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Abstract

The thesis focuses on the efficiency of the space heating system. In particular, the
efficiency factors measure the efficiency of thermal zone. The efficiency factors mea-
sures how the energy is used in a space heating. Efficiency factors relatively close to
one mean that the energy is used “efficiently”, by contrast, efficiency factors close to
the zero mean that the majority of the energy is lost to the outdoor environment.
This method for the appraisal of space heating performance reads as if it is appar-
ently simple and intuitive. In reality, the efficiency factor method has several pitfalls.
The thesis provides tools, insights and remarks on how to apply the efficiency fac-
tor method to space heating system equipped with hydronic panel radiator and floor
heating respectively. Models of the latter heaters together with the multilayer wall
were developed and validated to understand the reliability of their predictions. The
hypothesis is that the heat stored in the building thermal mass and heaters plays a
role in defining the building thermal performance and as a result in the appraisal of
the efficiency factors. The validation is based on the sensitivity bands of the models’
predictions. The heaters were tested in in a thermostatic booth simulator. Benefits
and drawbacks of each model were highlighted to increase awareness of their use in
the engineering fields. The results showed how the models accounting for the heat
stored performed the charging phase. In addition, results of how the multilayer wall
delayed and damped down the heat wave coming from the outdoor environment were
presented with the appraisal of the decrement factor and time delay of the indoor
temperature. The results of the efficiency factors analysis reveal how the weather
affects the efficiency of each locality situated in cold climates. Lastly how different
control strategies impact on the efficiency factors of space heating and its distribution
system. To conclude, this study highlights the paradoxes around the efficiency factor
method. The thesis proposes how such factors have to be interpreted by researchers
and scientists tackling the lack of information around this topic.
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Preface

The preface provides the reader with a general outline of the thesis. First of all,
it is worth mentioning that the current study presents structured information. The
information presented in the Introduction section, is then developed in the Method-
ology, the results are shown in the Results section and lastly the Discussion section
comments the whole study.

The Introduction gives information on the aims of the thesis. Such aims are sup-
ported by a background which treats the problem regarding the heat storage in space
heating, the validation methodology and lastly the efficiency factors. These three fac-
tors are further discuss in the other sections. As an exception to this, the Methodology
section presents a good overview of a thermal zone, the heat transfer mechanism and
solver adopted, thus aiding the reader to increase his/her understanding of the study
as a whole.
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1. Introduction

“Computers? They are useless, they can only give you answers, because everything
begins with a question”

Pablo Picasso and Garry Kasparov

1
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1.0 Background
The background provides a comprehensive overview highlighting the literature gaps
about the methodology for the assessment of the efficiency factors. The literature
review starts from the modelling approach of a building zone and moves towards the
efficiency factors.

1.0.1 Heat storage in a building thermal mass
The heat storage in building thermal mass is a topic widely discussed in literature.
The building thermal mass is able to store heat coming from external sources. The
major mechanism for heat transfer in solid is due to the heat conduction.

The heat conduction in solids is described in classical thermodynamics with
the Fourier law. The latter relationship describes how the heat is transferred into
a solid material by considering the heat flux to be proportional to the gradient of
temperature.

The body is considered isotropic (the heat conduction material properties remains
unchanged in each body’s direction x,y,z) and time-invariant (the heat conduction
material properties are constant over time) as mentioned in [1]. Another assumption
is that the body material is homogeneous; thus, its density is constant over the domain
considered. The previous assumption provides the formulation of problems known as
the heat equation.

It is worth mentioning that the heat passing through solids is also stored or
released under certain conditions. When the environment has a higher temperature
than the body/object, the body is charged by increasing its temperature otherwise is
discharged.

Regarding thermal zone of buildings, it is not always the entire construc-
tions/body thermal mass that participates in the thermal exchange - therefore there
is a confined part that is often called the active layer or active thermal mass. The
active thermal mass indicates how much energy a body can store for each degree. Its
unit of measure is the J ·K−1. The thermal mass is computed as the product between
the volume V of a building element (air volume, envelope layer, furniture, etc.), its
density ρ and its heat capacity cp as shown in Eq. 1.1.

TM = V · ρ · cp (1.1)

From the computation point of view, the building thermal mass reads as a lumped
heat capacity model. A lumped heat capacity model has the characteristic that
no temperature gradient exists within each thermal capacitance but only between
thermal capacitances.

The use of the building thermal mass was widely discussed by several researchers.
For instance, [2] proposed a method based on the use of a virtual sphere. The virtual
sphere was applied as a simplification of the entire building thermal mass. This
method provided guidelines to the designers on how to assess the building thermal
mass according to the desired requirements. The building thermal mass affects the
energy use, the power demand and comfort as reported in [3]. The author discussed
different scenarios illustrating benefits and drawbacks of the heavy thermal mass in
cold climates. As a general comment, a heavy thermal mass reduced the variations
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of indoor temperature in comparison with a light thermal mass. A metric to evaluate
the building thermal mass named as transient energy ratio was introduced by [4].
This metric accounted for the ratio between the energy used in transient condition
over the energy used during steady state condition. This metric was presented in [4]
as a new type of indicator for evaluating the building thermal mass in construction.
After further studies, the transient energy ratio actually reads as the reciprocal of
the efficiency related to the building thermal mass as mentioned in [5]. The method
accounting for the building efficiency is described in Sec. 2.6.2.

Metrics to indirectly evaluate the heat storage and thermal performance of build-
ing insulating layers were investigated in [6]. The author expressed the capacity of the
insulating layer, to delay (time lag) and decrease (decrement factor) the heat wave
coming from the sinusoidal external excitation of the outdoor temperature. The au-
thor stressed on the location and thickness of the insulating layer that is fundamental
when designing passive solar buildings. Moreover the author listed the capacity of
different material to impact on the decrement factor and time delay of the heat wave
as described in [7]. The latter metric gives a picture of the response of the build-
ing thermal mass subjected to the outdoor temperature. In particular, the thesis
investigates:

RQ 1 How does the outdoor temperature affect the temperature of internal
mass/active layer in the case when 20 cm thick of insulation material separates the
internal mass from the external mass?

1.0.2 The role of convective heat
The heat storage affects the building thermal behaviour. Building thermal behaviour
can be defined as how fast building surfaces and air temperature change during the
period of time. Such parameters impact on the decision of the room control that
regulates the amount of heat delivered in the room control volume. The main difficulty
is to understand which building simulation model is most suitable for showing how the
indoor temperature behaves in a room control volume. [8] used steady state models
to assess building energy performance. Such models are meant to be simple, for this
reason, they are implemented in national building codes. Conversely, steady state
models do not provide any information about the transient response of the building
and its system as stated in [9]. Models that consider the heat stored in elements
are often modelled with finite difference methods. Such models analyse the transient
thermal behaviour of a single zone, walls or components of the Heating Ventilation Air
Conditioning HVAC system. These models have as drawback to be computationally
heavy and time consuming for developing the code. Additionally, an understanding
of heat transfer mechanism and computer programming is an essential condition for
the modeller to develop the simulation. Lumped capacity models simplify the whole
building in one thermal capacitance. These models are largely used for extrapolating
results at regional or national level, see for example [10], [11]). Nevertheless, these
models do not account for the effects of thermal mass on indoor temperature. The
question that arises is how it would be possible to develop a model of a room able
to provide the essential information about the indoor environment? Such essential
information regards the indoor and active layer temperature behaviour. The model
would have to consider the heat fluxes due to ventilation, air infiltration, heat gains
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from occupancy, electrical appliances outdoor temperature and solar heat gain. [12]
claimed in his study that the oscillations of indoor temperature occur during the
periods of low heat demand. Periods of low heat demand occur when the outdoor
temperature is mild (between 10-0◦C). Therefore, the heat emitted in the room
control volume varies between the heat emitter and the thermal heat from thermal
sources. The question that arises is:

RQ 2 How would it be possible to evaluate the impact of the convective heat
gained coming from the panel radiator?

1.0.3 The heat storage in hydronic heaters
Hydronic radiators and floor heating represent the most common technology for heat-
ing buildings in Sweden. Modelling aspects of such technologies are discussed in the
following sub-sections.

1.0.3.1 Hydronic radiators

Hydronic panel radiators store heat in abundance in the circulating fluid inside the
thermal unit. The radiator thermal mass is made by the sum of the heat capacitance
of the heating medium and its metal mass. To capture the effect of the radiator
thermal mass, [12] performed a transient modelling of a panel radiator dividing it
into horizontal elements. The supply and exiting pipe connections were located on
opposite sides of the panel. The same type of modelling was proposed in [13]. The
latter authors implemented the heat transfer by radiation and convection towards the
room environment. The charging phase, when the radiator stores heat, was analysed
with thermal imaging and with mathematical modelling. A different approach of
modelling hydronic radiators was proposed by [14]. The authors modelled a ventilated
coupled panel radiator in steady state conditions. Particular emphasis was placed on
the type of ventilation. The outdoor air, before entering the room was heated up
by the radiator surface. A similar type of modelling, in steady state condition, was
presented in [15]. The author presented a comprehensive and detailed description
of how to model radiators taking into account several details e.g. the variability of
the film surface conductance. More importantly, recent studies neglect the radiator
thermal mass because they deemed it to be negligible in comparison with the building
thermal mass. The metal mass of a radiator can be made of aluminium alloy, steel or
cast iron. Nowadays, several radiators are made of aluminium alloy. Such radiators
have a thickness almost three times thinner in comparison with cast iron radiator (1
mm against 2.5 mm) as mentioned in [16]. However, the majority of the heat storage
lies in the heating medium flowing through the panel. The importance of the heat
storage in a hydronic panel radiator was addressed in the third research question.

RQ 3 How would it be possible to define a method to compute the heat storage,
heat output and temperature of exiting flow of a hydronic panel radiator?

1.0.3.2 Hydronic floor heating

The second heater analysed in the thesis is hydronic floor heating. Hydronic floor
heating stores heat in the screed underneath the floor and in the floor itself before
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releasing it into the indoor environment. [17] analysed the heat stored by developing
an analytical model of floor heating verified against a two-dimensional finite element
model and validated against experimental measurements. The authors described in
detail how to calculate and assess a shape resistance factor of the embedded surface.
The validation showed that the predicted heat flux upwards matched the measure-
ments. Another way of modelling the embedded surface was presented in [18]. The
authors used a finite difference method putting emphasis on the heat transfer from
the heating medium towards the slab. The latter calculation took into account the
convective heat flow between fluid and pipes, the pipes heat conduction and the ther-
mal resistance of a metallic sheet positioned over the pipe loop. [19] discretised the
embedded surface heater with two dimensional finite control volume combined with
one dimensional model of the pipe loop. The model outcomes (temperature field and
heat flux) were verified against a two dimensional commercial software program, and
the model was validated against available experimental measurements.

The modelling of heat transfer by radiation among the floor surface and the other
room surfaces is the primary scope of the floor heating. A model of hydronic floor
heating system has to consider such characteristic. Additionally, the disturbances,
such as, the solar radiation, occupancy, etc., affect the hydronic floor heating perfor-
mance increasing the uncertainties in the model predictions. The question that arises
can be split in two sub-parts. The first part of the research question is:

RQ 4.1 How would it be possible to make charging tests of the floor heating
(models and experiments) taking into account the radiative heat and at the same time
reduce the thermal disturbances?

1.0.4 Validation methodology

In addition to defining the modelling features, a validation methodology has to be
applied to the model predictions. Three types of validation methodology are reported
in the literature. These methods can be classified in: i) comparative testing, ii)
analytical validation and iii) empirical validation as mentioned in [20].

[21] performed an inter model comparison of the predictions of a hydronic floor
heating model subjected to a step response test. The authors made the comparison
between TRNSYS, ESP-r and Energy plus. Such a method is capable of indicating
whether the predictions follow a common trend. [22] proposed two harmonic analytical
solutions of undisturbed ground temperature. The author claimed that such mod-
els provided better accuracy than the numerical 1D finite volume model. However,
analytical solutions of complex models are difficult or impossible to find. Therefore,
the comparison of numerical results with analytical solutions has to be used for sim-
ple cases. The empirical validation highlights discrepancies and deviations between
predictions and observations (measurements) which are both affected by errors and
uncertainties as mentioned in [23].

However, none of the previous analyses provide information on the reliability of
the model outcomes. A validation method has to give insights into whether or not
model outcomes are robust. Methods such as sensitivity analysis or parametric studies
of the model input provide an indication on the reliability of the model predictions
as cited in [24],[25]. The second part of the research question is:
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RQ 4.2 How would it be possible to understand whether the errors in the model
predictions comes from the model input parameters or its mathematical structure?

1.0.5 The thermal energy efficiency: definitions
Up to now the thesis has investigated heat transfer mechanisms in different building
components ignoring the thermal interaction between them. The heat is emitted
from the heater and then lost through the building envelope. This process of heat
transfer can be assessed with the performance indicator named as efficiency of the
space heating.

The term efficiency has been referred in common engineering practice as “the
ability to produce a desired effect without waste of, or with minimum use of, energy,
time, resources, and so on” as stated in [26]. Looking at a more academic definition,
efficiency is a method to evaluate the performance of a system for converting or
transferring energy from a heat source to a heat sink. The proposed definition of
efficiency is the common one used in the field of thermodynamics. The latter definition
refers to the principle of energy conservation of an isolated system as stated in the
first law of thermodynamics. The efficiencies are often evaluated as the ratio of energy
quantities used to assess and compare the performance of various systems as stated
in [27]. In reality, the efficiencies were also evaluated as the ratio of the heat transfer
rate as shown in [28]. The authors evaluated the efficiency of a commercial hot water
system consisting of twenty flat plate collectors, storage tank and heat exchanger.
The authors obtained an expression of the overall thermal efficiency of the system
which was the ratio between the heat transfer rate gained by the heating medium
in relation to the heat transfer rate supplied by the sun. The ratio of heat transfer
rate, was also proposed by others as in [29], [30]. A breakthrough in investigating
the accuracy of the efficiency parameter was proposed by [31]. The latter authors
proposed a methodology to assess the uncertainty efficiency based on the measured
parameters. A different method to evaluate the efficiency factors was described in [32].
The authors proposed a method to assess the efficiency of an air curtain based on
the whole building site end-use energy (not the heat transfer rate as before). This
method compares the energy used by the building when the air curtain was set in
relation to the energy used by the building when the air curtain was not set. Such
a method aims to take into account the dynamic outdoor/indoor weather conditions
and the building usage.

1.0.6 Thermal energy efficiency in space heating
[33] assessed the thermal energy efficiency and exergy performance of space heating.
The assessment of the energy demand starts from the last sub-system, the building
envelope, and then the room control volume to the generation system. The authors
stated that the space heated can be named “emission” sub-system. The authors
calculated the heat losses with Eq. 1.2.

Q̇loss,add = Q̇hd

(
1
ηtot
− 1
)

(1.2)

where Q̇loss,add is the additional heat wasted by the heating system, Q̇hd is the
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heat demand of the space heating and ηtot is the thermal energy efficiency (or the total
efficiency factor) of the space heating. The heat demand is the energy demanding
for the space heating during the winter season for keeping the indoor temperature
constant. The heat demand is the net energy calculated as the sum of heat loss by
transmission through the envelope, the heat loss for mechanical ventilation minus the
heat gain from solar radiation, occupancy and electrical appliances.

Another method to assess the space heating efficiency was presented in [34]. The
authors intended to measure the system thermodynamic efficiencies of the space heat-
ing. The efficiencies of the space heating are achieved by evaluating the ratio between
the heat losses of an ideal case in relation to the heat losses of the real case. The heat
losses in an ideal case are the minimum losses occurring when setting an ideal local
control able to “effectively” exploit the energy. Exploiting the energy “effectively”
means that the indoor temperature stays constant throughout the test. The system
is capable of using the free heat from thermal sources “efficiently”. Instead, the real
case accounts for the heat losses by setting a real local control into the space heating.
A real control is unable to exploit “effectively” the thermal energy coming from the
heat gains.

The latter method highlighted the efficiencies or inefficiencies of the system. This
method includes the exergy factor method described in [26], [35] and [36]. In fact,
the exergy factor provides a measure of how the system approaches an ideal. The
efficiency factor method proposed in [34] aims to identify the thermodynamic ineffi-
ciencies of the system: the space heating.

In conjunction with the studies presented in the previous subsections, the effi-
ciency factors are analysed with different room configurations. The question that
arises is:

RQ 5 how does the building thermal mass and the location of connection pipes
influence the efficiency factors for space heating located in cold climates?

The outdoor climate can have an impact on the efficiency factors. The outdoor
weather considered in the present thesis is a synthetic weather file recorded in the In-
ternational Weather Files for Energy Calculations 2.0 (IWEC2) described in [37]. The
solar radiation, composed by direct and diffuse components, was predicted by using
a regression analysis as described in [38] and [39]. To tune the regression coefficients,
Huang overcame this problem using the measured data at regional level reported by
Köppen-Geiger described in [40]. Several factors are related to the outdoor climate;
but, some of them can have a minor contribution to the efficiency factors. For in-
stance, the wind influences the external convective heat transfer coefficient of the
building façade by providing a linear (see [41]) or logarithmic (see [42]) relationship
between these variables. The cloudiness factor affects the heat transfer between the
building outer surface and the sky dome without taking into account the relative po-
sition of the sun and the cloud as stated in [43]. Both wind and cloudiness factor are
considered negligible here because these have a minor contribution on the building
energy use, as shown in [44]. Small contribution affecting the building energy use
results in a negligible contribution on the assessment of the efficiency factors. The
question that arises is:

RQ 6 How does the outdoor climate impact on the efficiency factors for space
heating equipped with hydronic floor heating located in cold climate?
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Another factor that impacts on the efficiency factors of space heating is the type
of control. The control loop types, of the heating system, can have an impact on
the efficiency factors of space heating. The major control loop types of space heating
are: closed loop, open loop and both as mentioned in [45]. The closed loop control
(feedback control) refers to the adjustment of mass flow rate according to the control
strategy adopted for controlling the indoor temperature. The open loop control refers
to the heating curve (feed-forward control). The heating curve (or outdoor temper-
ature compensating) adjusts the supply temperature to the space heating according
to the variation of the outdoor temperature as mentioned in [46]. The meaning of
this control is to compensate the variations of building heat losses when subjected
to different outdoor temperature. Several types of heating curve are described in the
literature, e.g., the predictive control model defined in [47]. The present thesis is
focused on the benefits of adaptive outdoor temperature compensation. Examples of
adaptive algorithms for improving the user thermal comfort together with the reduc-
tion of the energy used were presented in [48]. [49] developed an adaptive proportional
integral control for controlling the supply temperature to residential and commercial
thermal zones equipped with hydronic floor heating. The adaptive heating curve
enables the self-learning of the system in the variations of building thermodynamic
conditions. An adaptive heating curve is based on the non-linear heating curve. [50]
used an empirical (by trial and error) non-linear outdoor temperature compensation
to avoid overflow conditions in the heating system. For overflow condition is meant
when the flow inside the pipe exceeds the flow design condition. The question that
arises is:

RQ 7 How does the type of control loop and its type of heating curve impact on
the efficiency factors for space heating equipped with hydronic floor heating?

1.1 Scope of the thesis

The efficiency factors measures how the energy is used in a space heating system.
The efficiency factors represents a thermal energy performance indicator of the space
heating system. The thesis hopes to provide novel knowledge regarding the efficiency
factors of the space heating system. Fig. 1.1 depicts the thesis scope. Three major
areas of heat transfer within a building are in focus, namely the numerical modelling
of the thermal zone, the thermal inertia of the zone and efficiency factors of a space
heating system. The numerical modelling consists of developing mathematical models
of heaters, multilayer wall, outdoor climate, controls, etc., combined to simulate the
thermal behaviour of the thermal zone. The thermal inertia of the thermal zone
refers to the ability of the thermal zone to store heat in the thermal mass and in
the heaters. This study investigates efficiency factors for a space heating system to
gain a deeper understanding on how this method can be applied to thermal zones.
The target readers are the researchers and scientists within the research field of heat
transfer, HVAC system and building performance.
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Figure 1.1: Scope of the thesis

1.2 Aims of the thesis
The present thesis aims to implement numerical models of hydronic heaters and mul-
tilayer wall accounting for their heat storage. This study aims to provide a validation
methodology capable to understand whether the model predictions are robust or not.
Based on the increase knowledge acquired from the model predictions this thesis aims
to define a methodology capable to assess the efficiency of the space heating equipped
with hydronic panel radiator and hydronic floor heating. Lastly, the study aims to
understand whether the efficiency of the space heating is affected by the outdoor cli-
mate, the building thermal mass and the typology of control loop and heating curve
applied to the space heating and its system.

1.3 Road map
The road map guides the reader into the whole organisation of the study. The road
map is a tool that gives insights at different levels of understanding of this thesis.
The road map can be read in a twofold way, thus yielding a better management of
the logic connections between the studies listed in the Sec. List of papers.

1.3.1 First way to read the road map: a quick glimpse
The first way to read the road map is to cast a quick glimpse over the schedule
presented in Fig.1.2. The reader can identify three major blocks: the block with
diagonal lines, the block filled with solid grey and the transparent block. The papers
within the same block treat similar problems related to similar topics. At this level of
understanding the reader can guess the logic idea behind which the thesis develops.
The author of the present thesis wanted to investigate energy efficiency aspects of
space heating, breaking the thesis down into three macro phases: envelope, heat
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emitters and efficiency method.

Block one: Envelope
The papers in block one present numerical models related to the building envelope.

The author found it interesting and fundamental for the development of this study to
analyse how the heat is stored in the thermal mass and in which part of the building
thermal mass can be considered significant for assessing the heat stored.

The heat storage is an aspect often neglected in simulation studies of envelope.
This is because the heat storage plays a role in determining the thermodynamic
behaviour of space heating in particular of the temperature of indoor air and building
surfaces. The heat stored in the thermal mass acts as a shock absorber of the heat
wave by storing and releasing heat when needed. Later, the author will present how
the energy stored can have an impact on the efficiency factors of space heating.

Block two: Heat emitters
The second block presents numerical models of the heat emitters analysed: hy-

dronic panel radiator and floor heating. The papers stressed on how the heat is stored
in the heater and how to validate the model predictions. It is a challenge to develop a
methodology able to ensure that thermal output of hydronic heat emitters is robust.
The models presented take into account the transient phase for charging/discharging
the emitters. Such a phase is often neglected in the existing literature assuming that
the heater works approximately in steady state condition. As in the previous block,
the heat stored by the heat emitters plays a role by impacting on the computation of
the efficiency factors.

Such papers contribute to the research field by increasing the knowledge on the
type of modelling used to simulate the thermal behaviour of heat emitters. The
reader can finally observe the dashed box that groups the first and second block.
These blocks are related; in fact, the papers within the dashed box use numerical
modelling for facing the problems. These two blocks may be also seen as the heart
of the thesis. The deep understanding of the heat transfer mechanisms leads to the
certainty of facing the energy efficiency problems related to space heating.

Block three: Efficiency factors
The papers in the last block cover the efficiency factor method of space heating

located in cold climates. The numerical models presented in blocks one and two are
used to analyse the efficiency factor method. The efficiency factor of space heating has
often been underestimated, providing questionable results. The papers in block three
answer the general question: how would it be possible to define the energy efficiency
of space heating thereby highlighting misleading, paradoxes and unclear points of such
a method?

The task is to explain why the efficiency method can be suitable for evaluating the
performance of space heating. The papers contribute on how several factors impact on
the energy efficiency, tackling the misleading, misinterpretation and finally bringing
to light the methodology for evaluating the efficiency method.

1.3.2 Second way to read the road map: follow the flow
The second way to read the road map is to follow the flow indicated by the arrows
in Fig. 1.2. At this level of understating the road map gives an idea of how the
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Figure 1.2: Road map
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papers are connected to each other. Each paper answers a specific research question
within the general thesis scope. The answers/results of each research question form
the basis for the development of the next paper. The thesis may be read as a process
of: questions → answers → observations → questions → answers... and so on. The
squares surrounded by question marks are the principle research questions which are
the driving forces for the development of each single paper. The circles represent the
papers numbered from one to seven. The rectangles with solid lines report the main
results achieved in each paper. The rectangles surrounded by exclamation marks state
the observations on the results. Such observations are the driving forces to formulate
the next research question.

Starting to read from the upper left-hand corner, the thesis begins to study the
heat conduction through multilayer slabs/walls, see Paper VII. In particular, the
main RQ of this paper is:

RQ 1 How does the outdoor temperature affect the temperature of internal
mass/active layer in the case when 20 cm thick insulation material separates the
internal mass from the external mass?

The paper produced has the following title: One-dimensional model of transient
heat conduction through multilayer walls/slabs. This study is suitable to understand
how the temperature of each wall layer varies when the wall is subjected to outdoor
and indoor dynamic conditions. The results reveal that the temperature in the inter-
nal mass of the wall is mostly influenced by the temperature of indoor air; thus, it is
reasonable to neglect the effect of outside temperature on the internal mass.

The latter result is significant because it allows us to consider the internal mass
as the building part which thermally interacts with the indoor air. In fact, it is
supposed that the whole internal mass, known as active layer, has approximately
the same thermal behaviour, see Paper I. The latter consideration represents the
driving force to develop a simplified model of space heating formulating the next
research question:

RQ 2 How would it be possible to evaluate the impact of the convective heat
gained coming from the panel radiator?

The answer to the research question gives rise to the second paper which has the
following title: Investigation of thermal parameters addressed to a building simulation
model. One of the results suggests that the load that mostly affects the behaviour
of indoor temperature is the convective heat. The convective heat is in large part
emitted by the radiator. For this reason, the author decided to investigate hydronic
heaters which are the common heat emitter technologies employed in buildings. In
particular, the hydronic panel radiator and hydronic floor heating are studied.

The third research question is:

RQ 3 How would it be possible to define a method to compute the heat storage,
heat output and temperature of exiting flow of a hydronic panel radiator?

The answer can be found in Paper II, Transient model of a panel radiator, that
focuses on the transient modelling of the panel radiator. The goal of this paper is
to show the potential of transient modelling in comparison with the steady state
approach. The results reveal that steady state models neglect both the heat emitted
and the exit temperature during the radiator charging phase. At the same time,
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the floor heating was studied, formulating the following specific research questions,
see Paper III:

RQ 4.1 How would it be possible to make charging tests of the floor heating
(models and experiments) taking into account the radiative heat and at the same time
reduce the thermal disturbances?

The results show the use of a booth simulator which enables the assessment of
the heat transfer by radiation in a controlled environment reducing the number of
uncertainties affecting the model predictions. Another question that arises is:

RQ 4.2 How would it be possible to understand whether the errors in the model
predictions comes from the model’s input parameters or its mathematical structure?

The robustness of the outcomes are analysed by local sensitivity analysis which
provides information on the predictions reliability obtained by the model.

Up to now the building components such as the multilayer wall and the heat
emitters have been studied ignoring the thermal interaction between them. The active
layer is able to store/emit thermal energy whereas, the heat emitter is the main heat
source of the room. The concept that is able to bridge the heat stored/lost by the
active layer and the heat emitted from the heat emitters is the use of energy in space
heating. The use of energy in space heating can be expressed by the performance
indicator known by name of efficiency factor.

Within the concept of efficiency factor, the next research question is:

RQ 5 How does the building thermal mass and the location of connection pipes
influence the efficiency factors for space heating located in cold climates? (see Paper
IV)

The answers to the latter questions are analysed in the fourth paper: Practical sup-
port for evaluating efficiency factors of a space heating system in cold climates. This
study is suitable for designers and researchers who want to compare the efficiencies of
space heating among different technical solutions. The results of a case study reveal
that radiators with connection pipes located on the same side have higher efficiency
factors than radiators with connection pipes located on the opposite side. Moreover,
heavy-weight active thermal masses provide higher efficiency factors in comparison
with light-weight active thermal masses.

The efficiency factors were investigated for space heating equipped with hydronic
floor heating, see Paper V. In this context, the research questions are:

RQ 6 How does the outdoor climate impact on the efficiency factors for space
heating equipped with hydronic floor heating located in cold climate?

The main result suggests that the efficiency factors are influenced by the local
weather condition and they can be predicted according to the amount of the sun’s
radiation striking the location site.

The last paper investigates the impact of different control strategies on the effi-
ciency factors, see Paper VI. The main research question is:

RQ 7 How does the type of control loop and its type of heating curve impact on
the efficiency factors for space heating equipped with hydronic floor heating?
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The results of this paper show that the efficiency factors of space heating are not
influenced by the type of heating curve used but the latter parameter impacts on the
efficiency factor of the distribution system. The heating curve is not a linear function
because of the non-linear heat transfer typology of heat transfer used by the heat
emitter.



2. Methodology

The methodology illustrates how the room control volume for analysing the heat
storage in heaters and multilayer wall was developed using law-driven models. In
addition to defining the room control volume, the synthetic weather and the control
strategies of the heat flow are analysed with both law-driven and data-driven models.
Finally, the validation methodology of heaters and the efficiency factors method are
described in detail.

15
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2.0 The room control volume
The room control volume represents the domain area of the analysed problem. Fig. 2.1
shows the room control volume with the building elements analysed through the
thesis. The occupancy and the electrical appliances are modelled as heat gains in the
room control volume and the ventilation as a cooling load. Therefore, such gains/loads
are not analysed in detail during the thesis. The room control volume presents the air
volume at homogeneous temperature. This means that stratification effects of indoor
air do not occur. This is also because the air volume is mechanically ventilated
assuming the air is completely mixed. Only one side of the control volume faces
the outdoor environment simulating the situation of a room surrounded by heated
rooms as an office room. The internal partitions, ceiling and floor (case of hydronic
radiator) have the adiabatic condition set. In the case of hydronic floor heating, the
room control volume is assumed to be set adjacent to the ground, see Paper V. The
room control volume in Fig. 2.1 is developed in Matlab environment for the panel
radiator, a multilayer wall, internal heat gains and synthetic weather. Room control
volume accounting for the control strategies is developed in IDA ICE version 4.7.1,
see Paper III, IV, V, VI. The multilayer walls and the panel radiator have the law
driven model developed in both Matlab and IDA ICE environment, see Paper I,
II, VII. The difference in using the latter two environments lies in the type of solver
employed and scripting language.

The room control volume aims to describe the heat transfer mechanism between
solids and fluids depicted in Fig. 2.1 by surface nodes and the zone temperature node.
The heat transfer mechanism finds its ground basis for how to reproduce/simulate
the heat conduction, convection, radiation and mass transport as mentioned in [51].
The radiation occurs between the surfaces of the room control volume. Each surface
exchange heat by radiation with the other surrounding surfaces. Such a mechanism
is not depicted in Fig. 2.1. Common assumptions of the classical thermodynamic are
used to describe such a mechanism as explained in the following paragraphs.

2.0.1 Heat conduction
Eq. 2.1, see Paper VII, is the heat equation which describes how heat is con-
ducted/transferred in a solid material, in the specific case in walls/slabs. The heat
equation presented in Eq. 2.1 is one dimensional model assuming that the heat flows
along the x-axis.

∂T
∂θ

= α · ∂
2T
∂x2 (2.1)

In Eq. 2.1 α [W ·m2 ·K−1] appears which is the thermal diffusivity of the solid ma-
terial considered constant over time. The thermal diffusivity represents how rapidly
the heat diffuse in a material. The thermal diffusivity is computed as the ratio
between the thermal conductivity over the volumetric heat capacity of the specific
material. The latter term is the product between the specific heat capacity multiplied
by the material density.

The thermal diffusivity can be also expressed as a function of its temperature. [52]
explained that thermal conductivity depends on four factors: density, moisture con-
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Figure 2.1: Room control volume

tent, temperature and age. Materials subjected to a different temperature range show
a different specific heat capacity, density and thermal transmittance.

Among the building materials, the porous materials change their performance at
their temperature change. [53] conducted laboratory tests using a guarded hot plate
observing that the thermal conductivity of polystyrene specimens increased linearly
at the temperature increase with variations of about 5-8 % over a temperature range
between 10-43◦C.

2.0.2 Heat convection
Heat convection is the process of heat transfer between solid and fluids. The convec-
tion between solids and fluids in the case of the room control volume occurs in three
cases. The first case is the convective heat exchange between internal/external sur-
faces with the indoor/outdoor air respectively. The second case is the heat exchange
by convection between the hydronic radiator and indoor air. The convection between
internal surfaces, radiator and the air fluid is natural because it is driven by difference
of fluid density. The third case analysed is the convective heat exchanged between
the fluid in the pipe loop and the pipe itself of the hydronic floor heating. This
case is an example of forced convection because the fluid is driven by external forces
such as the pump. The same mechanism applies on the inside of the radiator. The
convection between the external surfaces and the wind can be addressed as a forced
convection problem. More in depth, the magnitude of the Reynolds number distin-
guishes between natural and forced convection. Further information about Reynolds
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number can be found in [27]. The heat convection between internal/external surfaces
and the fluid is expressed according to Newton’s equation in Eq. 2.2 (cooling law) as
mentioned in [54], see Paper VII.

qconv = hconv
(
Tsurf − Tfld

)
(2.2)

where qconv is the convective heat flux, hconv is the heat transfer coefficient for
convection, Tsurf is the mean surface temperature and Tfld is the bulk temperature
of the fluid. The latter temperature is considered homogeneous and it is not affected
by the surface temperature. Further explanations are needed for the convective heat
transfer coefficient hconv that has been modelled according to Eq. 2.3, see Paper III,
for internal wall surfaces according to the study in [55].

hconv,int = β |∆T|γ

δ ±
∣∣cos(π · ξ

180 )
∣∣ (2.3)

hconv,int changes according to β, γ and δ numeric coefficients and ξ the slope angle
of the surface in question. ξ can assume values of 90◦ for walls, 180◦ for the ceiling
and 0◦ for the floor. hconv,int assumes positive or negative cos(π · ξ

180 ) depending on
the slope angle. Other relationships to express the convective heat transfer coefficient
are reported in the literature as in [56] depending on the building height and other
environmental characteristics. The convective heat transfer coefficient of the fluid,
hfld, is assumed as a constant value of 1500 W ·m−2 ·K−1 because the flow lies in a
turbulent regime. Eq. 2.4 represents the convective heat transfer coefficient within
circular pipes.

hconv,pipe = 1
Rconv

=
(�out

�in
· 1

hfld

)−1
(2.4)

�out and �in are the outer and inner pipe diameter.

2.0.3 Heat radiation
The heat radiation occurs for all the bodies at a temperature higher than zero Kelvin.
The body emits heat at a certain wavelength in all directions. The wavelength of this
electromagnetic radiation depends on the temperature of the emitting body surface.
The heat radiation lies within the infra-red field where it propagates between 10−7

and 10−4 m. The radiation causes a net flow of energy from a warmer to a colder
body. Different body surfaces absorb and emit different amounts of energy per unit
of surface area. This means that all materials have specific absorption and emission
factors for specific wavelength. Absorption refers to the ability to absorb radiation.
Emissivity refers to the ability to emit radiation. The present study uses a simplified
model of radiative heat of the wall area. This model assumes that the temperature of
surrounding surfaces and air temperature are equal. The wall area is relatively small
in comparison with the surrounding surfaces. The heat transfer, caused by long wave
radiation q̇lwrad, is presented in Eq. 2.5.

qlwrad = hlwrad(Tsurf − Tind) (2.5)

where the heat transfer coefficient for long wave radiation hlwrad can be roughly
estimated as shown in Eq. 2.6 according to [55].
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hlwrad = 4 · ε · σ · T3
MRT (2.6)

where ε is the surface emissivity (value between 0 and 1), σ is the Stefan Boltz-
mann constant and TMRT is the mean radiant temperature. Other radiation models
exist in the literature as the model presented in [57] and the detail model in [58].

2.0.4 Mass transport
The heat is transported by the heating medium that circulates in the heating
system. The flow is assumed in steady state conditions, therefore the heat trans-
fer rate, Q̇, released by the flow can be expressed according to Eq. 2.7 as shown in [51].

Q̇ = ṁ · cfld (Tsup − Texit) (2.7)

where ṁ is the mass flow rate supplied to the system, cfld is the specific heat
capacity of the fluid, Tsup and Texit are the temperature supply and exit of the
heaters.

2.1 Heat storage
The thermal heat is stored in the building thermal mass, its air volume and any object
such as furniture or heaters present in the room. The heat storage is a common feature
for all the models presented in the thesis. The heat storage is relevant in affecting
the space heating thermal behaviour (e.g. temperature of indoor air), performance
and energy used. Any material has the property to store heat and release it. This
property occurs when the body lies at a different temperature in comparison with
the surrounding environment. In general, the body is charged by gaining heat, thus
increasing its temperature, otherwise heat is discharged. The latter consideration is
valid for homogeneous, isotropic solids.

2.1.1 Heat storage in building thermal mass
To show the heat storage in the building thermal mass the current section develops
the heat equation previously presented in Sec. 2.0.1. The heat equation developed
with transient heat conduction is the classical example for showing that the heat is
store in the solid mass. Fig. 2.2 shows the multilayer wall discretised in several wall
layers. Em is the heat stored in the multilayer wall volume. qm→m+1 is the conductive
heat coming from the point m and qm−1→m is the conductive heat coming from the
point m-1. The finite difference method was applied to the model of heat equation in
Eq. 2.1. Eq. 2.8 shows the space discretisation of the heat equation, see Paper VII.

dTm

dθ = α

∆x2 (Tm−1 − 2 · Tm + Tm+1) (2.8)

2.1.2 Heat storage in hydronic panel radiator
The hydronic panel radiator stores heat in its metal mass and the heating medium
circulating into the panel, see Paper II, III. The radiator is modelled as a system
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Figure 2.2: Discretisation of multilayer wall with nodes

of multiple storage elements as shown in Figs. 2.3(a) and 2.3(b). Fig. 2.3(a) shows
the panel radiator with connection pipes located on the opposite side and Fig. 2.3(b)
shows the radiator with a connection pipes located on the same side. The location of
the connection pipes is the same as in the experiment presented in Paper II (same
side). To further investigate the different charging phase of the panel radiator the
connection pipes were located (in the simulation model) on the opposite side (top
and bottom corner).

(a) Connection pipes on opposite sides (b) Connection pipes on same sides

Figure 2.3: Hydronic radiator schema

Below is the description of the panel radiator model with connection pipes located
on the opposite side. The model calculates the temperature of each fluid capacitance
Tfld,i as the difference between the heat flow supplied Q̇sup(i) to each capacitance and
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the heat out of each fluid capacitance Q̇fld(i) as shown in Eq. 2.9.

Cfld

nCap ·
dTfld(θ)

dθ = Q̇sup(θ)− Q̇fld(θ) (2.9)

where Cfld = Mfld · cfld is the total capacitance of the fluid inside the radiator and
Mmet · cmet is the metal capacitance. The model calculates the heat loss from the
fluid Q̇fld,i in the i-esimo element as shown in Eq. 2.10.

Qfld(θ) = Ktot

nCap · cliq · (Tfld(θ)− Tsurf(θ)) (2.10)

The model calculates the temperature of the radiator surface Tsurf as the differ-
ence between the total heat loss from the fluid capacitances

∑nCap
i=1 Q̇fld,i and the

total heat emitted towards the surroundings Q̇tot as shown in Eq. 2.11.

Cmet ·
dTsurf(θ)

dθ = ΣnCap
i=1 Q̇fld,i(θ)− Q̇tot(θ) (2.11)

where Cmet is the capacitance of the metal part of the hydronic panel radiator,
and Tsurf , is the mean surface temperature of the heat emitter.

A different approach is used to describe the panel radiator with connection pipes
located on the same side as in Fig. 2.3(b). It is assumed that the fluid capacitance
close to the connection pipes has a mass flow rate 10 % higher than the furthest
capacitance from the connection pipes.

2.1.3 Heat storage in hydronic floor heating
The current thesis treats the modelling of the hydronic floor heating in one dimension,
see Paper IV. The slab over the pipe loops stores heat in its thermal mass. Fig. 2.4
illustrates the 1D hydronic floor heating model schema. The picture displays the
heat released from the pipe loop upwards Q̇pl−up and downwards Q̇pl−down. Then,
the heat passes through the slab by conduction, Q̇up, and lastly, it is released into
the environment via the mechanism of convection, Q̇conv, and long wave radiation
between room’s internal surfaces Q̇lwrad, (see Sec. 2.0.3 for Q̇lwrad).

The heat carried by the heating medium in the pipe loop is addressed as a problem
of forced convection. The temperature drop along the pipe loop is obtained by the
heat balance between the heat supplied into the floor heating and the heat released
from the pipe loop. The analytical solution for such model is presented in Eq. 2.12.

Texit = Tpl + (Tsup − Tpl)e
− hfs·S

ṁ·cfld (2.12)

where Tpl is the temperature of the pipe’s loop (located on the pipe external
surface), Tsup is the temperature supply to the floor heating, S is the surface of the
whole pipe loop, ṁ is the mass flow rate supplied to the floor, cfld is the specific
heat capacity of the heating medium and hfs is the equivalent heat transfer coefficient
between the heating medium and the and external surface of the pipe. The latter
coefficient accounts for convection resistance between the fluid and the pipe inner
surface (presented in Eq. 2.4) plus the tube conductive resistance.

The heat carried by the heating medium is released upwards Qpl−up and down-
wards Qpl−down according to Eq. 2.13.
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Figure 2.4: 1D Hydronic floor heating model

Q̇pl−up/−down = A · Tpl − Ti

Ri
(2.13)

where Ri and Ti are the i-th resistance and temperature of the adjacent layer
over/under the pipe loop. The heat in the multilayer slab (screed + flooring material)
located above the pipe loop is stored as described in Sec. 2.1.1 in the point Heat
storage in building thermal mass.

2.2 Solver
The solvers adopted are applied to solve differential equations, systems of non-linear
algebraic equations. The differential equations have been approximated using a Finite
Difference Method FDM. FDM consists of partitions in space and in time computing
the solutions at space or time points. The error between the numerical solution and
the exact solution is determined by the error obtained by moving from a differen-
tial operator to a difference operator. This error is named as discretisation error
or truncation error. The definition of this error lies outside the scope of this thesis.

The first numerical solver used was the Euler method as introduced in [59], seePa-
per VII. Euler methods comprise the first-order numerical procedure for solving or-
dinary differential equations. A first order method means that the local error (error
per step) is proportional to the square of the step size and the global error is pro-
portional to the step size. The order of the method indicates how fast the method
converges to the solution. The Euler method solves initial boundary value problems
where the first value is given.

Euler methods can be classified as explicit (forward) or implicit (backward). The
Euler explicit method predicts the future values of temperature based on the known
past values. The explicit method is less accurate than the backward one. The algo-
rithm needs to set the stability constraint for bounding the marching time by avoiding
unstable solutions. By adopting a time step greater than the stability constrain the
solution will oscillate by reaching divergence. The backward method is considered
unconditionally stable for problems in ordinary differential equations without show-
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ing oscillations in the solution. Another solver, under the Euler umbrella is Crank-
Nicolson which is the most accurate in comparison with the other solvers presented.
This is because it uses the arithmetic mean value of the derivatives at the beginning
and the end of the time interval. Crank-Nicolson has the highest computational cost
among the three methods, and it presents oscillations but stable solutions for this
type of problem.

The Euler implicit solver was used in the present thesis to find the temperature
profile of the multilayer wall. As it is possible to notice, Eq. 2.14 shows the time
discretisation of Eq. 2.8. By setting γ = 0 the solver adopted becomes Euler explicit,
with γ = 1/2 Crank-Nicolson and with γ = 1 Euler implicit is obtained.

T v+1
m − T vm = α · ∆θ

∆x2 ·[
(1− γ)(T vm−1 − 2 · T vm + T vm+1) + γ(T v+1

m−1 − 2 · T v+1
m + T v+1

m+1)
] (2.14)

where v represents the v−esima iteration and v+1 is the next (future) iteration.
Eq. 2.14, in Paper VII, is solved by means of Euler backwards for avoiding stability
constrain on the marching time.

Another solver used is the Newthon-Rahpson method, see Paper II. This method
is used to solve non-linear and differential equations. This method has a quadratic
order of convergence which means that the solution is achieved faster than the Euler
methods as mentioned in [60].[61] describes how the algorithm works. The algorithm
starts by guessing the solution. After that, each new solution is found applying an
iterative procedure which calculates the difference between the old solution (the guess-
ing one) and the ratio between the function f(x0) and its derivative f ′(x0). Again the
solution may show oscillations if the initial guess is chosen “far” from the most prob-
able solution. The Newthon-Rahpson method was applied to solve the heat balance
of the transient model of panel radiator. Newthon-Rahpson method application can
be read as in Eq. 2.15.

x1 = x0 −
f(x0)
f ′(x0) (2.15)

The last solver used is the Implicit Differential Algebraic IDA equation system
solver. IDA is a numerical solver providing a stable method to solve differential
algebraic equations system and initial value problems. The integration method in
IDA is a variable-order between 1 and 5. The solution of the resulting non-linear
system is accomplished with some form of Newton iteration. In the cases of a direct
linear solver (dense, banded, or sparse), the non-linear iteration is a modified Newton
iteration as mentioned in [62].

The analytical solution was used in the current thesis to find the temperature of
the fluid exiting from the floor slab as shown in Eq. 2.4, see Paper III. The analytical
approach benefits from unconditional stable solutions and lower computational cost
in comparison with numeric methods. As a drawback, analytical solutions are often
not practical and impossible to find when the geometry of the domain considered
becomes complex. Analytical solutions of transient heat conduction in slab/wall are
found in [63]. A mix between analytical and numerical solution of the heat transfer
mechanism in walls was presented in [64]. The latter author discretised the time
numerically; whereas, the space was treated analytically. The latter method achieves



24

better accuracy than a finite difference approach but it is less accurate than the
analytical solution.

2.3 Synthetic weather file

The parameters of direct and diffuse solar radiation have been applied to the room
model developed in Fig. 2.1. The direct component is the normal component of
the solar radiation and the diffuse radiation is considered as striking the horizontal
surface. Such components have been geo-localised for the building orientation, height
above sea level, and time zone according to the model presented in [65]. The model
enables us to apply the direct and diffuse solar radiation to a given building surface,
see Paper I.

The outcomes of such a model has have been verified by comparing with the direct
and diffuse solar radiation with the STRÅNG model developed in [66]. The latter
model predicted the solar radiation with mesoscale spatial resolution of 22 km2 taking
into account the precipitations in addition to the parameters listed in the previous
model, see Paper VI.

2.4 Control strategies of the heating medium

The types of control analysed in the thesis relate to the control strategies of the
distribution heating system and the local control of the indoor environment as shown
in Fig. 2.5.

The first case, (Case a), was a feedback control where the temperature of sup-
ply flow was set constant and the control variable was ṁsup highlighted in red in
Fig. 2.5(a). The sensor located in the room control volume detects the indoor tem-
perature; and, according to the local control strategy adopted (P proportional band
with ∆T = 1 or 2◦C), the mass flow rate was adjusted. The second case, (Case b),
was a feed-forward control where the mass flow rate was set constant by changing in
turn between linear and non-linear heating curve (+ adaptive algorithm), as depicted
in Fig. 2.5(b). The third case, (Case c), was a feedback + feed-forward control as in
the house illustrated in Fig. 2.5(c). The controller adjusted both mass flow rate and
the supply temperature by applying in turn linear and non-linear heating curves (+
adaptive algorithm). In all the listed cases the system turned off the mass flow rate
when the indoor temperature rose above the upper threshold limit of 20.5 or 21◦C
and turned it on when indoor temperature dropped below 19.5 or 19◦C.

In addition, the outdoor temperature compensation was analysed with linear and
non-linear models of the heat emitted by the heater. The linear model of heat emitted,
describe in [67] and [68] may be described by Eq. 2.16.

n∑
j=1

Uj ·Aj(Tind − Tout) + v̇air · ρ · cp(Tind − Tset) + v̇inf · ρ · cp(Tind − Tout) =

K(Tsup − Tind)
(2.16)



25

(a) Feedback control:
Tsup constant with
control of ṁ

(b) Feedforward con-
trol: ṁ constant with
control of Tsup

(c) Feedback + feedfor-
ward control of both
Tsup and ṁ

Figure 2.5: System configurations with different control loops

The left-hand side of Eq. 2.16 is the heat lost by the building accounting for the
transmission, ventilation and air leakage. The right-hand side of Eq. 2.16 represents
the heat emitted which has been linearised.

A non-linear model of the heat emitted was used by [69]. The heat emitted, Q̇ (or
the heat loss of the building), is equal to the nominal heat emitted Q̇nom by the heat
emitter multiplied to the ratio between the logarithmic mean temperature difference
∆Tlog and the same at nominal condition, ∆Tlog,nom, at the power n as shown in
Eq. 2.17.

Q̇ = Q̇nom

(
∆Tlog

∆Tlog,nom

)n

(2.17)

n is the exponent of the “characteristic curve” of a heater, see [70]. The logarith-
mic mean temperature difference can be replaced by the arithmetic mean temperature
difference, ∆Tart, with the approximation of ≈1 % as mentioned in [71]. Other types
of heating curves are derived with different models as presented in [72].

The last control strategy applied to the model was an adaptive algorithm as
presented in [73]. The adaptive algorithm was a base rule heating curve (feedback
control) which enabled us to adjust the supply temperature at the following time
step. When the indoor temperature was below the lower desired temperature (Tlower=
19.5/19◦C), the supply temperature was shifted upward of 1◦C; otherwise downward
by 1◦C in case the indoor temperature was above its upper limit (Tupper = 20.5/21◦C)
as shown in Eqs. 2.18 and 2.19.

Tind,i < Tlower ⇒ Tsup,i+1 = Tsup,i+1 + 1 (2.18)

Tind,i > Tupper ⇒ Tsup,i+1 = Tsup,i+1 − 1 (2.19)

No modification of the supply temperature occurred when the indoor temperature
was within the desired range between Tupper and Tlower.
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2.5 Validation methodology

2.5.1 Step response test of hydronic heaters

The step response test consists of monitoring the thermal response of the heaters,
multilayer wall at the sudden increase of one input variable, see Papers II. These
tests were conducted both by performing experiments and by modelling and simula-
tion of the building element. In the case of the hydronic panel radiator the experiment
was conducted at the Department Energy Laboratory at Umeå University. The mass
flow rate was supplied at a fixed temperature during the radiator charging phase.
The results of the latter test were in the form of qualitative inferred thermograph
images describing how the hydronic radiator performs the charging phase, see Paper
II. The multilayer wall was subjected to a temperature step on one side whilst having
isothermal and convective boundary conditions at the wall sides. The results show
how each heat capacitance performs the charging phase, see Paper VII. Capacitance
close to the heat source, the isothermal boundary condition, performs the charging
phase faster than further capacitances.

The step response test was also performed in a thermostatic booth with experi-
ment by Sacchi, see [74], for the hydronic floor heating. The step response test was
used for twofold purposes. The first purpose was to record how the floor heating per-
form the charging phase recording the variation of indoor temperature in time. The
second purpose was to record the thermal output of the hydronic floor heating after
reached the steady state condition. The second purpose was recorded and published
by Sacchi in [74] for thermal output of different flow temperature and floor surface
temperature.

Paper III describes how to develop a thermostatic booth simulator to emu-
late the experimental conditions. A section of the thermostatic booth is shown in
Fig. 2.6. The thermostatic booth is equipped with a cooling system that cools down
the room’s internal surfaces. The booth is located in a structure which surrounds
the thermostatic booth creating inter spaces between the surfaces of the thermostatic
booth and of the structure. Air is blown into the inter spaces for controlling the
temperature of the thermostatic room surfaces to guarantee that the indoor temper-
ature stays constant at 20◦C. The walls of the thermostatic booth simulator have
thermal transmittance of 2.5 W ·m−2 ·K−1. The measurements were conducted with
instrumentations described in [75].

Two types of hydronic heating panels are positioned in turn in the booth. The
first one has tube spacing of the pipe loop p of 0.15 m with pipe loop length L =
66.1 m, see Fig 2.6(b). The second type has p = 0.30 m with pipe loop length L =
32.70 m. Over the heating panels is a floor made of tiles with a thickness of 0.005 m
(ρt = 1500 kg ·m−3, kt = 1.3 W ·m−1 ·K−1) positioned with the use of mortar.

The mass flow rate of the fluid supplied was 0.083 kg · s−1 leading to turbulent
flow. The flow was supplied at different temperatures obtaining an average fluid
temperature Tfld = (Tsup+Texit)/2 ranging from 24◦C to 40◦C. After the steady
state condition was achieved, that means the average floor surface temperature Tf

was constant, the heat flux upwards from the heating panel q̇up was measured.
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(a) Thermostatic booth, image taken
from [74]

(b) Cross section of floor heating

Figure 2.6: Experiment conducted by [74]

2.5.2 Validation method
The validation is the practice used to understand the model’s limitations and its error
while computing the predictions. The following text analysed the empirical valida-
tion practice. This validation methodology highlights discrepancies and deviations
between predictions and observations which are both affected by errors and uncer-
tainties as mentioned in [23]. The number of uncertainties affecting the measurements
can be reduced using an experiment conducted in a thermostatic booth. The booth
avoids external disturbances (e.g. weather conditions) on the heated space. The
thermostatic booth accomplishes the steady state condition of the indoor tempera-
ture during the charging phase of the heater, see Paper III.

A criterion to establish whether the model predictions tested in the thermostatic
booth are acceptable was found in [76]. The latter author developed an empirical val-
idation practice able to distinguish the source of the errors, whether they come from
the experimental measurements or from the model algorithm. The validation method-
ology is based on the sensitivity analysis of measurements and input data/parameters.
Sensitivity analyses have been applied in statistical and mathematical fields for un-
derstanding the model’s robustness in predicting its outcomes as stated in [77].

The local sensitivity analysis identifies which parameter gives the larger variation
in the model outcome [24] [25], see Paper III. The input values vary locally one at
a time by keeping all the other factors constant. Such a sensitivity approach accounts
for the finite-difference approximations based on the central differences, see [78]. The
input parameter selected is subjected to a small perturbation of ± 1 % around its
nominal value. The parameters vary one at a time by keeping the others constant.
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Small perturbation is preferred than large variations since the latter violates the
assumption of local linearity. This property is known as the first order effect of
sensitivity analysis [79]. The error of each round is added in quadrature as shown in
Eqs. 2.20, 2.21.

e99 = +(e2
ki + e2

Tfldi
+ ...+ e2

hfsi
)1/2 (2.20)

e1 = −(e2
ki + e2

Tfldi
+ ...+ e2

hfsi
)1/2 (2.21)

The quadrature of errors obtained from the positive perturbation +1% of the input
data/parameters makes the 99 percentile e99 error bound. Vice-versa, the quadrature
of errors obtained from perturbations of −1% of input data/parameters, results in 1
percentile e1 error bound as shown in Eq.2.21.

The total uncertainty bands are obtained by merging the quadrature errors graph-
ically with each other. If the observations lie within the prediction total uncertainty
bands, the model is validated; otherwise, either a selection of a new model algorithm
or the rectification of input data/parameters can validate the model. This practice
has been used recently in the study presented in [80] for validating building models.

2.6 Energy efficiency factors: η

2.6.1 The common practice method

The efficiency of the space heating is computed by assessing the ratio of the useful
thermal energy released from the pipe loop upwards, Qup, over the thermal energy
supplied to the space heating, Qsup for the hydronic floor heating as shown in Fig. 2.7,
see Paper V. In the case of hydronic panel radiator the useful energy is the energy
released from the front Qfront surface to the indoor environment and the convective
heat Qconv from the radiator as shown in Fig. 2.8.

(a) Qsup to the floor heating (b) Qup towards the floor

Figure 2.7: Qsup and Qup of the hydronic floor heating
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(a) Qsup to the hydronic radia-
tor

(b) Qfront and
Qconv

Figure 2.8: Qsup, Qfront and Qconv of the hydronic radiator

2.6.2 The heat losses method
The efficiency factors are computed assessing the efficiencies of each building compo-
nent of the space heating such as: control, ceiling, window and embedded surfaces,
see Paper IV, V, VI. The thermodynamic in/efficiencies are computed evaluating
the heat losses of each component. The heat losses are a coupled problem between the
heat emitted from the heat emitter and the heat lost through the building envelope.
The efficiency factors are quantified with the ratio of the heat losses calculated with
an ideal case over the heat losses of the real case.

The ideal case represents a space heating which uses the minimal amount of ther-
mal energy supplied for heating the indoor environment. This is because an ideal
space uses the thermal energy from free sources (e.g., solar radiation, electrical appli-
ances) “effectively”. By doing so, ideal space heating keeps the desired indoor temper-
ature constant during the heating period. To achieve this goal, an ideal/theoretical
local control adjusts the amount of heat supplied to the room control volume. In-
stead, the real cases have set a real control which is unable to “effectively” exploit the
free thermal energy from heat sources. The real control allows the indoor tempera-
ture to fluctuate according to the control strategy adopted. Depending on the system
typology, the hydronic radiator will increase the heat loss towards the rear wall. The
hydronic floor heating will increase the transmission losses towards the slab.

Fig. 2.9(a) shows a picture of how a local control of the space heating works.
A sensor measures the room temperature sending signals to the return valve. The
return valve adjusts the amount of mass flow rate supplied ṁ according to the control
strategy adopted. The adjustment of ṁ varies the heat supplied and as a result the
heat emitted/released into the room. Both ideal and real cases use the same equations
for computing the thermal heat losses. The input values change from time to time
(e.g., mass flow rate, temperature supplied) and the parameters remain constants
(e.g., surface area, specific heat capacity). Eq. 2.22 accounts for the thermal energy
supplied to the floor heating for both ideal and real cases.

Qctrl,ideal/real(θ) =
n∑
i=1

ṁi · cfld(Tsup,i − Texit,i)∆θi (2.22)

cfld is the specific heat capacity of the heating medium, Texit is the temperature
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exiting from the pipe circuit, Tsup is the supply temperature to the pipe circuit
outdoor temperature compensated, ∆θ the time step and n are the number of time
steps. The ratio between the energy of the ideal case and the energy of the real case
is named efficiency factor for control, ηctrl.

The other efficiency factors of the floor heating are related to the other heat losses
as shown in Fig. 2.9(a).

(a) Room control volume with heat losses of ceiling,
window and embedded surface

(b) Floor heating with pipe loop
Qpl and insulation heat losses Qins

Figure 2.9: Heat losses of the space heating

Qstr (which does not appear in Fig. 2.9(a)) refers to the sum of heat losses adjacent
to the ceiling, Qcei, where the indoor temperature is affected by excess temperature;
and the heat losses through the window, Qwin, where the indoor temperature is
influenced by the cold surface. In the case of a hydronic radiator as heater, the heat
losses towards the rear wall of the radiator are computed as convection and radiation
Qback. Eq. 2.23 calculates the heat losses for both ideal and real cases assessing the
heat losses from the indoor temperature Tind to the outdoor temperature Tout.

Qj,ideal/real(θ) =
m∑

j=1

n∑
i=1

Aj ·Uj,i(θ) · (Tind,i(θ)− Tout,i(θ))∆θi (2.23)

Uj is the thermal transmittance coefficient of the j-th component and Aj is its
surface area.

Fig. 2.9(b) shows the embedded heat losses of the hydronic floor heating system
when the room is adjacent to the ground. Qemb refers to the sum of heat losses from
the pipe loop downwards to the concrete slab named Qpl, plus the heat losses from
the insulating layer downwards to the ground defined as Qins. The embedded heat
losses are calculated according to Eq. 2.24 when the slab faces to outside, an unheated
space and adjacent to the ground.

Qk,ideal/real(θ) =
m∑

k=1

n∑
i=1

Ak
1

Rk,i
· (Tk,i(θ)− Tk+1,i(θ))∆θi (2.24)

R refers to the thermal resistance of the k-th component either to the pipe loop
or to the insulating layer.
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The efficiency factor for “stratification” ηstr is computed as the average value
between the efficiency factors of heat losses of the ceiling and window as shown in
Eq. 2.25.

ηstr =
Qcei,ideal
Qcei,real

+ Qwin,ideal
Qwin,real

2 (2.25)

The efficiency factor of embedded surfaces ηemb is calculated as the average value
between the efficiency factors of heat losses of pipe circuit and the insulating layer as
shown in Eq. 2.26

ηemb =
Qpl,ideal
Qpl,real

+ Qins,ideal
Qins,real

2 (2.26)

The determination of the total efficiency factor of the heated space, ηtot, can be
calculated by Eq. 2.27 as reported in [34].

ηtot = 1
4− (ηctrl + ηstr + ηemb) (2.27)

It is worth mentioning that Eq. 2.27 is an “artificial efficiency” based on an em-
pirical approach; thus, it is not based on a physical relationship. Eq. 2.27 has to be
bounded by fulfilling the condition in Eq. 2.28.

1 ≤ ηctrl, ηstr, ηemb < 0.4 (2.28)

In the case of hydronic radiator is set as heater, ηemb has the value of 1.

2.7 Methods for integrating the heat losses

Recalling the example of the solar collector in Sec. 1.0, the variables involved for
assessing the thermal efficiency are measured each hour. Such variables are: the
solar radiation striking the panel surface, mass flow rate of the heating medium and
its supply and exit temperature into and from the collector. [81] have computed the
energies considering such variables as constant on the time based/time step. By
looking at the left-side of Fig. 2.10 it is possible to notice that the integration method
integrates the area beneath the step function.

[81] emphasised that the thermal efficiency was accounted for by a time based on
one hour assuming constant conditions over the same time step. The latter consid-
eration meant that the variable involved in the efficiency expression does not change
over the time step considered. In other words, it means that the variables could
change as a step function every hour. The thermal efficiency reduces to a ratio of
energies between the useful energy/heat gain and the incident solar energy. Such an
assumption, and the subsequent accounting for energies can be improved assuming
that the variables change as a linear function over the time based. The differences in
accounting for energies will be discussed later in Sec. 2.7
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Figure 2.10: Graphical comparison of integration methods

Typically, it is assumed that such variables (sun radiation, mass flow rate, etc.)
change linearly between the start and end point of the time step as shown on the
right-hand side of Fig 2.10. The trapezoidal rule provides an exact integration of
such linear functions. It is worth remembering that, in the case of linear functions,
the mid-point rule achieves an exact integration as the trapezoidal rule as mentioned
in [82].



3. Results

The results section presents the results of the step response test of the multilayer
wall, hydronic panel radiator and the hydronic floor heating. The efficiency factors
method was applied to the room control volume highlighting the correlation with the
sun’s radiation. Lastly, control strategies such as the loop control, linear, non-liner
and the adaptive heating curve impact on the efficiency factor for distribution of the
system.

33



34

3.0 Heat storage in the multilayer wall, results
for RQ 1

The multilayer wall is composed of three layers, brick, insulating layer and brick.
Such structure has been chosen because it represents a heavy-weight multilayer wall.
The thermal characteristics of each building material are listed in Table 3.1.

Table 3.1: Thermal characteristics of building materials of multilayer wall

Material th[m] k[W · m−1 · K−1] cp[J · kg−1 · K−1] ρ[kg · m−3] α[m2 · s−1]
Brick 0.13 0.6 1500 1000 4.0 ·10−7

Mineral wool 0.20 0.032 750 20 2.1 ·10−6

Fig.s 3.1(a), 3.1(b) and 3.1(c) show the temperature behaviour of each thermal
capacitance of the multilayer wall subjected to sinusoidal temperature excitation and
internal heat gains. In particular, Fig. 3.1(a) shows the behaviour of thermal capac-
itance in the outer brick layer, Fig. 3.1(b) for the insulation layer and Fig. 3.1(c)
for the inner brick layer. It is possible to observe that the temperature behaviour
of the outside brick layer adjacent to the outdoor environment follows the behaviour
of the outdoor temperature, see Paper VII. The decrement factor d1 in the outer
brick layer is 1.97◦C and the time lag ∆a1 is about 5 hours. The temperature in
the insulation layer in Fig. 3.1(b) has a decrement factor d2 of 3.41◦C and a time
lag of about 1 hour between the first and last capacitance. Similar values are also
determined in Asan studies in [6] [7].
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Figure 3.1: Temperature behaviour of wall heat capacitance

3.1 Convective heat, results for RQ 2
The results of the uncertainty analysis of the room parameters are reported for the
convective heat. The convective heat affects the behaviour of indoor temperature.
The convective heat is the thermal parameter which provides, with the outside tem-
perature, the highest variation of the room temperature. The convective heat gener-
ated by free heat gains such as lighting, occupancy, electrical appliances and sun is
deterministic in the period of low heat demand. A low heat demand occurs when the
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outside temperature is mild (between 10-5 ◦C); thus, the heat lost from the building
envelope is moderate. During winter, the convective heat is mainly generated by the
heat emitter.

In particular, Fig. 3.2 shows the variability of the convective heat against the
indoor temperature. The green spots represents the values of positive perturbation
of the convective heat (+1 %) and the blue spots are the values of convective heat
at negative perturbation (-1 %). It should be observed that the deviations between
green and blue spots increase at with the increase of the magnitude of convective
heat.
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Figure 3.2: Variability of convective heat

3.2 Heat storage in the hydronic panel radiator,
results for RQ 3

The performance of the transient model is compared in terms of heat emitted and exit
temperature with the steady state model developed in IDA ICE energy simulation
software as described in Paper II.

Fig. 3.3 shows the temperature distribution in the panel during the charging phase.
The panel radiator has been discretised along the x-axis by subdividing the panel into
8 elements of the same length. It should be observed, when the charging process starts,
only the capacitances close to the supply line begin the heat process [83]. Fig. 3.4
shows the heat emitted, stored and supplied to the panel radiator. It can be observed,
that the heat stored goes to zero when the heating phase is terminated.

Fig. 3.5 shows the temperature of the exiting flow, when the panel radiator is
modelled with the steady state and transient models. The red line represents the
Texit of the steady state model. The magenta line is the Texit of the steady state
model developed in IDA ICE software. It is possible to observe a discrepancy be-
tween the two exiting temperatures due to the different mechanisms of heat transfer
between the panel radiator and the indoor environment. The dashed blue lines repre-
sent the exit temperature when the hydronic radiator is modelled with the transient
approach according to N=1, 2, 4, 8 thermal capacitances. Dead and balancing time
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are computed numerically with Td of 6 minutes and 30 seconds and Tb of 9 minutes
and 30 seconds.

Fig. 3.6 shows the total heat emitted by the models. The dashed blue lines
represent the total heat emitted from the radiator modelled according to N=1, 2, 4, 8
thermal capacitances and the red line in steady state condition as previously. When
the radiator is modelled with 8 capacitance the heat emitted is lower at the beginning
of the charging phase in comparison with the other transient models. The grey area
is the amount of energy overestimated from the steady state model in comparison
with the transient model. This area is about 50 Wh.
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3.3 Validation of hydronic floor heating predic-
tions, results for RQ 4 and 5

The predictions of the hydronic floor heating were assessed by developing a booth
simulator. The booth simulator has the same dimensions and thermal characteristics
as the real one as mentioned in Sec. 2.5, see Paper III.

The uncertainty bands of the model predictions of the 1D model of hydronic
floor heating are shown in Figs. 3.7, 3.8, 3.9, 3.10. The parameters subjected to
a small perturbation are: thermal conductivity k, specific heat capacity cs, density
ρ and thickness of the concrete layer of the screed over the pipe loop, the average
temperature of the heating medium Tfld, the mass flow rate supplied ṁ and the
total heat transfer coefficient fluid-slab hfs. The outcomes of such perturbation are
calculated according to Eq. 2.20 and 2.21 and are depicted in Figs. 3.7, 3.8, 3.9, 3.10
with up and low triangle. The measurements are depicted with the cross sign.

The measurements, in the case of p = 0.15 m (p is the tube space) for Tf are within
the uncertainty bands only when Tfld is between 30-33◦C , while the measurements for
q̇up are outside the uncertainty bands. Instead, when p = 0.30 m, the measured data
are within the uncertainty bands for q̇up but not for Tf . This means that the model
does not provide reliable and robust results for the heat emitted upwards and the
temperature of the floor surface when p = 0.15 m. The model can compute reliable
and robust calculations exclusively for q̇up when p = 0.30 m.
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Figure 3.7: Total uncertainty bands of Tf when p = 0.15 m
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Figure 3.8: Total uncertainty bands of Tf when p = 0.30 m
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Figure 3.9: Total uncertainty bands of q̇up when p = 0.15 m
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Figure 3.10: Total uncertainty bands of q̇up when p = 0.30 m

3.4 Impact of thermal mass and location of con-
nection pipes of the efficiency factors, re-
sults for RQ 5

Results of such simulations are reported in Paper IV. The weight of the building
thermal mass impact on the efficiency factors of the space heating. Heavy-weight
thermal masses provide higher efficiency factors of 1 % in comparison with light-
weight thermal masses. Hydronic radiator with connection pipes located on the same
side enable higher efficiency factors (between 1 % and 2 %) than connection pipes
located on the opposite side.

3.5 Predictions of efficiency factors subjected
to different outdoor climates, results for RQ
6

Fig. 3.11 illustrates the correlation between the total efficiency factor, y-left axis and
the relative distance from north to south of five Swedish localities. The relative
distance has been calculated by means of the use of ellipsoidal coordinates. The y-
right axis presents the amount of heat gained from (direct + diffuse) solar radiation.
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Figure 3.11: Total efficiency factor against the relative distance among local-
ities computed with both methods

The total heat gained for Kiruna, Umeå and Stockholm seems to be correlated
with the total efficiency factors in Fig. 3.11. The efficiency factors decrease by 7
and 4 % (for the respective methods) from Kiruna to Umeå reporting an increase
of heat gained of 6 % between the localities. This is most likely due to the fewer
disturbances caused by the heat gained from the solar radiation which results in fewer
less indoor temperature oscillations in Kiruna. Kiruna has an indoor temperature
which is stable for a longer time than in Umeå and Stockholm. The latter fact is
reflected in an increase of the total efficiency factor. The total efficiency factor for
Stockholm is 41 and 88 %, 14/5 and 21/9 percentages points lower than Umeå and
Kiruna, respectively. The total efficiency factor is at 51 and 90 % and 54 - 90% for
Göteborg and Malmö although the two cities show a difference of heat gained from
solar radiation of about 6 %. From the latter figure, the efficiency factors do not have
a clear correlation with the geographic location of localities.

Fig. 3.12 describes the relationships between the total efficiency factor and the
amount of heat gained from solar radiation into the room control volume. The total
efficiency factor was computed with both methods by collecting data for 13 Swedish
localities. A linear regression model is applied to train the simulated data according
to the ordinary least square method. The linear regression calculates an equation that
minimises the sum of squared residuals. The model is linear because of the linearity
of the fitted curve coefficients. The model was tested by assessing the determination
coefficient R2 which provides a measure of how well the data are replicated by the
model’s predictions as stated in [84].

The locality with the highest efficiency is Abisko with 98 and 65 % and the lowest
is Stockholm with 88 and 42 %. It is possible to notice a difference in 10 and 23
percentage points of efficiency between Abisko and Stockholm, reporting a difference
in heat gained of 37 %. A first order polynomial function is chosen for predicting the
total efficiency factor. The latter choice is due to the fact that the efficiency changes
by 10 and 23 percentage points against 135 Wh of heat gained. The coefficient of x is
almost 0 as shown in Fig. 3.12. This means that the linear regression models proposed
are almost flat.
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Figure 3.12: Total efficiency factor against the heat gained from (direct +
diffuse) solar radiation into the room control volume computed with both meth-
ods

Fig. 3.13 shows the total efficiency factor against the (direct + diffuse) solar radi-
ation striking the horizontal surface of the same chosen Swedish localities computed
with both methods. The regression analysis provides models with coefficients of de-
termination of 84 % and 87 % measuring a better fit in comparison with the case
shown in Fig. 3.11 (74 % and 70 %). The computed regression models are:

y(x) = −2.0 · 10−04 x+ 1.16 (3.1)

y(x) = −7.0 · 10−04 x+ 1.16 (3.2)
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Figure 3.13: Total Efficiency factor against (direct + diffuse) solar radiation
striking horizontal surface computed with both methods

The same figure shows two additional functions, the dotted functions, which rep-
resent the efficiency curves that intercept the value of 1.
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3.6 Control strategies, results for RQ 7

Fig. 3.14 shows the linear and non-linear outdoor temperature compensation accord-
ing to the models explained in Eqs. 2.16, 2.17. It is possible to notice that the
non-linear outdoor temperature compensation is steeper when the outdoor tempera-
ture is mild (between 20-10◦C) and then it flattens in more severe conditions (between
10 and -20◦C). This is because the logarithmic mean temperature difference is rel-
atively smaller in mild conditions in comparison with severe conditions. Therefore,
the temperature of supply flow increases more than proportionally in mild conditions
in comparison with severe conditions.
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Figure 3.14: Linear and non-linear
heating curve
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Figure 3.15: Indoor temperature pro-
file

The heating curves depicted in Fig. 3.14 were applied in turn to understand the
differing performance of the floor heating thermodynamic variables. Fig. 3.15 de-
picts the results regarding the indoor temperature profile. The outdoor temperature
changed from -20 to -2◦C in 5 hours. It is possible to observe that the indoor temper-
ature computed with linear heating curve is below but still within the requirement
range (19.5 - 20.5◦C) in comparison with the indoor temperature calculated with the
non-linear heating curve. By using the linear heating curve the mass flow rate in-
creases by reaching its maximum admissible value of 0.02 kg · s−1 as shown in Fig 3.16.
Fig. 3.17 shows the temperature of the external wall heat capacitances against the
time. It should be observed that the outdoor layer is warmer than the two closest
inner layers from the 45th to the 65th hour.

Fig. 3.18 shows the observations of the outdoor temperature compensation of the
house, the data driven model and the predictions of the adaptive model described in
Eq. 2.18 and 2.19. On the y-axis the supply flow temperature to the floor heating,
Tsup, is plotted against the outdoor temperature, Tout. Fig. 3.19 illustrates the
comparison between direct and diffuse solar radiation computed with the models
in [79] and [66] for the 20 February 2013.
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predictions on the 20 Feb. 2013

Table 3.2 shows the efficiency of space heating when applying feedback, feedfor-
ward and feedback + feedforward control by switching in the latter two cases between
linear and non-linear heating curves. It should be observed that the total efficiency
of the space heating ηtot remains unchanged when applying different types of linear
heating curves; but, the efficiency of the distribution system, ηdist, provides higher
values (between 2-4 %) when applying non-linear heating curve in comparison with
the linear one. The case c) (feedback + feed forward control) enables the highest
efficiency among the cases studied; whereas, the lowest is the case b) (feedforward
control).
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Table 3.2: Efficiency factors of different control types and heating curves

Description ηtot ηdist

Case a) Feedback control of ṁsup P ∆T = 1◦C with Tsup = 35◦C 0.94 0.85
Feedback control of ṁsup P ∆T = 2◦C with Tsup = 35◦C 0.90 0.83

Case b) Feedforward with ṁsup constant with linear heating curve 0.84 0.79
Feedforward with ṁsup constant with non-linear heating curve 0.84 0.81

Case c) Feedback control of ṁsup with P ∆T = 1◦C + Feedforward linear heating curve 0.94 0.91
Feedback control of ṁsup with P ∆T = 1◦C + Feedforward non-linear heating curve 0.94 0.93
Feedback control of ṁsup with P ∆T = 2◦C + Feedforward linear heating curve 0.90 0.77
Feedback control of ṁsup with P ∆T = 2◦C + Feedforward non-linear heating curve 0.90 0.81



4. Discussion

The discussion analyses the results obtained by comparing them with results obtained
in other research.
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4.0 Discussion on the heat storage

The heat storage in multilayer walls plays a role in the delay and decrease of the heat
wave approaching from the outside and transferred through the walls, as shown in
Figs. 3.1(a),3.1(b),3.1(c). Such use of the building thermal mass can be addressed as
a passive thermal heat storage. The driving force for storing heat is the temperature
change over time. The use of this type of storage was presented by [85]. The author
presented a method of dimensioning the multilayer wall heated electrically. The
purpose of this technology was to load the wall cyclically (during off-peak periods),
by storing the heat and using it during electricity peaks price periods. This method
accounts for a sensible heat storage where the heat storage is proportional to the
gradient of temperature. Another passive heat storage is the use of the latent heat
by employing materials such as Phase Change Materials PCM (e.g. paraffin), as
mentioned in [86]. The authors wanted to enhanced the ability of the material to store
and release heat during different phase changes. The latter study gave an indication
for the location of a thin PCM layer in the external wall for its daily temperature
stabilisation.

Other types of storage occurs in the HVAC system of the building. The common
example is the tank where the heating medium is driven by a pump as mentioned
in [87]. The thesis treats the heat storage in the hydronic panel radiator as shown in
Figs. 3.3 3.4, 3.5 and 3.6. The research community, as explained in the Introduction
section, is divided over the use of two different approaches for modelling the radiator:
the steady state (as in [88]) and the transient/lumped modelling as in [89]. The
current thesis embraces the transient modelling (with multiple storage elements) for
two reasons. First, the transient modelling allows us to compute the heat storage in
the heater which is significant in light-weight constructions and glazed buildings in
comparison with heavy-weight buildings. The heat storage in the hydronic radiator
became even more significant when modelling a cast iron radiator, see Sec. 1.0.3.
Second, as mentioned in [12] and [90], the transient modelling allows us to identify
details such as the radiator performance (heat transfer fluid to metal and metal to
indoor environment) in dynamic conditions.

The last technology analysed is hydronic floor heating. The slab was modelled
with the capacity to store heat as in the multilayer wall. On this point, the whole
research community agrees in modelling the slab over the pipe loop with the tran-
sient approach as shown in [91]. An exception to this type of modelling, see [92], was
presented for floor heating heated by electricity. The embedded surface in Paper III
was modelled with the exclusion of the welded mesh which is positioned underneath
the pipe loop. The welded mesh conducts heat faster than the insulating layer. This
is because the welded mesh is made by steel which has a relatively higher thermal
conductivity in comparison with the insulation made by polystyrene. On the other
hand, the welded mesh is a physical grid and not a continuous layer; therefore, its
influence on the heat flux downwards may be considered negligible. A similar conclu-
sion was stated by [23] who found it difficult to give an estimate of the welded mesh
thermal effect due to the model’s complexities. The pipe loop was modelled with a
one-dimensional approach considering the flow in steady state condition. The model
presented, however, has the capability to account for the temperature drop along the
pipe circuit when dynamic conditions are set. The heat carried by the fluid does not
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have the capability to store heat. The same model of pipe loop was presented in [3]
that gave the name of quasi steady state model.

4.1 Discussion on the validation methodology
and accuracy of hydronic floor heating
model

The thermostatic booth is suitable for testing the performance of hydronic systems
such as radiators and floor heating. A detailed description of the thermostatic booth
can be found in [93], [94].

The accuracy of the 1D model of the hydronic floor heating may be improved by
choosing a detailed model of heat exchanged in long wave radiation between surfaces.
The radiation model adopted in the booth simulator applied the same heat transfer
coefficient by means of radiation on all room internal surfaces. hlwrad accounts for the
effect of the mean radiant temperature which is a weighted average temperature of
the room surfaces. The use of surface view factors would lead to a more detailed esti-
mation of the heat exchanged by long wave radiation and consequently an increasing
accuracy for estimating the floor surface temperature. Radiation models accounting
for view factors also named Net Radiation Exchange Models can be found in [58], [57]
and [95].

Another factor affecting the accuracy of the model outcomes is the use of the IDA
solver. IDA solves initial value problems when boundary and initial conditions are
defined by the user as stated in [96]. IDA order varies between one up to five using a
variable step size and backward differentiation method for integration. IDA has been
used to solve mechanical problems where the setting of max time step, absolute and
relative tolerance were, of 10−4, 10−5 and 10−6 respectively as shown in [97]. The
current paper sets the absolute tolerance at 2 · 10−2 with a maximum time step of 1.5
hours. By trying smaller values of tolerance and step size the accuracy of the solution
remains unchanged for the significant digits considered. Thereby, the solver itself can
achieve more accurate solutions that are imperceptible in solving the current model.

Figs. 3.7, 3.8, 3.9 and 3.10, show the total uncertainty bands for Tf and q̇up. The
uncertainty bands are narrow as previously shown by [98] which means that the mod-
elling of heat transfer processes in building components is relatively small sensitive
(for the majority of the cases) to small perturbations (±1%) of input data/parameters.

The validation process does not consider the uncertainties bands for the measure-
ments because errors in thermocouples, flow meter, etc. were not published in the
available experiment conducted by [74]. The validation methodology applies the Ex-
ternal, Local, Central Differential Sensitivity Analysis to input data/parameters ad-
dressed to the model. [98], [99] stated that, the Local Differential Sensitivity Analysis
enables similar results to global sensitivity analysis (Monte Carlo method) in which
all the input data/parameters vary at the same time. Thereby, it is reasonable to use
a Local Differential Sensitivity Analysis to tackle this problem.

The perturbations of ρ and c for the concrete layer of the slab above the pipe loop
do not provide any variation in the model outcomes. The multi-layer slab capable
of storing heat in its volume; but, the alterations of ρ and c do not provide any
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predictions’ variations. The main reason is to find how the tests are conducted. The
indoor temperature is kept constant throughout the tests. This requirement enables
us to reduce the transient model of multi-layer slab to a steady-state model. Steady
state models mean that the heat transfer process through the slab simply affected by
the slab thermal conductivity and its thickness. ρ and c affect the predictions when
a dynamic simulation is performed by changing the values of input data (Tfld and ṁ)
in time.

The analyses highlight that Tfld most affects the predictions. This parameter
has to be measured accurately to minimise discrepancies between measurements and
predictions. This also means that this parameter is important for controlling the
system.

As stated in Sec. 3.3 the model can compute reliable and robust calculations ex-
clusively for q̇up when p = 0.30 m. Either more sophisticated models of hydronic floor
heating have to be chosen for accurate estimation of its performance or a calibration
process is needed to match the experimental measurements. Most likely a 2D model
of the embedded surface can achieve better accuracy for evaluating these variables by
providing a temperature gradient of the floor surface.

4.2 Discussion on the efficiency factor methods
The common practice, presented in Sec. 2.6.1, to account for the efficiency of space
heating can be misleading. At first glance, a reader might think that this method cal-
culates the efficiency of the floor heating without encompassing the thermal behaviour
of the “room” above the floor. In reality, this method computes the efficiency of the
entire room control volume because both heat supplied and heat emitted upwards are
regulated by the control strategy.

The heat losses method, presented in Sec. 2.6.2, provides efficiency values for
ceiling, window and embedded surfaces close to 1 (higher than 0.99). This means
that the energy lost through those building components is almost the same for both
ideal and real cases. This fact is also confirmed by the Technical Standard EN 15316-
2-1, see [100], which does not list the efficiency factors for ceiling and window in
the case of hydronic floor heating being set. It is helpful to remind ourselves that
the efficiency factors of the space heating studied are mainly influenced by the type
of control used. ON/OFF control (case studied) allows the indoor temperature to
fluctuate providing a “peaks” profile; whereas, other types of control, such as P, PI,
etc., would flatten the indoor temperature profile providing higher efficiency factors.

Eq. 2.27 is an empirical equation that needs to be bounded as shown in Eq. 2.28.
Indeed, by replacing with ηctrl, ηstr and ηemb the value of 1, ηtot turns to be 1.
By replacing the value of 0, ηtot turns to be 0.25. The latter value is a non-sense;
therefore, the author decided to bound Eq. 2.27 according to values gained from the
experience.

The study computes efficiency factors based on ratio of energies for both meth-
ods proposed. Other studies, (see [101]), account for the efficiency of air curtain as
a ratio of heat transfer rates in steady state condition. The energies computed in
the current study are assessed with the BES software that encompasses the transient
response of the building at temperature and load variations throughout the simu-
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lations. Therefore, it is reasonable to conclude that the efficiency factors measure
the dynamic efficiency of the space heating. It might be worthwile to mention that
the BES models may have flaws, but since the study is comparative, it consists of
steady-state calculations vs dynamic calculations by using the same simulation tool.
Yet, we can keep in mind that IDA has a steady state model for windows (glazing
and frames) and thermal bridges lack thermal mass.

4.2.1 Efficiency factors affected by the outdoor climate
Both results, shown in Fig. 3.13, have a similar trend by reporting differences between
the curves in Eqs. 3.1 ,3.2 of about 30-45 % evaluated at the boundary points of their
validity range (710-1060 Whm−2). The difference is because the two methods measure
different efficiencies as addressed in Sec. 2.6. But, both methods are related because
they are applied to the same domain. Simply put, both methods measure different
efficiencies of the same space heating subjected to the same boundary conditions
and input values. The relationship between methods is further stressed by the fact
that both fitting functions present a negative angular coefficient of the slope. The
regression model in Eq. 3.2 presents the slope 3.5 times steeper than the curve in
Eq. 3.1. The most notable common trend between curves is that the efficiency of
space heating located in climates with lower solar radiation has a higher efficiency
factor than space heating located in climates with higher solar radiation. This is
because cold climates provide fewer disturbances to the room temperature due to a
smaller amount of heat gain (from solar radiation) entering the room control volume.
Fewer disturbances to the indoor temperature result in fewer operations of the return
valve for adjusting the mass flow rate supplied to the floor. Fewer valve operations
produces an increase of the efficiency factors. Similar considerations, “colder climates
increase the efficiency” were also confirmed by the recent studies in [102]. The latter
study stated that air curtains located in Fabrikas (Alaska) provide about 30 % higher
efficiency than the same air curtain located in Miami (Florida).

The fitting functions computed in Eqs. 3.1 and 3.2 present intercept values higher
than 1. Ideally, the intercept has to be 1 when the solar radiation (located on the
x-axis) has the value of 0. Such ideal functions are plotted with dotted lines in
Fig. 3.13. In principle, the angular coefficient of the slope can also change. The fact
that the intercepts of the regression model are higher than 1 can be attributed to the
disturbances on the heat losses caused by the wind, cloudiness factor and geographical
location.

A misinterpretation of the results shown in Fig. 3.13 is that the best place to
build buildings is in cold climates because it is possible to achieve higher efficien-
cies. This is the paradox in understanding how to interpret the efficiency factor.
The correct interpretation is that cold climates “effectively” use the energy input
into the system.The term “effectively” means that the percentage of useful energy
used in the space heating is higher in cold than in mild climates. But it also lies in
the nature of the definition. In more extreme (colder) climates, the buildings and
systems are operating in conditions that become more like steady-state since per-
turbations/disturbances have less influence. The major heat losses are due to the
transmission losses through the outdoor environment.

The second paradox in using the efficiency factor is to apply it as a unique bench-
mark value for designing the space heating of the entire country as done in [100]. It
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could be believed to have a threshold value of efficiency factor set equal for all loca-
tions considered. A single threshold value allows different configurations of the space
heating which depends on the amount of solar radiation. In practice, places located
with a low amount of solar radiation could have smaller thickness of insulation layer
located underneath the pipe loop or larger windows, than space heating located in
mild climates. This type of solution is in contrast with the basic principle of energy
use. In fact, the modification of the space heating set up as mentioned before would
bring an even higher energy demand for space heating located in colder climates.

4.2.2 Efficiency factors affected by the control strategies
Adding the temperature dependency of the thermal conductivity of building materials
in Eq. 2.16 does not provide significant variation in the behaviour of the heating
curve. [52] explained that the thermal conductivity depends on four factors: density,
moisture content, temperature and age. [53] made laboratory tests using a guarded
hot plate observing that the thermal conductivity of polystyrene specimens increased
linearly at the temperature increase with variations of about 5-8 % over a temperature
range of 33◦C. Adding such property in Eq. 2.16 makes an imperceptible variation
of the linear heating curve.

The heating curve slope presented in Fig. 3.14 depends on the building heat
losses and indoor temperature requirements. As stated in [68], the heating curve can
be tilted upward on the increase of the building heat losses or downward when they
decrease. The change of indoor temperature set point shifts the heating curve parallel
to itself up or down without changing its slope.

When the outdoor temperature rises during 5 hours of 18◦C, the system ad-
justs both temperature and mass flow rate supplied to the floor heating as shown in
Figs. 3.15, 3.16. From 45th to the 57th hour, the mass flow rate decreases by making
the indoor temperature decrease as shown in Fig. 3.15. As it is possible to observe
the temperature profile of the wall in Fig. 3.17 lies in a thermodynamic imbalance
due to the delay in the heating up of the closest inner layers and the outdoor one
respectively. The outdoor layer is hotter than the other two closest inner layers be-
tween the 45th and 65th hour. This is because the closest inner layers take longer
time to heat up due to their thermal inertia (their heat capacitance). Therefore, the
wall needs energy in order to reach a thermal equilibrium.

The advantage of the non-linear outdoor temperature compensation is that the
amount of mass flow rate never reached its maximum value of 0.02 kg · s−1 by keeping
the indoor temperature within the range requirement (19.5 - 20.5◦C). The drawback
of the linear heating curve is that although the indoor temperature requirement is
guaranteed within the acceptable range (it drops at the minimum value of 19.5◦C at
the 60th hour) it reaches its maximum value of mass flow rate. Overflow problems
were discussed in [103] who suggested the use of thermostat functions to ensure correct
operating conditions for flows temperature and mass flow rate.

It could be believed that the variation in outdoor temperature can be reversed,
which means that the outdoor temperature can pass from -2 to -20◦C. Such a variation
could cause overheating of the indoor space because the wall is still “relatively hot”
by gaining further heat from the heater. It could be believed that a convex heating
curve (rather than concave used in the current study) can be applied because the
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space heating needs less energy input. This case is avoided by the heating system
which, as extrema ratio, turns off the mass flow rate supplied.

The hybrid model predicts the direct and diffuse solar radiation on a horizontal
surface by comparing the predictions of the models developed in [79] and in [66]. The
discrepancies between model predictions (e.g. shown in 3.19) are in the order of 5-10
% for the irradiance intensity; but, such irradiance shows the same time schedule for
its appearance during the day.

The heating curve of the data driven model presented in Fig. 3.18 is affected by
uncertainties in the measurements because the sensor or recording the flow tempera-
ture located in the by-pass detects a flow not-fully mixed in that circuit point. The
adaptive algorithm applied to the heating curve causes the supply temperature to
change as a cloud of data (red dots) shifted from the base non-linear heating curve.
The predictions of the adaptive algorithm are plotted with blue dots. The latter
data is predominantly (96 % of the cases) plotted beneath the data driven model of
heating curve because the indoor temperature rarely (4 % of the cases) falls below
the lower threshold value (19.5◦C). Most likely another adaptive control strategy has
been used, e.g., the control of the valve lift as shown in [104]. It is worth remembering
that the adaptation parameter (in the current case ± 1◦C) has been chosen such that
it avoids system instabilities as mentioned in [72].

The application of the linear and non-linear heating curves presented in Fig. 3.14
yielded the same efficiency factor for the space heating ηtot. For the Case a) when
the feedback P control was set for ṁsup and constant temperature of supply flow
(Tsup = 35◦C), the efficiency factors were 94 and 90 % with ∆T = 1 and 2◦C of the
proportional band, respectively. The efficiencies of the distribution system were 85
and 83 %.

By setting the Case b), with constant ṁsup, the total efficiency factors of the
space heating were 84 % for both settings of heating curves. The efficiency factors
for distribution ηdist were 79 and 81 % with linear and non-linear heating curve set
respectively.

The Case c) controls both ṁsup and Tsup. For both linear and non-linear heating
curve the efficiency factors were 94 % and 90 % with ∆T = 1 and 2◦C of the propor-
tional band. The efficiency factors for distribution ηdist were 1-4 % higher by setting
non-linear heating curve in comparison with linear heating curve.

4.3 Remarks on efficiency factor methods

The thermal energy efficiency is often a misleading concept for several reasons. First,
sometimes the literature reports mistakes in accounting for the unit of measure of
energy quantities, see Sec. 1.0.5. Several authors, in their efficiency expression of
ratio of energies quantities, too often wrote it in the unit of Watt. For a reader who
is being introduced to this topic, the definition of efficiency as a ratio of energies
collides with its unit of measure. In fact, it would be reasonable for the reader to
see a chart where the thermal efficiency changes against the time, the case where the
efficiency is described with a ratio of heat transfer rates. Such a chart rarely shows
up in the papers consulted, therefore, unit of measure has to be coherent with the
definition of energy for a non-misleading understanding of this topic.
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Other misleading information about the efficiency of space heating was highlighted
when analysed in conjunction with the outdoor climate. The efficiency is not constant
but it is tightly related to the outdoor weather conditions (sun radiation) of the
locality analysed. Conversely, the control strategy of the distribution system does
not affect the efficiency of the space heating.

Lastly, the research community is divided about the usefulness of the energy
efficiency factors, see [105], [26]. In fact exergy factors are considered by the latter
author to provide the “true” measure of the efficiency of a system. Some contra-
examples were highlighted, about machines, where the efficiency factors provided
some distorted information about the efficiency of the system. The author of the
present thesis can simply replicate for now that “true” is a relative concept, things
that are true in a certain framework of rules became false in another framework of
rules depending on time, context, culture, space...; therefore, the word “true”, if not
carefully specified, leads to misleading and pointless discussion.



5. Conclusion

This thesis finds coherence and consistency in solving the lack of information about
the definition of the energy efficiency factor method applied to space heating. The
study analysed in detail the importance of the heat storage in the building thermal
mass and in the hydronic heaters. In particular, the investigations analyse how such
heat storage impacts on the efficiency factors of the space heating. The thesis answers
to the research questions listed in the Introduction section in the following way:

Answer to RQ 1

The outdoor temperature has a minor contribution in affecting the temperature
of the internal mass/active layer of a multilayer wall made by outer brick layer,
insulation layer and inner brick layer. Indeed the active layer is mostly influenced by
the internal heat gains from occupancy, electrical appliances and the solar radiation
entering from the window. The 20 cm thick insulation layer enables to delay the
heat wave of 1 hour and at the same time to damp the heat wave down of 3.41◦C.
The outer brick layer provides a time lag of about 5 hour with a decrement factor of
1.97◦C.

Answer to RQ 2

The room control volume developed in the paper stressed on the fact that the
convective heat gained is mainly emitted by the heater. The heat gains from electrical
appliances, sun, occupancy are deterministic during the periods of low heat demand
when the outdoor temperature is between 10-5◦C. In particular, uncertainty analysis
show that the deviations between positive and negative perturbations increase at the
increase of the convective heat gain.

Answer to RQ 3

The method to define the heat output and temperature exit from the hydronic
panel radiator is named as multiple storage elements. The radiator performs the
charging phase of each element one at a time in approximately 50 minutes. The heat
stored in the panel radiator goes to zero when the charging phase is over therefore, all
the heat supplied is emitted into the indoor environment. By increasing the number
of capacitance the exit temperature shows a delay in heating up.
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Answer to RQ 4.1

The charging test of the hydronic floor heating is performed in a thermostatic
booth. The thermostatic booth enables to control the inner surface temperature of
the booth in order to achieve a constant room temperature. Such experiment provides
the heat output outcome of the floor heating avoiding the disturbances of internal heat
gains and outdoor climate. The model developed reflects the experimental condition
in a controlled environment.

Answer to RQ 4.2

The method to understand whether the outcomes of the model are robust or not
is based on the uncertainty analysis of model input parameters and input values. The
1D model of hydronic floor heating is validated for the heat released upwards in the
room environment when the pipe loop has a space of 30 cm.

Answer to RQ 5

Heavy-weight building thermal mass provides more efficient thermal performance
of the space heating (1 %) in comparison with light-weight building thermal mass.
Hydronic panel radiator with connection pipes located on the same side enable higher
efficiency factors (between 1 and 2%) than connection pipes located on opposite side.

Answer to RQ 6

The outdoor climate impacts on the efficiency factors by providing different ef-
ficiency for each single locality considered. In particular, locality located in colder
climates (lower amount of solar radiation) enables to use “effectively” the heat sup-
plied to the space heating in comparison with localities located in mild climates
(higher amount of solar radiation). It is possible to predict the efficiency factors by
relating them with the amount of solar radiation striking on the horizontal surface
by applying linear regression models.

Answer to RQ 7

The total efficiency factor of the space heating, ηtot, remains unchanged at the
application of linear and non-linear heating curves (plus adaptive control). The total
efficiency factor of the space heating, ηtot, is higher when applying the feedback
control on ṁsup in comparison with the feed-forward control. The efficiency factors
for distribution, ηdist, are higher (between 2-4 %) when applying a non-linear heating
curve in comparison with linear heating curve.



6. Future research

The natural continuation of the present thesis would be the analysis of the efficiency
factors applied to other building construction typology e.g. multifamily dwellings,
different climates e.g. temperate Oceanic and Mediterranean climates and different
types of installation e.g. air convector. A second step of the research would be to
investigate other performance indicators for the space heating such as the exergy
factors discussed in Sec. 4.3. For example, see [106] and [107], the authors did not
investigate exergy factors for space heating, leaving a gap in the current research
framework. Other performance indicators can be under observation such as the tran-
sient energy ratio already introduced in Sec. 1.0.3. The latter parameter is simply
the reciprocal of the efficiency for the building thermal mass.
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Nomenclature

Symbols

Q Heat loss kWh
γ Parameter
ø Diameter m2

hconv Convective heat transfer coefficient
W ·m−2 ·K−1

q Heat flux W ·m−2

R Resistance m2 ·K ·W−1

x Thickness m
α Thermal diffusivity m2 · s−1

∆ Difference
ṁ Mass flow rate kg · s−1

Q̇ Heat transfer rate kW
ε Emissivity
η Efficiency factor
ρ Density kg ·m−3

σ Stefan Boltzmann constant
kg ·m−2 ·K−4

θ Time s
A Area m2

C Capacitance J ·K−1

c Specific heat capacity
J · kg−1 ·K−1

dθ Time step s
K Heat emission coefficient W ·K−1

nCap Number of capacitance
n Exponent “characteristic curve”

radiator
T Temperature K
U Thermal transmittance

W ·m−2 ·K−1

V Volume m3

Subscripts

cei Ceiling
win Window
fld Fluid
hd Heat demand
lwrad Long wave radiation
out Outside
air Air
ctrl Control
dist Distribution

emb Embedded
ind Indoor
inf Infiltration
ins Insulation
met Metal
MRT Mean radiant temperature
pl Pipe loop
set Set-point
str Stratification
surf Surface
tot Total
up Upwards
out Outdoor
sup Supply

Superscripts

v v-esima Iteration

Acronyms

PDE Partial Differential Equation
1D One Dimensional
BES Building Energy Simulation
FDM Finite Difference Method
HVAC Heating Ventilation Air Condi-

tioning
RQ Research Question
TM Thermal Mass
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havior of panel radiators - thermographic
investigation and computer modeling of
heat-up,” EPJ Web of Conferences,
vol. 25, pp. 306 – 319, 2012. doi: https:
//doi.org/10.1051/epjconf/20122502008.

[14] J. A. Myhren and S. Holmberg, “Design
considerations with ventilation-radiators:
Comparisons to traditional two-panel ra-
diators,” Energy and Buildings, vol. 41,
no. 1, pp. 92 – 100, 2009. doi: https://
doi.org/10.1016/j.enbuild.2008.07.014.

[15] D. P. Muniak, Radiators in Hydronic
Heating Installations. Springer: Ch. 3,
49–53, 2017. ISBN: 978-3-319-55242-2.

[16] C. Brembilla, “Modelling and simulation
of building components : thermal interac-
tion between multilayer wall and hydronic
radiator,” 2016. Department of Applied
Physics and Electronics, Umeå Univer-
sity, urn:nbn:se:umu:diva-121201.

[17] G. Comini and C. Nonino, “Thermal
analysis of floor heating panels,” Nu-
merical Heat Transfer, Part A: Appli-
cations, vol. 26, no. 5, pp. 537–550,
1994. doi: https://doi.org/10.1080/
10407789408956008.

[18] P. Kattan, K. Ghali, and M. Al-Hindi,
“Modeling of under-floor heating sys-
tems: A compromise between accuracy
and complexity,” HVAC&R Research,
vol. 18, no. 3, pp. 468–480, 2012. doi:
10.1080/10789669.2012.649881.

57

https://doi.org/10.1016/j.enganabound.2013.03.004
https://doi.org/10.1016/j.enganabound.2013.03.004
https://doi.org/10.1080/14733315.2006.11683731
https://doi.org/10.1080/14733315.2006.11683731
https://doi.org/10.1016/j.enbuild.2013.01.017
https://doi.org/10.1016/j.enbuild.2013.01.017
 https://doi.org/10.1016/j.apenergy.2017.04.024
 https://doi.org/10.1016/j.apenergy.2017.04.024
https://doi.org/10.1016/S0378-7788(98)00030-9
https://doi.org/10.1016/S0378-7788(98)00030-9
https://doi.org/10.1016/S0378-7788(98)00007-3
https://doi.org/10.1016/S0378-7788(98)00007-3
http://www.sciencedirect.com/science/article/pii/S1364032108001949
http://www.sciencedirect.com/science/article/pii/S1364032108001949
10.1109/PESGM.2012.6344950
10.1109/PESGM.2012.6344950
 https://doi.org/10.1016/j.enbuild.2013.05.023
 https://doi.org/10.1016/j.enbuild.2013.05.023
https://doi.org/10.1051/epjconf/20122502008
https://doi.org/10.1051/epjconf/20122502008
https://doi.org/10.1016/j.enbuild.2008.07.014
https://doi.org/10.1016/j.enbuild.2008.07.014
urn:nbn:se:umu:diva-121201
https://doi.org/10.1080/10407789408956008
https://doi.org/10.1080/10407789408956008
10.1080/10789669.2012.649881


58

[19] H. Karlsson, “Embedded Water-based
Surface Heating Part 1: Hybrid 3D
Numerical Model,” Journal of Build-
ing Physics, vol. 33, no. 4, pp. 357–
391, 2010. doi: https://doi.org/10.1177/
1744259109360151.

[20] A. Philippe, G. Bernard, L. Jean, L. Vin-
cent, and T. Ion Vladut, “From model
validation to production of reference sim-
ulations: how to increase reliability
and applicability of building and HVAC
simulation models,” Building Services
Engineering Research and Technology,
vol. 29, no. 1, pp. 61–72, 2008. doi: https:
//doi.org/10.1177/0143624407087329.

[21] S. Brideau, I. Beausoleil-Morrison,
M. Kummert, and A. Wills, “Inter-model
comparison of embedded-tube radiant
floor models in bps tools,” Journal
of Building Performance Simulation,
vol. 9, no. 2, pp. 190–209, 2016. doi:
https://doi.org/10.1080/19401493.2015.
1027065.

[22] L. Xing and J. D. Spitler, “Prediction
of undisturbed ground temperature using
analytical and numerical modeling. part
i: Model development and experimental
validation,” Science and Technology for
the Built Environment, vol. 23, no. 5,
pp. 787–808, 2017. doi: https://doi.org/
10.1080/23744731.2016.1258371.

[23] H. Karlsson, “Embedded water-based
surface heating part 2: experimen-
tal validation,” Journal of Building
Physics, vol. 34, no. 2, pp. 143–162,
2010. doi: https://doi.org/10.1177/
1744259109360153.

[24] C. Spitz, L. Mora, E. Wurtz, and
A. Jay, “Practical application of uncer-
tainty analysis and sensitivity analysis
on an experimental house,” Energy and
Buildings, vol. 55, pp. 459 – 470, 2012.
Cool Roofs, Cool Pavements, Cool Cities,
and Cool World.

[25] A. S. Silva and E. Ghisi, “Uncertainty
analysis of user behaviour and physi-
cal parameters in residential building
performance simulation,” Energy and
Buildings, vol. 76, pp. 381 – 391, 2014.
doi: http://www.sciencedirect.com/
science/article/pii/S0378778814001935.

[26] I. Dinçer and M. Rosen, Thermal energy
storage, System and applications. John
Wiley & Sons, Second Edition, Ch. 6,
237–238, 2010. ISBN: 978-0-470-74706-3.

[27] Y. Çengel and M. Boles, Termodynamics,
An Engineering Approach. Boston : Aca-
demic press, Ch. 7, 155–163, 2008. ISBN:
978-0471457275.

[28] G. N. Tiwari and S. Sinha, “Design of a
commercial solar hot water system,” In-
ternational Journal of Energy Research,
vol. 16, no. 4, pp. 285–300, 1992. doi:
https://doi.org/10.1002/er.4440160404.

[29] J. Deng, X. Yang, R. Ma, and Y. Xu,
“Study on the thermodynamic character-
istic matching property and limit design
principle of general flat plate solar air col-
lectors (FPSACs),” Building Simulation,
vol. 9, pp. 529–540, Oct 2016. doi: https:
//doi.org/10.1007/s12273-016-0288-1.

[30] A. Hachemi, “Theoretical and experimen-
tal study of efficiency factor, heat transfer
and thermal heat loss coefficients in solar
air collectors with selective and nonselec-
tive absorbers,” International Journal
of Energy Research, vol. 23, no. 8,
pp. 675–682, 1999. doi: https://doi.org/
10.1002/(SICI)1099-114X(19990625)23:
8<675::AID-ER505>3.0.CO;2-F.

[31] A. Labed, N. Moummi, A. Benchabane,
K. Aoues, and A. Moummi, “Performance
investigation of single- and double-pass
solar air heaters through the use of var-
ious fin geometries,” International Jour-
nal of Sustainable Energy, vol. 31, no. 6,
pp. 423–434, 2012. doi: https://doi.org/
10.1080/14786451.2011.590899.

[32] S. Goubran, D. Qi, and L. L. Wang,
“Assessing dynamic efficiency of air cur-
tain in reducing whole building annual en-
ergy usage,” Building Simulation, vol. 10,
pp. 497–507, Aug 2017. doi: https://doi.
org/10.1007/s12273-017-0349-0.

[33] Y. Abdullah and G. Ali, “Energy and ex-
ergy analyses of space heating in build-
ings,” Applied Energy, vol. 86, no. 10,
pp. 1939 – 1948, 2009. doi: https://doi.
org/10.1016/j.apenergy.2008.12.010.

[34] B. W. Olesen and M. de Carli, “Calcu-
lation of the yearly energy performance
of heating systems based on the euro-
pean building energy directive and related
CEN standards,” Energy and Buildings,
vol. 43, no. 5, pp. 1040 – 1050, 2011.
doi: https://doi.org/10.1016/j.enbuild.
2010.10.009.

[35] M. A. Rosen, “Clarifying thermodynamic
efficiencies and losses via exergy,” Exergy,
An International Journal, vol. 2, no. 1,
pp. 3 – 5, 2002. doi https://doi.org/10.
1016/S1164-0235(01)00054-1.

[36] M. Rosen and I. Dincer, “Exergy meth-
ods for assessing and comparing thermal
storage systems,” International Journal
of Energy Research, vol. 27, pp. 415–430,
3 2003. doi: https://doi.org/10.1002/er.
885.

[37] Y. Huang, S. Fenxian, D. Seo, and
M. Krarti, “Development of 3012 IWEC2
weather files for international loca-
tions (RP-1477),” ASHRAE Transac-
tions, vol. 120, no. 1, pp. 340 – 355, 2014.

[38] Q. Zhang, J. Huang, and S. Lang, “De-
velopment of typical year weather data
for Chinese locations,” ASHRAE Trans-
actions, vol. 108 PART 2, pp. 1063–1075,
2002.

 https://doi.org/10.1177/1744259109360151
 https://doi.org/10.1177/1744259109360151
https://doi.org/10.1177/0143624407087329
https://doi.org/10.1177/0143624407087329
 https://doi.org/10.1080/19401493.2015.1027065
 https://doi.org/10.1080/19401493.2015.1027065
 https://doi.org/10.1080/23744731.2016.1258371
 https://doi.org/10.1080/23744731.2016.1258371
https://doi.org/10.1177/1744259109360153
https://doi.org/10.1177/1744259109360153
 http://www.sciencedirect.com/science/article/pii/S0378778814001935
 http://www.sciencedirect.com/science/article/pii/S0378778814001935
 https://doi.org/10.1002/er.4440160404
https://doi.org/10.1007/s12273-016-0288-1
https://doi.org/10.1007/s12273-016-0288-1
https://doi.org/10.1002/(SICI)1099-114X(19990625)23:8<675::AID-ER505>3.0.CO;2-F
https://doi.org/10.1002/(SICI)1099-114X(19990625)23:8<675::AID-ER505>3.0.CO;2-F
https://doi.org/10.1002/(SICI)1099-114X(19990625)23:8<675::AID-ER505>3.0.CO;2-F
 https://doi.org/10.1080/14786451.2011.590899
 https://doi.org/10.1080/14786451.2011.590899
 https://doi.org/10.1007/s12273-017-0349-0
 https://doi.org/10.1007/s12273-017-0349-0
https://doi.org/10.1016/j.apenergy.2008.12.010
https://doi.org/10.1016/j.apenergy.2008.12.010
 https://doi.org/10.1016/j.enbuild.2010.10.009
 https://doi.org/10.1016/j.enbuild.2010.10.009
https://doi.org/10.1016/S1164-0235(01)00054-1
https://doi.org/10.1016/S1164-0235(01)00054-1
 https://doi.org/10.1002/er.885
 https://doi.org/10.1002/er.885


59

[39] F. Bre and V. D. Fachinotti, “Genera-
tion of typical meteorological years for
the Argentine Littoral Region,” Energy
and Buildings, vol. 129, pp. 432 – 444,
2016. doi : https://doi.org/10.1016/j.
enbuild.2016.08.006.

[40] M. Kottek, J. Grieser, C. Beck, B. Rudolf,
and F. Rubel, “World Map of the
Köppen-Geiger climate classification
updated,” Meteorologische Zeitschrift,
vol. 15, no. 3, pp. 259–263, 2006. doi:
10.1127/0941-2948/2006/0130.

[41] J. Shao, J. Liu, J. Zhao, W. Zhang, Z. Fu,
and Q. Zhu, “Field Measurement of the
Convective Heat Transfer Coefficient on
Vertical External Building Surfaces Using
Naphthalene Sublimation Method,” Jour-
nal of Building Physics, vol. 33, no. 4,
pp. 307–326, 2010. doi: https://doi.org/
10.1177/1744259109357585.

[42] D. Loveday and A. Taki, “Convective
heat transfer coefficients at a plane sur-
face on a full-scale building facade,” In-
ternational Journal of Heat and Mass
Transfer, vol. 39, no. 8, pp. 1729 – 1742,
1996. doi : https://doi.org/10.1016/
0017-9310(95)00268-5.

[43] M. Paulescu, E. Tulcan-Paulescu, and
N. Stefu, “A temperature-based model for
global solar irradiance and its application
to estimate daily irradiation values,” In-
ternational Journal of Energy Research,
vol. 35, pp. 520–529, 5 2011. doi: https:
//doi.org/10.1002/er.1709.

[44] M. G. Emmel, M. O. Abadie, and
N. Mendes, “New external convective
heat transfer coefficient correlations for
isolated low-rise buildings,” Energy and
Buildings, vol. 39, no. 3, pp. 335 – 342,
2007. doi: https://doi.org/10.1016/j.
enbuild.2006.08.001.

[45] T. Tereshchenko and N. Nord, “Imple-
mentation of CCPP for energy supply
of future building stock,” Applied En-
ergy, vol. 155, pp. 753 – 765, 2015. doi:
10.1016/j.apenergy.2015.06.021.

[46] A. R. Day, M. S. Ratcliffe, and K. Shep-
herd, Heating systems. Plant and con-
trol. Blackwell Science Ltd, 2003. ISBN :
0-632-05937-0.

[47] C. José A. and A. Andreas K., “Pre-
dictive control of radiant floor heating
and solar- source heat pump operation
in a solar house,” HVAC &R Research,
vol. 17, no. 3, pp. 235–256, 2011. doi:
10.1080/10789669.2011.568319.

[48] M. Adolph, N. Kopmann, B. Lupulescu,
and D. Müller, “Adaptive control strate-
gies for single room heating,” Energy and
Buildings, vol. 68, pp. 771 – 778, 2014.
doi: 10.1016/j.enbuild.2013.01.036.

[49] Y. Ma and M. Zaheeruddin, “Dynamic
modeling, adaptive control and energy
performance simulation of a hybrid hy-
dronic space heating system,” Build-
ing Services Engineering Research and

Technology, vol. 0, no. 0, 2018. doi:
10.1177/0143624417749454.

[50] M. Brand and S. Svendsen, “Renewable-
based low-temperature district heating
for existing buildings in various stages of
refurbishment,” Energy, vol. 62, pp. 311
– 319, 2013. doi: 10.1016/j.energy.2013.
09.027.

[51] F. P. Incropera, D. P. DeWitt, T. L.
Bergman, and A. S. Lavine, Introduction
to Heat Transfer. John Wiley & Sons,
Ch. 1, 2–19, 2007. ISBN: 0-12-236430-9.

[52] F. DomÃŋnguez-Muñoz, B. Anderson,
J. M. Cejudo-López, and A. Carrillo-
Andrés, “Uncertainty in the thermal con-
ductivity of insulation materials,” Energy
and Buildings, vol. 42, no. 11, pp. 2159 –
2168, 2010.

[53] M. Khoukhi and M. Tahat, “Effect of
Temperature and Density Variations on
Thermal Conductivity of Polystyrene In-
sulation Materials in Oman Climate,”
Journal of Engineering Physics and
Thermophysics, vol. 88, pp. 994–998, Jul
2015. doi: 10.1007/s10891-015-1275-6.

[54] A. Szekeres, “Cross-Coupled Heat and
Moisture Transport: Part 1 - Theory,”
Journal of Thermal Stresses, vol. 35,
no. 1-3, pp. 248–268, 2012.

[55] J. Akander, “Efficient modelling of energy
flow in building component,” Ph.D. dis-
sertation, Department of Building Sci-
ence, Stockholm, 1995.

[56] T. Defraeye, B. Blocken, and
J. Carmeliet, “Convective heat transfer
coefficients for exterior building sur-
faces: Existing correlations and CFD
modelling,” Energy Conversion and
Management, vol. 52, no. 1, pp. 512 –
522, 2011. doi: https://doi.org/10.1016/
j.enconman.2010.07.026.

[57] M.G.Davies, “An approximate expression
for room view factors,” Building and
Environment, vol. 19, no. 4, pp. 217–
219, 1984. doi: https://doi.org/10.1016/
0360-1323(84)90002-7.

[58] B. SERC, “An investigation into analyt-
ical and empirical validation techniques
for dynamic thermal models of buildings,”
Repor, 1988.

[59] G. Myers, Analytical Methods in Con-
duction Heat Transfer. New York:
McGraw-Hill ,1st ed., Ch. 8, 1971. ISBN:
9780070442153.

[60] A. Saba and U. A. Qurrat, “Newton
Raphson Method,” International Journal
of Scientific & Engineering Research,
vol. 6, no. 1, pp. 1748 – 1752, 2015.

[61] K. Autar and E. K. Egwu, Numeri-
cal methods with applications: Abridged.
http://www.autarkaw.com ,2nd ed., Ch.
8, 2011. ISBN: 9780578057651.

https://doi.org/10.1016/j.enbuild.2016.08.006
https://doi.org/10.1016/j.enbuild.2016.08.006
10.1127/0941-2948/2006/0130
 https://doi.org/10.1177/1744259109357585
 https://doi.org/10.1177/1744259109357585
https://doi.org/10.1016/0017-9310(95)00268-5
https://doi.org/10.1016/0017-9310(95)00268-5
 https://doi.org/10.1002/er.1709
 https://doi.org/10.1002/er.1709
https://doi.org/10.1016/j.enbuild.2006.08.001
https://doi.org/10.1016/j.enbuild.2006.08.001
10.1016/j.apenergy.2015.06.021
10.1080/10789669.2011.568319
10.1016/j.enbuild.2013.01.036
10.1177/0143624417749454
10.1016/j.energy.2013.09.027
10.1016/j.energy.2013.09.027
10.1007/s10891-015-1275-6
 https://doi.org/10.1016/j.enconman.2010.07.026
 https://doi.org/10.1016/j.enconman.2010.07.026
https://doi.org/10.1016/0360-1323(84)90002-7
https://doi.org/10.1016/0360-1323(84)90002-7


60

[62] H. Alan C., B. Peter N., G. Keith E.,
L. Steven L., S. Radu, S. Dan E., and
W. Carol S., SUNDIALS: Suite of Non-
linear and Differential/Algebraic Equa-
tion Solvers. Lawrence Livermore Na-
tional Laboratory, 2011.

[63] K. Antonopoulos and M. Vrachopou-
los, “Analytical solution of the inverse
unsteady wall heat conduction problem
and experimental application,” Inter-
national Journal of Energy Research,
vol. 20, no. 9, pp. 745–762, 1996.
doi: 10.1002/(SICI)1099-114X(199609)20:
9<745::AID-ER189>3.0.CO;2-Y.

[64] J. Pakanen, “Conduction of heat through
one- and multilayer slabs: A differential-
difference approach,” Numerical Heat
Transfer, Part B: Fundamentals, vol. 30,
no. 1, pp. 67–91, 1996.

[65] W. P. Jones, “Air conditioning engineer-
ing,” Butterworth Heinemann, pp. 144 –
201, 1982. ISBN: 978-0-7506-5074-8.

[66] T. Landelius, W. Josefsson, and T. Pers-
son, “A system for modelling solar ra-
diation parameters with mesoscale spa-
tial resolution,” Reports Meteorology and
Climatology, no. 96, May 2001.

[67] W. Kornaat and H. Peitsman, “The heat-
ing curve adjustment method,” Clima
2000 paper P343 topic 10 Software,
TNO Building and Construction Re-
search The Netherlands, 2000.

[68] K.-N. Rhee, C.-H. Jeong, S.-R. Ryu, M.-
S. Yeo, S. H-T., and K. K-W., “A strategy
to determinate a heating curve for out-
door temperature reset control of a radi-
ant floor heating system,” In proceeding
of Clima 2007 WellBeing Indoors, 2007.

[69] K. Huchtemann and D. Müller, “Sim-
ulation study on supply temperature
optimization in domestic heat pump
systems,” Building and Environment,
vol. 59, pp. 327 – 335, 2013. doi: https://
doi.org/10.1016/j.buildenv.2012.08.030.

[70] W. Stephan, “Radiator,” International
Energy Agancy-Annex 10, System Sim-
ulation. University of Stuttgart.

[71] B. Glüc, Wärmeübertragung- Wärmeab-
gabe von Raumheizflächen und Rohren,
In German, Heat transfer- thermal out-
put of room heating surfaces and pipes,
vol. 2nd Edition. Verlag für Bauwesen,
1990.

[72] A. Kraft, “Einsparpotenziale bei der
Energieversorgung von Wohngebä uden
durch Informationstechnologien, In Ger-
man, Potential Savings in the Energy
Supply of Residential Buildings through
Information Technology,” Ph.D thesis in
Energy Techniology, pp. 53 – 54, 2002.

[73] K. Huchtemann, Supply Temperature
Control Concepts in Heat Pump Heating
Systems. Ph.D. dissertation at RWTH
Aachen University, 2015.

[74] A. Sacchi, G. Saggese, S. Caon, and
S. Caruso, “Performance tests of floor
heating panels by means of a polyva-
lent calorimeter (in italian),” Condizion-
amento dellÂťaria riscaldamento refrig-
erazione, vol. 29, no. 5, pp. 829–836,
1985.

[75] A. Sacchi, G. Saggese, S. Caon, and
S. Caruso, “Experimental tests in the
polyvalent calorimeter of the Polytechnic
of Turin (in italian),” Rivista La Ter-
motecnica, no. 09, 1985.

[76] K. Lomas, “Dynamic thermal simulation
models of buildings: New method for
empirical validation,” Building Services
Engineering Research and Technology,
vol. 12, no. 1, pp. 25–37, 1991. doi:
10.1177/014362449101200101.

[77] G. Wallentin and A. Car, “A framework
for uncertainty assessment in simulation
models,” International Journal of Geo-
graphical Information Science, vol. 27,
no. 2, pp. 408–422, 2013. doi: 10.1080/
13658816.2012.715163.

[78] A. Macdonald, Quantifying the ef-
fects of uncertainty in building simu-
lation. Ph.D. Dissertation, Department
of Mechanical Engineering, University of
Strathclyde, 2002.

[79] C. Brembilla, C. Lacoursiere,
M. Soleimani-Mohseni, and T. Olofsson,
“Transient model of a panel radiator,”
In proceeding of the 14th Interna-
tional Conference of the International
Building Performance Simulation As-
sociation IBPSA, Hyderabad, India,
pp. 2749–2756, 2015. http://www.ibpsa.
org/proceedings/BS2015/p2784.pdf.

[80] P. Strachan, K. Svehla, I. Heusler, and
M. Kersken, “Whole model empirical val-
idation on a full-scale building,” Jour-
nal of Building Performance Simulation,
vol. 9, no. 4, pp. 331–350, 2016. doi:
10.1080/19401493.2015.1064480.

[81] J. Duffie and W. Beckman, Solar Engi-
neering of Thermal Processes. John Wi-
ley & Sons, Fourth Edition, Ch. 6, 78–79,
2013. ISBN:978-0-470-87366-3.

[82] L. Eldèn and L. Wittmeyer-Koch, Nu-
merical analysis, An introduction. Mc
Graw Hill, Sixth Edition, Ch. 2, 78–79,
1990. ISBN: 978-0-07-352921-9.

[83] C. Brembilla, M. Soleimani-Mohseni, and
T. Olofsson, “Investigations of thermal
parameters addressed to a building sim-
ulation model,” In proceeding of the 14th
International Conference of the Interna-
tional Building Performance Simulation
Association IBPSA, Hyderabad, India,
pp. 2741–2748, 2015. http://www.ibpsa.
org/proceedings/BS2015/p2774.pdf.

[84] K. Amasyali and N. M. El-Gohary, “A re-
view of data-driven building energy con-
sumption prediction studies,” Renewable
and Sustainable Energy Reviews, vol. 81,
pp. 1192 – 1205, 2018. doi: https://doi.
org/10.1016/j.rser.2017.04.095.

10.1002/(SICI)1099-114X(199609)20:9<745::AID-ER189>3.0.CO;2-Y
10.1002/(SICI)1099-114X(199609)20:9<745::AID-ER189>3.0.CO;2-Y
https://doi.org/10.1016/j.buildenv.2012.08.030
https://doi.org/10.1016/j.buildenv.2012.08.030
10.1177/014362449101200101
10.1080/13658816.2012.715163
10.1080/13658816.2012.715163
http://www.ibpsa.org/proceedings/BS2015/p2784.pdf
http://www.ibpsa.org/proceedings/BS2015/p2784.pdf
10.1080/19401493.2015.1064480
http://www.ibpsa.org/proceedings/BS2015/p2774.pdf
http://www.ibpsa.org/proceedings/BS2015/p2774.pdf
https://doi.org/10.1016/j.rser.2017.04.095
https://doi.org/10.1016/j.rser.2017.04.095


61

[85] H. Koczyk, “Selection of thermophysical
properties of heat storage wall,” Jour-
nal of Civil Engineering and Manage-
ment, vol. 8, no. 4, pp. 281–285, 2002.
doi: https://doi.org/10.1080/13923730.
2002.10531289.

[86] H. Dariusz and W. Anna, “Positioning
of an isothermal heat storage layer in a
building wall exposed to the external en-
vironment,” Journal of Building Perfor-
mance Simulation, vol. 9, no. 5, pp. 542–
554, 2016. doi: https://doi.org/10.1080/
19401493.2015.1126649.

[87] J. E. B. Nelson, A. R. Balakrishnan,
and S. Murthy S., “Transient analy-
sis of energy storage in a thermally
stratified water tank,” International
Journal of Energy Research, vol. 22,
no. 10, pp. 867–883. doi: https://doi.
org/10.1002/(SICI)1099-114X(199808)22:
10<867::AID-ER410>3.0.CO;2-L.

[88] A. Moftakhari, C. Aghanajafi, and
A. M. C. Ghazvin, “Inverse heat trans-
fer analysis of radiator central heating
systems inside residential buildings using
sensitivity analysis,” Inverse Problems in
Science and Engineering, vol. 25, no. 4,
pp. 580–607, 2017.

[89] B. Xu, L. Fu, and H. Di, “Dynamic sim-
ulation of space heating systems with ra-
diators controlled by trvs in buildings,”
Energy and Buildings, vol. 40, no. 9,
pp. 1755 – 1764, 2008. doi: https://doi.
org/10.1016/j.enbuild.2008.03.004.

[90] L. Hansem, “Stochastic modelling of cen-
tral heating system,” Ph.D. dissertation,
Lyngby, Denmark, 1997.

[91] D. Wang, Y. Liu, Y. Wang, and J. Liu,
“Numerical and experimental analysis
of floor heat storage and release during
an intermittent in-slab floor heating
process,” Applied Thermal Engineering,
vol. 62, no. 2, pp. 398 – 406, 2014. doi:
http://www.sciencedirect.com/science/
article/pii/S1359431113006625.

[92] L. Fontana, “Thermal performance of ra-
diant heating floors in furnished enclosed
spaces,” Applied Thermal Engineering,
vol. 31, no. 10, pp. 1547 – 1555, 2011. doi:
http://www.sciencedirect.com/science/
article/pii/S1359431110005302.

[93] EN442-2, “Radiators and convectors -
Part 2: Test methods and rating,” 2014.

[94] EN1264-2, “Water based surface embed-
ded heating and cooling systems- Part 2.
Floor heating: Prove methods for the de-
termination of the thermal output using
calculation and test methods,” 2008.

[95] H. Karlsson and C.-E. Hagentoft, “Mod-
elling of long wave radiation exchange in
enclosures with building integrated heat-
ing,” in proceedings of 7th Nordic Sym-
posium on Building Physics, Reykjavik,
Iceland, 2005.

[96] A. C. Hindmarsh, “SUNDIALS: Suite
of Nonlinear and Differential/Algebraic
Equation Solvers,” ACM Trans. Math.
Softw., vol. 31, pp. 363–396, Sept. 2005.
doi: 10.1145/1089014.1089020.

[97] P. D’Adamio, L. Marini, E. Meli, L. Pugi,
and A. Rindi, “Development of a dynam-
ical weigh in motion system for railway
applications,” Meccanica, vol. 51, no. 10,
pp. 2509–2533, 2016. doi: https://doi.
org/10.1007/s11012-016-0378-2.

[98] J. Clarke, P. Strachan, and C. Pernot,
“An approach to the calibration of build-
ing energy simulation models,” ASHRAE
Transactions, vol. 99, no. 2, pp. 917–927,
1993.

[99] K. J. Lomas and H. Eppel, “Sensitiv-
ity analysis techniques for building ther-
mal simulation programs,” Energy and
Buildings, vol. 19, no. 1, pp. 21 – 44,
1992. doi: http://dx.doi.org/10.1016/
0378-7788(92)90033-D.

[100] E. 15316-2-1, “Heating systems in build-
ings - Method for calculation of system
energy requirements and system efficien-
cies - Part 2-1,” 2007.

[101] J. Costa, L. Oliveira, and M. Silva,
“Energy savings by aerodynamic sealing
with a downward-blowing plane air cur-
tainâĂŤa numerical approach,” Energy
and Buildings, vol. 38, no. 10, pp. 1182
– 1193, 2006. doi: https://doi.org/10.
1016/j.enbuild.2006.02.003.

[102] S. Goubran, D. Qi, and L. L. Wang,
“Assessing dynamic efficiency of air cur-
tain in reducing whole building annual en-
ergy usage,” Building Simulation, pp. 1–
11, 2017. doi: https://doi.org/10.1007/
s12273-017-0349-0.

[103] O. Gudmundsson, J. Thorsen, and
M. Brand, “Building solutions for effi-
cient consumer interfaces,” Euroheat and
Power (English Edition), vol. 14, no. 1,
pp. 27–31, 2017.

[104] K. Huchtemann, R. Streblow, and
D. Müller, “Adaptive supply temperature
control for domestic heat generators,”
In proceeding of the 13th International
Conference of the International Build-
ing Performance Simulation Association
IBPSA, Chambéry, France,, pp. 1764–
1770, 2013.

[105] M. A. Rosen, “Clarifying thermodynamic
efficiencies and losses via exergy,” Exergy,
An International Journal, vol. 2, no. 1,
pp. 3 – 5, 2002. doi: https://doi.org/10.
1016/S1164-0235(01)00054-1.

[106] I. Dincer and M. Rosen, Exergy. Ex-
ergy, environment and sustanable de-
velopment. Elsevier, 2007. ISBN:
9780080445298.

[107] I. Dincer and M. Rosen, Exergy 2nd edi-
tion. Energy, environment and sustan-
able development. Elsevier, 2013. ISBN:
9780080970899.

https://doi.org/10.1080/13923730.2002.10531289
https://doi.org/10.1080/13923730.2002.10531289
 https://doi.org/10.1080/19401493.2015.1126649
 https://doi.org/10.1080/19401493.2015.1126649
https://doi.org/10.1002/(SICI)1099-114X(199808)22:10<867::AID-ER410>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1099-114X(199808)22:10<867::AID-ER410>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1099-114X(199808)22:10<867::AID-ER410>3.0.CO;2-L
https://doi.org/10.1016/j.enbuild.2008.03.004
https://doi.org/10.1016/j.enbuild.2008.03.004
http://www.sciencedirect.com/science/article/pii/S1359431113006625
http://www.sciencedirect.com/science/article/pii/S1359431113006625
http://www.sciencedirect.com/science/article/pii/S1359431110005302
http://www.sciencedirect.com/science/article/pii/S1359431110005302
10.1145/1089014.1089020
https://doi.org/10.1007/s11012-016-0378-2
https://doi.org/10.1007/s11012-016-0378-2
http://dx.doi.org/10.1016/0378-7788(92)90033-D
http://dx.doi.org/10.1016/0378-7788(92)90033-D
 https://doi.org/10.1016/j.enbuild.2006.02.003
 https://doi.org/10.1016/j.enbuild.2006.02.003
https://doi.org/10.1007/s12273-017-0349-0
https://doi.org/10.1007/s12273-017-0349-0
https://doi.org/10.1016/S1164-0235(01)00054-1
https://doi.org/10.1016/S1164-0235(01)00054-1

	Title
	Thesis reviewers
	Abstract
	List of papers
	Acknowledgements
	Preface
	Introduction
	Background
	Heat storage in a building thermal mass
	The role of convective heat 
	The heat storage in hydronic heaters
	Validation methodology
	The thermal energy efficiency: definitions 
	Thermal energy efficiency in space heating

	Scope of the thesis
	Aims of the thesis
	Road map
	First way to read the road map: a quick glimpse
	Second way to read the road map: follow the flow


	Methodology
	The room control volume
	Heat conduction
	Heat convection
	Heat radiation
	Mass transport

	Heat storage 
	Heat storage in building thermal mass 
	Heat storage in hydronic panel radiator 
	Heat storage in hydronic floor heating 

	Solver
	Synthetic weather file
	Control strategies of the heating medium 
	Validation methodology 
	Step response test of hydronic heaters 
	Validation method

	Energy efficiency factors: 
	The common practice method
	The heat losses method

	Methods for integrating the heat losses

	Results
	Heat storage in the multilayer wall, results for RQ 1
	Convective heat, results for RQ 2 
	Heat storage in the hydronic panel radiator, results for RQ 3 
	Validation of hydronic floor heating predictions, results for RQ 4 and 5
	Impact of thermal mass and location of connection pipes of the efficiency factors, results for RQ 5
	Predictions of efficiency factors subjected to different outdoor climates, results for RQ 6
	Control strategies, results for RQ 7 

	Discussion
	Discussion on the heat storage
	Discussion on the validation methodology and accuracy of hydronic floor heating model
	Discussion on the efficiency factor methods
	Efficiency factors affected by the outdoor climate 
	Efficiency factors affected by the control strategies

	Remarks on efficiency factor methods 

	Conclusion
	Future research
	Bibliography

