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Abstract. This paper reports the results of different heat emitter system measurements, which were 
carried out at the nZEB test facility near Tallinn University of Technology in early 2018. Radiators, 
underfloor heating, air heaters and radiant ceiling panels are studied as coupled with different control 
schemes ranging from ON-OFF to PI-type control. The objective is to assess and quantify the control 
accuracy and thermal comfort parameters among different configurations. 

Scheduled heating dummies are used to simulate internal heat gains within the otherwise 
unoccupied test rooms. Along with outdoor temperature variation, the heating demand is therefore 
constantly changing and the control systems are continuously adjusting the heat output to maintain 
the desired indoor air temperatures. Control accuracy is then determined from the temperature 
deviations against this set value. Air stratification within the room is assessed with vertical 
temperature gradient calculations from measured air temperatures at different heights. The operative 
temperature at the point of expected occupancy is calculated from surrounding air and enclosing 
surface temperatures.  

The quantified results provide a comprehensive comparison between the different system 
configurations, enabling further energy simulations in related software packages since these 
parameters directly influence the energy usage within a system.

1 Introduction  
A wide variety of different heat emitters is available for 
building heating solutions [1, 2, 3, 4]. While the heating 
load needed within a building should be system-
independent (i.e. only dependent on  ambient conditions), 
the actual energy used can vary to some degree depending 
on the chosen system. The position, size, mode of heat 
transfer, control scheme etc can indeed vary greatly 
between different configurations [3]. Some system-
specific parameters and variables, such as vertical air 
temperature gradients [1] as a result of stratification, 
operative temperature difference from air temperature and 
control accuracy are known to have a significant effect on 
annual energy consumption [4]. This configuration-
specific performance difference poses an interesting 
research question – how to quantify and attribute these 
differences in energy usage to specific emitter types and 
products on a comparable and standardised basis. Indeed, 

the incentive should be to use the system with the lowest 
energy usage. 

The European standard EN 15316 provides an 
approach of quantifying this in terms of the room 
temperature set-point variation [5]. If a parameter causes 
an increase in annual energy consumption, this is 
accounted for by raising the set-point in the related 
calculations or simulations. Such set-point increments are 
then summed up and added to the initial room temperature 
set-point. 

The present study aims at measuring and calculating 
some of the input parameters that are required for the 
performance assessment prescribed by the CEN TC 130 
standardisation technical committee agenda. These 
parameters can then be used in an annual energy 
simulation, in order to compute the set-point increments 
for different system configurations. 

In the following, we accordingly determine for 
specific product categories the experimental input and 
model calibration data that will be used in dynamic 
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simulations of heat emission parameters in the European 
reference room.

2 Method
In this study, control accuracy and thermal comfort 
parameters for different heat emitter systems are 
calculated from experimental measurements carried out at 
the Tallinn University of Technology nZEB test facility in 
March 2018. The measurements were carried out for the 
following emitter types:

� 11-type panel radiators of size 300 x 1200 mm with a 
nominal heat output of 307 W at design flow 
temperatures of 55/45 °C, placed under windows.

� Wet installation underfloor heating (UFH) with pe-
PEX piping (20 x 2.0 mm, 300 mm intervals) at a 
depth of 40 mm in screed, nominal heat output of 55 
W/m2 at design flow temperatures of 34/29 °C. The 
UFH covers the whole floor and no additional floor 
covers or finishing lays on top of the screed.

� Three radiant ceiling panels with a size of 2400 x 600 
mm, nominal heat output of 418 Watts at design flow 
temperatures of 55/45 °C.

� Air heater system with a 1500 W duct heater.

These emitter types are coupled with ON/OFF- and 
PI-type controllers for heat output regulation (see e.g. [6]
for a detailed description).

Fig. 1. Tallinn University of Technology nZEB test facility [4].

Fig. 2. Measurement rooms – R5 in red, R9 in blue.

The measurements were carried out in two different 
rooms within the test facility – a smaller 10 m2 room R5 
(Radiator, UFH, radiant ceiling panels) and a larger 30 m2

room R9 (Radiator, UFH, air heater). The exclusion of 
radiant ceiling panels in R9 and air heater in R5 is not an 
oversight, as limitations within the test facility rooms did 
not allow for these systems to be set up properly.

A residential ventilation air flow rate of 0.7 l/(sm2)
was used in all the tests. The rooms were served by a 
central air handling unit with a supply air temperature of 
18 °C (which was then increased in the air heater system 
to higher temperatures according to the indoor air 
temperature). The set-point for indoor air temperature was 
21 °C in all tests.

Internal heat gains in the form of heating dummy 
assemblies consisting of a light bulb, fan and metal casing 
were placed into the test rooms to simulate a more 
dynamic heat load. The heating load is thus variable, 
depending on outdoor conditions and state of the 
dummies. This helps to better quantify the control 
accuracy parameters between emitter systems with 
different thermal mass and control schemes.

Fig. 3. Heating dummy 24 h profile. 1=150 W for R5, 450 W for 
R9.

Over 40 different temperature sensors were installed 
within the two rooms. Two measurement stands with 
measurement points at heights of 0.10, 0.60, 1.10, 1.70 
and 2.90 m were placed into each room for vertical 
temperature distribution measurements, one in the centre 
of the room and one at 0.6m from an external window. All 
internal and external surfaces were also equipped with a 
temperature sensor for mean radiant temperature and 
operative temperature calculations.
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Fig. 4. Plan (above), ceiling (middle) and section (below) views 
of R5.

Fig. 5. Plan (above) and section (below) views of R9.

Vertical temperature gradients within the enclosure 
are calculated from air temperatures,

� = �� − ��
ℎ  , (1)

where t2 and t1 are air temperatures 0.10 m from the 
ceiling and floor, respectively, and h is the distance 
between the two measurement points.

The operative temperature is calculated according to 
ISO 7726:1998 [7] as the average of surrounding air 
temperature tair and mean radiant temperature tmrt at the
point of occupancy,

��� = �	
� + ���

2  . (2)

The mean radiant temperature is calculated from the 
enclosing surface temperatures,

���
 = �� ��� ��→�
�  , (3)

where Tn is the n-th surface temperature and Fp→n is the 
view factor from the n-th surface to the point of 
occupancy. Throughout this paper, the occupant is 
assumed to be seated in the middle of the room at a height 
of 0.60 m. The temperature control accuracy is also 
assessed for air temperatures measured at this height.

For control accuracy assessment, the control variation
is calculated according to EN-15500-1:2017 [8] as

�� = ��	� − ��
�
2  , (4)

where tmax and tmin are the maximum and minimum air 
temperatures within the room during the measurement. In 
other words, it is quantified as half of the peak-to-peak 
amplitude of the temperature variation within the 
calculation period.

As the measurements of different systems were not 
conducted concurrently but rather after one another, the 
effect of solar radiation has to be accounted for within the 
measurements. To eliminate the effects of solar radiation 
on the measurement results, mainly due to the direct effect
of direct sunlight on the indoor air temperature and the 
indirect effect due to thermal energy capacity within the 
enclosure, only night-time results (9 p.m. - 5 a.m.) are 
used in the upcoming analysis.

Each of the emitter and control combinations was 
measured for 2-5 consecutive days. All the following
results are presented as averages for the measurement 
periods.

3 Results
From Figs. 6-7, the deviation in indoor air temperature 
during the measurements can be read for different emitter 
system setups. Sharp peaks in air temperature can be 
noticed at several time points corresponding to the 
periodical switching of the heating dummies. This was the 
intended outcome, as indeed the air temperature steady-
state variation would not be very high, nor it would be 
very indicative of the control accuracy in practical 
applications. In occupied buildings, the internal gains are 
in fact highly variable, and here we are interested in the 
response of the system to this variable heating load.

As expected, the CV values are higher in the case of 
ON/OFF-type controllers, with differences between the 
two controller types ranging from 0.05 to 0.21 °C. The 
thermal mass of the emitter was the second major reason 
for differences, with higher amounts of thermal mass 
leading to higher CV values. This is also expected, since 
such a system has a slower response to dynamic changes. 
Accordingly, the radiator had the lowest (0.36 °C and 0.39 
°C for PI-control) and the UFH had the highest (0.52 °C
and 0.62 °C for ON/OFF-control) CV values.
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Fig. 6. Daily control variation of different emitter systems in R5, 9 p.m. to 5 a.m.

Fig. 7. Daily control variation of different emitter systems in R9, 9 p.m. - 5 a.m.

The vertical temperature distribution for the different 
configurations can be seen in Figs. 8-11. Results for the 
same emitter type are displayed on the same figure as the 
stratification effect is independent of the control system 
used. Lengths of 0.6 m, 2.0 m and 4.0 m in the figures 
indicate the distance from the external wall (see Figs. 4-5
for the location of measurement stands).

The results within a single emitter type are consistent,
with the maximum difference of 0.22 °C/m occurring for 
radiators. No noticeable difference is observed between 
the measurement stand in the middle of the room and the 
one closer to the external wall. Likely the chosen distance 
of 0.6 m was not close enough to quantify the effect that 
a colder external surface has on the vertical temperature 
distribution. Measured surface temperatures at the floor 
and ceiling (or ceiling panel surface in the case of radiant 
panels) are also shown for reference at z=0.00 and 
2.70/3.00 m.

No significant amount of stratification was exhibited 
for UFH (�̅=0.04 °C/m), with a warm surface at the 
bottom of the room in combination with forced ventilation 
creating the best conditions for effective mixing of air 
within the enclosure. A modest average gradient of 0.13 
°C/m was observed for radiators. In the case of air heater
and radiant ceiling panels, the air temperature is locally 
higher underneath the ceiling, and due to buoyancy effects 
the air mixing within the room is poor. This leads to 
average vertical temperature gradients of 0.36 and 0.62 
°C/m for air and radiant panels respectively.

Fig. 8. Vertical temperature stratification of UFH.

20.0

20.5

21.0

21.5

22.0

22.5

In
do

or
 a

ir 
te

m
pe

ra
tu

re
 °C

Ceiling heating PI

CV=0.44 °C

Ceil. heating 
ON/OFF

CV=0.49 °C

Radiator PI

CV=0.36 °C

Radiator 
ON/OFF

CV=0.45 °C

UFH PI

CV=0.46 °C

UFH ON/OFF

CV=0.52 °C

20.00

20.50

21.00

21.50

22.00

22.50

Air heater ON/O

CV=0.44 °C

Radiator PI

CV=0.39 °C

Radiator 
ON/OFF

CV=0.59 °C

UFH PI

CV=0.41 °C

UFH ON/OFF

CV=0.62 °C

0.0

0.5

1.0

1.5

2.0

2.5

3.0

19.00 21.00 23.00 25.00

Ro
om

 h
ei

gh
t, 

m

Air temperature, °C

R5, UFH, PI, 0.6m

R5, UFH, PI, 2.0m

R5, UFH, ON/OFF, 0.6m

R5, UFH, ON/OFF, 2.0m

R9, UFH, PI, 0.6m

R9, UFH, PI, 4.0m

R9, UFH, ON/OFF, 0.6m

R9, UFH, ON/OFF, 4.0m

G=-0.06...0.10 °C/m
�̅=0.04 °C/m

 
    

 
, 0 (201Web of Conferences https://doi.org/10.1051/e3sconf/20191110409)

201

E3S 111

CLIMA 9

 4005 05

4



Fig. 9. Vertical temperature stratification of radiant ceiling 
panels, measured at 2.60 m as the panels were installed at a 
height of 2.70 m.

Fig. 10. Vertical temperature stratification of air heater.

The differences in air and operative temperature are 
shown in Figs 12-17. Surface temperatures (or in case of 
air heater, the supply air temperatures) are also shown in 
the graphs. In general, these two quantities are in opposite 
phases to each other, e.g. higher surface temperatures lead 
to lower differences in the temperature differential 
between the air and operative temperature and vice versa.

The UFH has the lowest tair-top values of 0.01 and -
0.45 °C for rooms R5 and R9 respectively. This is the 
expected result, as the operative temperature is dependent 
on the surface temperatures according to Eqs. 2-3 [7].
Among the emitter systems considered, the UFH has the 
highest surface area; a large, warm surface will have a 
greater effect on the mean radiant temperature, and thus 
on the operative temperature. The difference between R5 

and R9 can be explained with a higher floor-to-wall 
surface ratio in R9.

Fig. 11. Vertical temperature stratification of radiators.

The air heater has a similar tair-top value of 0.01 °C,
quite likely because the warm air underneath the ceiling
is heating up also the ceiling surface considerably, 
affecting the mean radiant temperature similarly to the 
UFH. Temperature differentials of 0.11 and 0.20/0.26 °C
were observed respectively for the radiant ceiling panels 
and radiators. Size is therefore the main discerning factor
among the emitter systems, when addressing this 
temperature differential, with larger surfaces performing 
better.

In general, it is beneficial to have minimal control 
variation, stratification and temperature differential 
between indoor air and operative temperature [9].
Accounting for this, it can be concluded from Table 1 that 
the UFH is likely the emitter with the best performance.
However, all these parameters occur concurrently within
a room and the combined effect on energy consumption 
can only be assessed through annual simulations or 
measurements where all these parameters are accounted 
for.

Fig. 12. R5 UFH tair-top difference.
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Fig. 13. R9 UFH tair-top difference.

Fig. 14. R5 radiator tair-top difference.

Fig. 15. R9 radiator tair-top difference.

Fig. 16. R9 air heater tair-top difference.

Fig. 17. R5 Ceiling heating tair-top difference.

Table 1. Main measurement and calculation results for different 
emitter configurations. Lighter cells correspond to lower energy 
consumption.

Type Gradient, 
°C/m

tair-top,
°C

CV,
°C

Rad ON/OFF R5 0.15 0.26 0.45
Rad PI R5 0.16 0.36

Rad ON/OFF R9 0.08 0.20 0.59
Rad PI R9 0.10 0.39

UFH ON/OFF R5 0.06 0.01 0.52
UFH PI R5 0.08 0.46

UFH ON/OFF R9 0.02 -0.45 0.62
UFH PI R9 0.04 0.41

Ceiling ON/OFF R5 0.52 0.11 0.49
Ceiling PI R5 0.70 0.44

Air heater ON/OFF R9 0.36 0.01 0.44

4 Conclusions
In this study, control variation, vertical temperature 

stratification and (tair-top) differential were quantified as 
components of an emitter performance analysis. All three 
parameters are of interest for both emitter energy 
consumption and product comparison, as they directly 
affect the energy usage and thermal comfort within the 
heated room.

As expected, the PI-type controllers outperformed the 
ON/OFF-type controllers in regard of control variation. 

A notably small vertical temperature gradient and air 
stratification within the room could be achieved with the
UFH (0.04 °C/m), while configurations where the heat is 
emitted into the higher part of the room induced a 
significant temperature gradient, 0.36 and 0.62 °C/m for 
air heater and radiant ceiling panels respectively.

Our results therefore provide a solid basis for further 
model calibration and set-point variation calculations, in 
view of annual energy consumption investigations aiming 
at establishing future international standards.
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