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Abstract. This paper presents studies on thermal energy efficiency of heating surface at an open space according to 
structural solutions and climatic conditions. Numerical simulation research was conducted to assess three different types 
of heating surfaces at an open space over chosen period of time in real weather conditions. Performance parameters such 
as surface temperature, supply temperature and efficiency of heating surface relative to constructional designs and model 
of control strategy used were analysed. The number, thickness and type of material layers beneath ground level were 
modified. The distance between heating pipes and their diameters were kept constant. The carried out analyses show that 
the used solutions can lead to significant differences in the performance and consequently in the energy efficiency of the 
heating system for open spaces.
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Introduction

Moving across surfaces on open spaces covered with 
snow or ice has different risks. Conventional methods 
melt snow use of salt, sand or other like gritty material 
were generally used to remove ice or snow from sur-
faces. Examples of open spaces are grass covered field 
such as football, courtyards and pavement surfaces such 
as roads, drive-up ramps, parking lots, pedestrian walk-
ways, bridge decks, etc.

However, ice will not be melted by the most popu-
larly used salt (sodium chloride) if the temperature falls 
below –3.9 °C. In addition, the use of salt can result in 
concrete corrosion and environmental pollution. Another 
method like the use of mechanical devices (e.g. snowplo-
ughs), can lead to surface and structural damage. 

Hence, the highest priority being safety of drivers 
and pedestrians, and as far as grass surfaces are concer-
ned, e.g. sports fields – extending their period of usa-
bility, heating systems for open spaces (hydronic snow 
melting systems) were introduced, as an alternative to 
traditional methods (Lund 2000; Liu et al. 2007; Wang 
et al. 2008; Nagai et al. 2009). In such snow melting 
heating system the heated fluid is circulated through the 
pipe circuits, usually laid in a serpentine configuration, 
just below surface and the heat is transferred from the 
heat carried fluid to the upper surface by conduction. 

The hydronic snow melting heating systems ba-
sed on low temperature fluid such as geothermal water 
are used in several countries, for example: in Japan the 
GAIA system for highway (Morita, Tago 2000), in Swi-
tzerland the SERSO system (Lund 2000). At Oklahoma 
State University the Ground Source Heat Pump (GSHP) 
based hydronic bridge snow melting system named Smart 
Bridge was built. Numerous numerical and experimen-
tal studies were conducted to investigate the engineered 
snow melting systems (Kilkis 1994; Chiasson et al. 2000; 
Rees et al. 2002; Liu et al. 2007). Heat transfer of porous 
medium and heat transfer on the road by finite element 
method were analysed in these researches. 

The snow melting process on asphalt pavements as 
solar collector by experiments and numerical simulation 
were investigated too (Chen et al. 2011; Wu et al. 2009). 
The effects of thermal conductive asphalt concrete on 
snow melting performance and asphalt pavement tempe-
rature distribution were evaluated and the heat require-
ment for the snow melting were analysed. 

The concrete slab solar collection process, which 
is one of the essential compositions of road hydronic 
snow melting system that stores solar energy in sum-
mer to melt ice or snow in winter was studied by Gao 
et al. (2009, 2010). These papers studied the heat transfer 
performance and flow characteristic of hydronic fluid in 
different spacing pipes. 
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All presented studies only consider the application 
of snow melting system to the asphalt or concrete pave-
ment. As far as we are concern, there are no studies on 
heating surface covered by grass at an open space.

Determining the heating capacity is the important 
task in the design of those systems. Unfortunately current 
guidance in the ASHRAE handbook (ASHRAE 2003) is 
based on one dimensional steady-state heat transfer at the 
surface. Like that, many important factors (i.e. transient 
heat transfer, piping layout and control strategy) that can 
significantly affects the system performance and system 
life cycle cost are not taken into account. Therefore, high 
required investment costs and no reliable design guideli-
nes pose a considerable hurdle to building those systems.

Multiple combinations of performance parameters 
and adopted constructional designs may lead to substan-
tial differences in thermal energy efficiency of heating 
surface and thus increase cost of the entire system. Fur-
thermore, thermal analysis of the horizontal surface is 
often time dependent since the external climate tempera-
ture, wind speed, solar radiation vary with time (Banionis 
et al. 2011, 2012; Tabares-Velasco, Srebric 2012). That 
is why an efficient and economically viable surface he-
ating system for open space design requires carrying out 
numerous comparative analyses. Using a numerical mo-
del, which can take into account the diversity of adopted 
constructional designs, and predict the performance of 
heating surface at an open space under realistic weather 
conditions enables to find an optimum solution for each 
and every individual case.

1. Subject of analysis 
The thermal energy efficiency of a surface heating sys-
tem for open spaces was determined analytically with 
use of computer simulation of system under particular 
weather conditions. 

Three types of heating surfaces were considered 
(Fig. 1). They differed with each other with the type of 
material layers under the ground level, in the vertical 
direction. Surface A and surface B were surfaces cove-

red with grass. Their construction resembles that of an 
under pitch heating for football pitches. Surface C co-
vered with 6 cm thick concrete paving blocks of light 
grey colour imitated pavement. Surface A and B heating 
coils were embedded 25 cm beneath the ground level in a 
mixture of gravel and soil. In case of stadiums this is the 
recommended depth due to pitch maintenance services 
(REHAU 2012). In case of surface C heating coil was 
located 17 cm under the ground level in compressed sand 
in order to comply with design requirements for pave-
ments (Sękowski, Juchnicki 2004). The only difference 
between surface A and surface B is the 40 cm thick sta-
bilised earth with concrete, located beneath the heating 
coils. In case of surface C, at depth of 25 cm, another 
4 cm layer of expanded polystyrene was used followed 
by 40 cm thick layer of concrete beneath. Material layers 
beneath heating coils were diversified solely for research 
purposes as this solution is not practised for open spaces.

Table 1 shows thermal properties of individual ma-
terials – based on literature – used in the numerical mod-
el (Faraouki 1981; PN-EN ISO 10456:2009). The used 
values of these parameters correspond to medium-wet 
conditions. 

Table 1. Thermal physical properties of the materials used  
in the numerical model

Material Density
[kg/m3]

Specific heat 
capacity  

[J/(kg K)]

heat 
conduction  
[W/(m K)]

hummus 1800 1260 1.1
soil + gravel 1442 1250 1.3
stabilized earth 
with concrete 1536 1181 1.26

concrete 2400 840 1.5
expanded
polistyrene 40 1500 0.04

native soil 1800 2500 1.5
concrete paving 
stones 2200 1000 1.6

Fig. 1. Profile through the different heating surfaces
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Heating pipes made of cross-linked polyethylene 
material in 20 cm spacing laid in a serpentine configura-
tion were used. The outer diameter of pipe was 20 mm, 
and the inner diameter of pipe was 16 mm. As the heat 
carrier fluid, circulated in the embedded pipe propylene 
glycol at 30% concentration by mass was used. 

The analyses were carried out with a control strate-
gy to maintain two surface temperatures tsurf = 3 °C and 
tsurf = 5 °C.

In order to have certain parameters for the sys-
tem – apart from surface temperature – the following 
assumptions were defined:

 – maximum supply temperature ts max = 45 °C;
 – gradient of supply temperature dt = 0.05 °C over 
a single time step;

 – indicator of switch on and off the system;
 – mean ambient temperature of coils tamb; 
 – outdoor air temperature deactivating the system tair 
≥ 8 °C.
During the operation when the surface temperature 

dropped below demanded level the controller increased 
the supply temperature by temperature gradient dt = 
0.05 °C and turned off the system once the surface tem-
perature reached set value. Several factors determined 
whether the system was activated or deactivated:

 – the outside air temperature;
 – surface temperature;
 – in case of grass surfaces – temperature of grass roots 
troots = 20 °C, above which the system was deacti-
vated.
Numerical simulations of heating surface behaviour 

were carried out based on hour-by-hour weather change 
data recorded for the period from 15 January to 28 Fe-
bruary 2010 in Poznan, Poland.

2. Numerical model 

A proprietary numerical model based on explicit finite 
volume method was used (Chiasson et al. 2000; Incrope-
ra, De Witt 1996). 

A number of assumptions were made in this model:
 – every layers of heating surface are uniform, isotrop-
ic and homogeneous;

 – snow is treated as the equivalent ice layer, isotropic, 
homogeneous and uniformed;

 – the evaporation of ice in melted process is not con-
sidered;

 – the penetration of water into heating surface is ne-
glected;

 – the temperature and heat flux between layers are 
continuous completely and heat resistance of con-
tact is not considered.
Described model comprises two modules:

 – two-dimensional model of heat conduction in cross-
-section of heated open surface;

 – one-dimensional model of surface conditions, where 
different surface heat transfer sub-models are ap-
plied. 

A two-dimensional finite difference mode has been 
used to calculate conduction heat transfer. As the heating 
system consists of equally spaced parallel pipes in short 
hydronic circuits, a two-dimensional representation is 
deemed as sufficient representation of whole heated open 
surface. 

Variable two-dimensional thermal field in cross-sec-
tion of heated open surface was determined using the 
Fourier Eq. (1):

 

2 2

2 2
1∂ ∂ ∂
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α ∂∂ ∂

T T T
tx y
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The finite difference grid used in the model is shown 
in the Figure 2. 

Dimensions of the grid were adapted to pipe radius, 
the ∆x dimension was set to be multiplication of pipe ra-
dius and Π/4, the ∆y dimension was modified depending 
on the depth of the node location.

The grid was modified to a little extent, depending 
on investigated case (type of the heating surface). 

Fig. 2. The finite difference grid with boundary conditions
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Due to symmetry and small temperature differences 
between adjacent pipes, the model was limited to half the 
distance between pipes’ axes. Nodes were located inside 
the control volume. Except boundary and surface control 
volumes, nodes were located at the centre of the wall 
adjacent to surface or boundary.

The following types of boundary conditions were 
assumed for the model:

 – Dirichlet – first type boundary condition for nodes 
10 m deep in the ground;

 – Neumann – second type boundary condition con-
cerning solving for heat flux values for all top sur-
face nodes along with adiabatic conditions for side 
nodes;

 – Fourier – third type boundary condition for nodes 
surrounding heating pipes, heat flux at the pipe 
surface nodes represents convection from the heat 
transfer fluid.
For each node the finite-volume equation was writ-

ten, using the energy balance method for a control vol-
ume about the region, allowing determining temperature 
at the end of time step. The model was defined by 38 
different types of equation. Example of the equation for 
surface – boundary node (Fig. 3) is given below (Eqn 2):
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where: ,
θ
x yt  – temperature of the cell at the end of time 

step, °C; ,x yt  – temperature of the cell at the beginning 
of time step, °C; θd  – size of time step, s; 1∆x  – node 
spacing size in x direction, m; 1∆y  – node spacing size 
in y direction, m; 1 1ρc – volumetric capacity of material,  
J/(m3 K); 1λ  – thermal conductivity of material,  
W/(m K); ″

surfq  – surface heat flux, W/m2.
Following the classification described by Rees et al. 

(2002), surface conditions are identified in Table 2.
To provide the finite-volume equations with the ap-

propriate heat flux term at the surface, all different mech-
anism were considered in the model:

 – solar radiation heat flux (q″solar);
 – convective heat flux (q″convection);
 – long-wave radiation heat flux (q”rad_LW);
 – heat flux due to evaporation of melted snow and rain 
(q″evaporation);

 – sensible heat flux due to snowfall (q″snowfall);
 – sensible heat flux due to rainfall (q″rainfall);
 – heat flux due to melting of snow (q″melt).
The solar radiation heat flux (q″solar) is the net solar 

radiation absorbed by the surface and is given by:

 (1 )″ = −αsolarq I , (3)

where: α – albedo of the surface material; I – total solar 
radiation, W/m2. 

The convective heat flux (q″convection) and long-wave 
radiation heat flux (q″rad_LW ) are given by Eqns 4 and 
5 respectively: 

 
( )″ = −convection c surf airq h t t ; (4)

 
4 4

_ [( 273,15) ( 273,15) ]″ = εσ + − +rad LW sky airq t t , (5)

where: hc – convection coefficient; tair – air temperatu-
re, °C; tsurf – surface temperature, °C; tsky – sky tempe-
rature, °C; ε – emissivity coefficient of the surface mate-
rial; σ – Stefan-Boltzmann constant.

The convection heat transfer coefficient is deter-
mined with the correlation described by Mihalakakou 
(2002). The sky temperature is computed from the rela-
tionship given by Bliss (1961). 

Fig. 3. Cell geometry for surface-boundary node
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Table 2. Classification and definition of surface conditions

Surface
condition Definition

Dry
The surface is free of liquid and ice. The 
pavement surface temperature may be above or 
below freezing.

Wet

The surface temperature is above freezing and 
has some liquid water retained o it. but no 
ice. The liquid water can come from rainfall, 
condensed vapor, or the melted snow.

Dry snow

The surface is covered with dry snow without 
liquid. The snow can be regarded as a 
porous matrix of ice. The pavement surface 
temperature is below freezing so that snow is 
not currently being melted.

Slush only

The surface contains ice crystals that are fully 
saturated with water. Water penetrates the 
porous matrix of ice from bottom to the upper 
surface. The pavement surface temperature is at 
freezing point.

Snow and 
slush

The surface contains snow that is partly 
melted. The lower part of the snow is saturated 
with water and the upper is as dry snow. The 
pavement surface temperature is at freezing 
point.

Solid ice
The ice on the surface is in solid form rather 
than porous like snow. The pavement surface 
temperature must be below freezing.
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The heat flux due to evaporation (q″evaporation) from 
pavement surface is given by ASHRAE (2003): 

 
( )″ = −evaporation fg d air pvq h h w w , (6)

where: hfg – latent heat of vaporization of water, kJ/kg; 
hd – mass transfer coefficient, kg/(m2 s); wair, wpv – hu-
midity ratio of ambient air and the saturated air at the 
slush surface, kg (vapor)/kg (dry air). 

The heat flux due to evaporation (q″evaporation) from 
grass cover surface is given by Penman (1948):

0,0168 [( ) ( )]″ = + − +evaporation sur surf a airq fh aT b r aT b , (7)

where: a = 103 Pa/K; b = 609 Pa, 263K< T <303K; ra – 
relative humidity of the air above the ground surface; 
f – fraction which depends mainly on the ground cover 
and on the humidity level of the ground. The fraction f 
can be estimated as follows:

 – for bare soils, f is directly proportional to soil mo-
isture content (f = 1 for saturated soils; f = 0.6–0.8 
to wet soils; f = 0.4–0.5 to moist soils; f = 0.1–0.2 
to arid soils; 

 – for grass covered soils the fraction f is obtained by 
multiplying 0.7 by the value of f for bare soil depen-
ding on the soil moisture content. 
Heat flux due to evaporation is considered only if 

the temperature of top surface node is not less than 0 °C 
and there is no snow layer covered on the surface. 

The sensible heat flux associated with snowfall 
(q”

snowfall) and rainfall (q”
rainfall) is given by:

 inf, ( )″ ″= −snowfall ra all p p surf airq m c t t , (8)

where: ″
pm  – rainfall or snowfall rate in the water 

equivalent mass per unit time per unit area, kg/(m2 s); 
cp – specific heat of snow or rain, kJ/(kg K).

The surface temperature can be temperature at the 
surface, or the temperature at the dry snow surface, or 
at the freezing point if there is only slush layer on the 
surface.

The heat flux due to melting snow and ice includes 
two parts. The sensible heat needed to raise the tempera-
ture of snow to 0 °C which is calculated with following 
equation:

 _ _ ( 0)″ ″= −melt sen melt p snow airq m c t , (9)

where: ″
meltm – mass flux of the melted snow, kg/(m2 s).

The latent heat of fusion given by:

 _
″ ″= −melt lat melt ifq m h , (10)

where: hif – latent heat of fusion of water, J/kg.
The procedure for identifying surface conditions 

and calculating corresponding heat and mass balance has 
been described in detail in the literature (Liu et al. 2007; 
Kaczorek 2011).

This model adopts a successive substitution method 
to couple the model of two-dimensional heat conduction 
in cross-section of heated open surface with the model 
of surface conditions. The heat balance equations can be 

solved by using the flux conducted through the heated 
open surface calculated at the previous time step. The 
fluxes at the surface calculated at the currant time step 
are than used to set Neumann boundary condition in the 
two-dimensional model of heat conduction in cross-sec-
tion of heated open surface.

3. Experimental setup and methodology

The experimental setup was built at Poznan University 
of Technology. It consisted of the external surface with 
hydronic pipe embedded in it, located on the lawn, at a 
distance of 4 m from the experimental building and the 
heat substation (Fig. 4) inside the experimental building. 
The size of external surface is 2×2 m. The construction 
of heating surface (Fig. 1 – heating surface A) was de-
scribed in details in Section 2. Besides, a 100 mm thick 
expanded polystyrene plate was installed on all four sides 
of the surface to reduce heat loss. 

The heat exchanger was used to separate the glycol 
from the water circuit and like a heat source gas boiler 
was used. 

The images of the particular works of construction 
are presented in Figure 5.

Fig. 4. Heat substation for heating surface at an open space

Fig. 5. Images of particular works during the construction of 
experimental setup: a – fixing pipes; b – surface with thermal 
sensor; c – cover with grass; d – completed surface

a)

c)

b)

d)
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Experiment was conducted from 15 January to 28 
February 2010 in real weather conditions. Meteorolog-
ical data including air temperature, amount of rainfall, 
wind speed, water vapour pressure, cloud cover, dew 
point temperature was provided by the Institute of Me-
teorology and Water Management in Poznan. The local 
weather station is located approximately 7 km from the 
experimental setup. Due to lack of solar radiation data, 
the total solar radiation was calculated using computa-
tional model (Marszałek 1993). This model takes into 
account the following factors: the geographical longitude 
and latitude, atmospheric pressure, relative humidity, air 
temperature, visibility in the atmosphere, cloud cover, 
albedo (air, surface), type of region and is based on the 
models developed by Kamada and Flocchini (1986) and 
Louche et al. (1987).

To measure the temperature at different depths, a 
type of high precision thermal resistors (Pt 100), with 
±0.1 °C accuracy were used. The temperature of the grass 
surface was measured by tree thermal resistors, placed 
in the line perpendicular to the pipes, in the middle of 
external surface and perfectly covered by the lawn, the 
height of which was 0.02 m. One sensor was located be-
tween the pipes in the centre and the other two above the 
pipes. The other sensors were located in the centre of the 
cross section at different depths. For measuring inlet and 
outlet water temperature the T-type thermocouples, with 
±0.5 °C accuracy were set at the upper wall of pipes. 

Accurate sensor locations are shown in Figure 6. 
All sensor information was recorded at time inter-

vals of 5 min. Every sensor was connected to a special 
built data acquisition system located inside the experi-
mental building. 

The surface temperature was controlled using a con-
stant supply temperature of 33 °C in the heating system.

4. Model comparison with experimental results

In designing and evaluating the surface heating system 
performance, it is the calculation of surface temperatures 
and surface conditions at any given time that is of prime 
concern.

The test has been conducted by providing weather 
data, entering fluid temperature and the parameters that 
describe the simulated heating surface as inputs to the 
model and comparing the predicted average surface tem-
perature with the corresponding measured values. 

Initially, the temperature in the cells surrounding the 
model boundary was imposed to be equal to the average 
annual outdoor temperature for the Poznan city. On the 
surface and in the heating pipes the temperature from 
measurements registered before switching on the heating 
surface was assumed. The model was “warm up” until 
the temperature profile in cross-section of heated open 
surface reached a state of equilibrium. The assumed equi-
librium conditions were obtained when the maximum 
temperature difference at all levels between two follow-
ing time steps was less than 0.0001 °C and temperature 

in the cells located in the same depths as the sensors had 
the same values. This state was taken as the initial con-
dition and from that moment the numerical simulations 
of heated open surface under the influence of changing 
weather conditions started. Measured and predicted aver-
age surface temperatures are compared in Figure 7. Solar 
radiation and the ambient temperature are also indicated 
on this figure.

Figure 8 shows the predicted mass of accumulated 
snow on the surface with the snow precipitation rate.

We can see that the surface temperature is depen-
dent on weather conditions. Daily variation of climatic 
impacts causes significant changes in the temperature of 
heating system. The heating system was guaranteed its 
function of maintaining the surface temperature above 
0 °C, working with set supply temperature, except when 
the ambient temperature has decreased below –15 °C 
during the night time and the surface wasn’t affected 
by solar radiation. Clear influence of solar radiation on 
surface temperature was shown when the surface was 
cleared of snow. The surface temperature was increased 

Fig. 6. Schematic of measuring point in tested surface
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to 10–15 °C when the solar radiation has been higher 
than 125 W/m2. This tendency is shown in both the sim-
ulation and experimental results.

However model predicted a much higher tempera-
ture than the measurement data. This is particularly no-
ticeable on 24.01 and 25.01. It could be due to the lack 
of real values of solar radiation. The calculation model of 
solar radiation overestimated the values of solar radiation 
about 10–15% on very sunny days and this was a period 
of high solar radiation and low air temperature when the 
surface was dry. 

Uncertainties of relevance in the modelling were 
the values of material layers properties used in heating 
surfaces and weather data. The thermal conductivity, 
specific heat, and density of the material layers are im-
portant parameters that can significantly impact the heat 
diffusion inside the surface. These properties were not 
measured; they were adopted from published date, so 
they may be different from the actual values used in the 
experimental setup. 

Besides, the experimental setup was surrounded by 
walls of expanded polystyrene plate as shown in Figure 
4, and that limited the effect of wind. Therefore calcu-
lation of convective fluxes may be in error due the ap-
plicability of correlations intended for flat plate situated 
at open space. 

At the start of snowfall, according to the assumption 
used in the model, the predicted temperature of 0 °C was 
adopted. In fact, the surface temperature was bit lower. 

Surface temperature was over-predicted in the peri-
od after melting, when the surface was clear of ice and 
snow but remained wet. This could be due to assumption 
used in the model that there was no water on the surface 
after all the ice has been melted. 

The differences between measured and predicted 
temperature were varied about 2–5 °C. 

Despite those differences, the trends of rise and 
fall in predicted and measured temperatures were shown 
good agreement throughout all measuring range. 

The comparison of measured and predicted results 
allows recommend this numerical simulation model for 
further research. 

5. Simulations results

5.1. Surface temperature

Figures 9 and 10 show surface temperature resulting from 
tsurf = 3 °C and tsurf = 5 °C control strategy respectively. 

As shown in those figures, the heating system tries 
to maintain set temperature at the surface. Nevertheless, 
the same figures show very clearly surface temperature 
fluctuating considerably over 24 hours – this is primarily 
down to solar radiation effect. 

In practice, it would be good to evaluate the amount 
of time required by the temperature of surface to react 
to the solar radiation effects, because it could reduce the 
heating energy consumption by system. 

Fig. 7. Measured and predicted average surface temperature with ambient temperature and solar radiation

Fig. 8. Predicted mass of accumulated snow on the surface with the snow precipitation rate
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The difference between maximum and minimum 
temperature during twenty-four hours was taken as the 
indicator of surface temperature variability over a day – 
∆tsurf-max (maximum amplitude of fluctuation) and  
∆tsurf-min (minimum amplitude of fluctuation). Table 3 
shows minimum and maximum amplitudes of surface tem-
perature that occurred over the investigated period. Sub-
stantially higher daily amplitude of surface temperature 
fluctuations was found for grass covered surfaces (heating 
surface A and B) compared to concrete surface (heating 
surface C), where smaller fluctuations were observed. 

Bright surfaces such as heating surface C covered 
with concrete paving blocks of light grey colour reflect 
solar radiation. Their albedo is higher than the albedo of 
dark surfaces (e.g. green grass). For example, short grass 
has an albedo of 0.26, while the albedo of concrete is 

0.59. Therefore, the effect of solar radiation on the sur-
face temperature of concrete surface (heating surface C) 
was less visible, and heating surface C was characterised 
by smaller surface temperature fluctuations. 

5.2. Supply temperature
Figures 11 and 12 show fluctuations of supply tempera-
tures for individual surfaces.

It is clear that grass covered surfaces A and B re-
quire higher supply temperatures than concrete covered 
surface C. This is due to the fact then the concrete mate-
rials are characterised by greater heat capacity than soil. 
The greatest difference between required supply tempera-
ture for control strategy tsurf = 3 °C and tsurf = 5 °C was 
observed in case of surface C. Surface C does not require 
heating at all to reach tsurf = 3 °C, whereas increasing 
setting to tsurf = 5 °C, causes greater variability of supply 
temperature. 

In case of heating surface C, very clearly increase 
of supply temperature is shown (Fig. 11). This is due 
to occurrence of snow on the surface. When the snow 
was appeared on the surface the surface temperature was 
decreased. The heating system trying to keep the set tem-
perature on the surface had to provide more power, and 
thus operate at higher supply temperature.

By analysing together charts showing surface and 
supply temperatures one can note that surface heating 
system for open spaces is characterised by very high 

Fig. 9. Surface temperature for different heating surfaces resulting from control strategy tsurf = 3 °C 
with ambient temperature and solar radiation for investigated period

Fig. 10. Surface temperature for different heating surfaces resulting from control strategy tsurf = 5 °C 
with ambient temperature and solar radiation for investigated period
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Table 3. Daily minimum and maximum amplitude of surface 
temperature fluctuations which occurred  
over the of investigated period 

Surface A B C
control strategy tsurf = 3 °C

amplitude min 1.32° 2.07° 0.06°
amplitude max 10.36° 9.64° 2.76°

control strategy tsurf = 5 °C

amplitude min 1.59° 1.81° 0.55°
amplitude max 10.61° 9.46° 2.79°
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inertia. Despite supply temperature decrease the system 
still exchanges the heat what causes the surface tempera-
ture to continue growing, occasionally even above set 
maximums of tsurf = 3° or tsurf = 5 °C.

Large fluctuations of supply temperature shown in 
Figures 11 and 12 were caused by the adopted model of 
control strategy. In order to obtain a more regular supply 
temperature a different type of controller should be used. 

Figures 13 and 14 show operation time as a function 
of supply temperature for individual surfaces in given 
control strategy.

These figures show how many hours did the sys-
tem operates at given supply temperature over the in-
vestigated period. Once again we come to conclusion 
that heating surfaces covered with grass require higher 
supply temperatures over longer operating periods than 
concrete covered surfaces.

5.3. Energy efficiency
Energy efficiency is one of the most essential aspects of 
the designing and building of those systems.

Heating of surfaces at an open space is an energy 
balance between the heating medium, which is trans-
ferred through the coil and the layers of heating surface. 
The heat requirement for preventing snow accumulation 
and ice formation on these surfaces has been determined 
by the integration of multiple heat transfer process.

Table 4 presents a summary of energy consumption 
and characteristic parameters for individual simulations. 

Fig. 11. Supply temperature for different heating surfaces resulting from control strategy tsurf = 3 °C 
for investigated period

Fig. 12. Supply temperature for different heating surfaces resulting from control strategy tsurf = 5 °C 
for investigated period

surface A surface B surface C

0

5

10

15

20

25

30

35

40

45

50

15
-0

1
16

-0
1

17
-0

1
18

-0
1

19
-0

1
20

-0
1

21
-0

1
22

-0
1

23
-0

1
24

-0
1

25
-0

1
26

-0
1

27
-0

1
28

-0
1

29
-0

1
30

-0
1

31
-0

1
1-

02
2-

02
3-

02
4-

02
5-

02
6-

02
7-

02
8-

02
9-

02
10

-0
2

11
-0

2
12

-0
2

13
-0

2
14

-0
2

15
-0

2
16

-0
2

17
-0

2
18

-0
2

19
-0

2
20

-0
2

21
-0

2
22

-0
2

23
-0

2
24

-0
2

25
-0

2
26

-0
2

27
-0

2
28

-0
2

S
up

pl
y

te
m

pe
ra

tu
re

(
C

)
�

surface A surface B surface C

0

5

10

15

20

25

30

35

40

45

50

15
-0

1
16

-0
1

17
-0

1
18

-0
1

19
-0

1
20

-0
1

21
-0

1
22

-0
1

23
-0

1
24

-0
1

25
-0

1
26

-0
1

27
-0

1
28

-0
1

29
-0

1
30

-0
1

31
-0

1
1-

02
2-

02
3-

02
4-

02
5-

02
6-

02
7-

02
8-

02
9-

02
10

-0
2

11
-0

2
12

-0
2

13
-0

2
14

-0
2

15
-0

2
16

-0
2

17
-0

2
18

-0
2

19
-0

2
20

-0
2

21
-0

2
22

-0
2

23
-0

2
24

-0
2

25
-0

2
26

-0
2

27
-0

2
28

-0
2

S
up

pl
y

te
m

pe
ra

tu
re

(
C

)
�

Fig. 13. Operation time as a function of supply temperature 
resulting from control strategy tsurf = 3 °C

Fig. 14. Operation time as a function of supply temperature 
resulting from control strategy tsurf = 5 °C
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Energy consumption over investigated period was shows 
in first column. It is product of summing up the heat 
flux from the coil multiplied by total coil length. Ag-
gregated data was originally collected over the period 
from 15.01.2010 to 28.02.2010, i.e. 1080 hours. All re-
sults concern the same surface area of the surface heating 
system of 10 m2. 

Maximum heat dissipated from 1 m pipe length over 
the course of investigation gives second column. Third 
column it is the maximum heat dissipated from whole coil. 

Comparison between surfaces shows that heating 
surface B was the highest energy demanded, namely 
the grass covered surface where heating pipes were em-
bedded in stabilised earth with concrete. This concerns 
surface temperature set to tsurf = 3 °C as well as tsurf = 
5 °C. Energy consumption by heating surface A built 
identically to heating surface B apart from stabilised 
earth with concrete, was lower in both cases by an aver-
age of 200 kWh per season. Identical maximum values 
of heat dissipated from 1 m pipe length were registered 
for heating surface A operating at tsurf = 3 °C and tsurf = 
5 °C settings. However, in order to maintain the higher 
surface temperature, system for heating surface A had to 
operate longer.

In case of heating surfaces set to tsurf = 3 °C, high-
er heat power demand was observed for heating surface 
A compared to B, whereas for setting tsurf = 5 °C the 
opposite was true. In both cases, system for heating sur-
face B operated longer than for heating surface A, partly 
because system for heating surface B operated at lower 
power. For setting tsurf = 3 °C difference in operation 
time was 86h, and for setting tsurf = 5 °C it was 45 h. 

Analysis of energy consumption by heating sur-
face C, namely the concrete paving stone covered surface 
shows that the heating surface does not operate when 
set to tsurf = 3 °C, whereas set to tsurf = 5 °C its energy 
consumption increased by 466 kWh per season. Heating 
surface C itself does not have enough capacity to keep 
set surface temperature in that setting.

Conclusions

The effects of structural solutions on thermal energy ef-
ficiency of heating surface at an open space were evalu-
ated. 

Performed analyses have shown that the model of 
control strategy is closely related to the used structur-
al solutions and has an impact on energy consumption 
of the system. In order to maintain the surfaces free of 
snow, for the surfaces covered with grass the work with 
a control strategy to maintain the surface temperatures 
tsurf = 3 °C is sufficient but for the concrete surface this 
temperature is not sufficient and higher temperature is 
needed. 

The thermal conductivity of the different material 
layers used under the ground level of heating surfaces is 
significantly related to the thermal efficiency of surface 
heating system for open spaces. Respectively, larger the 
thermal conductivity of materials used for construction 
of heating surface at the same depth of embedded pipe, 
lesser the heating energy consumption. The most import-
ant are the layers where the pipes are embedded and the 
layers above them. Therefore, the thermal conductivity 
should be adjusted accordingly. 

Moreover, open space heating systems are exposed 
to substantially time-varying weather conditions. There-
fore, application accurate information of crucial parame-
ters and weather data is of great importance to accurately 
simulate the performance of heating surface system at an 
open space. 

Determining thermal energy efficiency of heating 
surface requires running numerous comparative analyses, 
just as determining optimal system parameters that will 
ensure minimum energy consumption. Numerical models 
are required for that purpose. They have to factor in heat 
transfer and mass transfer mechanisms as well as high 
variability of surface weather conditions.
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