
energies

Article

Evaluation of Radiant Heating Ceiling Based on
Energy and Thermal Comfort Criteria, Part II:
A Numerical Study

M. Reza Safizadeh * , Lukasz Watly and Andreas Wagner

Building Science Group (fbta), Institute for Building Design and Technology, Karlsruhe Institute of
Technology (KIT), 76131 Karlsruhe, Germany
* Correspondence: reza.safi@kit.edu; Tel.: +49-721-608-46983

Received: 29 July 2019; Accepted: 28 August 2019; Published: 6 September 2019
����������
�������

Abstract: Large-surface radiant heating ceiling systems favor energy-efficient solutions on the heat
generation side because of the relatively low temperature of the heat transfer medium. Additionally,
their application in the renovation of existing buildings is relatively uncomplicated and requires
minimal changes to the building’s construction. However, ASHRAE Standard-55 and former studies
by Fanger indicated that among large-surface radiant systems, the highest percentage of dissatisfaction
for an equal radiant temperature asymmetry (RTA) was reported for a warm ceiling. The maximum
RTA of 4 K corresponding to 5% of dissatisfaction was suggested. In the first part of our study
(subjective experiments), we have suggested the RTA of about 7.4 K if occupants have winter
clothing (Safizadeh et al., 2018). However, former studies tested radiant ceiling systems at different
temperatures in “neutral conditions” with a constant operative temperature, which rarely occurs in
reality. Accordingly, the goal of this study is to evaluate the potential application of low-temperature
radiant heating ceilings in a building with low- and high-performance facades using steady-state
simulations with a coupled CFD–thermal comfort model and transient simulations using TRNSYS.
Forty combinations of simulation scenarios including six ceiling surface temperatures (20 ◦C, 25 ◦C,
28 ◦C, 33 ◦C, 38 ◦C, and 45 ◦C), two low- and high-performance facades, two rooms with one and
two facades, and distances of 1 m and 3 m to the window were examined. The findings of this
research show that the supply water temperatures between 28–45 ◦C from a heat pump are ideal for
a building with a high-performance façade. Additionally, the results suggest that ceiling temperatures
as low as 20–25 ◦C in renovated buildings and 25–28 ◦C in a building with low-performance facades
can provide optimal thermal sensations at most body parts. This study also proves that the PMV
comfort model (Predicted Mean Vote index) is not at all a suitable model for the evaluation of radiant
heating systems (especially if occupants have winter clothes), even if the air/operative temperature
distribution near an occupant is uniform.

Keywords: radiant heating ceiling; radiant temperature asymmetry; local thermal sensation; CFD;
UCB thermal comfort; PMV; TRNSYS

1. Introduction

In comparison with conventional high-temperature radiators, large-surface radiant heating
systems can operate at lower temperatures due to the larger proportion of radiant surface and may
provide better thermal comfort due to less radiant temperature asymmetry [1]. The radiant heating
floor system has been widely used in new and renovated buildings in Germany [2]. Although a floor
heating system is a suitable system to be compared with an energy-efficient low-temperature heat
pump and provide thermal comfort for the occupants, it requires rebuilding all floors, and thus is not
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proper for the renovation of existing buildings, particularly old buildings. An alternative to a floor
heating system is the radiant heating ceiling system, which can either be plastered directly as a capillary
system or mounted with suspended panels. Despite its potential application for renovation processes,
Fanger et al. [3] claimed that warm ceilings can cause thermal comfort dissatisfaction because of radiant
temperature asymmetry. They performed the experiments under a neutral condition, which is not the
case in reality. Therefore, the comfort aspects of the warm ceiling in existing buildings with different
insulation qualities need to be looked at closely. In a building, not only the ceiling temperature and its
distance from the occupant influence the thermal satisfaction of the occupant, but the inner surface
temperature of facades and the distance of the occupants to the façade matter as well [4]. For example,
the poor quality of windows and the façade can lead to high radiant temperature asymmetry and the
local dissatisfaction of some body parts [5,6]. It is of utmost importance to see how the radiant ceiling
can influence the inner surface temperatures of the room due to direct radiation effects.

Fanger et al. [3] evaluated the effect of a warm ceiling (24 to 69 ◦C) and cooled window (0 to
25 ◦C) on the thermal dissatisfaction, separately. The radiant temperature asymmetries up to about
24 K and 18 K were created for a warm ceiling and cool window, respectively. In their experiments,
the operative temperature at the height of 60 cm was kept about 24 ◦C, and occupants had summer
clothing insulation. In the experiments, the effect that increasing the surface temperature of the ceiling
and wall had on the operative temperature of the specific point was diminished by cooling the room
air and other surfaces. The authors suggested the radiant temperature asymmetries of 4 K and 11 K
as limits for applications of a warm ceiling and a cool window, respectively, which correspond to
5% of comfort dissatisfaction. A similar approach was applied in our former study [1]. However,
the differences were: (i) participants had winter clothing insulation, (ii) the operative temperature
corresponding to the neutral condition for winter clothing was set to about 20 ◦C, and (iii) the warm
ceiling was tested together with the cool window. In opposite to the standard Fanger’s curve for ceiling
systems [7], the subjective experimental results implied that the highest percentage of dissatisfaction
was recorded at the lowest radiant temperature asymmetry. It is because, at this condition (minimum
radiant temperature asymmetry and operative temperature of 20 ◦C), occupants felt cold at the
extremities, which caused overall dissatisfaction. The minimum dissatisfaction was recorded for the
ceiling temperatures of 33 ◦C and for both cool and warm facades when the radiant temperature
asymmetry was about 7.4 K. Although the minimum percentage of dissatisfied occupants was 10%,
occupants fairly felt neutral at all body parts, particularly in when the façade was well insulated.
The criterion of 10% as a percentage of dissatisfaction for about neutral thermal sensation is between
Fanger’s suggestion (5%) and the suggestion (20%) from Chrenko [8] and Heise et al. [9].

The aforementioned experimental studies evaluated the radiant ceiling heating in different radiant
temperatures asymmetries and suggested some limits for maximum ceiling temperature; however,
the results were explained based on “thermally neutral conditions”, which do not happen often in
reality. Accordingly, this study aims to evaluate the potential application of the radiant heating ceiling
system in existing buildings with low- and high-performance building envelopes based on energy and
comfort criteria. For this purpose, we used the multi-node thermoregulation model and the advanced
UCB thermal comfort model developed by the Center for the Built Environment (CBE) at the University
of California, Berkeley [10]. The UCB thermal comfort model is capable of predicting the human
response in non-uniform and asymmetry conditions. Additionally, this study addresses transient
building energy simulations using TRNSYS for the evaluation of warm ceilings corresponding to
different renovation and operation scenarios in the winter. Multizone building modeling (Type 56)
was used to model the radiant ceiling consisting of capillary tubes.

The performed search through Google Scholar, Scopus, and Web of Science, unfortunately, did
not give adequate literature about the evaluation of radiant heating ceilings based on the thermal
comfort criteria using combined Computational fluid dynamics (CFD) and thermoregulation models.
Some studies at CBE [11,12] used the UCB comfort model, yet without CFD to simulate the effect of
the radiant ceiling systems and cool window on thermal comfort criteria, and they suggested new
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acceptable criteria for ceiling temperatures (10–50 ◦C). Tanabe et al. [13] combined the CFD model and
their 65-node thermophysiological model to simulate the cool ceiling; however, they did not perform
detailed thermal comfort and sensation analyses. A few recent studies used a coupled CFD and PMV
model for the evaluation of a radiant heating ceiling panel together with a cool window [14,15] under
winter conditions. However, the basic assumptions behind the PMV model and former studies [1,16,17]
recommended not using the PMV model for non-uniform and asymmetric conditions.

The numerical simulations presented in Section 4 address challenges with the application of the
warm ceiling in buildings with low- and high-performance facades and provide practical information
about optimal ceiling temperatures in which maximum thermal comfort can be satisfied. Section 2
is allocated to describe the methods, Section 5 summarizes the key findings and the suggestions,
and finally, limitations are given in Section 6.

2. Materials and Methods

2.1. Transient Energy Simulation

The building model was developed based on a multi-family house that stands for the typical
building constructed in Germany between the years 1958–1968. Throughout this period, about 586,000
buildings were built, which constituted 19% of the total number of multi-family houses built between
1860–2009 in Germany [18]. An exemplary construction contains four floors. On each floor, there are
two apartments that each has a gross floor area of 67.2 m2. An exemplary and a graphical representation
of the multi-family house created in SketchUp software are shown in Figure 1.

For the purpose of energy simulations, some simplifications in comparison with the real building
were done. First, simulations took into account of one side of the multi-family house (one apartment)
due to their symmetric plan in which the adjacent wall is considered as adiabatic and the other three
walls are exposed to ambient (Figure 1c). Secondly, in order to evaluate the pure impact of all considered
scenarios, the building model did not take into account any heat gain from any other heat sources such
as equipment, occupants, and solar radiation. For this assumption, the building orientation does not
have any impact on solar gain. The building is 6.72 m wide and 10 m long, and each apartment is 2.5
m high. The total surface area of the external walls equals 223.2 m2, and the window area is 27.6 m2. In
contrast to conventional methods of energy building simulations that use a single node for a building,
in this study, the building was divided into three zones, representing the number of corresponding
floors, with different thermal segments. This method facilitated the analysis of air temperature and
operative temperature stratifications. These thermal air nodes were placed at the heights of 10 cm, 60
cm, and 175 cm from the floor, which reproduce the level of feet, the center of a seated person, and the
head of a standing person.
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Figure 1. (a) Multi-family house constructed between 1958–1968 [18]; (b) Front side (left) and backside
(right) of the building model used in simulations; (c) Home plan.

It is assumed that the buildings are equipped with radiant heating systems made of capillary
tubes. Due to higher heat transfer surface area and narrower distances between the tubes, capillary
tubes have a better heat transfer performance and a more uniform temperature distribution than
conventional pipes. The capillary tubes were placed above a conductive layer and under ceiling
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construction materials. Table 1 presents the properties of the radiant heating system consisting of
capillary tubes.

Table 1. Specifications of a radiant heating system that consists of capillary tubes.

Pipe Spacing (Center to Center) Pipe Outside Diameter Pipe Wall Thickness Pipe Wall Thermal Conductivity

[m] [m] [m] [W/(m·K)]
0.025 0.005 0.001 0.35

Based on the experimental data from [2,19], the infiltration rate was established depending on
the renovation scenario, and is presented in Table 2. Additionally, the air change rate of 0.5 (1/h) was
considered for all scenarios. It is assumed that windows are opened every two hours, and each time,
the period of the window opening is only sufficient to change the room air volume completely.

Table 2. Input parameters for infiltration rate.

Without Renovation
(Reference Building)

Partly
Renovation
(EnEV 2016)

Partly Renovation
(Passive House)

Ambitious
Renovation
(EnEV 2016)

Ambitious
Renovation

(Passive House)

Infiltration rate
[1/h] 0.5 0.2 0.1 0.1 0.05

2.1.1. Heating and Renovation Scenarios

Figure 2 presents combinations of 30 scenarios for five different types of renovation and six
operating temperatures used for the transient simulation of a radiant heating ceiling. The first scenario
is a reference building that reproduces the real construction design described in Section 2.1, the second
is a type of renovation, called partial renovation, which is regarded as a building construction with
improved external walls’ insulations and windows’ quality, and the third is an elevated type of
renovation called ambitious renovation, where the level of restoration is higher, affecting every surface
of the building model. The simulations involving renovations were performed with respect to two
energy-efficiency standards (EnEV 2016 and Passive House Standard) that define different U-values
for materials used in the refurbishment. This included external and inner (ceiling and floor) walls,
as well as the roof and windows. The U-values of the building model components together with the
thermal heat capacities of the building envelope are presented in Table 3. For comparisons, since the
heat capacities of insulation materials are negligible compared to the relatively high heat capacities of
the existing building envelopes, the heat capacities of the building envelope for all types of renovation
scenarios are equal to those from the reference building. In terms of the warm ceiling, the temperature
of supply water ranges from 25 ◦C to 60 ◦C, where the upper limit represents the supply temperature
of conventional radiators.
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Table 3. U-values (W/m2
·K) and heat capacities (kJ/kg·K) of the building envelope for different

refurbishment scenarios [20]. EnEV: Energy Saving Ordinance is a regulation in Germany describing
minimum requirements regarding energy use of new and renovated buildings.

Without Renovation
(Reference Building)

Partial
Renovation
(EnEV 2016)

Partial
Renovation

(Passive House)

Ambitious
Renovation
(EnEV 2016)

Ambitious
Renovation

(Passive House)

Heat
Capacity

Roof 0.6 0.6 0.6 0.2 0.11 1.25
Ceiling 0.8 0.8 0.8 0.32 0.12 0.83
Floor 1.0 1.0 1.0 0.32 0.23 1.05

External Wall 1.4 0.25 0.14 0.25 0.14 0.77
Window 2.83 1.26 0.89 1.26 0.89 -

2.1.2. TRNSYS Simulation Model

The Multizone building modeling with Type 56 and its visual interface (TRNBuild) integrated into
TRNSYS 17 facilitated the modeling of the radiant heating ceiling system based on the “active layer”
model. The active layer was developed based on the properties given in Table 1. The operation mode
of the radiant heating ceiling is subjected to an input heating signal, which is the operative temperature
at a height of 60 cm from the floor, which is then compared to a set value of 20 ◦C with a dead band of
1 ◦C. This range of temperatures corresponds to the thermal sensation between “slightly cool” and
“neutral” when the air velocity is about 0.1 m/s and the clo value is about 1. Thus, exceeding the upper
or lower temperature limit resulted in sending the ‘off’ signal to the active layer system. The surface
temperatures are taken to calculate the mean radiant temperature (MRT) using the following equation.
Later, the operative temperature is calculated as an average value of room air temperature and MRT.
TN is the Nth surface temperature in kelvins, and Fp-N is an angle between a person and surface N.

T4
mrt = T4

1Fp−1 + T4
2Fp−2 + . . .+ T4

NFp−N (1)

2.2. CFD–Thermoregulation Simulation

In this paper, while the transient simulations (TRNSYS) are performed to analyze the energy losses
in a complete floor including all rooms, the CFD–thermoregulation model is proposed to evaluate
the radiant heating ceiling based on detailed thermal comfort analyses. The main challenge in the
evaluation of the radiant ceiling systems is the analysis of the thermal comfort criteria in asymmetric
thermal environments created by the heating ceiling system. Therefore, it is necessary to consider the
asymmetry analyses for the middle and corner rooms that respectively have one and two cool facades.
Figure 3 presents an exemplary floor plan, including two rooms with two cool facades on the right and
one cool façade on the left. The temperatures of the cool facades depend on the ceiling temperatures,
outside air temperatures, and quality of the building envelope. In this study, two types of original and
EnEV materials are considered for the building envelope. Figure 4 presents combinations of simulation
scenarios that are used for the CFD–thermoregulation simulations. Since the distance of the thermal
manikin to the cool facade is regarded as an important factor in thermal asymmetric analyses, two
distances of 1 m and 3 m to the coolest façade, which integrates the cool window, are taken into account.Energies 2019, 12, x FOR PEER REVIEW 6 of 23 
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In these analyses, all the presented ceiling temperatures in Figure 4 were combined with the
scenarios for the middle room. However, since the ceiling temperatures of 38 ◦C and 45 ◦C create very
warm conditions in the room, for reducing the number of simulations, we ignored these two ceiling
temperatures for the corner rooms in the EnEV scenario. Consequently, 40 combinations of scenarios
were considered for the CFD analyses.

Coupled CFD–Thermoregulation Model

In order to evaluate the impact of the radiant ceiling on the thermal status of the human body and
consequently its perceived thermal comfort, it is of utmost importance to develop a model that is able
to simulate the thermal environment properties and at the same time the thermal status of a human
subject. In this study, the technique of coupling CFD and thermoregulation was used. Here, the CFD
solver simulates the thermal environment created by the warm ceiling, and the thermophysiological
model predicts the human thermoregulatory responses to static, dynamic, uniform, and non-uniform
surrounding thermal conditions. Figure 5 presents a detailed schematic of the methodology toward
developing the coupled CFD and thermophysiological model for simulation of the environment,
human, and thermal comfort responses. Based on this approach, the CFD solver calculates the thermal
environmental parameters such as air temperature, velocity, humidity, and radiant temperature
based on inputs specified by the user or calculated by the thermophysiological model. Thereafter,
the thermophysiological model simulates the reaction of the human to these parameters, calculates the
values of skin temperature at different body parts, and then returns these conditions to the CFD solver.
The iterations and the exchange of data between the two models continue until convergence is reached,
based on the fluctuation of skin temperature.

The thermophysiological model consists of passive and active systems. The passive system solves
the first law of thermodynamics for each body part based on amounts of generated metabolic heat as
well as body heat gains and losses due to convection, conduction, radiation, respiration, and evaporation
effects. If the body core temperature decreases or increases beyond normal temperatures, the active
system signals the thermoregulatory responses of the body such as sweating, shivering, blood flow,
vasoconstriction, and vasodilatation.

CFD software from Autodesk® 2017 was used for steady-state simulations; then, a Python script
processed the simulation results in order to define the optimal air temperatures for the microclimate of
each of the 16 body parts, and finally, the UCB Berkeley Comfort Model simulated the thermophysiology
and perceived thermal comfort of a male person. The virtual thermal manikin in the CFD and UCB
model was developed based on a standard male person with 1.75 m height, 75 kg weight, and 13% fat.
The UCB model used a nine-point scale to analyze the local and overall thermal sensation, in which
it varies from “very cold, −4” to “neutral, 0”, to “very hot, +4”. Similarly, it used a nine-point
scale for perceived comfort, in which −4 = “very uncomfortable”, −2 = “uncomfortable”, −0 = “just
uncomfortable”, +0 = “just comfortable”, +2 = “comfortable”, and +4 = “very comfortable” [10].



Energies 2019, 12, 3437 7 of 23

Python is used as an interface program to analyze and process the outputs from the CFD and UCB
models, as well as activate them to create loops between them. A detailed explanation of the analyses
of local microclimates and mesh analyses are presented in a thesis conducted in the Building Science
Group (fbta) at the Karlsruhe Institute of Technology (KIT) [21].

Energies 2019, 12, x FOR PEER REVIEW 7 of 23 

 

sensation, in which it varies from “very cold, −4” to “neutral, 0”, to “very hot, +4”. Similarly, it used 
a nine-point scale for perceived comfort, in which −4 = “very uncomfortable”, −2 = “uncomfortable”, 
−0 = “just uncomfortable”, +0 = “just comfortable”, +2 = “comfortable”, and +4 = “very comfortable” 
[10]. Python is used as an interface program to analyze and process the outputs from the CFD and 
UCB models, as well as activate them to create loops between them. A detailed explanation of the 
analyses of local microclimates and mesh analyses are presented in a thesis conducted in the Building 
Science Group (fbta) at the Karlsruhe Institute of Technology (KIT) [21]. 

 
Figure 5. Coupled CFD solver and thermophysiological model interface. Outputs from the CFD and 
the thermophysiological model are acquired after some internal iterations and convergences. In each 
iteration of the coupled model, the CFD and the thermophysiological model generate a new set of 
values for another model (Human icon made by Freepik from www.flaticon.com). 

CFD simulations were developed using the SST k-omega turbulence model with the maximum 
y+ (dimensionless wall distance) value of 8.9 at the room surfaces and 0.7 at the manikin surfaces. 
This model is a two-equation eddy viscosity model and a hybrid model that combines Wilcox k-
omega and the k-epsilon models. Wilcox k-omega is well suited for simulation of flow near surfaces 
where high shear stress exists, and the k-epsilon model is suitable for the simulation of flow in the 
regions away from the surface. Therefore, the SST k-omega model is a proper turbulence model for 
the case that the air velocity in the room and particularly near human and room surfaces is very low. 
For higher accuracy and at the same time optimizing the number of mesh elements, the fluid domain 
was divided into two sub-domains: a small domain around the virtual manikin, and a bigger domain 
between the first domain and the room boundaries (Figure 6b). In the small domain, a mesh growth 
rate of 1.1, and in the bigger domain, a growth rate of 1.3 were considered as optimal values after 
some trial and errors. Near the surfaces, 10 prism layers were considered for increasing the accuracy 

Figure 5. Coupled CFD solver and thermophysiological model interface. Outputs from the CFD and
the thermophysiological model are acquired after some internal iterations and convergences. In each
iteration of the coupled model, the CFD and the thermophysiological model generate a new set of
values for another model (Human icon made by Freepik from www.flaticon.com).

CFD simulations were developed using the SST k-omega turbulence model with the maximum y+

(dimensionless wall distance) value of 8.9 at the room surfaces and 0.7 at the manikin surfaces. This
model is a two-equation eddy viscosity model and a hybrid model that combines Wilcox k-omega and
the k-epsilon models. Wilcox k-omega is well suited for simulation of flow near surfaces where high
shear stress exists, and the k-epsilon model is suitable for the simulation of flow in the regions away
from the surface. Therefore, the SST k-omega model is a proper turbulence model for the case that
the air velocity in the room and particularly near human and room surfaces is very low. For higher
accuracy and at the same time optimizing the number of mesh elements, the fluid domain was divided
into two sub-domains: a small domain around the virtual manikin, and a bigger domain between the
first domain and the room boundaries (Figure 6b). In the small domain, a mesh growth rate of 1.1,
and in the bigger domain, a growth rate of 1.3 were considered as optimal values after some trial and
errors. Near the surfaces, 10 prism layers were considered for increasing the accuracy of the convection
and radiation heat transfer mechanisms. In total, 3,558,761 and 3,975,839 mesh elements in the fluid
domain were defined for the two scenarios of 1 and 3 m.
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3. Data Validation

In this study, the TNRSYS and steady-state CFD simulations were validated against experimental
data acquired in an indoor test facility (called LOBSTER) located at the Karlsruhe Institute of Technology
(KIT), Germany. For the TRNSYS simulations, it was critical to validate the active layer model and
the concept of stratification introduced in Type 56. The test facility consists of two rooms, each with
dimensions of 6 m long, 4 m wide, and 2.55 m tall. The single room has a window with dimensions of
3.9 × 2.15 m2, and is positioned 80 cm above the floor, facing north. Inside each room, sensors were
placed at heights of 10 cm, 60 cm, and 170 cm to measure the physical properties of the indoor air.
In each wall of the test facility, there is a controlled radiant system installed, which gives the ability
to define different surfaces temperatures for each individual wall. A detailed description of the test
facility was reported by Wagner et al. [22].

For each simulation, the temperature of the ceiling was set to either 28 ◦C, 33 ◦C, or 38 ◦C;
the temperatures of the remaining surfaces were set to a constant level of 20 ◦C. Figure 7 presents
a comparison of the obtained values from the TRNBuild and CFD simulations with the collected
experimental data (operative temperatures) related to three ceiling temperatures and three sensors’
heights. As shown, the majority of results from the TRNBuild and CFD simulations correspond well to
the real experimental outcome. The temperature results are within the range presented in the figures
above. Due to modeling assumptions, there is a slight difference at higher heights for the TRNBuild
simulations. Nevertheless, the results show that two aspects are working properly in the building
simulation model: the vertical stratification and active layer, which directly represent the radiant
heating system installed in the building.
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4. Results and Discussion

4.1. Transient Energy Simulation

4.1.1. Room Conditions Corresponding to the Scenarios

Figure 8a–c present the simulation results of the radiant ceiling, room air, and room operative
temperatures corresponding to different supply water temperatures and renovation scenarios (see
Figure 2). Figure 8 indicates that the supply water temperatures and the control mode of operation
influence the surface temperature of the ceiling. The variation of the ceiling temperatures is stronger
for higher supply water temperatures and particularly for buildings with low-performance materials
(WR). In contrast, the small ceiling temperature variation can be seen for renovated buildings with the
ideal supply water temperatures between 28–45 ◦C. The variation is minimum for the supply water
temperature of 38 ◦C. The value of the ceiling temperature for these ideal supply water temperatures
lies between 21–29 ◦C for a reference building without renovation and 20–24 ◦C for a building with the
ambitious passive house renovation.

In comparison with the reference building, the high-performance building envelope in renovated
buildings results in fewer heat losses through the facades and higher inner surface temperatures of the
external walls and windows. Consequently, as seen in Figure 8b in renovated buildings, a supply water
temperature as low as 25 ◦C can result in desired operative temperatures. However, in a reference
building with poor insulation and relatively high heat losses, the supply water temperature of 25 ◦C
cannot satisfy the minimum operative temperature (19 ◦C).

Furthermore, Figure 8b shows that the fluctuation of operative temperature is notable when the
supply water temperature is higher than 45 ◦C. It can be explained by the following: for high supply
water temperatures, the high thermal capacity of the ceiling holds a high amount of energy at relatively
high surface temperatures, and the heating ceiling continues to heat the room for a relatively long
period, even if the heating mode is previously terminated. This causes the room air and operative
temperatures to increase beyond the limit. When the operative temperature drops under the desired
minimum, the warm water is supplied to the system, and the ceiling surface temperature for high
supply water temperatures rises very fast. The fast increase of the ceiling temperature and a long period
of heating in the off-period result in high operative temperature fluctuations. In contrast, if the water
supply temperature is between 28–45 ◦C, the on- and off-periods are more balanced, and the ceiling
temperature closely follows the supply water temperature. In order to improve the dynamic behavior
of the radiant ceiling systems, especially for high supply water temperatures, more sophisticated
control systems — for example, conventional Proportional–Integral–Derivative (PID) or advanced
Model Predictive Control (MPC) controllers — can be applied.

Although radiant heating ceilings in the majority of scenarios—particularly scenarios with supply
water temperatures between 28–45 ◦C—provide desired operative temperatures in all scenarios,
median ceiling temperatures for the reference buildings are about 2–4 ◦C higher than the scenarios with
renovations. The higher operating temperatures result in increased energy consumption in the heating
supply system and higher energy loss through a low-performance envelope in the reference building.
Additionally, the results imply that a ceiling heating that is integrated into a reference building with
a low-performance envelope is not able to reach the desired range of operative temperatures if the
supply water temperature is below 28 ◦C. In contrast, when it comes to the other renovation scenarios,
such as partial renovation (PR) and ambitious renovation (AR), it can be seen that even with the lower
inlet temperatures, such as 25–33 ◦C, the desired operative temperatures can be satisfied. Undesirably,
in these solutions, the change of inlet temperature to either 45 ◦C or 60 ◦C causes relatively high
fluctuations for the operative and air temperatures, which results in the instantaneous deregulation of
the thermal comfort conditions. This might be seen by the large range of the upper whisker presented
on the box plot chart, and by the average temperature value being considerably above the median value.
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for different renovation scenarios is presented. The analysis of the heat losses indicates that they can 
be significantly reduced if the building envelope, particularly the facades, are well insulated. For the 
reference building presented in Figure 9a, the highest losses occur for the windows followed by 
external walls, reaching the level of 70 kWh/m2 and 40 kWh/m2 in a winter period, respectively. 
However, these losses can be reduced almost twice for windows and four times for external walls by 
implementing the EnEV standard, where the U-value of the window and the external walls are 
changed from 3 W/m2·K to 1.3 W/m2·K and 1.4 W/m2·K to 0.25 W/m2·K (see Figure 9b). If the two 
ambitious renovation scenarios are considered, namely ambitious renovation (EnEV) and ambitious 

Figure 8. (a) Radiant ceiling temperatures, (b) Room air temperatures, and (c) Room operative
temperatures associated with different supply water temperatures and different renovation scenarios
on the first floor. The ceiling temperature depends on the control operation model in the way that the
indoor operative temperature at the height of 60 cm (middle point of a sedentary person) lays between
19–21 ◦C. WR: Without renovation; PR: Partially renovated; AR: Ambitious renovation.

4.1.2. Heat Losses and Energy Consumption

While speaking about energy performance, issues such as the overall heat losses and the primary
energy consumption are worth being considered. In Figure 9a–e, the visualization of the heat losses
for different renovation scenarios is presented. The analysis of the heat losses indicates that they
can be significantly reduced if the building envelope, particularly the facades, are well insulated.
For the reference building presented in Figure 9a, the highest losses occur for the windows followed
by external walls, reaching the level of 70 kWh/m2 and 40 kWh/m2 in a winter period, respectively.
However, these losses can be reduced almost twice for windows and four times for external walls
by implementing the EnEV standard, where the U-value of the window and the external walls are
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changed from 3 W/m2
·K to 1.3 W/m2

·K and 1.4 W/m2
·K to 0.25 W/m2

·K (see Figure 9b). If the two
ambitious renovation scenarios are considered, namely ambitious renovation (EnEV) and ambitious
renovation (Passive House), the losses can be significantly reduced (see Figure 9d–e). The high amount
of heat loss between the second floor–roof area and ground–first floor in the reference building is
noticeable. Therefore, it is of utmost importance to provide well-insulated materials to reduce heat
losses. These heat losses have been minimized in ambitious scenarios of EnEV and Passive House
renovations. There is also a minor heat exchange between the floors; however, by renovating the
building area, they can be almost eliminated.
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4.2. Coupled CFD–Thermoregulation Simulation-Based Thermal Comfort 

4.2.1. CFD Analyses 

The temperature and velocity fields of the numerical simulations for six ceiling temperatures 
between 20–45 °C in the scenario with one cool façade are presented in Figures 10 and 11. As seen in 
Figure 10, the air temperature stratification corresponding to all ceiling temperatures is negligible. In 
contrast to the conventional high-temperature radiators in which radiators directly heat the indoor 
air through the dominant convection process, the large warm ceiling heats other room surfaces 
through direct radiation, and later, the warm surfaces in the room almost heat the indoor air volume 
from all directions, causing almost uniform air temperature. The results are consistent with our 
experimental findings that the temperature stratification is negligible for the radiant heating ceiling 

Figure 9. Heat losses through each surface of buildings with different renovation scenarios in a winter
period in Potsdam. Ground: heat losses through the ground floor to ground; External walls: Heat
losses through facades; Ground floor–First floor: heat exchange between the ground and first floor);
First floor–Second floor: heat exchange between first and second floors; Second floor–Roof: Heat losses
from the second/last floor to ambient through the roof. (a) Reference building: without renovation;
(b) Partly renovation (EnEV standard); (c) Partly renovation (Passive House standard); (d) Ambitious
renovation (EnEV standard); (e) Ambitious renovation (Passive House standard).

4.2. Coupled CFD–Thermoregulation Simulation-Based Thermal Comfort

4.2.1. CFD Analyses

The temperature and velocity fields of the numerical simulations for six ceiling temperatures
between 20–45 ◦C in the scenario with one cool façade are presented in Figures 10 and 11. As seen
in Figure 10, the air temperature stratification corresponding to all ceiling temperatures is negligible.
In contrast to the conventional high-temperature radiators in which radiators directly heat the indoor
air through the dominant convection process, the large warm ceiling heats other room surfaces
through direct radiation, and later, the warm surfaces in the room almost heat the indoor air volume
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from all directions, causing almost uniform air temperature. The results are consistent with our
experimental findings that the temperature stratification is negligible for the radiant heating ceiling
(see Figure 7), and are against the general understanding that the radiant heating ceiling systems cause
high-temperature stratification in which cold air is trapped at lower heights, and warm air stays at
higher heights. Interestingly, as the floor receives radiation from the ceiling directly and is therefore
slightly warm, the draught from the cool window is limited. The floor temperature and consequently
the room air temperature can be lower if the floor is not adiabatic and loses heat to the ground [23] (see
limitations in Section 6).

Figure 11 implies that the ceiling temperature can influence the form of air circulation in a room.
As seen, the plume from the virtual thermal manikin is strong at low room air and ceiling temperatures.
The plume moves from the human to the ceiling and then travels on the ceiling surface and drops on
the cool window or when it meets another air stream from another wall. In contrast, there is no plume
from the human when the ceiling and room air temperatures are higher than the surface temperature
of the virtual manikin.
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the body limbs in which the gradient of air temperature at these points is less than 0.1 K [24]. As seen, 
the air temperatures at the different body parts for all scenarios are about the same. The highest air 
temperatures belong to the head and back, whereas the coolest air temperature belongs to the feet. 
The results indicate that the position of the manikin in each building type has a minimum impact on 
the air temperatures. Improving the quality of the building envelope (based on the EnEV standard, 
Table 3) results in increased air temperatures, and is noticeable specifically for the corner room.  

Figure 11. Velocity contour (x-y plane, z = 2 m) of the CFD simulations for the ceiling temperatures of
20 ◦C (a), 25 ◦C (b), 28 ◦C (c), 33 ◦C (d), 38 ◦C (e) and 45 ◦C (f) in the scenario with one low-performance
façade.

Figures 12 and 13 present the air temperatures at six selected body-limb locations related to
different ceiling temperatures, quality of facades, and the position of the manikin for the middle and
corner rooms, respectively. The air temperatures were acquired at specific points in microclimates of
the body limbs in which the gradient of air temperature at these points is less than 0.1 K [24]. As seen,
the air temperatures at the different body parts for all scenarios are about the same. The highest air
temperatures belong to the head and back, whereas the coolest air temperature belongs to the feet.
The results indicate that the position of the manikin in each building type has a minimum impact on
the air temperatures. Improving the quality of the building envelope (based on the EnEV standard,
Table 3) results in increased air temperatures, and is noticeable specifically for the corner room.
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4.2.2. Thermal Sensation and Comfort Analyses

The influence of simulated physical environment factors, corresponding to the 40 scenarios, on the
thermal sensation was calculated by the UCB Comfort model and is shown in Figures 14 and 15.
In general, the escalation of ceiling temperature and consequently the room air temperature results
in an increase of the overall and local thermal sensations at the majority of body parts. However,
exemptions are interestingly reported for the chest and back, which is explained on pages 16 and
17. Figure 14 shows that with a low-performance facade, a ceiling temperature of 25 ◦C can provide
a fairly neutral overall condition in the middle room. In contrast, the ceiling temperatures between
20–25 ◦C may satisfy neutral conditions if the middle room has a high-performance envelope. However,
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as shown in Figure 15, the neutral overall conditions in the corner room can only be met for slightly
higher ceiling temperatures.
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Speaking of local thermal sensations, the head is the warmest part of the body, because it is
the closest to the warm ceiling, as well as the most sensitive part of the body to warm conditions.
It is worth noting that although the hands and feet are the coldest parts of the body for the ceiling
temperature of 20 ◦C, after the head, they are the warmest parts of the body for higher ceiling and
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subsequent operative temperatures. This can be explained by two factors: (i) nude hands receive more
radiation than other covered body parts, whereas feet are in direct contact with the floor, which is also
warm at high ceiling temperatures and (ii) the feet and the hands, as extremities, are responsible for
extracting higher amounts of heat at higher operative temperatures.

Out of expectations, the local thermal sensations of the back and chest at ceiling temperatures of
28 ◦C and 33 ◦C are lower than the one at a ceiling temperature of 25 ◦C. Subsequently, by increasing
the ceiling and air temperatures, the thermal sensations of the back and chest expectedly increase.

These irregularities can be explained by the evaporation cooling effect. As shown in Figure 5,
the human’s thermophysiology is regulated in a way that the temperatures of the main organs such
as the brain, heart, lung, liver, kidneys, stomach, and intestines, which are located in the head and
chest, are kept in a safe temperature range (35.6–37.8 ◦C). In high operative temperatures, the chest,
back, and head actively transfer heat to other limbs through blood circulation and to the surrounding
environment through vasodilation and sweating mechanisms. Sweat retention on the skin and clothes
can cause evaporative cooling at the skin, and the evaporation rate depends on the amount of sweat
retention and adjacent air temperature. The sweat rate is indirectly determined by the operative
temperature, meaning that at higher operative temperatures, the sweat rate is higher [25]; however,
the sweat rate reaches an asymptotic limit at one point. On the other hand, at a constant relative
humidity and sweat rate, the wet-bulb temperature at the skin/clothes is relatively low for low room
air temperatures. Therefore, at some thermal conditions where the sweat retention on the skin is
relatively high and the wet-bulb temperature is low, a good evaporation rate and consequently lower
skin temperature is expected. Figures 14 and 15 imply that at the thermal conditions corresponding
to the ceiling temperature of 33 ◦C, the sweat rate at the chest and back is slightly higher than 28 ◦C,
and although its wet-bulb temperature is slightly higher, the evaporation rate is stronger because of
enough sweat retention. At warmer thermal conditions corresponding to the ceiling temperatures of
38 ◦C and 45 ◦C (in Figure 14), the evaporation cooling effect is weaker because the sweat rate is limited
and wet-bulb temperatures corresponding to higher air temperatures (Figures 12 and 13) are higher.

In Figure 16a, Zhang et al. [26] empirically derived a correlation between the local thermal
sensation and the local skin temperature at different overall body states (overall thermal sensation
states). As seen, at equal skin temperatures (Tlocal–Tlocal,set, e.g., −3 ◦C), a body part feels cooler if the
thermal state of the body overall is warmer. Figure 16b presents the exemplary local skin temperatures
measured using iBotton sensors. The figure is presented as an example for clarification of irregularities
seen in thermal sensation values at the chest and back. As seen, the local skin temperature at the chest
and back for the ceiling temperatures of 25 ◦C, 28 ◦C, and 33 ◦C are about the same; however, the overall
thermal sensation increases as the ceiling temperature (room air temperature) increases. Therefore,
based on Zhang’s correlation, at the ceiling temperatures of 25 ◦C, 28 ◦C, and 33 ◦C, the thermal states of
chest and back are cooler for higher ceiling/air temperatures. Similarly, in an earlier study, Hensel et al.
(1982) [27] recorded the local thermal sensation vote corresponding to two air temperatures (12 ◦C
and 45 ◦C), while they conditioned the abdomen to achieve the skin temperatures between 25–38 ◦C.
The results implied that the local thermal sensation at the abdomen at a specific skin temperature was
higher for a cooler room air temperature.

Figures 17 and 18 present the calculated overall and local thermal comfort at the selected six
body limbs related to the 40 scenarios listed in Figure 4. It can be seen that the maximum overall
comfort condition in the middle room with the low-performance façade and window can be satisfied
with a ceiling temperature of 25 ◦C, while the ceiling temperature of 20 ◦C can be optimal for the
high-performance façade and window. In the corner room with two adjacent surfaces with the outside
air, slightly higher ceiling temperatures are required. For the room with a low-performance envelope,
the ceiling temperatures of 25 ◦C and 28 ◦C provide minimum thermal comfort conditions. However,
the ceiling temperature of 25 ◦C is an optimal temperature. Similar to the middle room, ceiling
temperatures of 20 ◦C and 25 ◦C in the corner room with a high-performance envelope have about the
same impact on the overall thermal comfort condition.
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The analyses of the predicted local thermal comfort at the six body parts imply that ceiling
temperatures of 25 ◦C and 20 ◦C for the low- and high-performance envelopes, respectively, generally
provide minimum local thermal comfort conditions, particularly at extremities. While the highest
comfort condition is reported at the head, chest, back, and thigh, the feet and hands are the least
comfortable at these temperatures. These results are broadly consistent with the experimental results
obtained in the LOBSTER test facility [1]. The experiments were performed with ceiling temperatures
of 28 ◦C, 33 ◦C, and 38 ◦C, and the other surface temperatures were kept at about 20 ◦C, resulting in
about neutral conditions. Similar to the simulation results, participants voted the head as the most
comfortable body part, even though the head was the closest body part to the warm ceiling, and it is
the most sensitive upper extremity to the warm condition. In the experiments, hands and feet were as
well the most uncomfortable body parts.
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4.2.3. Thermal Sensation Asymmetry Analyses

In heating seasons, poor quality of building façades results in relatively low inner surface
temperatures of corresponding facades compared to other room surfaces, which consequently influence
the thermal sensation asymmetry of occupants. This study deals with the question of how poor-quality
facades can influence the thermal sensation asymmetry if a warm ceiling operates. Figure 19 presents
the local thermal sensation asymmetry between the right and left sides of selected pairs of body
parts (a, b) and room surfaces’ temperatures (c, d) corresponding to four ceiling temperatures and
the qualities of two façades in the corner room. The corner room with two facades and the front
position were selected because the inner surface temperature asymmetry between the right (east) and
left (west) was maximum. As seen from Figure 19a,b, the simulation results imply that the thermal
asymmetry between the four pairs of body parts corresponding to both quality of facades and all
ceiling temperatures is negligible. The following three reasons can provide an explanation:

i. The east wall (right wall and façade) and the west wall have about similar inner surface
temperatures, and its difference is negligible for the high-performance façade. As discussed in
Section 4.2.1, the large surface of the warm ceiling evenly heats surfaces through the radiation
and consequently, the warm room surfaces heat the room air volume. The direct radiation from
all warm surfaces and the adjacent warm air can increase the surface temperature façade even
its thermal insulation is relatively poor;

ii. The winter clothing insulation reduces the efficiency of the radiation heat exchange between the
body parts and the room surfaces. The influence of slightly different temperatures of opposite
surfaces on the thermal status of the insulated body parts is negligible.

iii. The unclothed right and left hands are at an equal distance with respect to the right and left
walls. Additionally, the thermal status of nude hands is mainly influenced by the relatively
cool window and north façade. Therefore, the temperature asymmetry of the right and left
walls has a negligible effect on the thermal sensation asymmetry of the hands.
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qualities of two façades in the corner room.

5. Summary

This study aims to evaluate the potential application of low-temperature radiant heating ceiling in
buildings with low- and high-performance facades. Despite some systematic experimental studies that
evaluate the warm ceiling based on “radiant temperature asymmetry” in neutral climate conditions,
this study used a coupled CFD–thermoregulation model to predict the local thermal comfort/sensation
corresponding to thermal conditions that are close to reality. Additionally, the inner surface temperatures
of facades, operative temperature, and heat losses through the building envelope corresponding to
different supplies of warm water temperatures and the façade qualities in a winter period in Potsdam
were simulated using TRNSYS (Type 56). Forty combinations of simulation scenarios including six
ceiling surface temperatures (20 ◦C, 25 ◦C, 28 ◦C, 33 ◦C, 38 ◦C, and 45 ◦C), two qualities (conventional
and advanced materials) for facades, two rooms with one and two facades, and distances of 1 m and
3 m to the window were developed for CFD–thermoregulation simulations. The influence of these
systems on the local thermal sensation and comfort of occupants, thermal sensation asymmetry, skin
temperatures, air temperature, and velocity profiles’ radiant temperature asymmetry was investigated.
From the carried out research, the key findings and practical suggestions can be summarized as follows:

• Highlights:

i. The results of this study indicate that the radiant heating ceiling creates negligible radiant
temperature asymmetry, particularly for the buildings that have high-performance facades.
This is due to the room surfaces receiving direct radiative heat from the warm ceiling; thus,
their temperatures increase almost evenly unless the energy performance of the envelope
or outside air temperature is extremely low. The room surfaces with roughly equal
temperatures result in minimum radiant asymmetry, operative temperature stratification,
and maximum uniform conditions.

ii. It is worth mentioning here that the results of this study suggest that ceiling temperatures
as low as 20–25 ◦C in renovated buildings and 25–28 ◦C in a building with low-performance
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facades can provide optimal thermal sensations at most body parts, particularly
at extremities.

iii. Fanger, ASHRAE-55, and CIBSE Guide-A [3,7,28] suggested that the maximum radiant
temperature asymmetry of 4 K corresponds to 5% dissatisfied persons for overhead radiant
systems. However, the results imply that in reality, relatively uniform room air/operative
temperatures corresponding to each ceiling temperature have a stronger effect on the
overall and local thermal sensations than radiant temperature asymmetry.

iv. Importantly, the comparisons shown in Appendix A prove that the PMV comfort model
is not a suitable model for the evaluation of radiant heating ceiling systems based on
thermal comfort criteria (especially if occupants have winter clothes), even if the air and
operative temperature distributions near an occupant are uniform. It is because the PMV
model calculates the heat balance between the human and its environment at a single node.
However, as the studies by Zhang et al. [10,26] showed, the overall thermal sensation
depends on local thermal sensation values at various body parts. For the UCB model,
the effect of only one/few warmest or coolest part(s) (e.g., warm head or cold feet) may have
a dominant effect (depending on weighting factor, C1 [26]) on the overall thermal sensation.

v. For a controlled operation of the radiant ceiling, the variation of the ceiling temperatures
is strong for relatively high supply water temperatures and particularly for buildings with
low-performance materials. In contrast, the small ceiling temperature variation can be
seen for renovated buildings with the ideal supply water temperatures between 28–45 ◦C.
The variation is minimum for the supply water temperature of 38 ◦C, which is a realizable
supply temperature from a low-temperature heat pump.

vi. Unexpectedly, at some operative temperatures (28 ◦C and 33 ◦C) the chest and back feel
cooler compared to the lower operative temperatures (25 ◦C). The reasons are discussed in
Section 4.2.2.

• Lowlights:

i. Due to negligible radiant temperature asymmetry and the dominant effect of uniform air
temperatures, the thermal sensation asymmetries between the right and left body parts or
chest and back are negligible.

ii. While the highest comfort condition is reported at the head, chest, back, and thigh, the feet
and hands are the least comfortable at these temperatures. These results are broadly
consistent with the experimental results obtained in the LOBSTER test facility [1].

iii. Simulation results show clear differences between the local thermal sensations as well
as comfort in approximately equal operative temperatures. For instance, although the
operative temperatures at the thighs and hands are about the same, hands feel cooler
than thighs. The differences can be traced to a different level of cloth insulation on each
body part, different skin temperatures, different local thermoregulation, and thus the
corresponding equations at each body part derived by Zhang [10].

iv. In comparison with the reference building, in a building with high performance,
the operative temperature maintains within the comfort range for a longer time with
fewer fluctuations.

6. Limitations and Future Challenges

In this study, the advanced thermal comfort model (UCB thermal comfort) was applied. This
model was developed based on intensive subjective experiments that were specially developed for
automotive applications in which because of blown air from air vents with relatively high air velocity,
the heat exchange between the local body surface and the surrounding thermal environment takes
place through the dominant convection effect. However, in a room with a large radiant surface where
the air movement is relatively low, the effect of convection heat transfer between the human and its
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environment is not dominant compared to the radiation effect. This model has been considered as
the best available thermal comfort model for the evaluation of radiant systems, and correction of the
comfort model for dominant radiation heat transfer is in process.

In this study, the floor and the lower body parts received radiation directly from the warm
ceiling and other surfaces without any obstacle such as a table; otherwise, we assume that the thermal
sensation of lower-body parts has a slightly cooler sensation than the presented results. Our pilot
experiments with an influence of office desks were presented in Windsor conference 2018 [29].
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