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Abstract— This paper describes thermal capacity and thermal
inertia of an underfloor heating system supplied from a heat
pump. A MATLAB/SIMULINK based thermal model of the
system have been developed and presented with detailed
mathematical equations. For this purpose, experimental results
and actual measurements are used to model the energy storage
and temperatures. The parameters used for the model are
temperature, power and energy consumption, time constant
and real-time. Hence, this model can be used to find building
temperature variations, heat energy production, electrical
energy consumption, instantaneous power, coefficients of
performance on a real-time scale based on different control
strategies used for demand side management. The developed
model in SIMULINK includes the effect of thermal storage in
the underfloor heating arrangement as well as the thermal
mass of the building itself. Heat loss calculations were carried
out to develop this model. The paper also employs different
control strategies for operating the developed model.

Keywords- Demand-side management (DSM), energy
storage, heat pump, modelling and simulation, thermal inertia,
thermal model, underfloor heating

I. INTRODUCTION

An underfloor heating system supplied by a heat pump
in the Renewable Energy Laboratory at Queen’s University
Belfast (QUB) has been used as the experimental set-up.
The main reason for choosing an underfloor heating system
is that its large heat capacity allows storage of cheaper
electricity in the form of thermal energy. It can be charged
during different charging regimes, i.e. when demand is low,
when it’s windy or when real-time price is low. The thermal
storage and time constant allows the heat pump to be
switched off for a few hours to avoid system peak demand
periods, low wind periods or high price periods. The storage
can also be used to provide emergency reserve for power
supply-demand matching. The room temperature will not
change significantly during the floor discharging time.

The advantages of underfloor heating systems supplied
by heat pumps as compared to the conventional radiator-
based heating system is the large heat emitting area and the
low operational water temperature. The benefit is that a
large portion of heat is extracted from outside air or ground
instead of using a fuel source. Underfloor heating provides a
uniform temperature over the floor, in contrast with
concentrated heaters. The efficiency of underfloor heating is
also better than radiator-based heaters because less heat is
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rejected from the roof [1]. Underfloor heating requires low
temperature water (35 °C to 45 °C) as compared to radiators
(60 °C and above). The former is the range where heat
pumps have greater efficiency. Hence, underfloor heating
with heat pumps is a suitable combination [2].

The comforts of underfloor heating from heat pumps are
becoming more popular and the technology is becoming
economically viable because of recent development and
competition. In addition to a reduction in emissions, heat
pumps can be considered as non-essential load that can be
switched off during emergency under-frequency conditions
[3]. The installation of around 12,000 units so far in the
Republic of Ireland, with further installations under
consideration, has prompted research work on the use of
heat pump storage capability as well as load flexibility
provision to facilitate high wind penetration [4]. The storage
capabilities of thermal loads, by allowing them to be
charged during periods of high wind generation and
switched out during lulls, can actively participate in DSM
and ultimately be used for managing wind variability. In
addition to the support for system operation, DSM can also
play an important role for managing wind variability [5-7].

The UK and Ireland climatic conditions are ideal for
utilizing space and water heating using heat pumps because
of their higher coefficient of performance. The use of heat
pumps further saves fuel and reduces undesired emissions.
Experimental results reveal that suitable control of flexible
loads can be used to provide DSM as well as emergency
reserve, which is shown to be faster than spinning reserve
from generation [5]. Simulation results suggest that DSM, in
the form of heat pumps, can enable the demand shape to be
modified, the ramping duty of conventional generation to be
reduced and the reserve burden to be improved.

For a typical heat pump, the operation cycle is shown in
Fig. 1. The evaporator interacts thermally with a heat source
and the two-phase liquid-vapour refrigerant mixture
entering the evaporator partially changes phase from liquid
to vapour due to the heat absorbed from the source. Then,
the refrigerant is further compressed without thermal
conduction to saturated vapours, whose temperature is
increased at a higher pressure through a compressor. In the
next stage, the refrigerant releases heat to the sink at this
temperature with the condenser applied which again
transforms the refrigerant to the phase of saturated liquid,
and the temperature decreases when the refrigerant passes
through the expansion valve to the evaporator [2].
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Fig. 1 Heat pump operation cycle [2]

Recent research includes comprehensive reviews of
literature related to modelling building energy systems and
heat flow [8-10]. This paper is novel in terms of modelling
and simulation of a realistic underfloor heating system which
is coupled to an air-source heat pump for supplying hot
water. The model is based on experimental results, realistic
heat loss calculations and embedding into SIMULINK based
model for dynamic simulation.

II.  COEFFICIENT OF PERFORMANCE

Coefficient of Performance, which is often referred to as
COP, is defined as the amount of heat transferred per unit of
input work required. Mathematically:

cop=Li
w ()

Ohnor 18 the heat supplied to the hot reservoir and Wis
the work consumed from the heat pump. For the heat pump,
work consumed is in the form of electrical energy.

According to the first law of thermodynamics, in a
reversible system we can show that

Qho[ Qcold +Ww

and

W= Qho[ - Qcald

Onotis  the heat given off by the hot heat
reservoir, Qcolq is the heat taken in by the cold heat reservoir
and W is the work required to transfer the heat. For heating,
equation (1) can be modified to

Do
COBteating = Q _th
hot cold (2)

For a heat pump operating at maximum theoretical
efficiency (Carnot efficiency), it can be shown that

% — Qco Id
T, T

hot cold

where T and Tois are the absolute temperatures of the
hot and cold heat reservoirs respectively. Equation (2) will
then become

cop,,, =T

heating T
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heating
hot

Equation (4) demonstrates that COP tends to be higher if
the temperature difference between hot and cold regions is
lower.

There has been quite a lot of work already done on the
COP of various heat pump technologies with ambient
temperature variations and the temperature difference of the
interior of the buildings over the ambient. Fig. 2 shows COP
curves which is the result of an investigation over 100
models of heat pumps [11]. COP variations for the air-
source as well as ground-source heat pump reproduced from
reference [11] are given below.
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Fig. 2 COP versus AT (Reproduced from [11])

The heat pump used in this research is an air-source heat
pump. Curve fitting has been used to find a polynomial for
COP vs Temperature difference as shown in Fig. 3
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Fig. 3: Relationship between COP and temperature difference

III. EXPERIMENTAL WORK

The experimental setup consists of the 10-kW (heat
output) air source heat pump coupled with underfloor
heating. The room dimensions are approximately 13 x 5 x 4
m, with a concrete floor with underfloor heating covering 12
x 2.5 m. Thermocouples were placed in the floor during
construction. LabVIEW has been used to acquire
temperature data from thermocouples, in addition to voltage
and current from the heat pump. On-line analysis has been
performed to calculate electrical power, energy, power



factor, etc. and log data for further use. Ambient
temperature has been taken from a Weatherlink station
installed above the same laboratory.

Fig. 4 shows the temperature variation in the room when
the heat pump was turned off. These curves are used to
estimate the thermal time constants. Floor temperatures 1
and 2 show the temperature readings taken from
thermocouples placed at different positions within the floor.

There is a temperature reduction of only 4°C during a
24-hour time between midnight of Saturday the 17" and
Sunday the 18" of January 2009. Time constants for the
concrete floor and room temperatures are calculated by
assuming an exponential decay for both curves [12].

Temperature =a + b x e™? ... 5)

a and b are constants which depend upon the boundary
conditions of the curves, and t is the time constant. Equation
(5) is solved for floor and room temperature curves by
applying boundary conditions and selecting sample points
of the curves. The resulting equations are as follows:

Trioor (1) = 17.4 +22 x e ... (6)
Troom () = 14.7 +8 x eV ... @)

The time constants for the floor temperature and room
temperature are estimated as 13 and 25 hours, respectively.
Approximation curves for the floor and room temperatures
are shown in Fig. 4 [12].
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Fig. 4: Decrease in temperature during 4 days of winter [12]

IV. DEVELOPMENT OF THERMAL MODEL

A thermal model of the system under study has been
developed and presented with the default control strategy.
This is a two-stage model which includes the thermal
storage capacity of the heated floor and the thermal storage
capacity of the building itself. Thermal capacities and losses
are calculated for the underfloor heating test rig. The
symbol Py has been used for heat transfer instead of Q in
order to avoid any confusion, as in electrical systems, Q is
used for reactive power. Similarly, P; has been used to
represent heat losses. For heat loss from floor to air P is
used and for heat loss from room to outside P has been
used.

The thermal mass of the floor is calculated as:

Volume of the floor = length x width x height = 12 x 2.4 x
0.075=2.16 m*
Density of concrete = p = 2300 kg/ m?

mass =M = 2.16 x 2300 = 4968 kg

specific heat of concrete = C, = 880 J/kg. K
heat transfer = AP, = MC,AT = 4968 x 880 x AT =
4371840AT

AT = APW/A4371840 ....coovvveiiiiennin, ®)

The model subtracts heat losses from the heat supplied
via a feedback loop as shown in Appendix A. So AP, comes
out to be the net heat supplied to the thermal store which is
equal to the heat supplied from heat pump (Ppn,) minus the
heat rejected to the room from the floor. AT is the
temperature rise above the reference temperature. Reference
temperature for floor temperature is room temperature while
the reference temperature for room temperature is the
ambient temperature. The above equation has been
integrated over time to get absolute temperatures
represented in °C [13]. So, 4P; can further be represented
as:

APy = Py - Pry

The loss component for this storage has been considered
from the floor to inside air which can be calculated as under
[14]:

heat loss (floor to inside air) = Py = hA(Ts—To) ...... 9)

h is the heat transfer coefficient and A is the surface
area. Ty and 7, are the surface and air temperatures
respectively.

A = length x width = 12 x 2.5 = 30 m?

The heat transfer coefficient depends upon the
environmental conditions and the temperature difference of
surface and air. A simplified equation for free convection
with a heated plate facing upward is employed in the
thermal model [14]:

h=152(T—T)" oo, (10)
Equation (9) will now become

Piy=1.52(T,— T)"* x30 x (Ty— T,) = 45.6 x (T, — T,)"*

Equation (11) gives heat transferred from the floor to the
inside air.

The structure of the room also has inherent heat storage.
A 224 m? house in Northern Ireland has a heat loss of
approximately 353 W.K™! [15]. The area of the room under
study is 68 m”. The heat loss for this room is approximately
102 W.K'L. The heat loss has been calculated for this room
using the basic formula:

Pr=UxArea x (Tin—Tow) =U xA xAT ......... (12)

U values of walls, windows and roof are 0.27, 1.9 and
0.16 and the areas are 33.26 m? 43 m? and 68.33 m?
respectively [16]. So, the calculated heat loss is

P =(0.27x33.26 + 1.9x43 + 0.16x68.33) AT
Prp=101.62AT ..o (13)

Heat losses are taken as 120 W.K-! which includes heat
losses to the uncovered floor and ventilation.

The incoming heat in the room has been taken from the
heat loss from floor to room air. Again the similar
methodology has been used to subtract heat losses using a
feedback loop. The thermal mass of the structure also stores
heat energy. The thermal capacity of the structure itself is
calculated from the experimental measurements of time



constant. The time constant, from experimental results, is
approximately 25 hours for the room temperature. The heat
storage capacity will be T times the rate of heat loss as given
n[15]

M AT (14)
KAAT

Capacity = MC, = (25 x 3600) x 120 = 10,800,000 J/K

.................. (15)

AT = (Pys- P1,)/10,800,000 .............. (16)

This change in temperature has been integrated over
time to get the absolute value of room temperature in °C.
Actually, this equation gives temperature results in Kelvin
but 1° change in Kelvin is equal to a similar change in °C.
Moreover, the reference temperature is given in °C. The
equations calculate change in temperature above the
reference value. So, the resulting unit can be taken as °C.
The block diagram for the developed model is given in Fig
5.

temperature variations, the set-point has been set to 19 °C
and the variations obtained are from 18.5 °C to 20.7 °C. The
on-off status shows the flexibility of this system for load
deferment and to participate in demand-side management
and providing reserve on demand. This flexibility could be
very useful for matching supply and demand. Fig. 6 shows
the change in house temperature with the default control
strategy based on the thermostat.
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Fig. 5 Block diagram of the thermal model

V. MATLAB SIMULINK BASED MODEL IMPLEMENTATION

The MATLAB (Simulink) models are given in Appendix
A and B, where all parameters are given. In addition to the
block diagram, the Simulink model includes some additional
blocks for input, output and display of data during
simulation. The developed model has been used for
calculation of building temperatures under different control
strategies.

VI.  SIMULATION RESULTS

The default control strategy is based on the building
thermostat which keeps the heat pump running in the dead
band of +0.5 °C of the set-point temperature. Normally, the
set-point is 20 °C. The thermal energy storage inside the
floor causes a significant delay in achieving the room
temperature as it also depends on the stored energy. The
stored energy keeps heating up the room even after the heat
pump is off. On some occasions, when the floor temperature
is low, it takes some time to raise the temperature to a level
which can supply enough heat energy to the room to
overcome the thermal losses and raise the temperature to the
required level. If the set-point is 20 °C, with a dead band of
0.5 °C, the actual variations in the room temperature are in
the range of 19 °C to 21.5 °C. To find out the range of

Fig. 6 Temperature variations for 5 days for the default control strategy

The average temperature is higher than the set-point
temperature because it takes less time to charge the floor
than it’s discharging but this statement is true in most of the
cases except for extremely cold periods when it takes more
time to charge the floor than discharging. For default control
strategy, this happens below -10 °C.

In order to see the operation of heat pump model in
extremely cold weather, say below -10 °C, the COP is
approximately 2.0 as given in Fig. 3. The temperature
variations are given in Fig. 7.
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Fig. 7 Temperature variations at -10 °C ambient temperature

The set-point temperature is also required to be
increased as mentioned before that it will take longer to
charge the floor than its discharging and the average
temperature will be less than the set-point. For this case, the
set-point has been taken as 21 °C.



Now, how would the temperatures vary if the heat pump
load is set to follow some specific tariff, say Economy 7,
which provides 7 hours of cheap electricity at night. The
Economy 7 tariff is offered by the distribution network
operators by supplying cheap electricity between 12:00 am
and 7:00 am. Appendix B shows a change in the control
strategy in order to operate on the Economy 7 tariff.

When the initial temperature is set to 20 °C, the ambient
temperature was varied from 10 °C to 2 °C and the room
temperature varies between 18.5 °C to 23 °C when the
temperature was above 5 °C . For the lower values of
ambient temperature, i.e. 2 °C, the temperature variations
are between 17.5 °C to 22.4 °C. The lower temperature is a
bit of problem. That is why it is suggested to operate this
heating system on Economy 7 tariff above 5 °C of ambient
temperature.

The performance of heat pump with underfloor heating
system affects severely for ambient temperatures below 0
°C. Fig. 8 shows the temperature variations when ambient
temperature was considered as -10 °C (ambient). The
average COP is approximately 2.0.

Using Economy 7
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Fig. 8 Performance at -10 °C and Economy 7 tariff

The thermal model developed can be used to schedule
heat loads to meet the heat demand determined from the
generation scheduling process. The inside temperature of a
house can also be determined from the model. The future
work will focus to integrate this approach at a large scale and
to use it for supporting more wind into the network. This
work would also be useful to find electrical energy
consumption for assessing the impact on distribution
networks. Also, the effect of temperature variations on
instantaneous and average coefficient of performance will be
focused in the future.

VII. CONCLUSION

This paper describes modelling and simulation of
underfloor heating system supplied from a heat pump. The
renewable energy laboratory at QUB has been used for this
purpose. The actual dimensions of the lab and ratings of the
heat pump and underfloor system are used to model the
system and implement in MATLAB SIMULINK for
analysis. Then default control strategy, which aims to
maintain the room temperature within comfortable range

regardless of price or time of use, and Economy 7 tariff are
used to test the model. The model can be used to find
building temperatures and to include these type of loads for
demand side management and to support wind variability.

ACKNOWLEDGMENT

The authors thankfully acknowledge the funding
provided by the Charles Parsons Energy Research Award,
Science Foundation Ireland. The work was initially done as a
part of PhD Research at Queen’s University Belfast and
developed further after completion of PhD.

REFERENCES

[1] JDJ Plumbing and Heating, “Radiator heating vs. underfloor heating”,
Available: http://www.jdjplumbingandheating.co.uk/ Accessed:
05/07/2013

[2] Glen Dimplex, “A presentation on heat pumps”, 2008 (unpublished).

[3] H. Savage, J. Kennedy, B. Fox and D. Flynn, "Managing variability
of wind energy with heating load control”, 43rd International
Universities Power Engineering Conference, (UPEC 2008), Padova,
Italy, 2008.

[4] X. Dubuisson, “Energy usage in Ireland”, Sustainable Energy Ireland,
2003.

[5] J. H. Eto, J. Nelson-Hoffman, C. Torres, S. Hirth, B. Yinger, J.
Kueck, B. Kirby, C. Bernier, R. Wright and A. Barat, "Demand
response spinning reserve demonstration”, Ernest Orlando Lawrence
Berkeley National Laboratory, 2007.

[6] G. Strbac, "Demand side management: Benefits and challenges”,
Energy Policy, vol. 36, 2008. pp. 4419-4426.

[71 D. Westermann and A. John, "Demand matching wind power
generation with wide-area measurement and demand-side
management”, IEEE Transactions on Energy Conversion, vol. 22, pp.
145-149, 2007.

[8] R. Sangi, M. Baranski, J. Oltmanns, R. Streblow and D. Miiller
“Modeling and simulation of the heating circuit of a multi-functional
building”, Energy and Buildings, 110, 2016 pp.13-22

[91 V.S.K.V. Harish, and A. Kumar, “A review on modeling and
simulation of building energy systems”, Renewable and Sustainable
Energy Reviews, 56, 2016, pp.1272-1292.

[10] E. Atam, and L. Helsen, “Ground-coupled heat pumps: Part 1-
Literature review and research challenges in modeling and optimal
control”, Renewable and Sustainable Energy Reviews, 54, 2016, pp.

1653-1667.
[11] 1. Staffell, “A Review of Domestic Heat Pump Coefficient of
Performance”, April 2009, Auvailable:

http://wogone.com/ig/review_of domestic_heat pump_cop.pdf
Date accessed: 13/05/2012

[12] M. Akmal, D. Flynn, J. Kennedy and B. Fox, "Flexible heat load for
managing wind variability in the Irish power system”, Proceedings of
the 44th International Universities Power Engineering Conference
(UPEC), 2009, pp. 1-5.

[13] Daniel Ryder-Cook, “Thermal Modelling of Buildings”, Cambridge:
UIT Cambridge, 2009

[14] J. P. Holman, "Heat transfer,
Science/Engineering/Math, 2002.

9th Edition” McGraw-Hill

[15] J. Kennedy, B. Fox and D. Flynn, "Use of electricity price to match
heat load with wind power generation”, International Conference on
Sustainable Power Generation and Supply, (SUPERGEN'09), 2009,
China pp. 1-6.

[16] Muhammad Akmal, “Impact of widespread adoption of Heat Pumps

on Power System Operation”, PhD Thesis, The Queen's University of
Belfast, Northern Ireland, UK, 2011



Appendix A. Simulink model with default control strategy

From
Workspacs

Seope 2
On_Off_status Eluctricity
[T \,.\,xI.D,Wc'Usﬁmp.TamZ Eledtricity ccnsum ption
Gain
Theemal Capacity Fi Heating _power i
ermal Capacity Floor ;
e Sefpe Floor Temp Heat Ius!.e! (Floar to Redn ) Tharmal Gapecity Room :
— —, T T :
14371840 == I - — — :
o = 56 >—-b'¢_\ 110800000 3‘@ + $ Reom |
- Integrator 1 L T e :
" Inegrator 2 ¢ To Workspace Temp 1
- :
- N [
L & s
\\' + : Sscpo Reon Temp
: } 1 H
H ToWorkspace Tamp3 dr 1.3 Hodk s
" O e R Ty e --o-o-:
[tire _in Armbiert _rmod |
Ambient tamp
Scope 1
(L >
o P time _out 1
Closk

To Workspace!

Appendix B. Changes in the control strategy to operate on Economy 7 tariff
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