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Abstract
Thermal energy storage (TES) is regarded as one of the key technologies to enable a
higher penetration rate of renewable energy sources in the electricity supply. A typical
example in the residential sector is the combination of heat pumps with passive TES
such as floor heating. Floor heating provides flexibility at demand side since it allows
heat pump operation to be shifted in time. The idea of demand side management (DSM)
is to access this flexibility by means of a time-variable electricity price. From a con-
sumer perspective, the question arises which floor heating storage capacity minimizes
the annual electricity costs for heating a dwelling. This optimal capacity is a trade-off
between conflicting effects. On the one hand thermal capacity increases the potential
for load shifting. On the other hand it induces larger transients which in turn result in
higher heat losses. This paper investigates this design problem for a residential build-
ing with an air-coupled heat pump for a broad range of scenarios, among which occu-
pancy profiles and electricity price scenarios. All design cases are evaluated with an
optimal control strategy. The building dynamics are represented by lumped resistance-
capacitance models in Matlab. It is found that for most of the scenarios, the thicker
the floor heating system, the higher the energy cost. Hence, the cost reduction of extra
load shifting does not compensate for the efficiency reduction associated with higher
heat losses. This observation motivates research on the combination of heat pumps and
active TES instead of passive TES in the framework of DSM and smart grids.
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1. Introduction

In the context of rising greenhouse gas emissions, the European Union has
set it’s 20-20-20 goals for the year 2020. One of these goals is to increase the
share of renewable energy in the total energy mix to 20%. One of the major
challenges in reaching this goal is to cope with the fluctuating and unpredictable
nature of renewable energy sources such as wind and solar. To deal with this,
all kinds of energy storage technologies are under investigation, ranging from



electrical energy storage, over physical, chemical and thermal storage. Also
demand side management (DSM), which aims at better matching the electricity
demand to the electricity supply, will be part of the solution. DSM aims at
exploiting the flexibility at demand side to shift the demand in time, through
price incentives. One of the possible target groups for DSM are residential
buildings with heat pump systems. Heat pumps are electrical devices connected
to an active thermal energy storage device (TES), such as a hot water tank, or to
passive TES, such as a floor heating system (FHS). In a DSM framework, the
building owner should have a financial incentive to shift heat pump operation
to periods of high amounts of electricity production by wind or solar, through
variable electricity prices. The question arises what is the financial benefit
for the building owner to provide this flexibility and to respond to these price
incentives.

In this study a general framework is adopted to assess the flexibility of the
building owner to shift the electricity demand in time, and this for the case
of a residential heat pump connected to a FHS. The flexibility depends on a
number of factors: the thermal capacity of the FHS, the thermal capacity and
insulation properties of the building envelope, the weather conditions and the
thermal comfort requirements. The willingness to make use of this flexibility
will depend on the electricity price profile.

The potential of the FHS to be used as a passive thermal energy storage
will be assessed by determining which FHS leads to the lowest energy cost in
a certain building with certain boundary conditions. The thicker the slab, the
larger its thermal capacity and thus the larger the load shifting potential. Henze
et al. [1] studied the use of the FHS as a passive TES for cooling purposes. They
concluded that a cost reduction of up to 36% is possible due to load shifting.
On the other hand, as stated by Hens [2], for a heating dominated building, a
house with higher heat capacity could make a little more use of heat gains, but
usually this does not match up with the higher heat losses during intermittent
heating.

For each FHS thickness, the minimal energy cost is determined as the so-
lution to an optimal control problem. This evaluation is performed for a wide
range of scenarios. This way, one is able to define the FHS thickness which
minimizes the energy cost for the customer, as well as the corresponding load
shifting potential which can be harnessed by the grid operator.

2. Methodology

The methodology describes the framework to study the FHS as a passive
TES. Section 2.1. describes the studied system. In order to make a solid and
general conclusion, the potential of the FHS as a TES is assessed for a wide
range of cases, which are described in section 2.2.. The optimal control frame-
work, used to determine for each case the operation strategy with the minimal



energy cost, is described in section 2.3..

2.1. System description

The potential of FHS for load shifting is assessed in a residential context.
The system considered is a detached house with two inhabitants in a Belgian
climate. The heating system comprises of an air-coupled heat pump (HP) with
an auxiliary electrical heater (AUX1). The FHS, consisting of tubes embedded
in a concrete layer on top of an insulation layer, delivers the heat produced
by the HP and AUX1 to the heated zone. A second auxiliary electrical heater
(AUX2), installed in the heated zone, directly delivers heat to this heated zone.

2.2. Scenarios

The potential to use FHS as a passive TES is quantified by studying the
saving in electricity cost in a number of scenarios. In each of these, the thick-
ness of the FHS is varied. The thicker the FHS is, the higher it’s capacity and
the more potential it has to be used as a passive TES. On the one hand this
increases the potential for load shifting and should decrease electricity cost,
but on the other hand the system is slower which leads to more energy losses
when occupants are absent. The scenarios will make clear which effect is more
dominant. Seven system characteristics will be varied, each represented by a
different letter code:

• (A) the electricity cost profile: constant price (1), a price based on day
and night tariff (2), a price based on wholesale market prices (3) and a
price based on wholesale market prices plus a fixed price (4);

• (B) the capacity of the building envelope: a high capacity building enve-
lope (1) and a low capacity building envelope (2);

• (C) the insulation level of the house: a poorly insulated house (1) and a
good insulated house (2);

• (D) the internal and solar heat gains: high internal heat gains consisting
of heat gains due to internal and solar heat gains (1) and low internal heat
gains consisting of only internal heat gains (2);

• (E) the time of the year: a winter day (1) and a spring day (2);

• (F) the occupancy: during morning and evening (1), during office hours
(2) and constantly (3);

• (G) the position of the tubes in the FHS: under the concrete layer (1) and
in the middle of the concrete layer (2);



Fig. 1: Illustration of the system and the different cases studied

• (H) the thickness of the FHS: the thickness of the concrete layer of the
FHS is taken to be 20 mm (1), 40 mm (2), 60 mm (3), 80 mm (4), 100 mm
(5) and 120 mm (6);

These cases are illustrated in figure 1. A total of 384 cases whereas each case
will be studied with 6 different thicknesses of the FHS. The detailed description
of the different scenarios, together with the parameters of the model is given in
appendix A.

2.3. Optimal control set-up

In order to study the potential of FHS to be used as a passive TES, one has
to calculate what the potential savings are in a number of scenarios. In order
to make sure that in each scenario the passive TES is used in the best possible
way, one can make use of optimal control. This prevents the manual tuning of
control parameters in each scenario, which would in some cases give subopti-
mal results. Optimal control is used in this paper as a kind of simulator, starting
from the system description and disturbances to determine the optimal behav-
ior of the system. The set-up of this optimal control is that of an optimization
problem, with an objective function, decision variables and both equality and
inequality constraints. The set-up of the optimization problem is based on [3],
allowing a convex formulation. This ensures that the optimum found by the
optimizer is the global optimum. The solver used is CPLEX [4] and Yalmip [5]
was used as an interface between CPLEX and Matlab [6].

Objective function The objective is to minimize the total cost of electricity
use over a certain time period Topt :

minimize
Topt

∑
j=0

cel( j) ·Pel,tot( j) (1)



with j the number of time steps, cel( j) the cost of electricity and Pel,tot the total
use of electrical energy by the heating systems, both at timestep j.

Decision variables The decision variables are the states X( j) of the state
space model as described in equation 5 and the values for the controllable inputs
of the input vector U( j), all at timestep j. The state vector X( j) consists of the
following states

X( j) = [Tw2Tw1Tr2Tr1TzTf 4Tf 3Tf 2Tf 1Tw,rTw,s]( j) (2)

in which Tw2( j), Tw1( j), Tr2( j) and Tr1( j) are temperatures of specific layers
of the wall and roof and Tz( j) is the zone temperature. The thermal behavior of
the FHS is described with four states Tf 4( j), Tf 3( j), Tf 2( j) and Tf 1( j) which
are temperatures describing specific layers of the FHS. Tw,s( j) is the supply
temperature of the water to the tubes of the FHS and Tw,r( j) the temperature of
the water returning from the tubes of the FHS. The input vector U( j) consists
of the following inputs

U( j) = [Q̇hpQ̇aux1Q̇aux2TambTgroundQ̇solQ̇int ]( j). (3)

The inputs Q̇hp( j), Q̇aux1( j) and Q̇aux2( j) are the controllable inputs and hence
decision variables at timestep j. Q̇hp( j) is the heat delivered by the heat pump,
Q̇aux1( j) is the heat delivered by the auxiliary electrical heater of the heat pump
and Q̇aux2 is the heat delivered by the auxiliary electrical heater in the zone.
The inputs Tamb( j), Tground( j), Q̇sol( j) and Q̇int( j) are the uncontrollable in-
puts, hence disturbances to the system at timestep j. Tamb( j) is the ambient
temperature, Tground( j) is the ground temperature, Q̇sol( j) is the heat gains due
to solar radiation through the windows and Q̇int( j) the heat gains due to internal
heat gains such as occupants and appliances.

Equality constraints The equality constraints consist of the system equa-
tions of the building, the floor heating and the heating systems. The thermal
behavior of the building and the floor heating are combined in a state space
model

∀ j : X( j+1) = A ·X( j)+B ·U( j) (4)
∀ j : Y ( j) =C ·X( j)+D ·U( j) (5)

in which A, B, C and D are matrices with constant values. This state space
model is a linear model describing the thermal conductances and capacities in
the system, together with linear approximations of the convective and radia-
tive heat transfer. These state space matrices are based on Van Oevelen [7],
Kummert [8] and Hens [9].



The heating systems are modelled by the heat they deliver, described by
the controllable inputs Q̇hp( j), Q̇aux1( j) and Q̇aux2( j), and their coefficient of
performance COPhp( j), COPaux1( j) and COPaux2( j). From this one can get the
equality constraint describing the electrical energy use of the heating systems

∀ j : Pel,tot( j) =
Q̇hp( j)

COPhp( j)
+

Q̇aux1( j)
COPaux1( j)

+
Q̇aux2( j)

COPaux2( j)
. (6)

Since both auxiliary heaters are electrical resistance heaters, their COP is just
1:

∀ j : COPaux1( j) = 1. (7)
∀ j : COPaux2( j) = 1. (8)

For the heat pump, this COP expression is more complex since it depends on
the temperature at which it subtracts its heat ( the ambient air Tamb) and the
temperature at which it delivers its heat (the supply water to the FHS Tw,s( j))
as follows:

∀ j : COPhp( j) = ηex ·
Tw,s( j)

Tw,s( j)−Tamb( j)
= f (Tw,s( j),Tamb( j)) (9)

with ηex the exergetic efficiency of the heat pump.
Since the supply water temperature is a state of the system directly affected

by the decision variable Q̇hp( j), the inclusion of this dependence would also
make the equality constraint 6 not affine, and make the optimization function
non-convex, as denoted by Verhelst et al. [3]. Verhelst et al. suggest to deter-
mine the COPhp( j) based on a constant value of the supply water temperature,
namely the expected value Tsup,exp. This approach can be applied when the
power profile is smooth, i.e. when not a lot of cycling occurs, which is checked
to be the case. The ambient air temperature is an uncontrollable input to the
system, which means that the COPhp( j) can be determined prior to the opti-
mization. The expression for COPhp( j) is hence approximated as

∀ j : COPhp( j) =COP0 + c1 ·Tamb( j)+ c2 ·Tsup,exp (10)

in which COP0, c1 and c2 are constants based on fitting equation 10 to mea-
surement data of a heat pump.

Inequality constraints The inequality constraints consist of the boundaries
for the states and the controllable inputs. The controllable inputs are limited by
the maximum power each heating system can deliver and are positive since all



systems are expected to deliver heat only. This becomes:

∀ j : 0≤
Q̇hp( j)
COPhp

≤ Php,max (11)

∀ j : 0≤ Q̇aux1( j)
COPaux1

≤ Paux1,max (12)

∀ j : 0≤ Q̇aux2( j)
COPaux2

≤ Paux2,max (13)

(14)

in which Php,max,Paux1,max and Paux2,max is the maximal electrical power demand
of respectively the heat pump, the first auxiliary heater and the second auxiliary
heater. All the states except the one for the zone temperature are bounded by a
wide upper (Tmax) and lower (Tmin) boundary:

∀ j : Tmin ≤ X( j)\Tz( j)≤ Tmax. (15)

One of the most important inequality constraints is the one on Tz( j). Ac-
cording to Peeters et al. [10] , during the heating season the temperature of
the zone must be above 20◦C in living rooms and above 16◦C in bedrooms
during occupancy. The temperature in the house during heating season should
not exceed 24 ◦C in both living rooms and bedrooms. Since in this model only
one zone is considered, the lower boundary for the zone temperature Tmin,pres
is 20 ◦C when occupants are present and awake and 16◦C , Tmin,not pres , when
the occupants are absent or sleeping. The maximum temperature for the zone,
Tzone,max , is 24 ◦C at all time. The boundary condition for Tz( j) then becomes:

∀ j : occ( j) = 1⇒ Tmin,pres ≤ Tz( j)≤ Tzone,max (16)
∀ j : occ( j) = 0⇒ Tmin,not pres ≤ Tz( j)≤ Tzone,max (17)

(18)

with occ the vector containing the information about occupancy.

3. Results

The discussion of the results is split up in three parts. First some typical
operation profiles are discussed, which show how the optimal control handles
the system. In a second part the different cases are compared, giving an indica-
tion of which FHS works the best in which cases. In the last part of the results
section, the potential for load shifting is presented.



Fig. 2: Comparison between temperature profiles resulting from optimal con-
trol towards minimal energy use or minimal energy cost for a thin or a thick
floor heating system

3.1. Typical operation profiles

Typical results from the optimization problem are shown in figure 2. The
optimization horizon, Topt as defined by formula 1 is one week or 168 hours. In
each case, figure 2 shows the evolution of the indoor temperature for the first 48
hours of the optimization horizon. The result is shown for the case of a house
with a badly insulated and low capacity building envelope, with high internal
gains, presence during the office hours, the tubes at the bottom of the FHS and
during a week in spring. The results are shown for an optimization towards
minimal energy use or towards minimal cost (in case of a day and night tariff
system) with a thin (20 mm) or a thick (120 mm) FHS.

It can be seen that in the case with a thin FHS and optimization towards
minimal energy use, the indoor temperature follows it’s boundaries the clos-
est. In the case of a thick FHS, the temperature does not even reach the lower
boundary of 16◦C when the occupants are absent. This leads to higher heat
losses during this period.

When the optimization is towards minimal energy cost with a day night
tariff system, the indoor temperature follows a different trajectory. In this case
it is cheaper to use electricity during the night, before the occupants are present.
The room appears to be preheated in both cases of thick and thin FHS, which
means that the optimizer makes use of the passive TES potential presented by
the thermal capacity of the zone.



3.2. Sensitivity analysis of FHS thickness

Despite the large variety of scenarios, some clear general trends regarding
the FHS appear from the results. These trends relate to energy use, energy
cost and thermal comfort. After the discussion of these trends, the impact of
different system characteristics is discussed.

Impact on energy use It turns out that in all cases the thicker the FHS, the
higher the energy use. One could argue that the thicker FHS could make more
use of the heat pump during daytime when the COP of the air coupled heat
pump is higher, but this apparently does not compensate for the higher heat
losses through the building envelope and through the floor insulation.

The cause of the increase in heat losses through the building envelope can
be seen on figure 2. In the cases of a thicker FHS, the indoor temperature is on
average higher which globally leads to a higher heat loss.

It was also seen that even in the cases with constant occupancy the energy
consumption was higher. This is mainly due to the higher losses through the
floor insulation. The thicker the FHS, the higher its thermal resistance becomes
and the higher the supply water temperature needs to be. This higher tempera-
ture of the water in the tubes leads to a higher downward heat loss through the
floor insulation.

Impact on energy cost A rather remarkable result regarding the effect of the
thickness of the FHS on the energy cost is that the best FHS in 95% of the
scenarios is either the thinnest (20 mm) or the thickest (120 mm) FHS. This
means that regarding minimal energy cost, one needs to make the FHS as thin
or as thick as possible, depending on the boundary conditions. Further analysis
is based on the ratio of the energy cost of the system with the thinnest FHS to
the energy cost of the thickest FHS in the same scenario in order to see which
one performs the best. This ratio is shown for multiple scenarios with the four
different electricity cost profiles in figure 3.

It turns out that the thin FHS has the lowest energy cost in the major part
(90%) of the scenarios. The system with a thin FHS has an energy cost which
is up to 17% less than in the system with a thick FHS in the same scenario.

The thick FHS is only better in a limited number of scenarios, namely dur-
ing a week in spring in which the occupants are present during office hours or
constantly present and in two of the four price scenarios. In the case of a day
night tariff system, the thick FHS leads to a 9% decrease in energy cost com-
pared to the thin FHS. In the case of wholesale market prices, the thick FHS
gives only a slight decrease in energy cost compared to the thin FHS. It is in-
teresting to notice that in the case of a ”Wholesale plus” energy pricing system,
which is the same as the wholesale market pricing system but with the addition



Fig. 3: Ratio of the energy cost for a dwelling with thin floor heating and for
a dwelling with thick floor heating. This ratio is shown separately for different
electricity cost scenarios: a constant price, a price based on day night tariff,
based on wholesale market prices or on wholesale market prices plus a constant
price

of a constant price, the thick FHS is not interesting any more. This could sug-
gest that the ratio between the highest and the lowest price is an indicator for
determining whether the thin or the thick FHS is the best.

Impact on thermal comfort In all cases, the zone temperature is above the
lower boundary for thermal comfort as defined by Peeters et al. [10]. In some
cases it is not possible to keep the zone temperature under the upper bound-
ary of 24 ◦C, thus overheating occurs. This happens in the cases with a well
insulated house during a spring week with high internal gains and where the
occupants are constantly present. In these cases, when the FHS was 20 mm
or 40 mm thick, overheating occurs. Since the aim was to study the impact
on heating demand, the aspect of overheating and hence the need for cooling,
will not be further discussed in this paper. The impact of the FHS on cooling
demand has been studied for example by Henze [1].

Impact of different system characteristics The influence of the different
thicknesses of the FHS on the electricity cost is studied in a number of scenar-
ios. The sensitivity of the observations towards the scenario is discussed in this
section.

The electricity cost profile has the largest impact on the best floor heating
system. In the case of a constant price profile, the thinnest FHS is the best.



When the ratio between the highest and the lowest prices increases, the thicker
FHS becomes interesting in some cases, e.g. 30% of the cases with an electric-
ity price based on a day and night tariff system.

The occupancy also has a clear impact. When occupants are present in the
morning and evening, a thin FHS is always the best system. In case of presence
during office hours or constant presence, the thick FHS becomes a little bit
better in some cases, e.g. 20% of the cases with a constant occupancy.

The heat gains and time of the year have an impact in the case of a spring
day with high heat gains, then the thick FHS becomes a bit more interesting.

The insulation level of the house only has a minor impact. In the case of
a good insulated house, the thinner FHS becomes 1% to 5% more interesting
than the thick FHS, although it does have more problems with overheating.

The capacity of the building envelope and the position of the tubes in the
FHS have almost no impact on the influence of the thickness of the FHS on the
energy cost.

The position of the tubes did however have a direct impact on the energy
cost. Inserting the tubes in the middle of the FHS leads to a lower energy cost
in all cases! The energy cost is between 1% and 28% lower than the energy
cost in the scenarios with the tubes at the bottom of the concrete layer of the
floor heating system.

3.3. Potential for load shifting

An indicator to assess the potential for load shifting comes from the com-
parison between the scenarios with a constant energy cost profile and the sce-
narios with an energy cost based on day and night tariff. This load shifting
indicator, called LSI is determined as follows:

LSI = 1−
Eonpeak,minimalcost

Eonpeak,minimalenergy
(19)

with Eonpeak,minimalcost the energy use during day-tariff of the day and night
tariff scenario and Eonpeak,minimalenergy the energy use during the same period of
the scenario with constant energy cost. The scenario with constant energy cost
represents the case with lowest energy use, and the shift from this profile is an
indicator of how much the system can be controlled differently, stimulated by
a price signal.

It appears that the ratio is always larger than zero, indicating that there is
always some potential to shift the energy use from day to night. There is a large
variety in this indicator by varying the scenarios, ranging from an LSI of 3% to
53%. This load shifting causes an increase of 4% to 83% in energy use during
night tariff. On average, the thick FHS has a higher potential for load shifting:
an LSI of 16% compared to an LSI of 11% for the thin FHS.



The results show little correlation between load shifting potential and sys-
tem characteristics. In the scenarios of a spring day, the potential for load
shifting was generally larger than for a winter day. For a winter day in a badly
insulated house, the potential for load shifting is the lowest of all cases: ranging
only from 3% to 10% reduction in energy use during day tariff.

4. Discussion

This paper presents a framework to assess the potential of a floor heating
system to be used as a passive TES. The optimal use of this potential was
ensured by controlling the system with a convex optimal control formulation.

The optimal FHS thickness was determined in 384 cases representing dif-
ferent combinations of building characteristics, occupant behavior, weather
conditions and electricity prices. This scenario study shows that the thin floor
heating system is the best system in 90% of the scenarios. The thick FHS has
a higher potential for load shifting, but this generally leads to a higher energy
use and a higher energy cost for the consumer.

Putting the tubes of the floor heating in the middle of the concrete layer also
turned out to give superior behavior compared to heating tubes at the bottom of
the concrete layer. This effect diminishes as the floor heating becomes thinner.

The general conclusion is that, from an electricity consumer point of view,
the best floor heating system for heating a dwelling in a Belgian climate is a
thin floor heating system. This system generally leads to the lowest energy cost
and energy use and is also easily controllable without an advanced controller.
If an advanced controller with good predictions of occupancy, electricity cost
and weather is used, then some load-shifting can be performed. In the case of a
day and night tariff system, about 11% can be shifted from the day tariff period
compared to the case with minimal energy use.

One should not strive to make the FHS as thin as possible though, espe-
cially in lightweight buildings, since other effects as overheating of the zone
can greatly be avoided by giving the global system some minimal thermal ca-
pacity.

Acknowledgement

The author, Dieter Patteeuw, gratefully acknowledges the KU Leuven for
funding his work in the framework of a PhD within the GOA project on a
’fundamental study of a greenhouse gas emission-free energy system’.

References

[1] G. P. Henze, C. Felsmann, and G. Knabe, “Evaluation of optimal control
for active and passive building thermal storage,” International Journal of



Thermal Sciences, vol. 43, no. 2, pp. 173–183, Feb. 2004.

[2] H. Hens, Toegepaste bouwfysica en installaties. Deel a: gebouw, energie,
verwarming, ventilatie. Acco, Leuven, 2003.

[3] C. Verhelst, F. Logist, J. V. Impe, and L. Helsen, “Study of the opti-
mal control problem formulation for modulating air-to-water heat pumps
connected to a residential floor heating system,” Energy and Buildings,
vol. 45, no. 0, pp. 43 – 53, 2012.

[4] ILOG CPLEX 10.0 user manual.

[5] J. Lofberg, “Yalmip : A toolbox for modeling and optimization in mat-
lab,” in CACSD Conference, Taipei, Taiwan, 2004.

[6] The mathworks, MU Guide - Inc., Natick, MA, 1998.

[7] T. V. Oevelen, “Regeling van warmtepompsystemen in woningen, imple-
mentatie van modelgebaseerde predictieve regeling,” Master’s thesis, KU
Leuven, 2008.

[8] M. Kummert, “Contribution to the application of moderncontroltech-
niques to solarbuildings. simulation-based approach and experimen-
tal validation.” Ph.D. dissertation, Fondation Universitaire Luxembour-
geoise, Arlon, Belgium., 2001.

[9] H. Hens, Bouwfysica: Gebouw, energie, verwarming, ventilatie. Acco,
Leuven, 2002.

[10] L. Peeters, R. de Dear, J. Hensen, and W. D’haeseleer, “Thermal comfort
in residential buildings: Comfort values and scales for building energy
simulation,” Applied Energy, vol. 86, no. 5, pp. 772 – 780, 2009.

[11] W. Cyx, N. Renders, M. V. Holm, and S. Verbeke, “Iee tabula - typol-
ogy approach for building stock energy assessment,” VITO, Vlaamse in-
stelling voor technologisch onderzoek, Tech. Rep., 2011.

[12] V. Cheng, E. Ng, and B. Givoni, “Effect of envelope colour and thermal
mass on indoor temperatures in hot humid climate,” Solar Energy, vol. 78,
no. 4, pp. 528 – 534, 2005.

[13] VASCO, Vloerverwarming: technische informatie, 2008.

[14] R. Wimmer, “Regelung einer warmepumpenanlage mit model predictive
control,” Ph.D. dissertation, ETH Zurich, 2005.



[15] C. Verhelst, D. Axehill, C. Jones, and L. Helsen, “Study of optimal con-
trol formulations for an air-to-water heat pump system,” in International
Conference on System Simulation in Buildings edition 8, 2010.

[16] Code van goede praktijk voor de toepassing van warmtepompsystemen in
de woningbouw, Organisatie duurzame energie, 2004.

[17] METEONORM Version 6.1 - Edition 2009, 2009.

[18] R. Baetens, R. D. Coninck, J. V. Roy, B. Verbruggen, J. Driesen,
L. Helsen, and D. Saelens, “Assessing electrical bottlenecks at feeder level
for residential net zero-energy buildings by integrated system simulation,”
Applied Energy, vol. 96, pp. 74 – 83, 2012.

A Data and assumptions

A1. Building

The building is chosen as a dwelling for a family consisting of two persons
with a floor area of 75 m2. The heated zone is considered to be one zone.
The model was originally developed by Van Oevelen [7] which is based on
Kummert [8] and Hens [9]. This model is a linear model consisting of thermal
capacities and resistances, as shown in figure 4.

The values for the heat conductivity were adapted to represent two cases
for insulation level of the house: a poorly insulated building representing a
typical Belgian detached house between 1971 and 1990 (case C1) and a good
insulated building representing a typical Belgian detached house build between
2005 and 2010 (case C2). The data on the insulation level for these types
of houses is taken from the TABULA project [11]. A summary of the main
thermal properties of both houses is given in table 1, in which ACH stands for
air changes per hour and C for thermal capacity. Both dwellings have a window
surface of 20m2, equally divided over all 4 cardinal directions, and with a solar
factor of 0.6. The values for convective heat transfer on both sides of walls and
roof are taken from Hens [9]. The thermal capacity of the zone is taken to be
5 times higher than the thermal capacity of the air in the zone, to account for
furniture and internal walls.

On top of two cases related to the insulation level of the dwelling, the ca-
pacity of the building envelope is also varied. Two cases are considered: a brick
house with roof tiles (case B1) and a wood construction house (case B2).

A2. Floor heating

The floor heating is designed based on a technical brochure of a space heat-
ing installer [13]. The floor is built up of a layer of insulation with on top



Fig. 4: Scheme of the house model [7].



Table 1: Parameters of the models for both houses [11]

Surface (m2) U-value ( W
m2K ) ACH( 1

h ) C ( kJ
K ) Q̇

∆T (W
K )

Poorly insulated
Floor insulation 75 0.467 35
Roof 75 0.85 Croo f 64
Outer wall 65 1 Cwall 65
Windows 20 3.5 70
Ventilation 1 75
Zone 1360
Good insulated
Floor insulation 75 0.467 35
Roof 75 0.3 Croo f 23
Outer wall 65 0.4 Cwall 26
Windows 20 2 40
Ventilation 0.5 38
Zone 1360

Table 2: Parameters of the capacities of the two building envelopes
cwall( kJ

m2K ) croo f ( kJ
m2K ) Cwall( kJ

K ) Croo f ( kJ
K )

case B1 [7] 20 295 19200 1300
case B2 [12] 30 30 1950 1950

a concrete support structure which contains the tubes for floor heating. The
tubes have an inner diameter of 14 mm and an outer diameter of 18 mm and
are spaced 200 mm from each other as can be seen on figure 5. The insulation
consists of three 25 mm thick layers of insulation with a thermal conductivity
of 0.035 W/Km. There are two cases considered for the placement of the tubes
in the concrete support structure:

• case G1 the tubes are placed at the bottom of the concrete;

• case G2 the tubes are placed in the middle of the concrete.

The model for the FHS is based on Wimmer [14] and Van Oevelen [7] and
consists of a model of the concrete support structure and a model of the tubes
of the FHS. The concrete support structure is discretized in four equal layers, of
which the thermal behavior is described with four states Tf 4( j), Tf 3( j), Tf 2( j)
and Tf 1( j), with Tf 1( j) being the temperature of the layer the closest to the



zone. The tube of the floor heating is described with two temperatures: Tw,s( j),
the supply temperature of the water to the tubes of the floor heating, and Tw,r( j)
,the return temperature of the water coming from the tubes of the floor heating.
Wimmer stated that the thermal energy associated with the water in the tubes
is described by the return water temperature at which the thermal capacity of
the water in the tubes is attributed to. The connection between the supply and
return water temperature is then described as a thermal resistance Rloop[K/W ].
The supply water temperature depends mostly on the return water temperature
and the characteristics of the heat pump. The characteristic of the heat pump
is modelled as a time constant τwp. The differential equation describing the
thermal behavior of the supply water temperature thus becomes:

∀ j :
dTw,s( j)

dt
=

1
τwp
· (Tw,r( j)−Tw,s( j))+

Rloop

τwp
· (Q̇hp( j)+ Q̇aux1( j)).

(20)

The return water temperature is linked to the thermal capacity of the water in
the tubes Cloop[J/K]. In case G1 it is connected to the floor insulation and the
lowest (4th) layer of the concrete:

∀ j :
dTw,r( j)

dt
=

1
R f 4 ∗Cloop

· (Tf 4( j)−Tw,r( j))+
1

Rloop ∗Cloop
· (Tw,s( j)−Tw,r( j))

+
1

R f i ∗Cloop
· (Tground( j)−Tw,r( j)).

(21)

In case G2 the state of the return water temperature is connected to the two
middle layers of the concrete

∀ j :
dTw,r( j)

dt
=

1
R f 2t ∗Cloop

· (Tf 2( j)−Tw,r( j))+
1

Rloop ∗Cloop
· (Tw,s( j)−Tw,r( j))

+
1

R f 3t ∗Cloop
· (Tf 3( j)−Tw,r( j))

(22)

in which R f 2t , R f 3t and R f 4t are the thermal resistance between the tubes and
respectively the second, third and fourth layer of the FHS. R f i is the thermal
resistance of the floor insulation.

Because the FHS is not uniform at the depth of the tubes, the tempera-
ture distribution is not strictly one dimensional. The standard prEN 15377-1
describes how to deal with this problem in order to still have a one dimen-
sional problem. From the spacing between the pipes, the norm determines a
factor acorr by which the resistance of the FHS in the case of a uniform layer



Fig. 5: Build up of the floor heating [7]. The thickness is varied from 20 mm
to 120 mm

should be divided in order to get the corresponding thermal resistance of the
two-dimensional case. With a spacing of 200 mm this factor is 0.71 [7].

In order to study the potential of FHS as a passive energy storage, the thick-
ness of the FHS is varied. When the thickness of the FHS is higher, the thermal
capacity C f loor and the time constant τ are higher, which results in a greater
potential to be used as a passive energy storage. The thickness of the FHS is
varied between 20 mm and 120 mm. The thermal properties of the different
cases for the FHS are listed in table 3 and are determined for concrete with a
thermal conductivity of 1.4 W/Km, a density of 1200 kg/m3 and a heat ca-
pacity of 840 J/kgK. The time constant of the FHS is calculated based on the
thermal capacity of the FHS and the total thermal resistance of the FHS Rtotal .
Rtotal is the sum of the thermal resistance due to the conductive heat transfer
through the concrete R f loor and the thermal resistance due to the convective
heat transfer between the floor and the room Rconvection. The expression for τ

hence becomes

τ =C f loor · (R f loor +Rconvection) =C f loor · (R f loor +
1

hconv ·A
). (23)

The value for the convective heat transfer coefficient hconv is assumed to be
constant at 12 W/Km2, taken from Hens [9]. A is the surface of the FHS,
which is 75 m2 in this case.

A3. Heating system

The heating system consists of a heat pump and an auxiliary heater which
both deliver heat to the FHS and an auxiliary electrical heater in the zone. The
heating components are not modelled in detail, but just by stating their effi-
ciency for the conversion of electricity into heat, see equality constraint 9. As



Table 3: Parameters of the different floor heating cases

case Thickness (mm) R f loor (10−3 K
W ) Rtotal (10−3 K

W ) C f loor ( kJ
K ) τ (min)

H1 20 0,2 1.4 1512 35
H2 40 0.5 1.6 3024 83
H3 60 0.8 1.9 4536 145
H4 80 1.1 2.2 6048 220
H5 100 1.3 2.5 7560 309
H6 120 1.6 2.7 9072 411

noted in formula 8, the efficiency from the back-up heaters are taken to be 1.
The heat pump has a higher efficiency, which is described by formula 10. The
values for COP0, c1 and c2, shown in table 4, were determined by Verhelst et
al. [15] and are a linear fit of heat pump data from a heat pump manufacturer.
The expected supply water temperature Tsup,exp is taken to be 30 ◦C in all cases.

Table 4: Parameters to describe the heat pump’s efficiency [15]
value (-)

COP0 5.593
c1 0.0569
c2 −0.0661

The heating system is sized based on the maximal heat demand Q̇DOT at
the design operation temperatures (DOT). This maximal heat demand is taken
at an ambient temperature of −10 ◦C and a ground temperature of 10 ◦C for
which the indoor temperature needs to be 20◦C. The different heating systems
are sized according to formula 24 and 25 in which COPDOT is the COP of
the heat pump in case of design operation temperatures. The heat pump is
usually sized at 80% of this maximal power in order to have a better part load
efficiency throughout the year. According to the code of good practice for heat
pumps [16], the heat pump then still supplies about 97% of the space heating
throughout the year.

Php,max =
0.80 · Q̇DOT

COPDOT
(24)

Paux1,max = Paux2,max = Q̇DOT (25)



A4. Boundary conditions

The boundary conditions of the system consist of limits on the zone tem-
perature due to the occupancy, the weather conditions and the electricity price.

Occupancy and thermal comfort Three cases for occupancy are considered,
in which the occupants are present and awake

• case F1, during the morning from 6h untill 8h and in the evening from
16h untill 22h;

• case F2, during office hours from 7h untill 18h;

• case F3, constantly.

The presence of the occupants determines the internal heat gains. These are
taken to be 300 W when the occupants are present, of which 100 W due to the
two persons present and 200 W due to appliances. The internal heat gains are
assumed to directly affect the zone temperature.

Weather conditions The weather conditions for Belgium are based on Me-
teonorm [17]. The solar heat gain Q̇sol in the zone is determined from this data
by making use of the model developed by Baetens [18]. As denoted above, the
dwellings have a window surface of 20 m2, equally divided over all 4 cardinal
directions, and with a solar factor of 0.6. Two cases for the weather conditions
are considered namely:

• case E1, a winter week as shown in figure 6;

• case E2, a week during spring as shown in figure 7.

Half of the solar heat gains is taken to be absorbed directly in the zone while
the other half is taken to reach the surface of the floor. The influence of the
solar heat gain on the results is also determined by taking two cases for the heat
gains:

• case D1, internal gains and solar gains;

• case D2, only internal gains.

In the case D2, the solar gains are set to zero, representing for example a
dwelling with poor window surface or with a lot of shading from neighbouring
houses.



Fig. 6: Ambient temperature (dashed line) and solar gains (solid line) in case
E1, a week in winter

Fig. 7: Ambient temperature (dashed line) and solar gains (solid line) in case
E2, a week in spring



Fig. 8: The electricity price as function of time for the different cases

Electricity price The study aims at quantifying the potential of FHS to be
used as an energy storage in a smart grid context. The smart grid concept is a
term to describe the interaction between on the one hand the electricity produc-
ers and on the other hand flexible electricity users. These flexible electricity
users would act on the base of a price signal to typically raise electricity de-
mand when the price is low and lower the electricity demand when the price
is high. This is also called DSM, demand side management. In this context,
multiple price scenarios might be possible. These are:

• case A1, a constant electricity price;

• case A2, a price based on a day and night tariff;

• case A3, a price based on the wholesale market;

• case A4, a price based on the wholesale market plus a constant electricity
price.

Case A1, a constant electricity price, is basically the base-scenario. In this case,
energy use is minimized. Case A2 describes the current situation for Belgium
in which the electricity is cheaper during the night (from 22h until 6h). Case
A3 describes a price system in which the consumer would buy the electricity
directly from the national market, called the wholesale market, representing
the prices the electricity producers work with. Usually the cost for electricity
production is not the only cost the consumer sees. A fee for the electricity
transmission and distribution also has to be paid, which is accounted for in
case A4. The evolution of the electricity price as a function of time for all these
scenarios is plotted in figure 8.


