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Abstract

Energy use in building air conditioning contributes significantly to power demand; therefore, in this
work, we propose an improved methodology to achieve comfort conditions through PID control
assistance. The project develops a mathematical model based on analytical heat transfer equations for
comfort conditions by fulfilling the Fanger equation, considering environmental parameters (ambient
temperature), metabolic rate, and people’s physical activity (internal heat generation) to reduce power
consumption and improve energy efficiency. The prediction of building thermal behavior is based on a
control system assisted by the PID technique applied to an aerothermal unit that powers the building
heating system. We use three methods for heating the building: radiation, forced convection, and
radiation-forced convection hybrid method. The combined one provides the best results with higher
efficiency among the three methods, reducing the energy use due to a lower heating curve (lower heating
power), improving efficiency, and requiring less power from the energy source. Besides, it reduces the
heating time to reach the setup temperature inside the building. Theoretical predictions of building
temperature match experimental tests run in an inhabited house with accuracy higher than 99%.

Keywords: PID control, mathematical model, building air conditioning, energy efficiency, comfort
improvement

INTRODUCTION

Power for heating, ventilating, and air conditioning represents a significant percentage of household
energy consumption, requiring increasing power demand from the grid as the population rises and
standard comfort conditions improve [1-6].

The energy consumption depends on the setup comfort conditions, equipment type and efficiency,
and human habits. Because the comfort, standard conditions are variable depending on climatic region,
meteorological conditions, and people's thermal sensation [7—11], it is complex to establish a unique
protocol to define how to air condition a room or a building.

Many treaties and scientific research have been developed to study and analyze the heating,
ventilation, and air conditioning (HVAC) processes
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systems. Because of the poor or none knowledge about the efficient use of heating and refrigeration
systems, buildings require an automated protocol to manage the air conditioning process to reach
comfort conditions most efficiently.

In this work, we propose an automatic control process based on the PID technique and assisted by
Artificial Intelligence to efficiently manage building heating or refrigeration, adapting to variable
thermal conditions and human habits.

THEORETICAL BASIS

According to the country climatic zone, the energy requirements for building air conditioning change.
In the OEDC countries, around 30% of the energy consumption is devoted for building air conditioning,
raising to 50% outside the OECD zone, and to 70% for non-developed countries [18-22].

The ASHRAE standard defines the thermal comfort as a satisfactory mental condition with thermal
environment [23]. The thermal comfort conditions are expressed through mathematical relations,
relating room temperature and people thermal sensation [24]. The most commonly used are the Fanger
equation [25] and the Humphreys thermal neutrality condition [26].

Fanger Thermal Equation

Macpherson identified six parameters influencing thermal comfort: air temperature and speed,
relative humidity, mean radiant temperature (MRT), metabolic rate, and clothing level [27]. Other
parameters in the comfort analysis relate to the thermal variables, depending on each other or the
above parameters.

The Fanger equation establishes the relation between climatic conditions, clothing level, and physical
human activity. This equation represents the human body's thermal balance regarding heat exchange
with the environment regarding the six principal parameters mentioned before.

Mathematically, the Fanger equation is as follows:
(M/ Ay, ) (1-17)—0.35[ 43—-0.61(M /Ay, ) (1-77)~ P, |-
~0.42[ (M /Ay, ) (1-7)~50]-0.0023(M /Ay, ) (44P,) -
~0.0014(M/Ay, )(34-T,) =
=3.4x10° [(Tcl +273) — (T + 273)“] 40 (T, =T,)

cl''c

1)
The terms involved in Eq. (1) are:
M: Metabolic level,
Pa: Ambient pressure (kPa),
h.: Convection coefficient,
Ta: Body temperature with clothing (°C),
fa: Clothing factor,
Ta: Room temperature (°C),
Apu: Wet body surface (m?),
Twrt: Mean radiant temperature (°C), and
n: Metabolic to thermal energy conversion efficiency.
We can determine the convection coefficient from the expression:
h, =2.05(T, -T,)"* for 2.05(T, -T,)"* >10.4JV
h =W for 2.05(T, —T,)"” <10.4V @
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v is the wind speed.

On the other hand:
T, =35.7—O.032(H/ADU ) 3)
§SW = 04'ZADU [(H/ADU )_50:| (4)

With:

Ts: Basal temperature (°C),

H: Internal heat generation (J), and
&sw: Sweating heat losses (J).

Egs. (1)—(3) show that human thermal comfort depends on clothing type (Ta, fa), human activity (,
M, Apu), and environmental parameters (Ta, Twrr, Pa).

The thermal comfort equation only applies to people in thermal equilibrium with their surroundings;
therefore, we cannot apply it to people's thermal sensations in arbitrary climatic conditions where
comfort parameters do not fulfill the Fanger equation. In case we operate out of the thermal equilibrium,
the following equation applies:

PMV = (0.352¢ °*%) 1.0,082)(M/ Ay, ) (1-77) -
~0.35[43-0.61(M/ Ay, ) (L-17)~P, ]-

~0.42[(M/ Ay, )(1-7)~50]-0.0023(M/ Ay, ) (44— P,) -
-0.0014(M/Ay, )(34-T,)-3.4x0° f h (T, -T,)

cl''c

(5)

PMV is the predicted mean vote, which expresses the average value of people's thermal sensation.

We should fulfill Eq. (1) to reach thermal comfort; unfortunately, all parameters involved are
variable, which makes the comfort conditions calculation complex; therefore, we have to constrain the
variable to current operational ranges, restraining the combination chances; conventional ranges for
setup parameters are [28]:

o Clothing factor: f;e{0.0;4}, where 0.0 corresponds to nudity and 4 to heavy clothing; current

values adopted for fy are 0.0, 0.6, 0.9, 2.4, and 4.

e Metabolic Level: Me{1;5}, with three adopted values: 1 for moderate activity, 3 for intermediate,

and 5 for intense.

e Room wind speed: ve{0.1;10}, with current operational values of 0.1, 0.5, 2.0, 5.0, and 10.

Specific sensors register the ambient pressure and temperature inside the room. The convection
coefficient is determined from Eq. (2), provided the body surface temperature is considered constant at
the standard average value of 37.0°C [29, 30].

The wet body surface directly relates to human activity, and can be calculated from the expression:
Aoy = TaPou (6)

Where the coefficient fa adopts the following values:
o f,=0.0 for light or null activity,
o f,=0.5 for moderate activity, and
o f,=1.0 for intense activity.
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The skin surface of the human body depends on the body weight, height, and gender, male or female.
A professional application provides a calculation tool [30] based on existing studies [31-35].

The Mean Radiant Temperature calculation responds to the following expression [36—38]:

(T, +459.67)" +(4.74x10"v**) "

o, T ~459.67

MRT —

(7)

Ty, D, and ¢ are the black globe temperature, diameter, and emissivity. The black globe is at the
room's geometric center.

On the other hand, the metabolic to thermal energy conversion depends on chemical reactions
subjected to thermodynamic laws [39-42]; although every person is different, we can accept a 25%
efficiency, on average [43].

Table 1 summarizes the status of thermal comfort evaluation regarding the dependent parameters.

The comfort state is closely linked with ambient temperature through a linear relation. Humphrey
and Auliciemes propose two options for the linear dependence [44, 45]:
T,=11.9+0.534<T, > Humphrey

T,=176+0.314<T, > Auliciemes (8)

The expression proposed by Humphrey overestimates the temperature in summer, while the one
suggested by Auliciemes does in winter.

An advanced expression due to Szokolay combines thermal neutrality and stress, yielding [46]:

T, =17.6+0.31<T, > ©

Valid for 18.5<T,<28.5 and relative humidity below 90%.

Bioclimatic Charts

Combining all variables in the previous analysis, we may draw a chart, establishing the comfort zone
as a function of room temperature and relative humidity since this last parameter influences the human
thermal sensation and modifies the room temperature perception. The Givoni bioclimatic chart is the
result of this process (Figure 1) [47].

Table 1. Status and value of parameters intervening on thermal comfort evaluation.

Parameter Status/Value
Metabolic level 1 for moderate activity, 3 for intermediate, and 5 for intense
Ambient pressure ~101.3 kPa
Convection coefficient Calculated from body and ambient temperature or wind speed
Room’s wind speed Measured with an anemometer
Body temperature ~37.0°C
Clothing factor 0 for nudity, 0.6, 2.4, and 4 for light, medium, and heavy clothing
Ambient temperature Measured with temperature sensor
Wet body surface 0 for light or null activity, 0.5 for moderate, and 1 for intense
MRT Calculated from the black globe conditions (Eq. (7))
Energy efficiency ~0.25

Black globe temperature | Determined with internal temperature sensor

© STM Journals 2025. All Rights Reserved 4



Journal of Refrigeration, Air Conditioning, Heating and Ventilation
Volume 12, Issue 1
ISSN: 2394-1952

T T T T T T T T T T 0.03

r| Psychrometric Chart 0.028

- Palm =101.325 kPa 0.025

Sultan Glaboos University

......... —.0024

MEIE, 2010 :
| A\ WU S AT ................ .............. 0022
O e AP --.DDE
L Czcomfort Zone : % : ............... \ ................ ............... ——0018
| NW:Natural Ventilation ICEE N el — 0015
Hr:High Mass

HivIV:High massiNight Ventilation 0014

- EC:Evaporative Cooling

0.012

Woisture Content, kgfkeg Dry Air

g RPN et 0005
......... =Tl —00ng
................ 0.004

T .................. o T .................. .................................. ............... 0.002

£ 0 20

Dry Bulb Temperature, "C

Figure 1. Bioclimatic chart.

The bioclimatic chart, however, does not maintain the comfort conditions if environmental conditions
change, such as the monthly mean wind speed, the humidity, and the average temperature. Other factors
affecting the comfort zone setting up are clothing changes during people's stay in the room or physical
activity variation.

CONTROL SYSTEM

Building air conditioning requires a control system to adapt variable working conditions to the
comfort requirements, maximizing energy efficiency. The control system implementation benefits the
room air conditioning performance, allowing changes to adapt the operational protocol to variable
conditions. The proposed control system is based on the feedback methodology modifying the working
conditions of the air conditioning system as a function of the output signal.

The control system portfolio for building air conditioning includes the proportional-integral control
unit (PI), differential of proportional-integral (P1D), fuzzy logic, neuronal network, and ARMA models.
We select the PID methodology because of its high adaptive capacity and easy management.

The PID controller family uses three different actions: proportional (P), integral (1), and derivative
(D), which we may use individually or in a combined way. Any possible selection operates identically;
given a reference value (set point) for the selected parameter, the PID routine compares it with the
measured value, applying an approach method until the differential is below a specific level.

In the PID method, the three combined actions apply to the approaching protocol according to the
next expression:

K T d
u(T) = er(T)+—pje(r)dz'+ K.t ~—e(T)
t dt (10)
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K, is the proportional gain, tq is a derivative time constant, t; is the integral time constant, and e(t) is
the error function, defined as:

e(t) :Tset _Ta (11)

The function u(T) corresponds to the control action that activates a controller modifying the selected
parameter. The PID protocol iterates the process until the comfort conditions in the Fanger equation are
fulfilled. First term in Eq. (10) corresponds to the proportional fraction, with the second and third terms
accounting for integral and derivative.

Figure 2 shows the PID process flowchart. The term y(t) represents the variable current value, the
room temperature in our case.

Applying the PID protocol, the room temperature evolves from the initial to the setup value, Tset,
being the reference point. Because the comfort zone covers a temperature range, the setup value for the
PID protocol corresponds to Tset+A4T, where AT is the temperature interval around the center point
temperature of the comfort zone.

The temperature evolution from the initial to the final state depends on the proportional constant, Kp,
as shown in Figure 3.

Theoretically, the number of temperature evolution curves is infinite; however, in practice, the number
is limited due to the sensor temperature accuracy, which allows only finite temperature variation.

1(t)
A

vy — e(t)
e —

Process

P Kyt |<7

u(t)

D K, %& I ¢
dt
Figure 2. PID process flowchart.
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Time
Figure 3. Temperature evolution with time for variable proportional constant.
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The temperature interval, 2AT, influences the PID process since it defines the temperature range for
the comfort zone (Figure 4); if the setup temperature exceeds the comfort zone limits, the process is
invalid and requires a new iteration. Therefore, the temperature operates within an error band (Figure 5).

We notice that the comfort zone corresponds to the preset temperature band plus the error band,;
therefore, the PID protocol should consider this configuration when presetting the temperature for the
comfort zone.

Since the temperature evolution curve depends on the available heating time, P1 is the best for a short
time, while P4 is the best for a long time. Applying the basic calorimetric equation:

é:m C ATair_ V C ATair

air ~air At _pair air ~air At

(12)

We notice that the heating rate, 4Txi/4t, depends on the heating required energy and room size.

PID PROTOCOL AND PID CONTROLLER OPERATION

According to Eg. (10), the PID protocol may use one or more actions depending on operational
conditions. The proportional action (P) provides an adjustable output signal, Ky, proportional to the error
function. The P-action is immediate and does not consider the temperature inertial trend, causing an
offset error. The P-action shows the advantage of approaching the current temperature to the setup value
as fast as established by the K, value; the higher the K, coefficient, the shorter the approaching time.
Nevertheless, it generates an unstable situation with temperature fluctuation around the setup value.

M

Tiow TUP
| | -
I I -

Tiowt+AT Tup-AT

Figure 4. Schematic representation of the comfort zone.
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g } / /
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5 Tw Comfort
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|_

Time
Figure 5. Temperature evolution with time for variable proportional constant including error bands.
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The integral action (1) provides an output signal proportional to the cumulative error, slowing down
the process as the variable, the building temperature, approaches the setup value. This configuration
shows the advantage of accelerating or slowing the room heating process. If we combine the
proportional and integral actions (PI), the system reacts to the error value, heating or refrigerating the
building as the error is positive or negative.

Combining proportional and derivative actions (PD), we modify the heating rate, increasing or
decreasing the heat flow to the building to the most suitable rate, predicting the temperature value at
the next step, and improving the process efficiency. However, PD action amplifies the signal noise and
generates saturation in the PID controller.

The proportional-integral-derivative action (PID) minimizes the drawbacks of every single action
and enhances the advantages, reducing or eliminating instability, minimizing heating time, and
improving efficiency.

Initially, the control system collects the setup temperature (Ts:) and the temperature evolution
function (P;). Since the heating process is not instantaneous, the P1D protocol activates the derivate term
to ensure the heating process evolves in the right direction, approaching the setup comfort temperature.
To this goal, the control system collects the room temperature at regular intervals and determines the
heating process direction using the derivative term of the PID protocol.

The PID protocol looks for the maximum efficiency possible and the minimum heating time;
therefore, the proportional coefficient, Kp, gradually reduces as the room temperature approaches the
setup value to avoid overpassing. On the other hand, the integral term adjusts when approaching the
setup value to reduce heating flow, increasing the accuracy. The procedure is so because the system
operates dynamically, adjusting values according to the error function as the heating process evolves.

OPERATIONAL MODE

The control system regulates the building air conditioning system consisting of an aerothermal unit
and wall-mounted radiators (Figure 6). The aerothermal unit operates under a Rankine thermodynamic
cycle, heating water in a primary circuit for house heating and a secondary circuit for household
inhabitant’s hygiene. The aerothermal unit heats the water of the primary circuit between the heating
tank and the aerothermal unit until reaching the setup temperature. The heating tank heats sanitary water
in the hot water tank when needed through a close circuit between tanks (secondary circuit); water
circulates using a pump.

The control unit prioritizes sanitary hot water over household heating or refrigerating; if the hot water
tank reduces its temperature, the control unit derives the hot water generation from the heating to the
hot water tank until achieving setup temperature for sanitary use. Since the sanitary water demand is
unpredictable, the control unit applies a high proportional coefficient to accelerate hot water tank
thermal loading. Because the network water supply is always at a lower temperature than required for
household sanitary services, the derivative term does not apply, and the PID protocol reduces to
proportional and integral terms (PI action).

At the building heating process the control unit applies the PID protocol to reduce heating time,
maximize heat transfer, and optimize energy efficiency. During this process, the control unit evaluates
the heat demand applying the Fanger equation and collecting data from sensors and database to
determine the energy requirements and establish the proportional coefficient, K,. Because the black
globe is not a part of the building furniture or household appliances, the mean radiant temperature is
unknown; therefore, the control unit estimates the MRT value, considering an initial value equal to the
room temperature and iterating until the Fanger equation fulfills, provided the values of all the other
parameters are known.
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Figure 6. Layout of the household installation.
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Once the MRT is estimated, the control unit applies the PID protocol to heat the building using the
average value for the variable parameters, metabolic level, clothing factor, and wind speed. The control
unit applies the default heating curve recommended by the aerothermal unit manufacturer for the
operating climatic zone, and calculates the function error at the first PID protocol step; if the error
function exceeds a setup value, the PID protocol modifies the K, coefficient and recalculates the u(T)
function. The process develops at short integral time to avoid deviation from the expected trend.

NUMERICAL SIMULATION
Applying data for standard conditions (Table 2), and considering a metabolic level variation from 1
to 5 in 0.25 steps, we obtain the comfort temperature for every human activity condition (Figure 7).

Table 2. Simulation conditions.

ADU (m?)

n

Pa (kPa)

Ta (OC) fa

TwmrT (°C)

v (m/s)

0.30

0.85

101.3

16.0 | 05

25.0

0.25

26
25
24
23
22
21
20
19
18

Comfort temperature (°C)

0

1

2 3
Metabolic level

4

5

Figure 7. Comfort temperature evolution with metabolic level.
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We consider a standard human body for the ADU value and metabolic to heat energy conversion
efficiency. The operating pressure is the standard value. The ambient temperature is the average over a
wide range of climatic zones. The Mean Radiant Temperature corresponds to the average value of many
variable room thermal conditions. The clothing factor corresponds to the average value of conventional
dressing for current human activities. Finally, wind speed considers the inside room air movement due
to ventilation.

We notice that the comfort temperature inversely depends on the metabolic level. The correlation
between the two parameters shows the following mathematical relation:
T ~15157M +27.029 (R* =0.9998)

comfort — (13)

The simulation results are coherent with expected people's thermal sensations since the room
temperature to achieve a neutral thermal condition decreases as people increase their physical activity
and metabolic level. If we average over the whole metabolic range, the comfort temperature is 22.5°C,
exceeding by 1.5°C the standard value for the comfort conditions according to bioclimatic studies and
analysis [48]. Nevertheless, the standard comfort temperature accepted by the World Health
Organization (WHO) [48] corresponds to a medium metabolic level, for which our simulation produces
an average comfort temperature of 20.95°C, only 0.05°C below the standard value of 21°C.

Table 3 shows the comparative analysis between comfort temperature standard values and simulation
results for various metabolic level ranges.

Table 3. Comparative analysis between comfort temperature standard values and simulation results for
various metabolic level ranges.

Metabolic level range Low Medium High
Temperature (°C) Standard 240 21.0 18.0

Simulation 24.2 20.95 194
Deviation (%) 0.83 0.02 7.22

We notice that the simulation predicts highly accurate comfort temperature values for the low and
medium metabolic levels but slightly deviates for high physical activity.

ENERGY BALANCE

Because human activity may vary during the day, the metabolic level and the comfort temperature
do as well; therefore, it is necessary to adapt the heating process to the thermal requirements. To this
goal, the control unit evaluates the body heat generation from the people’s skin infrared emission since
the metabolic level directly relates to the body heat generation through a specific factor. The
determination of the correlation factor derives from the basal temperature analysis (Eq. (3)).

The heat generation and basal temperature correlate through a linear dependence as in the following
expression:

T, =-0.1067H +35.7 (R =0.9999)

Or
T, =-0.1067f,M +35.7 (R =0.9999)

(14)

(15)
f is the correlation factor between H and M.
Applying Eq. (15) to variable metabolic level, and considering the basal temperature evolves from a

maximum of 35.2°C to a minimum of 33.0°C, we obtain f4=5.0; therefore, we can represent the body
skin temperature evolution with metabolic level as:
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T

skin

=0.5335M +27.7 (R’ =1) (16)

Eq. (16) predicts a body skin temperature between 32.7 and 34.8°C, with an average value of 33.8°C,
in close agreement with a precedent study [49], showing a deviation lower than 0.1°C.

The heating process adaptation requires a continuous body's thermal activity (heat generation)
evaluation and the change in heat flow from the power unit to the building. Since the heat flow injection
modifies the building temperature, the control system should actuate over the heat power generation by
controlling the flow rate of the heat carrier fluid and the operational temperature [50].

Based on the basic calorimetric equation, the heat flow injection is:
Q=FKq
Where q represents the heat transfer fluid calorific value, and Fr is the heat transfer coefficient.

Depending on the heating system, @ comes differently. Because wall mounted radiators, radiant
floors, or forced hot air circulation are the current heating systems today, Eq. (17) adopts different
forms.

(17)

Forced Hot Air Circulation

The system uses a fan-coil to extract energy from circulating water in a secondary circuit, heating the
air blown by a fan inserted in a ceiling duct. The hot air is injected into the room, raising the temperature.
Figure 8 shows a schematic representation of the heat exchange system.

The heat flow to achieve the comfortable temperature is given by:
' AT,
Q = maca :
At (18)

rﬁa and c, are the mass flow and specific heat of injected air, AT; is the room temperature increase,
and 4zt is the heating time until reaching the comfort temperature.

Since the fan-coil supplies the energy:

© AT * AT m, C m, C
m, C, —= FR f-c My Cy - ATr = FR f—c -W - ATw = FR f—c #(TPID _Tw(return))
At ’ At " me T me
a “a a “a (]_9)

The subscript w accounts for the water circulating throughout the coil.

Hot water
 —
Teip
£ S
Id air Hot air
Cold ai Aerothermal
_) —_—— unit
Tamb Tset
A F
Tw (return) )
N N
’. L
Cold water ¥
Room

TSE(

Figure 8. Schematic view of the fan-coil heating system.
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Analyzing Eq. (19), we observe that the room temperature increase depends on water and air mass
flows and the temperature difference between the setup value at the control system and water return.

Once the control system sets up the PID value, the temperature difference remains constant, and the
only variable parameter is the air mass flow because the water mass flow is also constant; therefore, the
control system can modify the heating process by increasing or lowering the air mass flow. Rearranging
Eq. (19):

AT, =5
e (20)
With
f-c mW CW
Cl = FR,f—c C—(TPID _Tw(return))

2 (21)

On the other hand, by applying a reverse thermal process, we can determine the PID temperature
through the expression:

m,c, AT, LT

w(return)

T

PD — o
Feio
m,c, Rf-c (22)

There is a linear dependence between the PID and room temperature provided all parameters are set
up, except the room temperature, as in:

m,C .
TPID = ATr a—.a +Tw(return) = sz ATr
FR,f—c r‘nw CW (23)
With
. m.C
C2f = a—'a +Tw(return)
I:R,f—c mw CW (24)

The control system can adjust the PID temperature to increase room temperature by modifying the
air and water mass flow values since the linear dependence constant changes.

Wall Mounted Radiators
Wall mounted radiators emit thermal energy based on the temperature difference between the radiator
and the room. Applying the Stefan-Boltzmann law:

é = FR,rad Ggsrad ( rid _Tr4) (25)

Considering current operational temperatures for the wall radiator and room, the following relation
applies:
T4
4 4 4 _ d
Trad - fTTr _>Tr =
T (26)

With a minimum of 95% accuracy.
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The factor fr correlates to wall radiator temperature as in:

f, =(0.0005T,2, —0.0255T,,, +1.5275) (R’ =0.9966)

rad rad (27)
Combining Egs. (25) and (26):
. 4 1
Q = l:R,radg‘c"srad-l-rad (1_1:_}
T (28)

Considering a linear water temperature decrease inside the wall radiator:

TPID +Tw(return) _ TPID +Tr + 2

rad 2 2 (29)

Since the temperature difference between the water return and the room is around 2°C.
Replacing Eq. (29) in Eq. (28), and combining with Eq. (18):

4
maCaATr = FR,radggsrad (TPILZTr—FZJ [1_%j
T

(30)
Clearing in Eq. (30):
4
AT =F, oS, (wj [1_iji
2 f; Jm.c, (31)
And
f v
TplDzz[ MaCa [ T ]ATF} (T, +2)
FR,rad Ugsrad fT -1 (32)

The control system regulates the PID temperature by modifying the wall radiator temperature, on
which the factor fr depends.

Radiant Floor

The radiant floor exchanges heat with the room through a water coil incrusted in the soil. The thermal
energy exchange responds to the equation:

Q = FR,rf thrf (Trad _Tr)

(33)
Sk is the radiant floor surface, and hc is the convection coefficient.
Combining Egs. (18), (29) and (33):
Top—T. +2
maCaATr = I:R,rf thrf (PID—r]
2 (34)
From which, we have:
Too = _Fzm;cg (TE +1J AT,
R,rf " c™rf (35)

Eq. (35) shows that the control system regulates the PID temperature according to the room
temperature.
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We may combine radiation and convection to heat the building quicker or use a single mechanism if
the energy requirements are not very exigent.

CONTROL SYSTEM

Heat power generation comes from the aerothermal unit, which transfers energy from the refrigerant
fluid to water at a primary circuit between the aerothermal unit and the heating tank. Primary circuit
water temperature depends on the selected working curve and ambient temperature, as shown in
Figure 9; we notice that for an ambient temperature of —15°C and selected heating curve of 0.4, the
primary circuit water temperature is 40°C.

If the ambient temperature remains constant, and heating flow needs to increase or reduce because
of building higher or lower energy demand, what happens when people’s activity and metabolic level
increase or diminish; the control system should move the heating curve to a higher or lower value. For
instance, if the primary circuit required water temperature is 60°C due to higher energy demand because
of lower human activity, the heating curve needs to move from 0.4 to 1.0 (continuous red line); if the
required water temperature is 30°C because the human activity reduces, the heating curve is 0.2 (dashed
red line).

If the ambient temperature increases and the energy demand increases too, the water temperature
should rise. We observe that for ambient temperature rise from —15 to 0°C, and water temperature
increase to 50°C (continuous blue line), the heating curve is 1.2; on the contrary, if water temperature
needs to be lower, for instance, 25°C, the heating curve is now 0.1 (dashed blue line).

EXPERIMENTAL TESTS
Retrieving data from Figure 7 and applying it to specific building conditions (Table 4), we run
experimental tests to determine the energy requirements to maintain the comfort state.

K represents the global thermal loss coefficient for the building envelope, and S is the envelope
surface. The volume corresponds to the inner space.

90

80 |-

60

50

40 po—-

Hot water output temperature(°C)

30

20

Ambient temperature (°C)

Figure 9. Heating curves for the aerothermal unit.

Table 4. Building characteristics.
Parameter Volume (m?3) K (W/m?2-K) S (m?)
Value 157.5 0.53 96

© STM Journals 2025. All Rights Reserved 14



Journal of Refrigeration, Air Conditioning, Heating and Ventilation
Volume 12, Issue 1
ISSN: 2394-1952

The operating conditions for the tests are (Table 5). The surface correction factor corresponds to the
ratio of effective to cross-section surface. Although some parameters like ambient temperature, air
density, and specific heat are not strictly constant, they suffer from low variation; thus, we consider
them constant. The loop time for the running tests is 10 min.

Table 5. Operating conditions and system characteristics for test running.

Parameters Values
Air density (kg/md) 1.022
Air specific heat (kJ/kg-°C) 1.066
Room initial temperature (°C) 18
Room set up temperature (°C) 22
Fan coil output temperature (°C) 27
Aerothermal unit water mass flow (kg/min) 45
Ambient temperature (winter) (°C) 5
Ambient temperature (spring/autumn) (°C) 15
Network water temperature (winter) (°C) 8
Network water temperature (spring/autumn) (°C) 12
Water density (kg/m®) 998
Radiant surface (m?) 3.256
Radiant surface emissivity 0.9
Heat transfer factor (fan coil) 0.98
Heat transfer factor (heat exchanger) 0.92
Surface correction factor (convection) 4
Surface correction factor (convection + radiation) 11

90

80

-~
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T

0 L L 1 L L 1 i
20 15 10 ] J -5 -10 -15 -20

Ambient temperature (°C)

Figure 10. Correlation between theoretical and manufacturer
heating curves for the aerothermal power unit.

Before starting the tests, we apply the developed algorithms to reproduce the heating curves using
the specific parameter values and operational conditions. Figure 10 shows the simulation results and
the aerothermal unit heating curves provided by the manufacturer. Dashed lines correspond to
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manufacturer heating curves, while colored lines represent the simulated ones. Table 6 shows the
correlation coefficient between manufacturer and simulated heating curves for every case.

Table 6. Correlation coefficient for manufacturer and simulated heating curves.

Curve 0.1 0.2 0.4 0.6 0.8 1.0 1.2
R? 0.9969 0.9979 0.9971 0.9961 0.9985 0.9983 0.9981
Curve 1.5 1.8 2.0 2.5 3. 3.5 4.0
R? 0.9989 0.9987 0.9980 09971 0.9982 0.9998 0.9993

We observe the good correlation between simulated and manufacturer heating curves, proving the
validity of the proposed algorithms.

Figures 11 and 12 show the predicted and experimental values for 120 min room thermal
conditioning time.
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Figure 11. Predicted (colored lines) and experimental values (round circles) of comfort temperatures
for spring and autumn. Air conditioning time: 120 min.
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Figure 12. Predicted (colored lines) and experimental values (round circles) of comfort temperatures
for winter. Air conditioning time: 120 min.
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We notice the excellent correlation between predicted values and experimental data, a consequence
of the high accuracy in the developed algorithms for predicting room thermal behavior using the PID
technique applied to the control system that regulates the heating curve for optimum performance.

Repeating the process for room thermal conditioning time of 90, 60 and 30 min, we obtain
(Figures 13-18):
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Figure 13. Predicted (colored lines) and experimental values (round circles) of comfort temperatures
for spring and autumn. Air conditioning time: 90 min.
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Figure 14. Predicted (colored lines) and experimental values (round circles) of comfort temperatures
for winter. Air conditioning time: 90 min.
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Figure 15. Predicted (colored lines) and experimental values (round circles) of comfort temperatures

for spring and autumn. Air conditioning time: 60 min.

225 T T T T T
—=&— Radiation ) D
22 + —6— Forced convection o
: Radiatinn+forced convection

Temperature (°C)

18 " L L L L
0 10 20 30 40 50 60

Elapsed time (min)
Figure 16. Predicted (colored lines) and experimental values (round circles) of comfort temperatures
for winter. Air conditioning time: 60 min.
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Figure 17. Predicted (colored lines) and experimental values (round circles) of comfort temperatures
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Figure 18. Predicted (colored lines) and experimental values (round circles) of comfort temperatures
for winter. Air conditioning time: 30 min.

CONCLUSION

We develop a theoretical method for building air conditioning based on comfort conditions by
fulfilling the Fanger equation, considering environmental parameters (ambient temperature), metabolic
rate, and people’s physical activity (internal heat generation). Theoretical predictions of building
temperature match experimental tests run in an inhabited house with accuracy higher than 99%.

The prediction of building thermal behavior is based on a control system assisted by the PID
technique applied to an aerothermal unit that powers the building heating system. The aerothermal unit
operates with variable heating curves related to the heating power level, which regulates the water
temperature used for heating the building. The control system selects the heating curve based on
building thermal energy requirements.

We use three methods for heating the building: radiation, forced convection, and radiation-forced
convection hybrid method. The combined one provides the best results with higher efficiency among
the three methods.

The radiation plus forced convection method reduces energy use due to a lower heating curve level
(lower heating power), improving efficiency and requiring less power from the energy source. Besides,
it reduces the heating time to reach the setup temperature inside the building.

Experimental tests run for the building thermal conditioning time of 30, 60, 90, and 120 min show a
close agreement with predicted thermal behavior, with a correlation coefficient near 100%.
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