure 3a depict an example of floor surface heat flux when there is direct solar 

radiation.  Results show that during the experiments, the cooling capacity of the floor can 

increase to up to 100 W/m
2
 for a period of four hours. For the remaining time of the day the heat 

flux was between 25 and 39 W/m
2
. These results suggest that the cooling capacity for the part of 

the floor that is exposed to direct solar radiation can increase significantly. Results show that 

heat flux readings had peaks and valleys at different times. Window frame or cloud shading 

caused the peaks and valleys. The difference between results depicted in Figure 3a and reported 

in the literature can be mainly attributed to the window properties and specific solar angle. 

 

Figure 3b shows the boxplots of the surface heat fluxes for one large and four small heat flux 

sensors. The results show that the surface heat fluxes of 5 sensors are very close (medians 

between 33 and 40 W/m
2
). Differences can be attributed to solar shading cause by window frame 

and clouds, different relative position on the floor in relation to the supply PEX tube and 

heterogeneity of the heat flux through the floor concrete. Instead of showing complex figures 

(e.g., Figure 3 a and b) and readings from a large number of heat flux sensors, we decided to 

focus our analysis on the measurements with 3 large heat flux sensors distributed on the radiant 

floor. 

 

 
 

Figure 3: Surface heat flux measured on the sensors exposed to direct solar radiation as (a) timeseries 

and (b) boxplots. HFs,1, HFs,2, HFs,3, HFs,4 represent row of small heat flux sensors next to the window. 

HFb,south_is the large heat flux sensor placed next to the window. Measurement took place on May 5
th
, 

2016. 

 

3.3. Impact of supply water temperature on cooling capacity 

 

Figures 4a, b and c compare the cooling capacity measured with large heat flux sensors as a 

function of supply water temperature. The surface heat flux of the radiant cooling slab exposed 
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to the sun reaches a peak heat flux around noon (the difference between solar time and clock 

time is less than 10 min). This coincides with the peak solar time, indicating that there is no time 

delay between these two phenomena, as one would expect. For the areas that are not exposed to 

direct solar radiation, the heat fluxes do not change much throughout the day because the total 

thermal loads remain fairly steady. Results in Figure 5a show average surface heat flux as a 

function of the chilled water supply temperature. Averaging depicted in Figure 5a was done 

using a floor area weighted average of sun exposed and unexposed regions. When increasing the 

supply water temperature from 12 to 18 °C (Figure 4a, b and c), the heat flux in the middle of the 

chamber (the region that is not directly affected by solar irradiance), decreased from 40 W/m
2
 to 

below 30 W/m
2
 (a 25 % reduction). In the north region of the floor, the heat flux marginally 

changed with changes to supply water temperature. In the floor regions affected by solar, the 

peak heat flux decreased from 115 W/m
2
 to 95 W/m

2
 or 18 % (Figure 4a, b and c), with 

increasing supply water temperature. Results in Figure 4a, b and c show that average floor heat 

flux (surface cooling capacity) increased with the decrease of chilled water supply temperature, 

as expected. A similar trend can be observed in Figure 5a. 
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Figure 4. Figure 4a, Figure 4b and Figure 4c: Daily surface cooling capacity for different areas of the 

chamber for water supply temperature of 12, 15  and 18 
o
C; Figure 4d, Figure 4e and Figure 4f: Daily 

floor surface temperature for different areas of the chamber for water supply temperature of 12, 15 and 

18 
o
C; Figure 4g, Figure 4h and Figure 4i: Daily operative temperature for different areas of the 

chamber for water supply temperature of 12, 15, and 18 
o
C. 

 

Figures 4d, 4e and 4f show the radiant floor surface temperatures. Figure 5b shows the area-

weighted surface temperatures. Results in Figure 4d, 4e and 4f for one water supply temperature 

(e.g., 15 °C) show that two distinct surface temperature regions exist. The first region, that is 

affected by solar has a peak floor surface temperature of 26 °C, and the second region, 

unaffected by solar, has floor surface temperature between 20 and 21 °C. This is an important 

result because we can clearly observe that although floor cooling capacity increased (Figure 4a, 

4b, 4c), the floor area affected by the direct solar has a higher temperature compared to the area 

unaffected by the direct solar radiation.  
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Results in Figure 4d, e and f also show that floor surface temperature can increase up to 1.5 °C 

when supply water temperature was increased from 12 to 18 °C in the areas directly exposed to 

solar. In the regions without direct solar, the surface temperature difference was 2.5 °C. Results 

in Figure 4 show that floor surface temperature is less sensitive to the supply chilled water 

temperature change in the regions affected by direct solar irradiance. Similarly, weighted average 

results in Figure 5b show that surface temperature increases from 20 °C to 22 °C for when 

chilled water supply temperature increased from 12 to 18 °C. 

 

Results in Figure 4d, e and f, and Figure 5b suggest that separate hydronic loop zoning with the 

lower chilled water supply temperature in the sun-affected region can reduce surface 

temperature. For a 6 °C change in the supply chilled water temperature, slab surface temperature 

showed a variation of up to 2.5 °C or up to 2 °C when considering the area weighted calculation. 

Results in Figure 4g. 4h and 4i show that reduction of supply water temperature for 6 °C did not 

impact operative temperature in the sun-exposed region.  

 

Results depicted in Figure 4g, h and i show operative temperature readings for one sensor 

exposed to the direct solar and three sensors that were not. The operative temperature in the solar 

affected region can reach 28 °C compared to an operative temperature set point of 24 °C. 

Operative temperature sensors that were not affected by the direct solar measured operative 

temperature 24 ±0.5 °C. Area weighted calculations are depicted in Figure 5c and they show 

large distribution of temperatures but very similar medians for all supply water temperatures. 

 

 

 
Figure 5. (a) surface cooling capacity (heat flux) of the radiant floor, (b) surface temperature and (c) 

operative temperature as a function of the chilled water supply temperature. 

 

3.4. Combined impact of solar radiation and supply water temperature on cooling capacity 

 

Figure 6 presents cooling capacity as a function of reference temperature difference (ΔTh). ΔTh 

expresses the combined influence of cooling system characteristics as a function of supply, Twi,  

and return, Two, chilled water temperatures and room operative temperature, Top, as shown in the 
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equation (1). ΔTh is used during the design to determine radiant floor cooling capacity (ISO 

2012). 

 
    

       

  
       
        

 
 

(1) 

 

Results in Figure 6c and d compare the radiant floor cooling capacity for the same floor area 

with the window blocked and open, allowing floor exposure to direct solar. Results show that the 

cooling capacity of the areas close to the window can increase from around 20 W/m
2
 (window 

blocked) to 110 W/m
2
 (window open, exposed to the direct solar). Results show that with the 

increase of ΔTh, the floor cooling capacity will increase. Similar results can be observed in 

Figure 6 where surface cooling capacity is given as a function of chilled water supply 

temperature. The trend observed in Figure 6c and 6d can be attributed to the chilled water supply 

temperature reduction that will reduce the floor surface temperature. Comparison of cases with 

and without direct solar shows that when the floor is exposed to direct solar, the solar radiation 

has the dominant impact on cooling capacity. 
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Figure 6. Figure 6a and Figure 6b: Surface cooling capacity for areas close to the window (a) window 

blocked; (b) window open. Notes: there are 5 cases with supply water temperature of 18, 16.5, 15, 13.5 

and 12 °C; (a) uses 3-h data points; (b) uses 9-h data, from 9:00 – 18:00; Figure 6c and Figure 6d: Area 

weighted surface cooling capacity for:  (a) window blocked; (b) window open; Notes: there are 5 cases 

with supply water temperature of 18, 16.5, 15, 13.5 and 12 °C. (c) uses 3-h data points; (d) uses 9-h data, 

from 9:00 – 18:00. 

 

When we averaged the results for the whole floor area they show (Figure 6c and 6d) that cooling 

capacity increases with an increase of    , but compared to the case with the blocked window, 
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the increase in cooling capacity is marginal. This is due to the small overall area that is exposed 

to the sun in our experimental test configuration (depicted in Figure 1), a factor that was outside 

of our control due to the geometry of the test chamber. 

 

3.5. Impact of ceiling fan and carpet on the radiant slab cooling capacity 
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Figure 7. Radiant floor cooling capacity for bare slab, use of fan at Top = 24°C and Top = 26°C and when 

thin carpet tiles were placed on the top of the radiant slab. Floor surface temperature is depicted in 

Figure 7d, 7e and 7e for bare slab, use of fans at Top = 24°C and Top = 26°C and carpet on a slab. In all 

cases chilled water supplied to the floor was 15 °C. Figure 2 shows the location of the surface 

temperature sensor. 

 

Results presented in Figure 7 show the impact of ceiling fan and carpet tiles on the radiant slab 

cooling capacity. During the experiments, we blocked the windows to avoid measurement 

uncertainty caused by variation of solar irradiation. We positioned floor surface heat flux sensors 

(measured cooling capacity) between ceiling fans. When we conducted experiments with the 

ceiling fan, the performance was evaluated at operative temperatures of 24 °C and 26 °C. A 

higher room operative temperature of 26 °C was added, in addition to the 24 °C used in the other 

experiments, because most likely a higher spatial operative temperature will be used when air 

movement is increased.  

 

Results in Figure 7a show that use of a ceiling fan can increase radiant slab cooling capacity by 

approximately 16 %, from 32.4 W/m
2
 in the baseline operation at the operative temperature of 24 

°C to 37.6 W/m
2
. Radiant slab cooling capacity can be increased up to 41 W/m

2
, or 

approximately 26 %, when baseline operation was compared to ceiling fan elevated air 

movement at an operative temperature of 26 °C (Figure 7c). In both cases, radiant floor cooling 

capacity increased due to the increase in convective heat transfer coefficient on the floor. In the 

case of operative temperature of 26 °C, the temperature difference between the floor and the air 

was increased (Figure 7f) and that caused a larger increase in cooling capacity.  

 

When comparing surface temperatures (Figure 7d) for the bare slab operated at Top = 24 °C, the 

surface temperature only increased by less than 0.3 °C when the ceiling fan was turned on, for 

the chilled water supply temperature of 15 °C. Ambient air temperature in the chamber in both 

cases was 24.4 °C, suggesting that temperature difference between the air and the floor surface 

was ~ 3 °C. When Top was increased to 26 °C floor surface temperature was increased by ~ 2 °C 

while maintaining the same floor to ambient air temperature difference.  

 

Figure 7b shows that radiant floor cooling capacity is marginally reduced (~ 5 %) with typical 

thin carpet tile used in the USA offices. All the surface temperatures presented in Figure 7d, 7e 

and 7f refer to the concrete slab surface and temperatures were obtained for the same chilled 

water supply temperature. Differences that can be observed are caused by changes in ambient 

temperature (24.4 °C for Top = 24 °C and 26.5 for Top = 26 °C) and thermal resistance of the 

carpet. Results suggest that thermal resistance created by the carpet causes concrete slab surface 

temperature (surface immediately below a carpet) to be lower than in other cases examined in 

this study. When carpet was used (Figure 7e) concrete slab surface temperature was lower then 

in other examined case (~ 5 °C higher then supply water temperature).  
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4. Discussion and Practical Implications  

 

Floor area with direct solar exposure will have higher surface temperatures, an effect that 

depends on the intensity of the solar radiation reaching the floor. From the thermal comfort 

perspective if the solar exposed area is large enough, the air temperature should be reduced to 

maintain comfortable conditions. This is especially true in cases where the occupant will also be 

exposed to direct solar radiation, an effect that can be quantified using the SolarCal component 

of Standard 55 (ASHRAE Standard 55). From the engineering perspective the main design 

consideration is that the envelope should be appropriately shaded from solar radiation. 

Nevertheless, in some cases, the architectural expression prevents façade shading from being 

implemented (an example is Anaheim Regional Transportation Intermodal Center building).  

 

Results above have three important design implications when envelope shading cannot be 

implemented: depth of the in-slab sensors used for control and monitoring, spatial distribution of 

in-slab temperature sensors, maintaining comfort conditions and coupling radiant cooling with an 

additional system. This design consideration will be important for spaces that have large glazing 

area, transparent roofs and permanent occupancy. 

  

The depth of the in-slab temperature sensors used for control and monitoring is important. 

Depending on the position of the sensors we can have a different reading of the floor temperature 

that is used for the control (combination of slab and air temperature). In the case of carpet, the air 

temperature was 24.6 °C and concrete slab surface temperature (below a carpet tile) was 19.8 °C. 

When simple averaging of air and concrete slab surface temperature is used, this would yield 

combined temperature of 22.2 °C which is substantially different then operative temperature of 

24.1 °C measured in the space. This difference can be attributed to the difference between 

concrete slab surface temperature and temperature of the carpet surface. Depending on the carpet 

resistance concrete slab surface temperature (below a carpet tile) can be even lower while carpet 

surface temperature might be higher resulting in an even large difference between real operative 

temperature in the space compared to combined air and slab surface temperature averaging 

methodology. This correlation requires further study, however it points out the importance of 

operative temperature use instead of the air and surface temperature averaging for buildings 

where carpets are used in combination with the floor cooling. 

 

The spatial distribution of in-slab temperature sensors is the second important design 

consideration. The cooling floor will contain regions with direct exposure to solar and regions 

that are not exposed, hence in order to provide comfort conditions through the whole indoor 

environment both floor regions needs to be effectively detected. Different approaches can be 

chosen for detection and some will include floor surface temperature monitoring, operative 

temperature monitoring or return water temperature monitoring. Only properly distributed 
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sensors will provide the right information for the building management system to maintain 

comfort conditions in the indoor environment.   

 

Since occupant thermal experience correlated with operative temperature the third design 

consideration is maintain operative temperature. One of the possible solutions would be that 

zoning of accompanying air system has to include consideration of the floor area exposed to the 

direct solar (Nall, 2013). With this particular strategy cooling slab surface temperature increase 

due to direct solar can be compensated with the air system. This approach would require 

reasonably accurate prediction of the areas of the floor that will be exposed to the direct solar.  

Another possible solution is specially zone floor hydronic system in the areas exposed to the 

direct solar. Results from this study, show that reduction of supply water temperature for 6 °C 

changed slab surface for 2 °C, but did not have significant impact on operative temperature in the 

sun-exposed region. These results suggest that separate hydronic loop zoning with the lower 

chilled water supply temperature in the sun-affected region can reduce surface temperature, but 

that approach might not be the most effective way of controlling slab surface temperature in the 

solar exposed zones. Considering effectiveness in surface temperature change and additional 

complexity required to create a separate hydronic loop, based on the results from this study, we 

do not recommend this design solution. We recognize limitation of this observation because it 

was done only for a single slab thickness, one PEX configuration and single chilled water flow 

rate. Based on our observation the most effective way to respond to direct solar could be to 

increase air speed locally. Since use of the ceiling fans increased floor temperature between 0.3 

°C and 2 °C this suggests that use of ceiling fans increases floor capacity with a marginal 

increase of the surface temperature This result further suggests that combining radiant floor with 

elevated air movement induced by ceiling fans represents a very good combination from the 

thermal comfort perspective because radiant exchange with cold floor surface is almost 

unaffected with a gain of the enhanced convective exchange. With the possibility to increase 

capacity by 20 %, the combination of radiant floor and ceiling fans has the potential to be an 

important low energy cooling solution. Radiant systems and especially TABS have the potential 

to utilize low lift chillers with a higher coefficient of performance (Armstrong et al., 2009a) or 

direct or indirect evaporative cooling (Caliskan et al., 2011). In addition, elevated air movement 

is one of the most energy efficient strategies for providing thermal comfort to occupants, 

particularly under warm conditions (Schiavon and Melikov, 2008; Hoyt et al., 2015; Sekhar, 

1995; Duarte et al., 2015). 

 

5. Limitations 

We conducted experiments from April until May with a small floor area close to the window 

exposed to direct solar radiation. Another limitation was imposed by the geometry of the 

chamber. The chamber had only one window facing south, and the floor area was rectangular 

which resulted in a small direct solar floor exposure. Another limitation is that experiments were 

conducted with only one hydronic loop configuration and only one slab thickness. We operated 
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the chamber based on the operative temperature sensors that created a mismatch between the 

control strategy used in the experiment vs those commonly used for these systems in practice. 

 

6. Conclusions 

This paper describes the results of a controlled laboratory study to investigate impact of direct 

solar, use of ceiling fans and carpet tiles on the cooling capacity of the radiant floor. To our best 

knowledge this is the first fully controlled experimental study. Based on the results following 

conclusions can be derived. 

 

Results for one water supply temperature (e.g., 15 °C) show that two distinct cooling capacity 

and surface temperature regions exist. Cooling capacity of chilled radiant floor can be increased 

from 30 W/m
2
 up to 110 W/m

2
 with direct solar radiation based on the results of this experiment. 

Changes of the chilled water supply temperature from 12 to 18 °C led to decreased cooling 

capacity from ~110 W/m
2
 to ~95 W/m

2
. In the middle region of the test room, the cooling 

capacity decreased from ~40 W/m
2
 to below 30 W/m

2
. The region close to the window that was 

affected by direct solar had a peak floor surface temperature of 26 °C, while the unaffected 

region away from the window had floor surface temperatures between 20 and 21 °C. Although 

floor cooling capacity increased, the floor area affected by the direct solar has a higher 

temperature compared to the area unaffected by the direct solar radiation. This has impact on 

thermal comfort of the occupants and requires consideration during positioning and selection of 

the slab temperature sensors. 

 

Results also show that floor surface temperature can increase up to 1.5 °C when supply water 

temperature was increased from 12 to 18 °C in the areas directly exposed to solar, while in the 

regions without direct solar the surface temperature increase was 2.5 °C. Results show that 

reduction of supply water temperature by 6 °C did not impact operative temperature in the sun-

exposed region. Having a localized lower temperature may be a challenge from the design point 

of view.  Considering effectiveness in surface temperature change and additional complexity 

required to create a separate hydronic loop, based on the results from this study, we do not 

recommend this design solution. 

 

Ceiling fans can increase radiant slab cooling capacity by approximately 16 % at the same 

operative temperature - from 32 W/m
2
 in the baseline operation at the operative temperature of 

24 °C up to 36 W/m
2
. Radiant slab cooling capacity can be further increased up to 42 W/m

2
, or 

by approximately 26 %, when the operative temperature is increased to 26 °C to account for the 

effect of increased air movement on thermal comfort. The combination of radiant floor and 

ceiling fans has the potential to be an important low energy cooling solution. 

 

The presence of thin carpet tiles reduced the radiant floor cooling capacity for ~ 5 %.  This is a 

small decrease in the cooling capacity, but it has impact on surface temperature hence it is 
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important to know which area of the floor will be covered by the carper because using a slab 

surface temperature measurement for control will be affected. 
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