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Nomenclature

A area [m?]

ACH  air changes per hour [h]

b distance between tubes [m]

Cp specific heat [J/(kg-K)]

d pipe diameter [m]
e window thickness [m]
F view factor

G irradiation [W/m?]
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h convection coefficient [W/(m*K)], enthalpy [kl/kg]

lq diffuse irradiation [W/m?]

lan horizontal diffuse irradiation [W/m?]
| gir direct solar radiation [W/mz]

J radiosity [W/m?]

L length of pipe circuit [m]

m mass flow [kg/s]
n index of refraction

PCM  Phase Change Material

4" heat flux per area unit [W/m?]

Q thermal power, heat flux [W]

R(0)  reflectance

Ry_sa equivalent thermal resistance between water and concrete slab temperature [(m?K)/W]
T Temperature [°C]

t time [s]

T(0) transmittance

\Y; volume [m°]

W power consumption [W]
X cartesian coordinate [m]

Greek symbols

a spectral absorption coefficient [m™]
€ emissivity

A thermal conductivity [W/(m-K)]

0 incidence angle [rad]

Osun solar elevation angle [rad]

p density [kg/m?], reflectivity
c Stefan-Boltzmann constant (6=5.67-10® W/(m?*K?*))
X angle of refraction [rad]

Ax, At spatial and temporal increments



Subscripts

ext exterior

HP heat pump

LW long wave radiation

slab radiant floor slab

SW short wave radiation

w water, window

w,in inlet water

1. Introduction

Nowadays there is a need for more responsible energy use by developing more efficient systems,
increasing the utilization of renewable energy resources and reducing fossil fuel consumption. Buildings
constitute an important sector where improvements in energy use can be applied, since they account for
nearly 40% of the final energy consumption in Europe. Phase Change Materials (hereafter PCM) can be
used in buildings following different strategies. In passive applications, they can be incorporated into the
building envelope and thus improve the thermal response of the building, reducing air heating or cooling
requirements. Furthermore, they can be integrated into the storage devices of energy systems, allowing
the use of renewable energy resources or improving the energy efficiency of those systems.

The present work is focused on the use of PCM in a radiant floor system. Radiant floor systems have the
main advantage of working with lower temperature gradients compared to other conventional heating
elements. Therefore, the energy efficiency of the equipment can be improved or low-grade energy sources
can be used. Additionally, the incorporation of PCM provides an extra energy storage capacity that can be
used for different purposes, such as levelling the energy demand or coupling the system to non time
constant renewable energy sources. Despite the significant number of works in the literature dealing with
the utilization of PCM in passive applications, not so many articles can be found on PCM in active
building systems, such as ceiling panels or radiant floors. Lin et al. presented a numerical [1] and an
experimental work [2] of an electric radiant floor system with shape stabilized PCM. In this case PCM
was used to level the energy demand, as the heating energy consumption was made during the night
producing savings in electric energy costs. Another example is the chilled ceiling panel with PCM
developed by Koschenz and Lehmann [3]. This chilled ceiling panel device was designed to absorb a heat

flux 40W/m? during 8 hours without producing an increase in temperature above the comfort range.



Ansuini et al. described in [4] the development and optimization of a radiant floor system with granulated
PCM. In these three cases, PCM provides significant energy storage capacity and therefore the
characteristic response time of these elements is considerably longer than that of traditional radiant
systems. This characteristic makes these systems more suitable in applications where there is a significant
delay between energy demand and supply.

Furthermore, Wang et al. [5] studied the performance of a cooling ceiling combined with a
microencapsulated PCM slurry storage tank where chilled water was obtained by evaporative cooling
technologies. Since a cooling ceiling panel works at relatively high temperatures (14-20°C), it can use the
cooling water generated by evaporative technologies [6]. The studied system produced an energy saving
potential of up to 80% under climatic conditions in northwest China. Additionally, the use of PCM
slurries as thermal storage material in cooling ceiling panels in order to shift the electric energy
consumption of the chiller to night time was studied in [7].

The present work describes a model that has been developed in order to simulate a PCM radiant floor
system in simple building types. The results of a case study are presented. In this application the PCM
floor heating system is fed by a heat pump which operates mainly during night time. The radiant floor
system is located in an experimental cubicle. In this case, the displacement of heating demand caused by
the PCM involves appreciable savings in energy consumption costs.

2. Simulation

The simulation of radiant floor systems is necessary for the design of these applications and for the
evaluation of their performance and technical feasibility. This simulation should be integrated within a
building simulation program since the radiant floor interacts with other elements of the building (radiation
heat exchange with other interior surfaces, convection heat transfer to the air, conduction heat transfer to
other building elements).

The calculation of conduction heat transfer through PCM in building elements has special characteristics
that involve some difficulties when integrating the calculation into a building energy simulation program.
These special features are related to the non-linear behaviour of these materials within their phase change.
Therefore the classical transfer function methods, widely used in calculating heat transfer through the
building envelope, are not valid in the simulation of PCM. The most frequent solution to this problem is
using a finite difference or finite volume scheme in order to calculate conduction heat transfer through

building elements with PCM. These numerical algorithms should deal with the variation of the thermal



properties of PCM during the phase change. Some building simulation programs allow the simulation of
these materials; ESP-r [8] calculates heat transfer through the building envelope using a finite volume
scheme, and PCM can be simulated using the special materials facility [9]. Energy Plus [10] incorporates
a finite difference model that enables the calculation of PCM in the building envelope [11].

Although there are building simulation programs available that include models of PCM in the building
envelope (passive applications), there are few models that allow the calculation of active building
elements with PCM. This is due to the particular difficulties of the simulation of these systems, described
in section 2.3 (multidimensional heat transfer in the element slab, control of the system). Energy Plus, for
instance, did not include this active building element model until the version 6.0 (2010). The Energy Plus
finite difference model for the simulation of active building elements is based on a one dimensional
scheme so that it does not take into account the two dimensional effects of heat conduction. ESP-r also
allows the simulation of active building systems with PCM but, as in the case of Energy Plus, this
approach does not consider the multi dimensional conduction heat transfer in the slab since the Laouadi
semi-analytical model [12] can not be used with PCM due to their non linear properties.

As a result, it was decided to develop a new model that enables the simulation of PCM in a radiant floor
system. This is a simple building simulation model as it only permits the simulation of a single-zone
building. It has been implemented using the equation solver program EES [13]. The main features of the
model will be described in the following sections (sections 2.1 and 2.3).

2.1 Building model description

The building simulation model is based on a finite volume approach. It calculates heat transfer through
the building envelope using a one dimensional finite difference model, and the zone calculation model
uses a single node for the interior air temperature.

2.1.1 Heat transfer through the building envelope

Conduction heat transfer in the building envelope is calculated by a finite difference scheme. The heat
transfer is assumed to be one dimensional and the thermal properties of the material are constant, except
for the case of PCM. The numerical method uses an implicit method in order to avoid instabilities. A four
node scheme is implemented for each building material layer.

2.1.2 Outside surface boundary conditions

Different modes of heat transfer are considered in the outside surface boundary condition. Each

contribution is calculated separately. Figure 1 shows the different heat fluxes considered.



Radiation heat transfer

Radiation heat exchange between the outside surfaces of the building and the environment is calculated
separately in two spectral ranges, short wave and long wave radiation.

Short wave radiation

Short wave radiation comprises direct solar radiation, diffuse solar radiation and solar radiation reflected
from the ground (Eqg. 1, 2). For the diffuse solar radiation, the anisotropic atmosphere model of Perez [14]

has been implemented.

N N] NN 11 L1t
q SW.ext — q directsolar +q diﬁusesohr+q groundreficted (1)

q”SW,ext =&sw ° (I dir COS(9)+ Id + I:ground " Pyground [I dir Cos(esun)—i_ Idh]) (2
where @ [radians] is the incidence angle of sun on the surface; 14 [W/m?] is the surface incident diffuse
radiation obtained from the anisotropic atmosphere model; I [W/mz] is the direct solar radiation; Fgroyng
is the view factor of the outdoor surface to the ground; pgroung IS the albedo; Igy [W/mz] is the horizontal
diffuse radiation; and O, [radians] is the sun elevation angle.

Long wave radiation

Outside building surfaces exchange heat with the ground, air and atmosphere [15] (Eg. 3).

q”LW,ext =& w0 |_(Tground4 _Ts4)' I:ground + (Tsky4 _Ts4 ) I:sky + (Tair4 _Ts4)' I:airJ (3)
The calculation of this heat flux has been linearized in order to simplify the numerical scheme. Thus, an
equivalent heat transfer coefficient has been used. This coefficient is updated taking the previous time
step surface temperature. This simplification has been assumed since the coefficient variation is small
within the temperature range of the building surface.

Convection heat transfer

The convection coefficient is obtained from correlations. The correlations implemented in the model are
the same as those used by Energy Plus in the ‘detailed’ algorithm [16]. The reason for the selection of
these correlations is to simplify the validation process of the model, described in section 2.2, which has
been carried out by comparing the simulation results with those obtained by Energy Plus.

2.1.3 Inside surfaces boundary conditions

As in the previous case, the three different modes of heat transfer are calculated individually. Figure 2
shows this heat balance graphically.

Radiation heat transfer: Short wave radiation



In this radiation exchange model, the following assumptions are made:

-Non participating medium.

-Grey surfaces.

-Direct solar radiation is uniformly reflected by inside surfaces.

This model needs the calculation of the incident direct solar radiation to the inside surfaces of the walls
every time step, ;i [W/m?]. This calculation is based on geometrical considerations.

The model is solved by the following linear system (Eq. 4, 5).

J; _Zpsw,i 'Fij 'Jj = Psw.i * Liri, for an inside wall surface (i) (4)
i

Ju— Z Rd,w ’ Fij 'Jj = Td,w ) |d,w , for the window inside surface (5)
i

where Ry, and T, are window reflectance and transmittance to diffuse solar radiation (section 2.1.4);
and lgiri [VV/mz] is the incident beam solar radiation to the surface i.

Therefore the heat transfer absorbed by each wall surface is (Eq. 6):
q"swi= Zpsw,i : Fij "]j + i —J; (6)
]

Radiation heat transfer: Long wave radiation

The heat exchange between inside surfaces by long wave radiation is calculated by the network method
proposed by Oppenheim [17]. The model considers uniform and grey surfaces in a non participating
medium. In this model the glass of the windows is assumed to be opaque to long wave radiation. The
radiation heat transfer is calculated from the following system of equations (Eq. 7):

o1 —3) A% S5 5 )AF, =0 "

1-&\y; j

The heat flux absorbed by each surface can be calculated using the following equation (Eg. 8):
o 4\ CLwi
A=l -0 Jin ®

The model has been linearized. Each time step and the equivalent heat transfer coefficient between each
pair of surfaces are calculated using the previous time step surface temperatures.

Convection heat transfer

The convection heat transfer calculation algorithm is the same as that used for external surface

calculations.



2.1.4 Window calculation

In the window calculation model, a single glass window is simulated. The input parameters that describe
the behaviour of the glass are transmittance and reflectance to normal radiation (T(0) and R(0)). The
window calculation model calculates the dependence of the incidence angle (€) on transmittance and

reflectance (Eq. 9, 10) [18].

T(6)= ' ©

R(0)= p(8) (1+T(6?)- ea%“l) (10)

where e [m] is the glass thickness, and y [rad] the angle of refraction, and & [m™] the spectral

absorption coefficient.
In the glass reflectivity calculation, unpolarized radiation will be considered. Thus it can be expressed by
equation 11 (Fresnel’s equation).

2 2
1|( n-cosé—cos n-cos y —cosé
p(6)== Z4) . £ (11)
n-cos @ -+ cos y n-cos y +cosé

where n is the index of refraction.

For a given incident angle, the angle of refraction can be determined from the following equation (Eg.
12):

n-sin y =siné (12)
Using the previous relationships, transmittance and reflectance are calculated for beam solar radiation and
diffuse solar radiation.

The window heat balance is calculated by a finite difference scheme with two nodes per glass layer in
which the heat capacity of the glazing material is neglected (Eq. 13, 14). Figure 3 shows the different heat

fluxes included in the energy balance equation.

2/ L1
o b glass q SWab d_
hconvext ) (Tair _Toutglass)+ 4" Lwext +(Tinglass _Toutglass)' + azsorve =0
h (T T ) 1" (T T ) //iglass C.I"SWabsorved =0
conv " \'air — linglass T+ wint outglass — 'inglass/ " o + 5 = (13,14)

2.1.5 Interior air energy balance equation



It has been assumed that the temperature is uniform inside the cubicle, so that the stratification

phenomena of indoor air are not considered in the model. Equation (15) is derived by an implicit method.

Tair,j _Tair,j—l ACH

At = Pair Cp,air -V (Textair,j _Tair,j )+ Z AI ’ hconv,i ' (Ts,i,j _Tair,j )

Pair Cp,air 'Vair ' air ’
3600 int,surfaces

(15)

2.1.6 Heat transfer through the ground

The model does not calculate conduction heat transfer in the ground. Therefore, an estimation of ground
equivalent temperature has been made for the simulation.

2.2 Building model validation

The model validation has been made by comparing the results of the model with those given by Energy
Plus. In these tests, the aim is to study the behaviour of the building simulation model, so that neither
radiant floor operation nor PCM inclusion has been considered. Here the validation results of the
experimental cubicle analyzed in the case study described in section 3 are shown. The dimensions of the
cubicle and the thermo-physical properties of the materials are shown in figure 4 and table 1. The window
is orientated to the north. No air infiltration is considered in the simulations presented here.

Two types of validation test have been performed: free floating interior temperature and ideal loads
calculation. In the former, the interior temperature is not controlled. Temperatures of the interior air and
all the building surfaces have been compared. In the latter, ideal thermal loads are calculated. The
comparison between both models has been done in different periods of the year.

The validation results are quite good, the difference in temperature calculation being less than 0.3°C and
in the ideal thermal loads calculation less than 1%. Figure 5 shows the interior air temperature calculated
with both models in the free floating temperature simulation. In figure 6, the calculated thermal loads can
be compared.

2.3 Modelling of a radiant floor with PCM

The simulation of radiant floor systems is relatively complex, as different heat transfer processes are
involved: heat conduction in the floor slab, heat radiation exchange between the floor surface and other
internal surfaces, heat transfer in the floor piping. Since there is no analytical solution for these heat
transfer problems, finite difference or finite element methods should be used to calculate heat transfer in
the radiant floor slab. This approach has been used by several authors using two-dimensional numerical
schemes to analyse these systems [19]. The problem with such methods is the high computational effort

involved. In order to integrate these models into building simulation programs, simpler numerical models



have been developed by different authors. Several approaches have been used in the simulation of these
active systems: conduction transfer function models, semi-analytical models, and thermal resistance and
capacitance network models (hereafter RC models).

Strand [20] developed a transfer function-based model for thermally activated system simulation. The
conventional transfer function method was modified in order to include a source term which models heat
transfer between the tubes and the concrete slab. As has been mentioned, this method can not be used in
PCM simulation because of the non linear behaviour of the material.

Laouadi [12] conducted a semi-analytical study in order to obtain a radiant floor model. By using this
method, an analytical expression was obtained to correct the calculation of the one dimensional model
integrated in ESP-r. This method was based on the linear properties of building material so that, being
rigorous, it is not valid for PCM simulation.

The aim of RC models is to obtain a thermal network, composed of resistances and capacitances, in order
to simulate heat transfer in the activated building component. This thermal network enables the dynamical
performance of active building systems to be calculated with a low consumption of CPU time.

Koschenz and Dorer [21] developed a radiant element model where heat transfer between the tubes and
the slab was modelled by a resistance link. Heat transfer within the slab was calculated by a one
dimensional scheme. The resistance link was calculated from the stationary solution, using form factors.
This model was implemented in TRNSYS [22], where the resistance link was coupled to the conduction
transfer function method used by the program. Ren et al [23] also used a parameter estimation of the RC
network based on geometrical considerations in the modelling of a ventilated concrete slab.

Another approach to this parameter estimation is the optimization of those values using the thermal
response to sinusoidal excitation. This methodology is based on the work of Akander [24], who optimized
the dynamical response of these models using the frequency domain analysis. Weber et. al [25, 26]
obtained optimised RC models and studied the optimisation of different RC configurations. The thermal
response of the RC model was compared to a two-dimensional finite element model working in the
frequency domain.

Although this last approach is the most suitable for integrating a radiant floor model into a building
simulation program, since it simulates quite accurately the behaviour of a radiant system with low
computational effort, it is not possible to use it with PCM; frequency domain analysis can not be used for

radiant floor with PCM due to their non-linear properties.



2.3.1 Radiant floor model

When simulating PCM in radiant elements, only finite difference or finite element methods can be
utilised. Furthermore, two-dimensional conduction heat transfer effects should be accounted for. Laouadi
remarks in his work [12] that one-dimensional models under-predict the circuit water temperature,
involving an over-prediction of the heating/cooling capacity of the boiler/chiller.

The solution adopted in the present work is implementing a modified one-dimensional model that
considers these two-dimensional effects. A similar idea was used by Koschenz and Dorer [21]. Thermal
resistance that links the pipe water temperature and the concrete slab temperature (Ry_gab, in fig. 7) is
modified so that the calculated heat flux in stationary conditions is the same using both schemes (one and
two-dimensional method). The resulting one-dimensional scheme can be represented as the thermal
network shown in figure 7. The number of temperature nodes in the figure has been reduced in order to
clarify the picture.

This simplification of the two-dimensional heat transfer has been tested by analysing the thermal
dynamical response. The one-dimensional model has been compared to a two-dimensional one. In order
to evaluate the performance of the simplified model, two characteristic transient processes have been
defined: charge and discharge processes. In the charge process the concrete slab will be initially in
thermal equilibrium with the ambient air and then the water begins to flow through the pipes at a constant
temperature. In the discharge process the system originates with a stationary situation when the water
flow stops. In both cases it will be considered that the lower surface is thermally isolated. An example of
the performance of these two models is shown in figure 8, where the floor surface heat flux during the
two transient processes is plotted. The geometrical data and thermo-physical properties of the materials
are shown in tables 2 and 3. The boundary conditions are shown in table 2. In this case the simulated
radiant floor contains 20% of PCM in the concrete slab.

The thermal response of both models is very similar. The difference in the heat flux in the floor surface is
less than 10% between the two models, and the reaction time of both models is nearly the same.

2.3.2 Heat transfer in radiant floor piping

In the heat transfer model between the floor piping and the concrete slab, certain assumptions have been
made:

-The radiant floor temperature along the water circuit is considered uniform.

-Thermal inertia of the water will be neglected.



This heat transfer model is based on the same assumptions as that implemented in Energy Plus [16, 20].

The resulting heat balance differential equation for the water flux through the pipe is shown below (Eq.

16,17).
T, (x) 7-d
. . w = — AT -T
mw Cp,w 8X RW_>5|ab ( W(X) slab) (16)
Tw (X = O) = Tin,w (17)

where R, ., [(M*K)/W] is the equivalent heat transfer resistance between water and the concrete slab

temperature that includes the two-dimensional effects of heat transfer. Solving the previous differential
equation (Eg. 16-17), the boundary condition that will be used in the one-dimensional conduction heat
transfer model is obtained (Eq. 18).

md-L

L1 I'ﬁW -C "W 7mw'cp w'Russiab
0 wostab = L—bp ’ (Tin,w _Tslab)' 1-e ' (18)

2.3.3 PCM modelling

Heat transfer in PCM building materials is calculated using the effective capacity method, which is based
on the enthalpy method. Both formulations are frequently used in heat transfer calculations in PCM for
building applications. The main advantage of these methods is that a single formulation is valid for the
entire problem domain and there is no need to track the phase change boundary [27].

The heat capacity method uses a temperature-dependent heat capacity rather than the enthalpy-
temperature function in order to calculate the energy time variation. There are several examples in the
literature of using this approach [3, 28-30].

The assumptions that have been made in the model are:

-The composite PCM material will be analyzed as a uniform material with homogeneous equivalent
properties. This assumption is commonly considered in building energy simulation with PCM [3, 28-30].
-The heat transfer is one-dimensional: as has been described (section 2.3.1), conduction heat transfer in
the radiant floor slab can be simplified to a one-dimensional scheme.

-All the thermo-physical properties, except heat capacity, will be considered constant. Considering
temperature variation in these properties would involve very accurate measurements but the influence of
this variation may not be significant in the simulation results.

The one-dimensional heat transfer equation utilised is shown below (Eg. 19).
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(19)

An analytic expression for heat capacity variation with temperature is needed. This expression has been
fitted from experimental measurements (section 3.1.2).

The equation is discretized using a finite difference scheme. Time variation is evaluated with an implicit
formulation in order to avoid instabilities. However, thermal heat capacity is evaluated with the previous
time step temperature (Eq. 20). Hence the solution algorithm of the numerical scheme is simpler as it can
be solved in each time step using a linear system of equations. A similar approach was used by Kuznik et

al. [29].

D Cp(Ti J'—l)_ Tij - T = . Ti+1j -2 'T;j +Ti—1j 20)
At AX

3. Analysis of a case study

The developed model described in the previous sections has been utilised to analyse the performance of a

radiant floor system with PCM in a particular application. In this case study, the floor heating system

obtains the hot water supply from a heat pump. Thermal energy storage is used to move electric energy

consumption from daytime to night time. This strategy can reduce energy costs as most of the energy

consumption is produced during off-peak hours.

3.1 Description

3.1.1 Experimental cubicles

The experimental cubicles used in this analysis are the same as those defined in section 2.2, on validation

of the developed model. These cubicles are located in Cérdoba (Spain) and the weather data is extracted

from the Energy Plus weather data base [10].

3.1.2 Concrete with PCM compound in radiant floor slab.

The PCM is integrated into the radiant floor by being embedded in the concrete material of the slab. The

simulated PCM is a granulated compound material. The phase change temperature is near 27°C. In the

following figure the enthalpy-temperature curve of this material is shown (fig. 9). This curve has been

obtained using the T-history method [31].

The geometrical parameters and material properties have been defined in section 2.3.1. The amount of

PCM included in the radiant floor has been adjusted to achieve the total shift of the heating energy



demand from peak hours to off-peak hours. The obtained quantity of PCM is a 20% proportion in mass in
the mortar-PCM composite.

3.1.3 Heat pump modelling

The heat pump modelling is based on correlations provided by CIAT. The heat pump modelled is a
commercial air to water heat pump.

The correlations calculate the maximum heating or cooling power, as well as the electric power

consumed, for given conditions of air temperature (T ;) and water temperature (T ). Both electric
power consumption (WHP ) and supplied heating power (Q‘HP ) are correlated by a quadratic expression

(Eq. 21). When the machine operates at partial load, a factor is used to correct the coefficient of

performance.
W, =a+b-T,+c-T, +d-T2+e- T, +f-T, T. @)

3.1.4 System control

The water supply temperature set point is fixed at a constant temperature of 33°C. With this temperature
level the heating demand can be met and the on-off switches are reduced. The control of the system
utilized is simple: an on-off control with an interior air set point temperature of 21°C.

3.1.5 Electric energy pricing

As the analysis includes a calculation of the savings in electric energy cost, an electrical energy market
framework has to be selected. In this case the Spanish legislation has been chosen. According to this, off-
peak demand time is from 22h to 12h. The energy price during peak load hours is 0.169€/(kW-h) and
during valley load hours 0.061€/(kW-h). The electric energy price with no differentiation between peak
and off-peak hours is 0.14€/(kW-h).

3.2 Simulation results

Two case studies have been done, one with PCM and the other with a conventional radiant floor system,
in order to make a comparison of the results.

3.2.1 Analysis of the results: a characteristic winter day performance

First of all, the performance of the system during a characteristic winter day will be analysed. The
influence of the PCM in the radiant floor is quite remarkable. In figure 10, the performance of the system
is characterized by the interior air temperature fluctuation and energy consumption of the heat pump. The
electric energy power consumed by the machine has been rated per square metre of the experimental

cubicle floor surface.



Some important features of the performance of the PCM radiant floor systems should be highlighted:
-Due to the additional energy storage of the PCM, the whole energy consumption can be moved to off-
peak hours of electric energy demand.

-The operation of the heat pump is more uniform, and there are fewer stops in its performance. This effect
is due to the higher thermal inertia of the PCM radiant floor.

-The cubicle with PCM presents a wider temperature fluctuation. In the midday hours, when no heating is
needed, the temperature in the PCM cubicles rises to 25 °C. This temperature increase is due to the extra
thermal energy storage provided by the PCM. This has to be allowed in order to ensure comfort
temperature conditions in the evening (20-22h) without the operation of the heat pump.

3.2.1 Simulation of both systems during a winter season

The simulation of both cubicles during a whole winter period has been carried out in order to obtain
average values of their performances and of the cost energy savings produced by the PCM. The
simulation period was selected according to the heating energy demand, starting on November 1% and
finishing on February 28". Some important values of the performance of both systems are shown in table
4. In the following figure (fig. 11) the interior air temperature fluctuation of both cubicles is plotted. It can
be seen that both systems are able to meet each cubicle heating requirement as the interior air temperature
during most of the time is within the comfort range of 20-25°C.

Some conclusions can be obtained from these simulations:

-The energy consumption of both cubicles is very similar. In this case, the addition of PCM does not
produce energy savings.

-The energy cost savings are only due to the energy consumption displacement to the off-peak electricity
demand period.

4. Conclusions

A new model has been developed in order to simulate a radiant floor system with PCM integrated into a
building energy simulation tool. The developed model enables the simulation of simple buildings, with
just one zone, which can include active elements with PCM. The validation has been done by comparing
its results with Energy Plus. In this comparison neither active systems nor PCM are included. The
validation tests have been satisfactory: the difference in temperature evolution was less than 0.3°C and in
the ideal loads calculation less than 1%. A modified one-dimensional model was selected to simulate the

radiant floor behaviour. The thermal response of this model was compared to a more realistic two-



dimensional model with reasonably acceptable results. The response times were quite similar and the
error in the surface heat transfer calculation was less than 10%.

A case study has been analysed using the previously described model. In this application a floor heating
system is fed by a heat pump. The PCM is used in order to provide the radiant system with enough
storage capacity to avoid the operation of the heating pump during the peak electricity demand period. As
has been seen, the radiant floor with PCM is able to meet the heating demand requirements with a
practically total shift of the electric energy consumption from the peak period to the off-peak electricity
demand time. This effect implies an energy consumption cost saving of nearly 18% compared to the
conventional case.

This case study has been interesting from the point of view of the results obtained by the developed
model and also for demonstrating the technological feasibility of the floor heating system analyzed.
However, there are some features of the simulations that should be remarked on and taken into
consideration when extracting general conclusions about the performance of these PCM radiant floor
systems. First of all, the thermal behaviour of the experimental cubicles where the simulated radiant
floors were studied is quite different from a conventional building thermal response. It would be
interesting in subsequent studies to analyze the operation of this new system in traditional buildings. In
addition, the experimental cubicles were located in a mild winter weather zone, where the required
heating energy consumption is low. In the future, economic feasibility studies should be orientated to
cases where the winter weather is colder and where a more profitable use of the PCM can be obtained.
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Table(s) with Caption(s)

Walls Thickness [mm] A [WI(m-K)] | p [kg/m?] Cp [/ (kg-K)]
Sandwich panel (PU) 40 0.0184 40 1760

Roof Thickness [mm] A [WI(m-K)] | p [kg/m’] ¢y [J/(kg-K)]
Roof cover 0.6 50 7800 560

Fiber glass 80 0.04 12 870

Roof cover 0.6 50 7800 560

Floor Thickness [mm] | A [W/(m'K)] | p [kg/m’] | ¢, [J/(kg-K)]
Isolating material (PU) 40 0.0184 40 1760
Mortar 60 1,4 2100 850

Floor tile 12 2 2000 1500

Table 1. Thermal properties of the materials.




Distance between pipes 120 mm Ambient air temperature 20°C

Pipe diameter 20 mm Water temperature 32°C

Mortar layer thickness 60 mm Heat transfer coefficientat | 7 W/(m*K)
floor surface

Floor tile thickness 12 mm

Table 2. Geometric parameters of the radiant floor and boundary conditions.




Mortar p [kg/m?] cp [kI/(kg-K)] A [W/(m'K)]
2100 850 14

Floor tile p [kg/m?] cp [kI/(kg-K)] A[W/(mK)]
2000 1500 2

Table 3. Thermal properties of radiant floor materials.




with PCM

without PCM

Mean daily energy consumption

2.62 (kW-h)/cubicle

2.60 (kW-h)/cubicle

Daily operating time 7.5 h/day 7.7 h/day
Daily operating time in peak period 0.3 h/day 1.4 h/day
Mean daily costs 0.17€/day 0.21€/day
Cost savings 17.9% -

Table 4. Results of the simulations.




List of Figure Captions

Fig. 1. Outside heat balance.

Fig. 2. Inside heat balance

Fig. 3. Window heat balance

Fig. 4. Experimental cubicle.

Fig. 5. Interior air fluctuation comparison in winter (Cérdoba, Spain, 1-7"" January) and summer
(Cérdoba, Spain, 1-7" July).

Fig. 6. Thermal loads calculation in winter (Cérdoba, Spain, 1-7™ January, set point temperature 24°C )
and summer (Cérdoba, Spain, 1-7" July, set point temperature 20°C ).

Fig. 7. Scheme of the modified one-dimensional model.

Fig. 8. Comparison of the thermal response of the radiant floor models.

Fig. 9. Temperature-enthalpy curve of the PCM.

Fig. 10. Performance of both radiant floor systems.

Fig. 11. Interior air temperature fluctuation with both systems.
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*Highlights

Highlights:

-A building simulation model has been developed to simulate a radiant floor with PCM.
-The building simulation model has been validated using Energy Plus.

-The behaviour of a PCM radiant floor system coupled to a heat pump has been analyzed.

-The PCM enables the shift of electric energy consumption to off-peak hours.





