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The study optimizes supply water temperature in a Double Layered Thermally Activated Building
System (DLTS) using GRG algorithm, ensuring thermal comfort and energy efficiency./ Bu ¢alisma,
Cift Katmanl Isil Aktif Bina Sistemi’nde (DLTS) GRG algoritmasi ile besleme suyu sicakligini
optimize ederek 1s1l konfor ve enerji verimliligini saglamaktadir.
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Figure A: DLTS system configuration and simulation results / Sekil A: DLTS sisteminin
konfigiirasyonu ve simiilasyon sonuglar

Highlights (Onemli noktalar)

»  GRG optimization identified 26.66°C as the optimum supply water temperature. | GRG
optimizasyonu, optimum besleme suyu sicakligint 26.66°C olarak belirlemistir.

» PPD values remain below 12.14% for Class C comfort, meeting ASHRAE and 1SO
standards. / PPD degerleri, C sunifi konfor i¢in %12.14tin altinda kalarak ASHRAE ve
1SO standartlarini karsilamaktadir.

» DLTS operates with lower water temperatures than single-layer TABS, providing energy
savings./ DLTS, tek katmanli TABS a gore daha diisiik su sicakliklarinda ¢alisarak enerji
tasarrufu saglamaktadir.

Aim (Amag): This study aims to optimize supply water temperature in a Double Layered Thermally
Activated Building System (DLTS) to ensure maximum thermal comfort with minimum energy
consumption. / Bu ¢alisma, Cift Katmanli Termal Aktif Bina Sistemi’nde (DLTS) besleme suyu
sicakligimi  optimize ederek minimum enerji tiiketimiyle maksimum 151l konfor saglamayi
amacglamaktadir.

Originality (Ozgiinliik): This study presents a new Double Layer TABS (DLTS) configuration,
unlike traditional single-layer systems. The research improves thermal comfort and energy
efficiency by optimizing pipe layout and feedwater temperature. / Bu ¢alisma, geleneksel tek
katmanl sistemlerden farkli olarak yeni bir Cift Katmanli TABS (DLTS) konfigiirasyonu
sunmaktadir. Arastirma, boru yerlesimini ve besleme suyu sicakligini optimize ederek 1s1l konfor ve
enerji verimliligini artirmaktadur.

Results (Bulgular): DLTS provides significant energy savings and improved thermal comfort
compared to traditional single-layer TABS. / DLTS, geleneksel tek katmanli TABS a gore onemli
enerji tasarrufu ve artirilmig isil konfor saglamaktadir.

Conclusion (Sonug): DLTS provides significant energy savings and improved thermal comfort
compared to traditional single-layer TABS. It is applicable for both new buildings and retrofitting
projects, contributing to sustainable building practices. / DLTS, geleneksel tek katmanli TABS a
gore onemli enerji tasarrufu ve artirilmis 1sul konfor saglamaktadir. Hem yeni binalarda hem de
yenileme projelerinde uygulanabilir olup, siirdiiriilebilir bina uygulamalarina katki sunmaktadr.
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The adoption of low-temperature heating systems in buildings has become increasingly popular
to reduce energy consumption and enhance energy efficiency. In our previous study, a novel
hydronic radiant heating system integrating both Underfloor Heating and Thermally Activated
Building Systems (TABS) on the same floor was developed. The optimization process was based
on thermal comfort criteria defined in ASHRAE 55 and ISO 7730, using floor surface
temperatures obtained via FLUENT/ANSYS simulations. The Generalized Reduced Gradient
(GRG) algorithm was employed, with Predicted Mean Vote (PMV) and Predicted Percentage of
Dissatisfaction (PPD) indicators to assess thermal comfort. Present study aims to optimize the
supply water temperature for the "Double Layered Thermally Activated Building System"
(DLTS), ensuring thermal comfort and energy efficiency. Results indicated that for thermal
neutrality, the optimum supply water temperature was 26.66°C, and the optimum surface
temperature was 23.60°C. The DLTS system met the comfort criteria with PPD values below
12.14 for class C, demonstrating high user satisfaction. This research highlights the potential of
DLTS to improve both energy efficiency and thermal comfort in buildings, offering valuable
insights for future building system designs.
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1. INTRODUCTION (GiRris)

The primary aim of technological advancements
throughout history has been to provide people with

Binalarda diisiik sicaklikli 1sitma sistemlerinin benimsenmesi, enerji tiikketimini azaltmak ve
enerji verimliligini artirmak amaciyla giderek daha popiiler hale gelmistir. Onceki ¢alismamizda,
ayn1 katta hem Yerden Isitma hem de Termal Olarak Aktive Edilmis Bina Sistemlerini (TABS)
entegre eden yenilik¢i bir hidronik radyant 1sitma sistemi gelistirilmistir. Optimizasyon siireci,
ASHRAE 55 ve ISO 7730 standartlarinda tanimlanan termal konfor kriterlerine dayali ve zemin
yiizey sicakliklari FLUENT/ANSYS simiilasyonlar1 ile elde edilmistir. Termal konforun
degerlendirilmesinde Beklenen Ortalama Karar (PMV) ve Ongérillen Memnuniyetsizlik
Yiizdesi (PPD) gostergeleri kullanilmis ve Genel Azaltilmis Gradyan (GRG) algoritmasi
uygulanmigtir. Bu ¢aligmanin amaci, "Cift Katmanl Termal Aktif Bina Sistemi" (DLTS) i¢in
besleme suyu sicakligini, hem termal konforu hem de enerji verimliligini saglayacak sekilde
optimize etmektir. Sonuglar, termal denge i¢in optimum besleme suyu sicakliginin 26,66°C ve
optimum yiizey sicakliginin 23,60°C oldugunu goéstermistir. DLTS sistemi, sinif C i¢in PPD
degerlerini 12,14’iin altinda tutarak konfor kriterlerini karsilamig ve yiiksek kullanict
memnuniyeti saglamistir. Bu arastirma, DLTS nin binalarda hem enerji verimliligini hem de
termal konforu artirma potansiyelini vurgulamakta ve gelecekteki bina sistemi tasarimlari igin

degerli bilgiler sunmaktadir.

a more comfortable life. One of the most significant
types of comfort that directly affects the quality of
life and work efficiency is thermal comfort.
Therefore, determining whether an environment
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provides thermal comfort is of great importance.
Thermal comfort or discomfort criteria are
expressed by PMV (Predicted Mean Vote) and PPD
(Predicted Percentage of Dissatisfaction) values.
Maintaining high thermal comfort while reducing
energy consumption is crucial for environmental
sustainability and energy efficiency.

In this context, radiant cooling and heating systems,
which offer energy savings with higher thermal
comfort in comparison with conventional systems,
have been developed. In particular, underfloor
heating systems and thermally activated building
systems (TABS), which provide low energy
consumption and high thermal comfort, have
become prominent in many European countries.
TABS is an innovative system that provides heating
and cooling through pipes embedded in the walls or
floors of buildings. Additionally, low-temperature
heating and cooling systems have been reported to
significantly enhance building energy performance,
offering substantial potential for energy savings [1-
3].

Many control algorithms and strategies have been
developed to enhance the energy efficiency of these
systems and maintain thermal comfort. These
include methods such as keeping the supply water
temperature constant, adjusting it according to the
outdoor temperature, and flux modulation.
However, these control strategies have generally
been applied to single-layer TABS systems. Radiant
heating systems stand out in many European
countries in terms of low energy consumption and
high thermal comfort. Especially among these most
widely used floor heating systems and thermally
active building systems (TABS). TABS is a heating
and cooling system with pipes embedded in the
walls or floors of buildings.

Various studies and algorithms have been carried
out for the control of heating systems to ensure
lower energy consumption. These studies have been
theoretically analyzed through simulations or
experiments. Generally, the variables related to the
control of TABS are the supply water temperature,
volumetric flow rate, and operating time. Apart
from these, there are also outdoor temperature,
operating temperature, internal loads, and TABS
surface temperature. The regulation of supply water
temperature can be achieved through a number of
different methodologies. The first of these is to keep
the supply water temperature constant. In this
control system, the TABS is mostly operated at a
constant temperature (18/20/22°C) in summer
months to prevent condensation, while in winter it
is operated between 25°C and 30°C [4]. Olesen and

Liedelt [5] stated that in buildings with low heating
and low cooling loads, the temperature is set to
22°C, and the system will switch to heating when
the room temperature falls below this value, and
cooling when it exceeds this value. Thanks to this
simple control technique, the system is continuously
operated at a constant temperature without the need
for complex algorithms. The second control method
for supply water is to write the supply water
temperature as a function of the outdoor
temperature. According to the studies carried out by
Olesen and Dossi [6,7], if the supply water
temperature is given separately in summer and
winter as a function of the outdoor temperature, the
supply water temperature is calculated as 22°C in
summer and 25°C in winter. Controlling the supply
water temperature according to the outside
temperature provides low energy consumption and
acceptable indoor weather conditions. Another
control method is flux modulation control. Flux
modulation control is to heat or cool per unit area in
proportion to the temperature difference between
the room air and the floor surface temperatures [8-
10]. It has been observed that flux modulation
control responds more quickly to sudden changes in
internal loads than temperature modulation.

Simmonds [11] suggested controlling the supply
water temperature based on the surface temperature
of the ground. For underfloor cooling, controlling
the floor temperature with a constant supply water
temperature of 19-20 °C was suggested. However,
they did not evaluate thermal comfort and energy
use. Baumgartner and Brithwiler [12] developed a
3-pipe system (2 outlets and 1 return) via variable
supply water temperature for rooms with different
heating/cooling loads. In this system, for example,
in summer, frequently used rooms with medium
cooling loads can operate with lower supply water
temperature than empty rooms. The temperature
difference between the supply water pipes is
adjusted to 1-2 degrees. There is a valve to switch
between pipes. This system configuration takes into
account the different usage and comfort conditions
of offices but requires higher installation costs and
more complex control and operating algorithms.
Niple [13] proposed a low-energy non-residential
building using both the central and near-surface
TABS system. This TABS configuration works
with 3 pipes. One pipe feeds the pipes in the center,
while the other feeds the pipes near the surface. This
system also requires complex control and operating
algorithms. Another form of control is the average
water temperature control. The effect of controlling
average water temperature (difference between flow
and return) was found to be lower in terms of
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comfort and auxiliary energy use compared to
supply water temperature control [14].

Another approach to controlling the TABS is to
adjust the volume flow rate as a function of room
temperature. This control system has on-off
controls. It is one of the most straightforward and
commonly used control strategies of TABS. Zaheer-
uddin et al. [15] proposed a multi-step on-off
control. Here, a 3-way valve adjusts the supply
water temperature of the system. The volumetric
flow rate is adjusted to 100%, 50%, or 0% based on
the room temperature. The bypass is used to
increase the supply water temperature in summer
and decrease it in winter. The overall volume flow
rate stays constant. This can offer an economic
advantage for TABS, but it does not reduce the
power consumption or the operating time of the
pumps. TABS's working time is another control
method. Continuous operation of the TABS in
heating or cooling mode increases the additional
energy usage, although it gives better results in
thermal comfort compared to on-off control.
According to the study of Athienitis and Charron
[16], in the temperature difference between the
setpoint and the actual room temperature, the
heating energy proportional control has increased
the working time compared to the traditional on-off
control. On-off control leads to the system being
activated frequently and the room temperature
fluctuating. Totdli et al. [17] proposed an integral
approach for controlling TABS. A dynamic thermal
chamber model was used to assess the impact of
internal loads and solar gains on the heating and
cooling load. The control input parameters include
outdoor air temperature, supply water temperature,
and room temperature. The main control algorithm
is to determine the supply water temperature as a
function of the 24-hour average outdoor
temperature and room temperature. Based on the
heating and cooling curves, the supply water
temperature is adjusted to meet the load demand.
Gwerder et al. [18] proposed the pulse width
modulation (PWM) approach to control TABS. In
this intermittent model of operation, PWM operates
the zone pump intermittently to provide the most
efficient control. In the study, two separate PWM
solutions were compared and it was concluded that
both were sufficient for TABS control. Sourbron
and Helsen [19] investigated a model-based
predictive controller (MPC) to control TABS and
Air Handling Unit (AHU) using MATLAB and
TRNSYS to provide thermal comfort with
minimum energy consumption. The results revealed
that MPC improved energy consumption and
thermal comfort compared to traditional control
methods. Schmelas et al. [20] proposed a self-

learning predictive method based on multiple linear
regression (MLR) using MATLAB and TRNSYS
for TABS control. The proposed method was
compared with traditional control methods. The
results showed that thermal comfort was improved
according to PMV-PPD requirements and there was
no need for parameterization of cooling-heating
curves. Qu et al. [21] investigated three different
methods for the control of TABS in Beijing. As the
basic control method, they examined the supply
water temperature depending on the outside air
temperature. Another control method is the pre-
cooling control during the weekend night hours. The
third control method is the optimum control of the
supply water temperature. The three control
methods were compared in terms of thermal
comfort (according to PMV-PPD requirements) and
energy consumption. As a result, it was understood
that the discomfort of the basic control was high.
For this reason, the other two control methods were
used together to optimize the supply water
temperature. In this way, thermal comfort was
improved and energy consumption was reduced by
35%. Michalak [22] conducted measurements for 4
months in an office building in Poland equipped
with a thermal active building system to
determine PMV, PPD, surface temperature,
and vertical temperature distribution. The analysis
showed that  the TABS system provides
good thermal comfort. The measurements revealed
that the average surface temperature ranged from
20.6°C to 26.2°C, theaverage vertical air
temperature ranged from 22.5°C to 23.1°C, and
the PMV value ranged from 0.52 to 1.50. Stoffel et
al. [23] conducted a detailed comparison of the most
commonly used advanced building control methods
in a single-zone office model (based on ASHRAE
140 and 900) where heating and cooling needs are
met by an air handling unit and a thermal active
building system. They compared a
traditional reinforcement learning-based controller
method  with  advanced model predictive
control (MPC) methods (white-box, adaptive gray-
box, adaptive black-box andapproximate white-
box). They evaluated the results based on annual
energy consumption and discomfort. The
traditional method is faster in terms of calculation
time, but performs worse. The adaptive black-
box MPC has demonstrated the best performance
among the advanced methods. It shown a
performance that is 4.9-8.4% better than others in
terms of energy saving, and 7.8-83.8% better in
terms of discomfort. Liu et al. [24] simulated a
residential building with low energy consumption
using a heat pump and TABS, using a software
program. They developed an EMPC (Economic
Model Predictive Control) method to reduce costs
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and energy consumption and compared it to the
RBC (Rule-based control) method. The analysis
showed that EMPC has lower energy costs
compared to RBC. It was also observed that EMPC
control can provide optimal heating without
compromising thermal comfort and significantly
reduces energy consumption at peak load.

All the control methods mentioned to increase
thermal comfort are suggested for standard single-
layer TABS systems. In standard TABS systems,
the control of the supply water temperature is seen
to be the simplest and most effective method. Even
precise control methods such as MPC proceed by
taking this control as the ultimate control parameter
for their method.

The novelty of this study is to optimise the thermal
analysis results of a double-layer TABS system
(DLTS) in terms of thermal comfort, a topic that is
not covered in the existing literature. In this context,
optimizing the supply water temperatures based on
surface temperature has allowed the determination
of the limit values for comfort classes A, B, and C
according to ASHRAE and ISO 7730 standards.
This study highlights the advantages of DLTS
systems in terms of energy efficiency and thermal
comfort, providing valuable insights for future
building system designs.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

2.1. Terminology and Comfort Conditions
(Terminoloji ve Konfor Kosullart)

According to ASHRAE and 1SO 7730 standards,
the general thermal comfort model has two main
indicators. These are the predicted percentage of
dissatisfied (PPD) and predicted percentage of
mean vote (PMV) indicators. PPD is the percentage
of discontent in the indoor environment, and PMV
is the average comfort value in the environment.
PMV is a measure of how people perceive the
environment thermally, and on the scale, +3
indicates that it is very hot, 0 is neutral and -3
indicates that it is very cold. PPD value is the
measure of how dissatisfied people are with the
environment as a percentage of people sharing an
environment using the PMV value. The PMV value
varies between -3 and +3 values, while the PPD
indicator varies between 0-100 values.

The relationship between PMV and PPD is shown
in Figure 1. When this figure is examined, the
situation where the PMV value approaches zero and
the PPD value is at 5% indicates the most ideal
ambient condition.

PPD=100 - 95 exp(-0.3353PMV*-0.1279PMV?)

100

90

80

PPD [%]

gl
o
\Hl\\\l\\\l\Hl\\\l\Hl\\\l\\\l\\\l\\\l

\\90

Figure 1. Relationship between PPD and PMV (PPD ve PMV arasindaki iliski)

The general thermal comfort model, as per the ISO
7730 and ASHRAE 55 standards, includes three
comfort classes: A, B, and C. According to these
comfort classes, A class is limited to <6 PPD, B

class <10 PPD, and C class <15 PPD. Value ranges
of PPD and PMV indicators according to comfort
classes are shown in Table-1.
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Table 1. Thermal comfort classes based on 1ISO 7730 and ASHRAE 55 standards [25,26] (1SO 7730 ve
ASHRAE 55 standartlarma dayali termal konfor siniflarr)

Comfort Class PPD Indicator (Percentage of PMV Indicator (Comfort = thermal
Dissatisfaction)% sensitivity)
<6 -0.2<PMV <0.2
B <10 -0.5<PMV <0.5
<15 -0.7<PMV < 0.7

3. DOUBLE LAYERED THERMALLY

ACTIVATED BUILDING SYSTEMS (DLTS)
(CIFT KATMANLI TERMAL AKTIF BINA SISTEMLERI
(DLTS))

3.1. Modeling and numerical results of DLTS
(DLTS'min Modellenmesi ve Sayisal Sonuglar1)

A new design has been developed for hydronic
radiant heating systems [27]. This newly developed
design is a double-layer thermal active building
system (DLTS), shown in Figure 2, created by
combining underfloor heating and TABS system.
Three-dimensional thermal analyzes of this system
according to different positions of the pipes and
supply water temperatures were made numerically
with the FLUENT/ANSYS program [28]. As the
pipe material, Pe-Xa pipe, which is 17x2.0 mm in
size and which is mostly used in underfloor heating,
was chosen. It has been assumed that the pipes were
laid in snail type with 0.15 m between them.

Numerical analysis was conducted in steady-state
conditions by means of the SIMPLE algorithm and
standard k-€ turbulence model. Boundary
conditions included fixed ambient temperatures and
specified thermal properties for the surfaces. The
following boundary conditions and assumptions
were considered:

qt (W/m2)

Underfloor —p=2o5-@-
Heating
concrete
TABS + & @ 3 ®
gb (W/m2)
(a)

e Top surface heat transfer coefficient is 10

W/m2K.

e Bottom surface heat transfer coefficient is 6
W/m2K.

e |t is assumed that the side surfaces are
insulated.

e It is assumed that thermal conductivity,
viscosity, flow density, and the specific
heat coefficient remain constant and do not
vary with temperature.

e The ambient temperature is 20°C on both
the top and bottom surfaces.

The heat fluxes and temperature distributions on the
top and bottom ambient surfaces for supply water
temperatures (30/35/40°C) were studied for each
pipe location as described in the DLTS. The pipe
materials, positions, and the spacing between pipes
were also defined according to typical
configurations used in underfloor heating systems.
And also analysis is performed with the program to
determine the correct pipe position on the Y-axis.
For these analyses, three positions were selected on
the vertical Y-axis, shown in Figure 3, in the DLTS
system, 0.001 m, 0.050 m and 0.100 m,
respectively.

(b)

Figure 2. (a) Floor section and (b) isometric numerical view of considered DLTS system [27] ((a) Dikkate
alinan DLTS sisteminin zemin kesiti ve (b) izometrik sayisal goriiniimii)
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gt (W/m2)
Flooring —BEEGooaGsosanasunsosacd —+—0.010m
32855 52550cSCreedssodo8e8o32sl L 0.062m
Underfloor Heating —25252o @35 2¢@ 353 @325 @02530| | '
Insulation — Q8K SEA 1 0.020m
S

concrete Qggv e—0.100 m

TABS positon-3——@ @ @ @& — 0.050
TABS positon-2 —+—@ @ — e w
TABSpositon-1 —— @ @® @ @ _—0.050m

db (W/m2)

Figure 3. DLTS system’s pipe positions 1,2 and 3 (DLTS sisteminin 1, 2 ve 3 numarali boru konumlar1)

According to the results of analyses, the situation
where the pipe is positioned 0.05 m on the vertical
axis is the best position in terms of thermal
efficiency. Numerical analyses were performed
under steady state conditions. Also, SIMPLE
algorithm and standard k-e turbulence model were

used in these analyses. Heat fluxes and temperature

distributions of the surfaces were investigated at
various supply water temperatures (30/35/40°C) for
every pipe location, respectively as shown in Table
2.

Table 2. Fluxes and average surface temperatures for every pipe location of TABS at supply water
temperatures (30/35/40°C) (Besleme suyu sicakliklarinda (30/35/40°C) TABS’in her boru konumu igin akilar ve ortalama

yiizey sicakliklar)

Position-1 Position-2 Position-3

(y:0.001 m) (y:0.005 m) (y:0.01 m)

Tinlet (OC) Tinlet (OC) Tinlet (OC)

30 | 35 | 40 | 30 | 35 | 40 | 30 | 35 | 40

Tre Average Top surface heat | o) 5 | 773 | 1031 | 522 | 78.4 | 1045 | 52.1 | 77.7 | 1035
flux (W/m?)
Ts Average Top surface 253 | 280 | 30.71 | 25.4 | 28.1 | 30.86 | 25.4 | 28.1 | 30.75
temperature (°C)

In accordance with the EN 1264 standard [29], the
maximum surface temperature in the footprint zone
is 29°C. From the data in Table 2, it was concluded
that a supply water temperature of 40°C is not
appropriate for heating, as the average surface
temperature surpasses 29°C in all three pipe
positions.

Average temperature contours and distributions on
the top surface for three different pipe locations (1,2
and 3) at supply water temperature of 40 °C are
shown in Figures 4-5. The average temperatures
show similar distributions and are above the
temperature limit of 29 °C in all three locations.
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Figure 4. Temperature contours on the top surface for a supply water temperature of 40 °C for three pipe
positions (a) 1, (b) 2 and (C) 3 (Ug boru konumu (a) 1, (b) 2 ve (c) 3 i¢in 40 °C'lik bir besleme suyu sicaklig igin iist
yiizeydeki sicaklik konturlar1)
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Figure 5. Temperature distributions on the top surface for a supply water temperature of 40 °C for three

pipe positions (a) 1, (b) 2 and (C) 3 (Ug boru konumu (a) 1, (b) 2 ve (c) 3 igin 40 °C'lik bir besleme suyu sicaklig1 icin iist
yiizeydeki sicaklik dagilimlart)
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Figure 6 shows the optimal pipe positions along the
vertical y-axis for different supply water
temperatures. The positions giving the maximum
heat flux at 40 degrees and 35 degrees supply water
temperatures are 0.052 and 0.053 meters,
respectively. The pipe position giving the maximum

(@)

10470 ¢
104,40 F
104,10
103.80 F
103,50 F
103,20 F

Average Top Surface Heat Flux
(W/m2)

102,90

0 0,01 0,02 0,03 0,04 0,050,06 0,07 0,08 0,09 0,1

Tabs pipe distance on vertical y-axis (m)

= 5200 F

5170 F

Average Top Surface Heat Flux
(W/m2)

5140 L

5230 p==———————

heat flux at 30 degrees supply water temperature is
0.06 meters. Since we want to obtain the maximum
heat flux from the reference surface, the positions
giving these heat fluxes are accepted as the optimum
pipe positions.

(W/m2)
N
o
[=)

Average Top Surface Heat Flux

(LT T TR P PR PR R B T T S |
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Tabs pipe distance on vertical y-axis (m)

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 0,1

Tabs pipe distance on vertical y-axis (m)

Figure 6. Optimum positions of tabs pipes at different supply temperatures (a) 40°C, (b) 35°C and (c)
30°C (Farkl besleme sicakliklarinda sekmeli borularin optimum konumlari (a) 40°C, (b) 35°C ve (c) 30°C)

Considering the fact that the pipe positions are very
close to each other and the difficulty of making
precise adjustments in practice, the optimum pipe
position was accepted as an average value of 0.05
meters. In this study, this position of the pipe was
taken into consideration and the change of the
surface temperature according to the supply water
temperature was optimized to provide the best
thermal comfort and reduce energy consumption.

3.2. Optimization model and solutions in DLTS
(DLTS'de optimizasyon modeli ve ¢dziimleri)

Nonlinear constrained optimization was used as an
optimization model in determining the supply water
temperature depending on the surface temperature.
For the solution, the generalized reduced gradient
(GRG) algorithm is used. The GRG algorithm is
widely used in engineering for optimization
problems and provides reliable results in nonlinear
constrained optimization [30-31]. It has proven
effective, especially in complex, nonlinear
problems where multiple variables require
optimization. In this study, the GRG algorithm was

chosen to optimize the supply water temperature
based on surface temperatures, as this algorithm
provides both precise results and a practical solution
for engineering applications.

The step-by-step optimization procedure using the
GRG algorithm is illustrated in Figure 7. This
flowchart summarizes the iterative process applied
in determining the optimal supply water
temperature, based on surface temperature and
thermal comfort constraints. The diagram shows
that the PPD-based and supply temperature-based
objective functions were solved under relevant
comfort class limitations to achieve energy-efficient
thermal comfort.

The main idea in the GRG algorithm is to solve the
constrained problem by making it unconstrained
using the displacement method [32]. In the GRG
method, Newton or conjugate gradient method is
used to determine the search direction. Also, a
Hessian matrix should be used to store data [31].
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Surface temperature (75) data obtained
using ANSYS/FLUENT

v

Objective Functions are Defined:
1st Function: PPD = f(Ts)
2nd Function: Tsp = 1.839%-16.748

¥

Constraints are Set:
PPD < 6/10/15 (Class A/B/C)
21°C < Ts =£29°C (According to

EN 1264)
¥

GRG Algorithm is Initiated
¥

Initial 75 value is selected

Are all
constraints
atisfied?2

Search direction
determined
(Newton/Conjugate
Gradient) and
recalculated

Yes

Optimal Ts and Tsp are determined

Optimal results recorded for Class A/B/C

End

Figure 7. GRG optimization flowchart for supply water temperature (Besleme suyu sicakligr igin GRG
optimizasyon akis semasi)

This study aims to find the optimum values of the
supply water temperature for A, B, and C comfort
classes according to the specified constraints. For
this purpose, two objective functions were used for
the solution. To determine the optimum values, non-
linear optimization is made with MATLAB and
EXCEL Solver by writing objective functions and
restrictive parameters.

First objective function is a function of PPD given
in Equation 1 depending on the surface temperature
(Ts) [33].

PPD(T,) = 100 — 94 - o (—1.387+0.118'T5—0.0025-T5?)
€y

The limiting parameters in this function are
determined according to the comfort classes in

Table-1. Namely: PPD <6 for Class A, PPD <10 for
Class B, and PPD <15 for Class C. Also, another
limiting parameter is Ts, and PPD is a sign constraint
as it cannot be negative. If Ts > 0 and PPD > 0 it is
defined as.

Second objective function supply water temperature
(Tsp) is a function that depends on the surface
temperature. For the DLTS system designed with
the FLUENT/ANSYS program, this function is
curved to the change values of the surface
temperature and the supply water temperature
(Figure 8). Establishing a objective function for
supply water. The supply water temperature was
drawn from the parametric equation obtained
without fitting the curve in terms of curve fitting,
and it was obtained as in Equation 2 depending on
the surface temperature. This equation obtained is
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defined as the second objective function in this
study.

Tsp (Ts) =1.839 . Ts — 16.748 2
The limiting parameter for this second objective
function is the maximum value of the surface
temperature according to thermal comfort
conditions. The limits of maximum surface

temperatures according to EN 1264-2 are given in
Table 3 [29]. Accordingly, the maximum surface
temperature at the first zone, which is the footed
zone, is 29°C. Hence the first limiting parameter
will be Ts <29 [29]. The second constraint is that
the room temperature should be 20°C, so the surface
temperature should exceed this temperature.
Therefore, the second limiting parameter is Ts >21
determined as.

— Numerical results [18]

35

Top surface temperature (T,) [°C]

i Curve fitting [T _=0.5438T+9.107]

25 30

35 40 45

Supply water temperature (T,) [°C]

Figure 8. Change of surface temperature depending on the supply water temperature (Besleme suyu
sicakligina bagl olarak yiizey sicakligimin degisimi)

Table 3. Maximum surface temperatures according to EN 1264-20 [29] (EN 1264-20'ye gére maksimum yiizey

sicakliklart)
Regions Maximum Surface Temperature [°C]
TYPE-1. ZONE Footed areas 29
TYPE-2. REGION Wet areas (Bathroom-WC etc.) 33
TYPE-3. ZONE Non-footed edge areas 35

4. RESULTS AND DISCUSSION (BULGULAR
VE TARTISMA)

PPD is equal to 5.49% in case PMV value is zero
which is ideal and representing thermal neutrality.
Surface temperature and supply water temperatures
corresponding to these values are calculated from
Equations 1 and 2 and the results are shown in Table

4. For the system designed in this study for the most
ideal ambient conditions, the surface temperature is
23.6°C, while the supply water temperature is
26.66°C.

Table 4. Thermal neutrality surface and supply water temperatures for the condition (Termal denge kosulu
icin ylizey ve tedarik suyu sicakliklari)

Surface Temperature

[°C] [%]

Minimum PPD Value

Supply Water Temperature
[°C]

23.6 5.49

26.66
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Unlike single-layer TABS studies, the DLTS
system in this study demonstrated enhanced thermal
comfort and energy efficiency by optimizing pipe
positioning and water supply temperature. Previous
The value of maximum supply water and surface
temperatures according to different comfort classes
is given in Table 5. In optimization, when
maximizing values are found in response to
objective functions and restrictive parameters, the
maximum surface temperatures against 6 and 10,
which are the maximum value of PPD for comfort
classes A and B, are calculated as approximately
25.070 and 28.022, while the supply water
temperatures are calculated as approximately

studies on single-layer systems, such as those
conducted by Simmonds [11] and Baumgartner &
Brithwiler [12], have shown limited thermal
performance in similar conditions.

29.362 and 34.786, respectively. However, since the
surface temperature corresponding to the maximum
PPD value of 15 for the C comfort class exceeds the
thermal comfort condition of 29°C, the maximum
PPD value for the C comfort class in the DLTS that
was investigated in this study should be taken as
approximately 12.136. The maximum surface
temperature corresponding to this value is 29°C and
the supply water temperature is 36.583°C.

Table 5. Change of Maximum Supply Water and Surface Temperature according to different comfort
classes (Farkli konfor siniflarma gére Maksimum Besleme Suyu ve Yiizey Sicakhiginin Degisimi)

Comfort Max. Surface PPD Value Maximum Supply Water Temperature
class Temperature [%] [°C]
[°C]
A 25.07 5.99 29.36
B 28.02 9.99 34.78
C 29 12.13 36.58

As a result of the analysis made according to the
restrictive ~ parameters,  minimum  surface
temperature, minimum supply water temperature,
and corresponding PPD values for comfort classes
A, Band Care given in Table 6. While the minimum
supply water temperature in A comfort class is

23.96°C, in B and C comfort class, the restrictive
parameter Ts>21, the minimum supply water
temperature that satisfies this requirement is 22°C.
The PPD value for both classes is approximately 7%
and it complies with the standards.

Table 6. Variation of minimum supply water and Surface temperature according to different comfort
classes (Farkli konfor siniflarina gére minimum besleme suyu ve yiizey sicakliginin degisimi)

Comfort Min. Surface PPD Value Minimum Supplyf Water Temperature
class Temperature [%] [°C]
[°C]
A 22.13 5.99 23.96
B 21.06 6.99 22
C 21.06 6.99 22

While traditional TABS configurations often
necessitate higher supply water temperatures to
maintain thermal comfort, the optimised DLTS
system in this study achieves thermal comfort at a
significantly lower supply water temperature,
thereby demonstrating the potential for substantial
energy savings in comparison to the findings of
earlier research, for example Zaheer-uddin et al.
[15].

Figure 9 displays the change of supply water
temperature and PPD values according to surface
temperature for different comfort classes. As

indicated by the figure, since the maximum surface
temperature for the C comfort class exceeds 30.1°C,
which is the thermal comfort condition for surface
temperature based on EN 1264-2 standard [29], the
maximum surface temperature will be 29°C for this
comfort class. Although the minimum surface
temperature is around 17.4°C according to the
graph, since this value does not meet the restrictive
parameter Ts>21, the minimum surface temperature
is 21.06°C. On the other hand, the minimum supply
water temperature is 21.06°C. The maximum
supply water temperature is 36.58°C. As per the EN
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1264-2 standard, since the maximum surface
temperature for wet areas and non-footed edge areas
can be 33 and 35°C, respectively, in this case, the
maximum supply water temperature can rise to
38.63 ° C (Table-3). Minimum and maximum
surface temperatures for comfort class B are 21.06
and 28.02°C, respectively. While the minimum
value of the supply water temperature is 22°C, the

maximum value is 34.78°C. In comfort class A, the
maximum and minimum temperatures of the
surface are 22.13°C and 25.07°C, respectively.
While the value of the minimum supply water
temperature is 23.96°C, the maximum value is
29.36°C.
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Figure 9. Optimum and limit values for A, B, and C comfort classes (A, B ve C konfor siniflari i¢in optimum ve
sinir degerler)

Table 7 shows the values obtained in heating mode
for A, B, and C comfort classes. According to this
table, room temperature limit values corresponding
to PMV values of A, B, and C classes are given

respectively. Minimum and maximum values are 21
and 23°C for comfort class A, 20 and 24°C for
comfort class B, and 19 and 25°C for comfort class
C. The table also gives the surface temperatures
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corresponding to the PMV value for each comfort
class and the corresponding supply water
temperatures. For the proposed double-layer TABS
system, the minimum supply water temperature is
22°C and the maximum supply water temperature is
36.6°C. The optimum supply water temperature for

all three classes is 26.66°C and the optimum surface
temperature is 23.60°C. In the double-layer TABS
system, ideal values for all three classes can be
determined according to this table and system
design can be made.

Table 7. A, B, and limit values in heating mode in comfort classes C (Konfor siniflari C'de 1sitma modunda A, B
ve sinir degerleri)

Class A Class B Class C
Comfort zone -0.2<PMV<0.2 -0.5<PMV <05 -0.7<PMV < 0.7
Indoor room tem;o)erature (Tv) 21 <T, <23 20 < T, <24 19 <T, <25
Range (°C)
Top surface tenzfgature (Torange | or1 cT.<251 | 211 <T. <28 211 <T. <29
Supply water temperature (Ts) 24 <Ty <294 | 22 <Tp<348 | 22 <Tp <366
range (°C)
Optimum supply water temperature
26.66 26.66 26.66
(Ty) (°C)
Optimum top surface temperature
23.60 23.60 23.60
(Tsp) (°C)

Our study aligns with ASHRAE and 1SO thermal
comfort criteria, similar to prior research by Stoffel
et al. [23], but provides improved results with PPD
values consistently under 12% for Class C, which is
more favorable compared to the typical range found
in single-layer TABS studies.

A significant finding of this study is the
demonstration of the energy-saving potential of the
DLTS system in comparison to traditional single-
layer TABS systems. As demonstrated in Table 7,
the DLTS system attains optimal thermal comfort
under Class A comfort conditions with a supply
water temperature of a mere 26.66°C. Conversely,
single-layer TABS systems generally necessitate
higher supply water temperatures, typically ranging
from 30 to 35°C, to attain comparable levels of
comfort. This finding indicates that the DLTS
system, with its reduced operating temperature,
exhibits reduced energy consumption and enhanced
system efficiency.

The DLTS system exhibits a double-layer structure
that offers distinct advantages over the single-layer
system. The former facilitates more even vertical
heat distribution and a more uniform surface
temperature distribution. This structural feature
serves to reduce local overheating or cooling,
thereby enabling more efficient heat transfer and

more precise control of occupant comfort.
Subsequent to analyses conducted  with
FLUENT/ANSYS, an  optimisation  study

employing the GRG algorithm has evidently

demonstrated that DLTS systems have the capacity
to meet comfort criteria with minimal thermal input.
The findings indicate that DLTS systems are a more
efficient and sustainable alternative to single-layer
systems in building applications where energy
savings and thermal comfort are priorities.

5. CONCLUSIONS AND SUGGESTIONS
(SONUCLAR VE ONERILER)

The DLTS system presents a promising alternative
to traditional heating and cooling systems, offering
a solution with lower energy consumption and
higher comfort levels. This study introduces an
innovative approach by optimizing the Double
Layered Thermally Activated Building System
(DLTS) for superior thermal comfort and energy
efficiency compared to traditional single-layer
systems. The supply water temperature
optimization process was evaluated in light of the
comfort limits set by ASHRAE 55, 1SO 7730, and
EN1264-2 standards for the DLTS system. The
comfort criteria for classes A, B, and C were
calculated, and the minimum, maximum, and
optimum values for supply water and surface
temperatures were determined. The main findings
of the study can be summarized as follows:

e Supply Water Temperatures: It was
observed that the maximum supply water
temperature is 36.58°C, and the minimum
supply water temperature is 22°C. The
maximum surface temperature was found to
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be 29°C, while the minimum surface
temperature was 21.06°C.

e Optimum Values: For all three comfort
classes (A, B, and C), the optimum supply
water temperature was calculated to be
26.66°C, and the optimum surface
temperature was 23.60°C for achieving
neutral thermal sensitivity. These values are
critical for ensuring the highest level of
indoor thermal comfort.

e PPD  (Predicted Percentage  of
Dissatisfied): For class C, the calculated
PPD value for the DLTS system was found
to be <12.14. This result indicates that the
low-temperature  system  provides a
sufficiently high level of comfort and
ensures user satisfaction effectively.

e Optimum Pipe Position: The optimum
positioning of the pipes was determined to
be 0.05 meters along the vertical y-axis.
This positioning is a crucial design element
that enhances both the system's efficiency
and comfort.

This study highlights the potential of the Double
Layered Thermally Activated Building System
(DLTS) to optimize thermal comfort and supply
water temperatures, which significantly impacts
energy efficiency and user satisfaction in buildings.
Moreover, determining the optimum temperature
values and pipe positioning are critical factors to
consider in the future design of such systems. The
optimized supply water temperatures and pipe
positioning identified in this research provide
valuable guidance for the future implementation of
DLTS systems in both new construction and
retrofitting projects. By achieving thermal comfort
with lower energy consumption, DLTS systems
offer a sustainable alternative for reducing
buildings’ carbon footprints.

Application Areas and Building Utilization

The optimized DLTS design from this study is
anticipated to have broad application potential in
commercial and residential buildings where energy
efficiency and thermal comfort are critical.
Integration of DLTS with low-temperature heating
systems can make a significant contribution to
reducing energy costs, making it an ideal solution
for buildings that aim to meet high energy efficiency
and green building standards.

Applicability to Existing Buildings

In addition to new construction projects, DLTS
systems can also be integrated into existing

buildings. Particularly in ground-level or floor
zones, implementing these systems can improve
indoor comfort levels while also reducing energy
consumption. The applicability of DLTS systems to
existing buildings presents a valuable opportunity
for renovation projects, where the energy efficiency
of older buildings can be improved to align with
modern buildings.

Suggestions for Future Studies

Future studies could explore the performance of
DLTS systems under various climatic conditions
and for different types of buildings to expand their
applicability. Additionally, integrating DLTS with
advanced control algorithms could further improve
energy savings and occupant comfort, establishing
DLTS as a key component in energy-efficient
building designs.

Environmental
Potential

Impact and Energy Saving

Using optimized water temperatures in DLTS
systems has the potential to provide substantial
energy savings and reduce the carbon footprint. The
widespread adoption of these systems could
contribute to environmental sustainability in the
building sector. Expanding the use of DLTS
systems to achieve energy efficiency would offer
economic and environmental benefits and support
sustainable building practices.

In conclusion, the DLTS system presents a
promising alternative to traditional heating and
cooling systems by offering lower energy
consumption and higher comfort levels. The study’s
findings support the applicability of DLTS systems
in new construction projects and renovations. By
achieving energy savings, DLTS systems provide a
sustainable alternative for reducing the carbon
footprint of buildings. Future studies exploring the
performance of DLTS under various climate
conditions would further contribute to expanding
DLTS applications across the building sector.

DECLARATION OF ETHICAL STANDARDS
(ETIK STANDARTLARIN BEYANI)

The authors of this article declares that the materials
and methods they use in their work do not require
ethical committee approval and/or legal-specific
permission.

Bu makalenin yazarlar1 ¢alismalarinda kullandiklar1 materyal
ve yontemlerin etik kurul izni ve/veya yasal-6zel bir izin
gerektirmedigini beyan ederler.

1328



Calisir, Oztiirk, Gen¢ | GU J Sci, Part C, 13(3): 1315-1330 (2025)

AUTHORS’> CONTRIBUTIONS (YAZARLARIN
KATKILARI)

Oguzhan CALISIR: Conceptualization, Data
curation, Formal  analysis, Investigation,
Methodology, Validation, Visualization, Writing —
original draft, Writing — review & editing.

Kavramsallagtirma, Veri diizenleme, Bigimsel analiz,
Arastirma, Metodoloji, Dogrulama, Gorsellestirme, Yazma —
orjinal taslak, Yazma — inceleme ve diizenleme.

Miijdat OZTURK: Data curation, Formal analysis,
Methodology, Validation, Writing — original draft;
Writing — review & editing.

Veri diizenleme, Bicimsel analiz, Metodoloji, Dogrulama,
Yazma — orjinal taslak; Yazma — inceleme ve diizenleme.

Gamze GENC: Conceptualization, Data curation,
Formal analysis, Investigation, Methodology,
Supervision, Validation, Visualization, Writing —
original draft, Writing — review & editing.

Kavramsallastirma, Veri diizenleme, Bigimsel analiz,
Arastirma, Metodoloji, Denetim, Dogrulama, Gorsellestirme,
Yazma — orjinal taslak, Yazma — inceleme ve diizenleme.

CONFLICT OF INTEREST (CIKAR CATISMASI)

There is no conflict of interest in this study.

Bu calismada herhangi bir ¢ikar ¢atigmasi yoktur.

REFERENCES (KAYNAKLAR)

[1] Yildiz, C. 2024. Binalarda  Enerji
Verimliliginde Son  Gelismeler:  Tirkiye
Ornegi. Gazi Universitesi Fen Bilimleri Dergisi
Part C: Tasarim ve Teknoloji, 12(1), 176-213.

[2] Dino, i. G. 2017. Binalarda Giines Kontrol
Y 6ntemlerinin Optimizasyon Temelli
Performans Degerlendirilmesi. Gazi
Universitesi Fen Bilimleri Dergisi Part C:
Tasarim ve Teknoloji, 5(3), 71-87.

[3] Gindogdu, E., Arslan, H. D. 2020. Mimaride
Enerji Etkin Cephe Ve Biyomimikri. Gazi
Universitesi Fen Bilimleri Dergisi Part C:
Tasarim ve Teknoloji, 8(4), 922-935.

[4] Kalz, D.E., 2009. Heating and Cooling
Concepts Employing Environmental Energy
and Thermo-Active Building Systems for Low-
Energy Buildings System Analysis and
Optimization, Karlsruhe University Faculty of,
PhD Thesis, Freiburg, 199 p.

1329

[5] Olesen, B. W., Liedelt, D. 2001. Cooling and
heating of buildings by activating their
thermal mass with embedded hydronic pipe
systems. Proceedings of the ASHRAE-
CIBSE, Dublin, Ireland, 3-4.

[6] Olesen, B. W., Dossi, F. C. 2004. Operation
and Control of Activated Slab Heating and
Cooling Systems. Abstract from Procedings
of CIB World Buildings Congress 2004,
Toronto, Canada.

[7] Olesen, B.W., Dossi, F.C., 2005. Neue
erkenntnisse iiber regelung und betrieb fiir
die betonkernaktivierung teil 1. HLH, 56 (1):
29-34.

[8] Krarti, M., Ihm, P., 2005. Optimal control
strategies for heated radiant floor systems,
ASHRAE Transaction, 111(1): 535-546.

[9] Leigh, S.B., 1991. An experimental study of
the control of radiant floor heating systems:
Proportional flux modulation versus outdoor
with indoor temperature offset, ASHRAE
Transaction, 97(2): 800-808.

[10] Leigh, S.B., MacCluer, C.R., 1994. A
comparative study of proportional flux
modulation and various types of temperature
modulation approaches for radiant floor
heating  system  control, = ASHRAE
Transaction, 100(1): 1040-1053.

[11] Simmonds, P., 1994. Control strategies for

combined heating and cooling radiant
systems, ASHRAE Transaction, 100(1):
1031-1039.

[12] Baumgartner, T., Brihwiler, D., 2003. Tabs
fiir biirohauten, Gebaudetechnik, 3: 24-29.

[13] Nuple, F., 2004. Randstreifen dynamisieren
betonkerntemperierung, HLH, 55 (8): 22-26.

[14] Burkard, T., 2004. Die nutzungsiibergabe
von systemen zur bauteilaktivierung, HLH,
55 (10): 49-51.

[15] Zaheer-Uddin, M., Zhang, Z.L., Cho, S.H.,
2002. Augmented control strategies for
radiant floor heating systems, International
Journal of Energy Research, 26(1): 79-92.

[16] Athienitis, A.K., Charron, R., 2006. Design
and optimization of net zero energy solar
homes, ASHRAE Transaction, 112(2): 285-
295.

[17] Todtli, J., Gwerder M., Renggli, F.,
Giitensperger, W., Lehman, B., Dorer, V.,
Haas, A., Hildebrandt, K., 2008. Regelung
und  Steuerung von  Thermoaktiven
Bauteilsystemen, 15. Schweizerisches Status
Seminar Energie und Umweltforschung im
Bauwesen, pp 171-179. September 2008,
Zurich.

[18] Gwerder, M., T6dtli, J., Lehmann, B., Dorer,
V., Glntensperger, W., & Renggli, F., 2009.



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Calisir, Oztiirk, Gen¢ | GU J Sci, Part C, 13(3): 1315-1330 (2025)

Control of thermally activated building
systems (TABS) in intermittent operation

with  pulse width modulation. Applied
Energy, 86(9): 1606-1616
Sourbron, M., Helsen, L. 2013. Slow

thermally activated building system and fast
air handling unit join forces through the use
of model based predictive control.
In Proceedings of the CLIMA 2013
Congress, Prague, Czech Republic (pp. 16-
19).

Schmelas, M., Feldmann, T., Bollin, E. 2014.
Adaptive and predictive control of thermally

activated  building  systems.  In Proc.
ASHRAE/IBPSA-USAInternational
Building Performance Simulation

Conference (pp. 72-79).

Qu, S., Su, S, Li, H., Hu, W. 2019.
Optimized control of the supply water
temperature in the thermally activated
building system for cold climate in
China. Sustainable Cities and Society, 51:
101742.

Michalak, P., 2021. Selected Aspects of
Indoor Climate in a Passive Office Building
with a Thermally Activated Building System:
A Case Study from Poland. Energies, 14(4):
860.

Stoffel, P., Maier, L., Kiimpel, A., Schreiber,
T., Miiller, D., 2023. Evaluation of advanced
control strategies for building energy
systems. Energy and Buildings, 280: 112709.
Liu, D., Yang, X., Guan, W., Tian, Z., Zong,
Y., Tang, R. 2023. Model predictive control
for heat flexibility activation of the
Thermally Activated Building System.
In Building Simulation Conference
Proceedings, 18: 3284-3288.

ASHRAE, ANSI/ASHRAE Standard 55-
2013, Thermal environmental conditions for
human occupancy. American Society of
Heating, Refrigerating, and Air-Conditioning
Engineers, Inc. Atlanta, 2013.

ISO, ISO 7730-2005, Ergonomics of the
thermal environment-analytical
determination and interpretation of thermal
comfort using calculation of the PMV and
PPD indices and local thermal comfort
criteria. International Standard Organization.
Geneva, 2005.

Calisir, O., Ozturk, M., Genc, G., 2021.
Investigation Of Thermal Performance Of
Double Layered Thermally Activated
Building System In Heating Mode.
Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical
Engineering Science.

[28]

[29]

[30]

[31]

[32]

[33]

1330

ANSYS “ANSYS FLUENT (V18.2),” Ansys
Inc., Canonsburg, PA, 2017.

EN 1264-2: 2008. Water Based Surface
Embedded Heating and Cooling Systems —
Part 2: Floor heating: Prove methods for the
determination of the thermal output of floor
heating systems using calculation and test
methods.

El Mouatasim, Abdelkrim, 2010. Two-phase
generalized reduced gradient method for
constrained global optimization. Journal of
Applied Mathematics, 2010: 976529.
Hashemi, S.H., Mousavi Dehghani, S.A.,
Samimi, S.E.et al., 2020.Performance
comparison of GRG algorithm with
evolutionary algorithms in an aqueous
electrolyte system. Modeling Earth Systems
and Environment.

Faluyi, F., and C. Arum, 2012. Design
optimization of plate girder using generalized
reduced gradient and constrained artificial
bee colony algorithms. International Journal
of Emerging Technology and Advanced
Engineering, 2(7), 304-312.

Orosa, J.A. and Oliveira, A.C. 2012. Passive
methods as a solution for improving indoor
environments. 2012: Springer Science &
Business Media.



