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Summary Radiant cooling technologies are emerging in the European market. The dynamic building 
thermal analysis program ACCURACY has therefore been enhanced so as to calculate cooling loads and 
analyse annual energy consumption for rooms with cooled-ceiling climate systems. The program 
addresses the radiant effects of the ceiling panels on thermal comfon and cooling load dynamics. The 
program was validated against the measured dynamic response of a test room to step heating and step 
cooling. The underlying principles of the program are given. It is used to calculate the cooling load for 
an office room. This demonstrates the applicability and significance of the new method. 
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List of symbols 

ACR Air change rate of a room (ac h-1) 
AHU Air-handling unit 
CAV Constant-air-volume type ofHVAC system 
cc Cooled-ceiling HV AC system 
CFD Computational fluid dynamics 
COP Coefficients of performance of chilled water system 
C _., c Specific heat of water at constant pressure 

w,.,. p,w CT kg-IK-1) 

~ k-p 
G 
PMV 

Specific heat of air at constant volume a kg-1K-1) 
View factor from enclosure surface k to person 
Water flow rate through ceiling panels (kg s-1) 

Thermal sensation index: Predicted mean vote 
Convective heat from room air to panel surface 
(Wm-2) 

Convective heat from individual enclosure surfaces 
(W) 
Heat extraction by mechanical ventilation (W) 
Direct convective heat dissipation from internal heat 
sources, including those from occupants (W m-2) 

Q inJ' Qexf Heat carried in and out by infiltration and exfiltra
tion respectively(W) 
Radiant heat dissipation from internal heat sources 
in a room (W m-2) 
Long-wave radiation heat exchange from an internal 
room surface (W m-2) 
Solar radiation absorbed by panel surface (W m-2) 
Air temperature in room space (°C) 
Air temperature in cavity space (0 C) 
Surface temperature of enclosure surface k (°C) 
Mean radiant temperature in room (°C) 
Operative temperature in room (°C) 
Temperature of panel surface facing cavity (°C) 
Temperature of panel surface facing room (0 C) 
Mean water temperature in ceiling panels (0C) 

1Required inlet water temperature of ceiling panels 
(OC) 
Outlet water temperature of ceiling panels (°C) 
Space volume (m3) 
Convective heat transfer coefficient of upside surface 
of panel (W m-2 K-1) 
Convective heat transfer coefficient of room-side 
surface of panel(W m-2 K-1) 

tThis work was carried out while Dr Niu was at Delft University of 
Technology. 

p 

Effective convective heat transfer coefficient from 
water to panel (W m-2 K-1) 
Thermal capacity of metal shell (W m-2 K-1) 

Thermal capacity of water layer (W m-2 K-1) 
Panel surface area (m2) 
Equivalent thickness of metal shell of ceiling panel 
(m) 
Equivalent thickness of water layer in ceiling panel 
(m) 
Density of space air(kg m-3) 

1 Introduction 

Modern air-conditioning systems can be classified into all-air 
and the air-water systems. Water-panel type cooled
ceiling(cc) systems fall into the second category. Figure 1 
shows the schematic for a cooled-ceiling system. Table 1 sum
marises the main operational characteristics of the cooled
ceiling, constant-air-volume (CAV) and variable-air-volume 
(VAV) systems. In a cc system, only outside air is supplied for 
humidity control and ventilation purposes. Thermal load 
removal is assigned mainly to the water-cooled ceiling panels. 
Therefore, a cooled ceiling system has a relatively small air 
handling unit (AHU), and reduced fan energy consumption. 
On the other hand ceiling panels (especially of the horizontal 
type) in a room space drastically change the cooling load 
dynamics with respect to heat accumulation. They also 
strongly influence the thermal comfort level since the ceiling
panel extracts heat by both radiation and convection. In view 
of the increased interest in cooled ceilings0,2l it is important to 
understand these characteristics if the system is to be applied 
properly. 

There are many variations of cooled ceilings, but this paper 
will focus on the horizontal plate type. In this design specially 
manufactured cooling panels are installed horizontally as part 
of a false ceiling through which cold water flows and extracts 
heat from the room. Various ventilation systems can be com
bined with the water ceiling to provide the required outdoor 
air and latent cooling. Some manufacturers also produce ceil
ing panels that function as air ducts through which ventila
tion air is preheated before entering the room through air dif
fusers. Usually separate heating devices are located conven
tionally underneath the windows for heating. 

Special cooling load calculation methods are required for the 
design of this system. As detailed in the ASHRAE 
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Room 

Figure 1 Schematic for water-panel type cooled-ceiling (cc) system 

Table 1 Operational characteristics of different air conditioning systems 

System Air volume(flow rate) Air supply Unit heating or 
temperature cooling 

Fixed with design 
Variable 

Radiator 
CAV 

load condition (optional) 

Variable Fixed 
Radiator 

VAY (optional) 

(a) Radiator 
Fixed with minimum 

Fixed 
(optional) 

cc 
ventilation (b) Ceiling panels 

for cooling 

Ideal All should be variable, co-ordinated by an optimisation scheme 

Handbook(3), in conventional air conditioning delay and atten
uation will usually occur during the conversion from room 
heat gain to cooling load. However, with cooled-ceiling panels 
a portion of radiant heat will be absorbed by the panels and 
converted directly into cooling load. This adds a new route 
for the conversion from room heat gain to cooling load, and 
eventually to heat extraction rate. Figure 2 is a modification 
of the original illustration appearing in the ASHRAE 
Handbook<3l. In the figure, the dotted route is added to indi
cate the possible direct conversion from radiant heat gain to 
cooling load. This is not counted in any of the current cooling 
load calculation methods. The cooling load model developed 
here will primarily address this direct absorption of radiant 
heat by the cooled panels. In addition, the influence of the 
lowered radiant temperature on thermal comfort will be 
taken into account in the room air temperature set-point. The 
new methodology thus combines the thermal dynamic mod-
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Differences of cooling-load dynamics between cc and all-air sys-

elling of building elements and the ceiling panels, and inte
grates the thermal comfort indices into the calculation proce
dure. For this purpose a dynamic cooling load computer pro
gram ACCURACY<4l, which was originally developed for all
air systems, is enhanced. This paper presents the mathemati
cal principles and experimental validation results for the pro
gram. Finally, the cooling load characteristics of a room 
installed with a cooled ceiling are calculated using the pro
gram. The results demonstrate the significance of this 
approach. 

2 Modelling procedures 

2.1 Modelling a room with ceiling panels 

A room is modelled using the established room-energy-bal
ance method<+-0J. 

In this simulation approach the room is divided into zonal air 
volumes and enclosure surfaces. These are defined respective
ly as follows. 

The zonal air volume is geometrically isolated or enclosed by 
building envelopes such as walls, windows or doors as well as 
internal partitions. According to this definition, the air above 
the false ceiling in a room will be treated mathematically as a 
volume of air distinct from the volume of air in the room. 

An enclosure suiface is an element of the whole surface bound
ing the air volume. The three subtypes are transparent (win
dow surfaces), opaque (wall surfaces) and active (cooled ceil
ing or heating radiator). Including the cooled ceiling panel 
surfaces as a basic element of the simulated building enables 
the dynamic behaviour to be analysed realistically. 
Specifically, radiant effects on thermal comfort and energy 
consumption are taken into account directly. 

Applying the energy conservation law for each of the air vol
umes and surfaces yields the following equations: 

For an air volume: 

VR VRcv,adTjdt = Qic + Li=lNQc,i-Qext + Qinf-Qexf (1) 

where VR is the space volume; VR is the density of the space 
air; c is its volumetric specific heat capacity; Q. is the direct 
conv~~tive heat from internal heat sources, in~luding those 
from occupants; Q0~ is the convective heat from the individ
ual enclosure surfaces; Q= is the heat extracted by mechani
cal ventilation; Qinf and Q •• , are the heat carried in and out by 
infiltration and exfiltrauon respectively, including char 
caused by air exchange from adjacent zones. 

For an enclosure surface: 

qs + qir -(qc + Li=lNqr,i,) =qt (2) 

where q, is the solar radiation transmission through the win
dow(s) that is apportioned co the surface by absorption; q;, is 
the radiant heac from ii:itemal heat sources; qc is the convec
tive heat from the surface to the air volume; q }< is the long
wave radiative heat exchange with other surfaces; q

1 
is the 

heat transmission from the other side- of the surface, which 
will involve different processes for the different surface types 
mentioned above. For a multi-layer wall, q

1 
will be calculated 

by the Z transfer function method. For a multi-layer window 
q, is calculated by a special procedure which takes into 
account the multiple reflections and absorption of the glass 
panes as well as those of venetian blinds<4,sJ. In this section 
only modelling of q, for the cooled ceiling surfaces will be 
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described in more detail. Further details about the modelling 
can be found elsewhere(7-9J. 

Several researchers<1o, 11> have found in their simulation of a 
heating radiator in a room that a single-element model for the 
heating radiator is accurate enough for energy simulation 
purposes, whereas a multi-element model is necessary for 
dynamic control analysis. All cooled ceiling panels will there
fore be treated as one element here. Furthermore, the heat 
conduction within ceiling panels is treated one-dimensionally 
using a three-nodal point model. This approach is illustrated 
in Figure 3. The idea is to address the radiant characteristics 
of the ceiling panel as well as the fin-effectiveness of panel 
and ceiling structures. Applying one-dimensional heat con
duction analysis to calculate the heat transmission into the 
panel surface q

1 
(Figure 3), the energy balance equation for a 

unit area of the shell facing the room space is 

q, = aw(Tp,r -T) + Tp,r - Tp,c) + (8p;)m dTP)dr (3) 

where aw is the convective heat transfer inside the ceiling 
panel and Tw is the mean water or air temperature inside the 
panel. Theoretically, chilled water temperature will vary loga
rithmically along the panels. In chilled-ceiling water flow 
design, the chilled water temperature rise across the ceiling 
would be around 2 K to maximise the cooling effect and even 
out the temperature distribution of the panels. Therefore the 
mean water temperature inside the panel can be approximat
ed as a weighted mean of the inlet and outlet chilled-water 
temperatures. T , is the surface temperature of the panel fac
ing the room, ( 8'pc; )m is the thermal capacity of the metal shell, 
T c is the shell temperature of the opposite panel side (that 
fa"cing the ceiling void), and a is the radiant heat transfer 
coefficient between the two side~. For the water panel a = 0. 
The conductance resistance has been omitted for the' shell 
since the latter is rather thin and highly thermally conduc
tive. For the water layer or air layer the energy balance equa
tion is: 

Ma (T -T) +Ma (T -T) 
wp,r w wp,c w 

= Gcp,w(Tw,o -Tw) + M(8p;v\dT jdr 
(4) 

where M is surface area of the panel; T 1 and T are the inlet 
w AVP 

and outlet water temperatures; G is the water now rate; c is 
the specific hear capacity of the water at constant pressur;(T 
is the average water temperature in cbe whole ceiling, taken a; 
the mean value of T wi and Tw

11
; ( 8p<)w is the thermal capacity 

of the water layer. Equations 3 and 4 can apply to all modular 
types of ceiling panel by including the fin effectiveness in the 
aw value. 

The new procedure for cooled ceiling systems allows us to 
split the cooling load into two parts: heat extraction by venti
lation air and heat extraction by ceiling panels. Exhaust air 
temperatures are calculated from the required operating tem
peratures. The required chilled water temperatures are calcu
lated at each time step. 

2.2 Thermal comfort 

The radiant temperature must be taken into account in cool
ing load calculations. The mean radiant temperature is 
defined as the uniform temperature of an imaginary enclosure 
in which radiant heat transfer from the human body equals 
the radiant heat transfer in the actual non-uniform enclosure. 
The mean radiant temperature is approximated using the lin
ear formula 

t = L NtF 
mr k=l k k·p (S) 
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where Fk-p is the view factor of a person from the surface k. As 
stated in the ASHRAE Handbook, when differences in t are 
around S°C, the error in tm, calculated by equation S wib be 
around 0.2°C. However, the linear equation is easily imple
mented as part of the overall solution algorithm of the com
puter program. Given the simulated room air temperature t , 
estimated air velocity v. and partial water vapour pressure p•, 
the thermal sensation for occupants with metabolic rate M 
and clothing level /cl can be predicted in terms df the index 
PMV(predicted mean vote). The V can be estimated from CFD 
simulation of typical conditions<12> or from other available 
sources, and P. can be estimated reasonably at normal indoor 
air temperature and relative humidity. Specifically, at the esti
mated air flow velocity and normal humidity, the operative 
temperature to can be used as a control variable in the simula
tion procedure for energy estimation. The following formula 
is used for the calculation oft : o 

t0 = a,t. + (1-a.)Lk=l\Fk·p (6) 

where aa usually takes the value of 0.55 when the air velocity 
is below 0.2 m s-1. 

2.3 Numerical procedures 

The equations given above form a set quasi-linear simultane
ous equations in terms of the room air temperature and indi
vidual surface temperatures (including the cooling panel sur
face temperature that is required to satisfy thermal comfort). 
Given numerical solutions of the equation set, the required 
supplied water or air temperature can be calculated. 
Rearranging the equations also allows changes of room air 
temperature to be simulated at a given supplied water or air 
temperature. Either the start-up process or the processes 
occurring in a room when the equipment has reached its 
maximum capacity is simulated. 

3 Experimental validation of simulation procedures 

The model programs have been validated comprehensively 
for a given internal climate. Parameters describing the con
vective processes are considered as rather uncertain factors. 
Particularly for a room with a cooled ceiling, the panel surface 
convective heat transfer coefficients and air exchange between 
the cavity above the ceiling and the room have considerable 
influence on both the heat extraction capacity of the ceiling 
panels and air flow in the room. The main purpose of the val
idation is to measure the convective heat transfer coefficients 
and air exchange. Simultaneously, the overall algorithm will 
be tested against room responses to step-heating and step
cooling. 

The panel surface convective heat transfer coefficients ap,r are 
found to be around 3 W m-2 K-1 in the temperature difference 
range from 2-12 K<9l. This value can be approximated by 
using the correlation recommended in the ASHRAE 
Handbook: 

a = l.52(t - t 'f.33 
p,r a p,r 

Tracer gas measurements are performed to identify the possi
ble air exchanges through ceiling openings.<13l The air 
exchange rate through the gaps between panels caused by the 
buoyancy effect is around S ac h-1 for the given room volume, 
with a cooling load of 25 W m-2 floor area and 30% active ceil
ing area. These parameters are used as the default values in 
the program. Sensitivities to them are examined by compar
ing the predicted and measured thermal responses in the test 
below. 
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The test room has a heavy concrete floor and roof, 175 mm 
thick, and medium-weight sidewalls of 80 mm thick expand
ed concrete. Eight chilled water ceiling panels are installed in 
the room. The panel area constitutes 30% of the total false 
ceiling area. The test room is located in a laboratory hall at a 
fairly constant temperature of around l 9°C. The test room 
was equilibrated by closing the door for a couple of days. 
Three 150 W lightbulbs, each in a double-layer, multi-hole 
box, were switched on to generate 450 W convective heat. 
After 48 hours the cooled ceiling was switched on, its water 
supplied at a constant flow rate and controlled constant inlet 
temperature around l 9°C. During these three processes all the 
surface temperatures inside the room, the ceiling panel sur
face temperatures, the air temperatures in the vertical mid
plane of the room and cavity, the inlet and outlet tempera
tures of the water are measured and recorded in a data file. 
The validation procedure is as follows. Using the measured 
equilibrium temperatures as the initial condition, and the 
water supply rate and temperature as inputs for the dynamic 
program, the corresponding dynamic behaviour is simulated 
numerically. Some of the measured and simulated results are 
shown in Figure 4. It is found that the simulated enclosure 
surface and room air temperatures, ceiling-panel surface tem
peratures and heat-extraction rates are in reasonable agree
ment with the measured values. More detailed discussion 
about the experimental validation of the predicted wall sur
face temperatures, room air temperatures, ceiling-panel sur
face temperatures and the heat extraction rates by the ceiling 
panels is given elsewhere<8l. 

4 Simulation considerations 

To demonstrate the significant differences between cooled
ceiling and all-air systems in terms of cooling load dynamics, 
the whole modelling procedure is applied for the chilled
water cooled-ceiling system versus the all-air system. The sys
tems are modelled as if for an office building. Only one room 
is analysed for cooling load and heat extraction. The room is 
assumed to be situated in an intermediate storey with identi
cal rooms adjacent, above and below. The fa<;ade is south-fac
ing with 35% double glazing area. The window is installed 
with venetian blinds. The external wall consists of three lay
ers - 180 mm thick concrete slab inside, and a 100 mm thick 
brick layer outside with 60 mm insulation between. The floor 
(as well as the ceiling) has a 320 mm thick concrete slab base 
with another 70 mm thick cement layer. The storey height is 
3.3 m. The lowered or false ceiling is located 2.64 m from the 
floor. There is therefore an air space above the false ceiling. 
With cooled-ceiling systems, ceiling panels will replace 60% 
of the false ceiling. The false ceiling has openings which allow 
air recirculation. The room is 3.6 wide and 5.1 m deep. The 
partition walls are made of 26 mm gypsum board. The build
ing is occupied only in working hours: from 08:00 until 
18:00. During working hours, the total internal sensible load 
is 800 W in the room, or about 40 W m-2 floor area, with 37% 
radiant heat. The cooling load calculation assumes that no air 
infiltration occurs. 

The room aperative temperature is controlled at 25.6 and 22°C 
in the cooling and heating periods respectively. With the all
air system, 22°C is also the set-point of the thermostat for 
radiator control. It is assumed that outdoor air is supplied at 
an amount of 2 ac h-1 and that the minimum supply tempera
ture is 15°C. The supply chilled water flow rate to the ceiling 
panel in the room is 0.119 kg s-1, giving a heat extraction 
capacity of about 45 W m-2 floor area with a temperature rise 
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of about l.6°C. Outside conditions are described by the Dutch 
short reference year weather data04l. 

5 Analysis of simulation results 

5.1 Cooling loads and required heat extraction rates 

The cooling load program calculates the required heat extrac
tion rates from the room, the extracted air tempefanires and 
the required chilled water temperatures for the ceiling panel 
with the cc system. This information consists of hourly data. 
A sample for one day is shown in Table 2. The differences 
between the cc system and all-air system can be seen by com
paring the different heat extraction rates (Figure 5). The total 
required heat extraction rates are higher in the first half of the 
day, but lower in the second half of the day for the cc system 
as compared with the all-air system. The primary reason is 
the direct absorption of radiant heat by the ceiling panels and 
the consequent reduced heat accumulation in the wall. 
Reducing the heat storage capacity is not good for reducing 
the peak load of the air-conditioning system. On the other 
hand the air temperature in the room is higher at the same 
operative temperature due to the radiant effect, which means 
that ventilation energy loss is reduced due to the lower air 
enthalpy difference between indoors and outdoors. Taking 
into account this effect, the increased cooling capacity 
requirement will be somewhat lower than that indicated in 
Figure 5. The ultimate effect on energy consumption is calcu
lated by coupling the data with air-handling-unit and prima
ry energy equipment modelling<9l. 
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Figure S Required heat extraction rates: cc system versus all-air system 
(intermittent cooling with night-off; operative temperature maintained at 
23 • C for both systems) 

5.2 Required chilled water temperatures 

Depending on the water flow rate and panel area specified, 
the program calculates the required inlet chilled-water tem
perature. Obviously a large ceiling-panel area and high flow 
rate will require less water chilling, and vice versa. Table 4 
gives the minimum water temperature required for different 
panel areas in terms of percentage of the total ceiling area. 
The minimum supply water temperature allowed is subject to 
several factors. To avoid condensation on the panel surface, 
the panel surface temperature should not be lower than 1S°C 
under normal indoor conditions, or the dewpoint tempera
ture of the room air in general. Therefore a large area of ceil
ing panels will be beneficial for avoiding condensation. A 
higher chilled water temperature also means that more free 
cooling is possible using a cooling tower, since it is possible to 
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Table2 Hourly heat extraction rates and temperarures calculated by dynamic simulation for cc system 

Hour Heat extraction(W) Operative 
By air By panel temperature 

(OC) 

0 0 24.1 
2 0 0 24.0 
3 0 0 24.0 
4 0 0 23.9 
5 0 0 23.9 

6 0 0 23.9 
7 0 0 24.1 
8 0 0 24.5 
9 363.5 358.9 25.6 
10 363.3 754.0 25.6 

11 362.8 767.8 25.6 
12 362.6 763.1 25.6 
13 362.6 709.1 25.6 
14 362.7 625.3 25.6 
15 362.8 506.l 25.6 

16 363.0 420.7 25.6 
17 363.l 443.6 25.6 
18 363.2 420.1 25.6 
19 0 0 25.1 
20 0 0 24.9 

21 0 0 24.7 
22 0 0 24.5 
23 0 0 24.4 
24 0 0 24.3 

Total 9.4kWh 

Table 3 Hourly heat extraction rates and temperatures calculated by 
dynamic simulation (all-air system) 

Hour Heat extraction Operative Extracted air Supply air 
rate(W) temperature temperature temperaruret 

(OC) c·q (OC) 

1 0.0 25.0 
2 0.0 24.9 
3 0.0 24.8 
4 0.0 24.8 
5 0.0 24.8 

6 0.0 24.8 
7 0.0 25.0 
8 0.0 25.4 
9 775.3 25.6 25.2 17.4 
10 915.7 25.6 25 15.8 

11 981.2 25.6 25 15.1 
J.2 1003.7 25.6 24.9 14.8 
13 989.4 25.6 24.9 15 
14 949.1 25.6 25 15.4 
15 883.6 25.6 25.l 16.2 

16 823.9 25.6 25.2 16.8 
17 813.5 25.6 25.2 17 
18 799.1 25.6 25.2 17.1 
19 0.0 25.9 
20 0.0 25.7 

21 0.0 25.6 
22 0.0 25.4 
23 0.0 25.3 
24 0.0 25.4 

Total 8.9kWh 

tfor CAY system 
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Extracted air Panel inlet water 
temperature temperature 
c·q (°C) 

24.6 24.6 
25.7 23.3 
25.7 20.9 

25.7 20.3 
25.7 20.1 
25.7 20.4 
25.7 20.8 
25.7 21.6 

25.7 22.2 
25.7 22.3 
25.7 22.4 

Table 4 Required minimum water temperarures for ceiling panels at differ
ent percentages of active ceiling area 

Proportion of active 25 40 60 
ceiling area(%) 

IS >17 

shut down and bypass the chiller when the water temperature 
from a cooling tower is low enough. On the other hand, a 
large panel area means a high initial cost. A project designer 
will consider these opposite influences and try to optimise the 
system in terms of life-cycle cost. The current simulation 
method can certainly assist the designer in achieving this 
goal. The program can also be enhanced with a moisture 
model to simulate the risk of condensation on the panel sur
face. 

6 Concluding remarks 

This paper demonstrates the possibilities of using rigorous 
numerical simulation techniques to address the details of 
cooled-ceiling systems. The methodology, applied to all-air 
systems and cc systems, elucidates some inherent characteris
tics of the two systems as follows. 

(a) The program is able to split the cooling load into two 
heat extraction components: that carried away by the 
ceiling panels and that attributable to the ventilation air 
supply. Radiant effects on thermal comfort due to the 
horizontal ceiling panels are taken into account in the 
simulation. 

(b) For a typical office room in the temperate Dutch climate 
the simulation results indicate that the radiant effect 
tends to reduce the heat storage capacity of the building 
envelope, and therefore tends to increase the required 
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heat extraction rates in a room served by cooled-ceiling 
systems. On the other hand, the raised room air tempera
ture reduces energy loss attributable to the ventilation air 
supply. The ultimate effects on system energy efficiency 
due to these two conflicting mechanisms have yet to be 
investigated in the context of system energy simulation. 
A further development would be to couple the cooling 
load data generated by the program with models for air 
handling unit, as well as models for such primary equip
ment as boilers, compressors and air fans. The ultimate 
annual energy consumption of cooled-ceiling systems 
could then be compared with that of all-air systems. 

(c) The program can also be used for further analysis of the 
energy-saving possibilities of cooled-ceiling systems. 

(<i) The risk of condensation on the panel surface is general
ly of great concern in cc system design. The program 
predicts panel surface temperatures for various panel 
constructions and designed areas, as well as cooling 
loads. The program can therefore also be used to analyse 
condensation risks. 
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