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Abstract

Many buildings in Southern European countries are equipped with both gas boilers and
air source heat pumps. The present work concerns an experimental evaluation of indoor
comfort in an apartment within a residential building, comparing a gas boiler with cast-iron
radiators to an air-to-air heat pump. The comfort conditions inside the apartment are
assessed at set-point temperatures of 20 °C and 21 °C and with different water supply
temperatures from the gas boiler. Energy consumption data for both heating systems are
recorded during the tests. The measurements inside the apartment are conducted using
inexpensive, widely accessible sensors and Arduino-like microcontrollers, calibrated before
use. As a result, comfort indices for the heat pump are between those for the gas boiler
at 20 °C and 21 °C. Additionally, to understand the impact of occupancy, an analysis
of local discomfort and air quality was conducted by measuring CO, levels, which rose
significantly without air exchange. Lastly, the experimental results are compared with
previous dynamic and Computational Fluid Dynamics (CFD) analyses, showing the limit
of the computational approach. Indeed, the comfort indices derived from the experimental
study are superior to those obtained from dynamic simulations and CFD.

Keywords: HVAC; comfort analysis; experimental measurements; low-cost microcontrollers;
heat pumps; IAQ; CO, concentration; Arduino

1. Introduction

Heat pumps are considered a crucial technology for decarbonization and energy
transition, and their spread in Europe and Italy, according to data from the EHPA [1], saw
an annual increase of 38.9% and 35.2% in 2022 compared to the previous year. The rise in
demand can be attributed to various factors, such as the imperative to transition towards
renewable sources, their versatility across diverse climates, and the economic advantages
stemming from economies of scale: the surge in unit sales contributes to a cost reduction
effect. Indeed, heat pumps can operate even in harsh climates with temperatures of —25 °C
and efficiently provide water at 65 °C [2]. In Italy, the main types installed are air-to-air
and air-to-water heat pumps.

In the literature, attention has also been paid to control strategies related to heat pumps,
and a review is presented in [3] focusing on temperature set-points (also concerning the
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mean radiant temperature) or on the power of the heat pump. The subject of control strate-
gies in HVAC systems has been widely investigated [4,5]. Recent papers validate the control
strategies with experimental measurements. In [6,7], occupancy sensors are employed to
demonstrate energy savings when an occupancy-based control is performed, coupled with
high costs for the occupancy sensors. Recently, Arduino-based microcontrollers have been
used to control HVAC systems [8,9], pairing simplicity with cost-effectiveness. Pandey
et al. [9] focus on a split conditioner, i.e., an air source heat pump used in cooling mode,
while in [10], attention is paid to air quality.

Within the scientific literature, most analyses comparing heat pumps and boil-
ers predominantly concentrate on either performance, efficiency, and environmental
aspects [11-13] or economic considerations [14-17].

Also, thermal comfort is often a focal point in research due to its fundamental impact
on human health, learning ability, and productivity [18]. In [19], Solano et al. discuss
the role of thermal comfort in sustainable building evaluations. They apply Fanger’s
method [20] and the adaptive comfort method, after gathering data for 112 days from a
residential building. The findings reveal that activating the HVAC system satisfies over 80%
of potential occupants with the indoor temperature for more than 90% of the time. In [21],
Ma et al. explored personal thermal management (PTM) techniques to create a localized
thermal envelope around occupants instead of cooling/heating the entire building space.
This approach aims to reduce building energy consumption while maintaining thermal
comfort for occupants. Moreover, in other studies [22,23], the authors analyzed thermal
comfort prediction using instances based on transfer and machine learning methods. In
the recent literature, the review by Yussuf & Asfour [24] focuses on applying artificial
intelligence methods for reducing the thermal energy required by buildings. Specifically, the
review categorizes the recent literature on Al-enabled energy monitoring and Al-enabled
energy control. In [25], Boicu et al. optimize thermal comfort and energy efficiency in a
room of a public building by applying a fuzzy logic method and considering two different
thermal comfort models (Fanger’s model and the Van Zuilen model), using data acquired
from a low-cost weather station. The study [26] examines building designs that enable
effective air circulation without using mechanical systems. Furthermore, the effectiveness
of the passive system of using solar energy with the Trombe wall as a ventilation device
in modular houses has been experimentally confirmed. Regarding school air quality, a
comprehensive analysis was discussed in [27]. To fill the gap in the literature, in our study,
we evaluate various comfort indices at different points within a residential building, thus
considering a more extensive dataset measured throughout the entire home and adding to
the aspects related to thermal efficiency as well as those related to comfort.

Regarding comfort analyses, as far as the authors are concerned, the studies available
in the literature focus on particular issues. For instance, Dong et al. [28] focus on the space
heating of rural buildings, showing that ASHP combined with floor radiation heating is
the best mode in cold areas of China. Moreover, in [29,30], attention is paid to hospital
environments. Therefore, considering the analyses found in the literature, thermal comfort
is a current key point to consider, especially in the design of new HVAC systems and in
retrofitting existing systems.

The present paper investigates the implementation of a low-cost microcontroller
system for determining the microclimate in closed environments. Utilizing an extensive
dataset of experimental data relative to the residential building acquired through low-cost
sensors, this study diverges from previous works by analyzing comfort by comparing two
different heating systems. The microcontrollers and sensors are used to detect parameters
that are useful for determining comfort conditions inside a small residential apartment
(floor area of about 40 m?) located in the municipality of Bologna, in Northern Italy. Comfort
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parameters are analyzed during the heating season, alternating between the two different
generators: the gas boiler coupled to cast-iron radiators and the air-to-air heat pump with
a single indoor unit. The parameters useful for determining comfort and detected by the
microcontrollers at intervals of about 1-2 min during the tests are air temperature, mean
radiant temperature, and relative humidity. These data are also used to determine the index
developed by Fanger [20], PMV (predicted mean vote), and PPD (predicted percentage
of dissatisfied people). In addition, according to international standard ISO 7730 [31], the
local discomfort due to vertical temperature difference is calculated as well. Finally, the
analysis also focuses on determining the IAQ (indoor air quality) inside the residential
apartment, measuring the CO, concentration.

The analyses are conducted considering different heating system configurations and
are carried out under various boundary conditions. Specifically, the studies are performed
on different days of the heating season, characterized by different external temperatures,
and some characteristics of the heating systems are varied, such as the supply water
temperature from the boiler and the prescribed set-point temperature. The results are
then compared with CFD and dynamic analyses presented by the authors in a previ-
ous study [32]. This comprehensive approach not only enhances the inclusivity of the
study by integrating and corroborating with previous research but also provides a robust
validation of the findings, bridging the gap between theoretical models and practical,
real-world applications.

2. Materials and Methods

A set of sensors was placed within the apartment to determine the comfort and
indoor air quality. Low-cost and easily available online sensors were used. The installed
sensors included:

10 kOhm negative temperature coefficients (NTC) at 25 °C with 1% accuracy [33];
Temperature and humidity sensors DHT11 and AHT10 [34,35];

CO, sensor MHZ14A [36];

Voltage sensor ZMPT101B [37];

Current sensor ZMCT103C [38].

The readings from these sensors were taken by Wi-Fi microcontrollers based on

ESP8266 [39]. Since the measurements were taken at various points in the house, the
microcontrollers and sensors were assembled in different boxes, as shown in Figure 1a,b.

Before use, all the sensors were assembled and calibrated in the laboratory. To be
precise, the NTC temperature sensors were calibrated using a thermostatic bath and a
reference resistance temperature detector (RTD) connected to a Wheatstone bridge for
resistance detection; the humidity sensors were calibrated in a climatic chamber (ARGOLab
CH 250 [40]); the current and voltage sensor was calibrated employing as reference a power
meter (Fluke 1735 three-phase power quality logger); and the CO, sensor was calibrated
using another commercial sensor (Sensirion SCD30 [41]), which is sold already calibrated by
the manufacturer. According to the datasheet and calibration procedure, the uncertainties
of the sensors are reported in Table 1.

These sensors allow for determining air temperature, relative humidity, CO, concen-
tration, and average radiant temperature. To obtain this last measure, some sensors were
placed inside black spheres with a diameter of 0.15 m.
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Figure 1. (a) Case containing the CO, sensor; (b) view of the case with a microcontroller (NodeMCU)
and temperature, humidity, and pressure DHT11.

Table 1. Uncertainties of the sensors after calibration.

Sensor Type-Model Measured Quantity Uncertainty
Temperature NTC 12% Eghm at Temperature (°C) +04 K
Humidity DHT11 Relative humidity (%) +5%
Humidity AHT10 Relative humidity (%) +3%
CO, sensor MHZ14A CO; concentration i(SO.ppm + 5%
(ppm) reading value)
Current ZMCT103C Current (A) +1%
sensor
Voltage ZMPT101B Voltage (V) +1%

The data collected by the microcontrollers is saved locally on SD cards and sent to
an online service (Google Sheet, [42]) at intervals ranging from 60 to 120 s. As shown in
Figure 2, the microcontrollers are connected to a specially created Wi-Fi network using a
router, which is connected to the existing local router via a wired connection.

— N —
-~

~ ~ (~
SENSORS/ ’ """":0:"_""’ DEDICATED *
MICROCONTOLLERS ROUTER
LOCALSD EXISTING
DATA STORAGE ROUTER
ONLINE DATA
STORAGE SERVICE

Figure 2. Scheme of data storage and microcontroller connections.
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4.16 m

3. Building and Heating System Characteristics

The building under investigation is a residential building located in a residential
quarter of Bologna (lat. 44°29'38"”, long. 11°20'34"), Northern Italy.

The apartment, whose plan and 3D view are shown in Figure 3a,b, is situated on the
ground floor of a four-story condominium built in 1992. The apartment has an independent
entrance, and the plan highlights the presence of three thermal zones: an unwindowed
bathroom (7.0 m? floor area), an entrance/ living area (24.5 m? area), and a bedroom (7.2 m?
floor area). The total floor area of the building is 38.7 m?, with a room height of 3.00 m,
except for the entrance, where there is a false ceiling, resulting in a height of 2.70 m. The
apartment is situated above garages, and above it there is another apartment (thus a heated
thermal zone); it also has three external walls and one wall facing the unheated stairwell of
the condominium.

6.25 m|

LIVING ROOM BEDROOM 2.93m

w
14.10 E
” :
=
=
ﬁ w
BATHROOM ENTRANCE
I —
2w 6?96 m t 3
(a) (b)

Figure 3. (a) Layout of the apartment and (b) position of the apartment in the building block: the
analyzed apartment is depicted in red.

The net heated volume is 112.4 m? (the gross is 160.2 m? (V)), and the gross dispersing
surface, S (towards the outside and unheated rooms), is 140.5 m2, with an S/V ratio of
0.88. The characteristics of the main envelope elements are reported in Table 2. Table 2
shows that the building has poor insulation (in particular, the external walls have rock
wool insulation of 0.04 m thickness). The window components (windows in the living
room and bedroom, French door in the entrance) represent 14.4% of the area of the external
vertical walls. Specifically, the entrance door is single-glazed with an aluminum frame
(total window area of 2.43 m? and total window transmittance estimated at 5.54 W/(m?K)).
In comparison, the other two windows in the living room and bedroom are double-glazed
with a transmittance of 1.69 W/(m?K) and areas of 5.94 m? and 1.89 m?, respectively.

Table 2. Thickness (m) and transmittance (U-value, W/(mK)) of the main envelope components of

the analyzed building.

Component U-Value (W/(m?K)) Thickness (m)
Dividing walls 2.074 0.10
External walls 0.667 0.30

Inter-floor 0.595 0.42

The apartment under analysis has the peculiarity of having two different heating
systems: a gas condensing boiler paired with cast-iron radiators, which is also used for
producing domestic hot water, and an inverter air-to-air heat pump, installed in the apart-
ment in 2022 with a single internal unit placed in the living area. This type of system (i.e.,
gas boiler and reversible heat pump) is widely used in Italy. The gas boiler is typically
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used for heating and domestic hot water production, while the reversible air-to-air heat
pump is used primarily during the cooling season. The thermal power of the gas boiler is
24 kW, with an average seasonal efficiency of 0.88 when considering combined production
of domestic hot water and heating; moreover, the gas boiler is controlled by an on—off
thermostat positioned in the entrance. According to UNI EN 14511-3 [43], the heat pump
has a designed heating power of 2.7 kW and a seasonal performance coefficient (SCOP)
of 4.0 in the average season; the onboard heat pump temperature controller controls the
temperature set-point. Figure 4 shows the positions of the heating generators and the
internal terminals, namely the cast-iron radiators and the heat pump internal unit.

1S

HPO.U.

RADIATOR

LIVING ROOM BEDROOM

HPLU. |'|

1

BATHROOM ENTRANCE

STTAMAIVIS

GAS BOILER
RADIATOR RADIATOR

L)

Figure 4. Position of the generators and terminal emitters in the apartment: the heat pump internal
and external units (HP I.U. and HP O.U,, respectively) are shown in black. In contrast, the gas boiler
and the radiators are noted in red.

4. Experimental Campaign

Within the apartment, eight different tests were conducted to determine the comfort
conditions at strategic points of the house. Figure 5 displays the positions of sensors placed
inside the apartment to evaluate comfort: comfort conditions were analyzed at points in
the living/entrance area (near the sofa, table, and desk), in the bedroom near the bed, and
in the bathroom near the sink. In each room, relative humidity values were also measured,
and in the living room, the CO, concentration was also measured.

Regarding the analysis of local discomfort [31], in addition, in the living room, the
temperature was determined at 0.05 and 2.75 m from the floor. These additional sensors
were not employed for the global comfort analysis, but only for the discomfort analysis,
as reported in Section 5.2. Finally, temperature and humidity sensors were also placed
outside the building to determine the external conditions. The global PMV and PPD
indices developed by Fanger [20] were calculated considering the measured values of air
temperature, mean radiant temperature, and humidity. In contrast, fixed values of clothing
(1 clo), activity (1 Met), and airspeed (0.05 m/s) were considered (in Appendix A, the
equations for PMV and PPD are reported). The mean radiant temperature (f,,» (°C)) was
calculated using the balance Equation (1), in the presence of natural convection:

g 0.25 0.25
25- te —t,
tur = | (tg +273)" + 0256 10 <| £ ””’) (g —tair) | =273, (1)

D
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where t;;, (°C) is the air temperature, and ty (°C) is the black globe temperature, i.e.,
the temperature reads from an NTC placed at the center of a black globe, which has
emissivity € = 0.95 and diameter, D, of 0.15 m. In Appendix B, the C++ code implemented
for calculating the mean radiant temperature, and the PMV and PPD are also reported,
employing ESP8266-based microcontroller board, Wemos D1 mini (Adafruit Industries,
New York, NY, USA).

’@ BEDROOM -
SOFA- i (110 m)
L (1.20 m) \. o | e (2 7 7Y |
BEDROOM -
LIVING - 1, (2.00m) ”
TABLE - 1, (2.00 m) 4
./ Lo (125 ) BEDROOM E
LIVING ROOM é
DESK - =
|J 1, (1.20 m) 72!
BATHROOM - i BATHROOM -
£, (1.50 m) L (1.70 m)
BATHROOM ENTRANCE

L]

Figure 5. Positions of sensors in the apartment for the comfort analyses; the green dots indicate the
positions of the air temperature sensors, while the purple dots indicate the positions of the black
globe sensors; for each sensor, the height above the floor is also shown.

Table 3 summarizes the eight tests carried out. Each test lasted 15 h, corresponding to
the daily heating system operation period (5:45 a.m.—9:45 p.m.). Table 3 shows that the first
six tests used the heat pump with different water supply temperatures to the radiators (45,
55, and 65 °C), respectively, and with two different set-points for the room air (20 and 21 °C).
The last two tests were conducted using the heat pump at 20 °C and 21 °C. In addition,
the electrical absorptions and natural gas consumption were recorded every test day. The
choice of the two indoor set-point temperatures was driven by different considerations:
20 °C reflects the standard winter heating limit defined by Italian regulations, representing
a standard reference for residential buildings; 21 °C was introduced to assess how a modest
increase in air temperature may affect both thermal comfort and energy use.

Table 3. Main settings of the performed analyses employing the gas boiler (cases C1-C6) and the
air-to-air heat pump, HP (cases C7 and C8); water temperature refers to the water supply temperature
to the radiators in cases C1-C6.

Case C1 C2 C3 C4 C5 Ce C7 C8
Heating system BOILER BOILER BOILER BOILER BOILER BOILER HP HP
Air set-point, t5; (°C) 21 21 21 20 20 20 21 20
Water temperature, ty, (°C) 45 55 65 45 55 65 - -
Gas volume (Sm?) 2.61 2.71 3.49 1.94 2.49 1.87 - -
HP electricity demand
(kWh) - - - - - - 4.07 2.34

The water supply temperatures were selected to assess their potential influence on
perceived comfort. In particular, changes in radiator surface temperature may affect the
mean radiant temperature, which plays a key role in thermal comfort. Higher supply
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temperatures may increase the mean radiant temperature, enhancing comfort even when
air temperature remains unchanged.

5. Results and Discussion

In this chapter, the comfort and energy analysis results are reported and discussed.
The comfort analysis is presented in two separate sections: in the first, the global comfort
parameters results are reported (i.e., the PMV and PPD), and in the second, a local discom-
fort analysis is reported. Then, the energy and IAQ analysis are reported in the last two
sections of the chapter.

5.1. Comfort Analysis

In Table 4, the results obtained from the eight analyses in terms of PMV and PPD are
reported. Reference is made to the air velocity of 0.05 m/s, 1 clo for clothing, and 1 Met for
the activity. The tests were conducted during the first half of the winter month of February
2024. Concerning the humidity and temperature values, the location is characterized
by a humid climate (average daily humidity between 74 and 92%) and by an external
temperature higher than the typical values for that location: in Bologna, according to the
UNI 10349 standard [44], the average monthly temperature is 4.6 °C, while from Table 4 it
is observed that the external temperatures are much higher, with a 24 h highs of 14.8 °C in
case C8 and a minimum of 5.9 °C in case C6.

Table 4. Results obtained from comfort analysis. “HS-ON factor” is the ratio between the time the
heating system was on relative to the 15 h of daily heating, while UR.y; and .y are the mean outdoor
relative humidity and temperature, respectively (the latter averaged over the 24 h of the day and
during the 15 h when the heating system is on).

Case C1 C2 C3 c4 C5 C6 c7 c8
Heating system BOILER BOILER BOILER BOILER BOILER BOILER  HP HP
teet (°C) 21 21 21 20 20 20 21 20
tw (°C) 45 55 65 45 55 65 - -
HS-ON factor (-) 0.39 0.35 0.28 0.07 0.11 0.05 0.38 0.15
text (°C) (24 h) 10.7 10.8 12.2 14.1 9.9 5.9 14.7 14.8
toxt (°C) (HS-ON) 12 12 12.6 14.8 10.4 6.3 14.9 152
URext (%) (24 h) 85 87 74 78 89 83 92 91
PMV BATH (-) ~0.32 —0.28 ~0.33 —-0.77 —0.57 —075  —085 —0.79
PMYV BED (-) —0.73 —0.76 —0.73 ~1.06 ~1.00 —092  —090 —093
PMYV SOFA (-) —0.11 —0.15 —0.04 —0.53 —0.42 —044  —035 —0.37
PMV DESK (-) —0.17 —0.17 —0.07 —0.51 —0.46 054  —036 —038
PMV TABLE (-) —0.11 —0.15 —0.04 —0.53 —0.42 —044  —035 —037
PPD BATH (%) 7.1 6.6 7.3 17.5 11.8 16.8 20.2 182
PPD BED (%) 162 17.2 162 28.7 26.1 229 22.1 23.3
PPD SOFA (%) 53 55 5.0 109 8.7 9.0 7.5 7.8
PPD DESK (%) 5.6 5.6 5.1 104 9.4 11.1 7.7 8.0
PPD TABLE (%) 53 55 5.0 109 8.7 9.0 7.5 7.8

In the table, the PMV values are negative, in the range between —0.04 and —1.06;
thus, the temperature conditions in the analyzed rooms range from neutral to slightly cool.
We highlight that these values are good, since an activity of 1 Met is assumed. Indeed,
excluding the bedroom, the PPD displays values in the range of 5-17.5%. Moreover, the
table shows that, in terms of absolute values, in all the cases where a set-point of 21 °C is
prescribed for the boiler, an increase in the PMV index is observed in all the rooms under
investigation compared to the use of the gas boiler with a set-point of 20 °C. Observing
specifically the PMV calculated in the living area, near the table, sofa, and desk, it is close to
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0 in tests C2—C3, while it is in the range of —0.54 to —0.42 when the set-point is set to 20 °C.
In the same locations, moreover, when the heat pump is used with set-points of 20 °C and
21 °C, the PMV is between —0.38 and —0.35, with a corresponding PPD between 7.5% and
8.0%. The use of the heat pump in the living area thus leads to obtaining a comfort level
intermediate between the cases where the boiler was used with set-points of 20 °C and
21 °C (average PPD with heat pump 7.7%, average PPD with gas boiler at 20 °C of 9.8%
and 5.3% with gas boiler at 21 °C).

In the bathroom, a higher PMV is observed when the heat pump is used (average in
cases C1-C6 of —0.52, average in cases C7—C8 of —0.82), and this is consistent with the fact
that in the bathroom, the only emitter is a radiator.

Concerning the bedroom, the PMV value turns out to be significantly lower compared
to the other considered locations in the apartment, due to the absence of emission terminals:
the average PMYV in cases C2-C3 is —0.74, in cases C5-C6 it is —0.99, while it is —0.92 if the
heat pump is used (cases C7 and C8). Also in this case, from the comfort point of view, the
heat pump is placed in an intermediate position relative to the boiler, with set-points of
20 °Cand 21 °C.

Furthermore, in tests at different water supply temperatures and fixed set-points, no
particular differences in PMV and PPD are noted.

Focusing attention to other measured quantities, and particularly on the temperature
at 2.75 m from the floor in the living room (temperature next to the ceiling) shown in
Figure 6a,b, it is observed that the temperature, while using the boiler setting, the set-point
to 21 °C reaches values above 27 °C (case C3), compared to the maximum of 23.5 °C (case
C5) when the set-point is set to 20 °C. There is no strong direct correlation between the
water supply temperature and the ceiling temperature. In fact, the correlation shows that
the temperature near the ceiling increases as the water supply temperature from the boiler
rises, but this is only noticeable in cases C2-C3 (Figure 6a) with an air set-point of 21 °C,
whereas it is not that evident with a set-point of 20 °C (Figure 6b). Instead, looking at
Figure 6¢, which reports the ceiling temperature in cases C7 and C8, which is with the use
of the heat pump at 21 °C and 20 °C, respectively, an oscillatory periodic trend is observed,
with slightly different maximum and minimum values in the two cases (range 21.5-24.0 °C
for C7 and 20.5-23.5 °C for C8); this is due to the control of the heat pump temperature,
which is not able to keep the preset set-point temperature stable inside the room.

Moreover, Figure 6d reports the trend of relative humidity in the three thermal zones
in case C5, from which peaks are observed corresponding to the opening of the windows
(approximately at 3:00 p.m.), in the bathroom corresponding to showers (at 9:00 a.m. and
7:00 p.m.), and finally, a relative humidity increase in the bedroom during the night hours
(between 0.00 a.m. and 6:00 p.m.) is also observed.

In Table 5, the values of air temperature, mean radiant temperature, and relative
humidity across the eight cases, averaged over the 15 h of heating system operation, are
reported. The table shows that the air temperature in the living room during tests C2-C3
always remains above 21 °C; in cases C5-C6, it ranges between 19.9 and 20.6 °C, whereas
considering the cases with the heat pump, C7 and C8, the average temperature never
reaches 21 °C. The mean radiant temperature is also particularly high (23.1-23.7 °C) in the
living area in tests C2—C3 compared to all the other tests conducted. As for the bathroom,
the lowest temperatures (19.6 and 19.9 °C) are observed in cases C7 and C8 (i.e., if the
heat pump is employed as a heating system). Considering the bedroom, the lowest mean
radiant temperature is found in cases that involve the heat pump and the gas boiler, with
a set-point temperature of 20 °C (19.3 °C for case C4 and 19.8 °C for case C8). In all the
cases, the humidity inside the apartment ranges between 59 and 82%, with generally higher
values in the bathroom.
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Figure 6. Temperature at 2.75 m from the floor in the living room for cases (a) C1-C3, (b) C4-C6, and
(c) C7—C8; (d) relative humidity in the bedroom, bathroom, and living room in case C5.
Table 5. Air temperature (t;;, (°C)), mean radiant temperature (t,;- (°C)), and relative humidity (RH,
(%)) averaged over the 15 h of the heating system operation for cases C1-C8.
Case C1 C2 C3 C4 C5 Ce Cc7 C8
t,ir bathroom 21.2 214 21.2 19.5 20.4 19.6 19.2 19.3
t.iy bedroom 19.3 19.3 19.4 18.4 18.5 17.9 18.7 18.8
t.ir sOfa 21.8 21.6 20.0 20.2 20.6 204 20.3 20.7
tair desk 21.5 21.4 21.8 20.4 20.4 19.9 20.3 20.6
tir table 21.7 21.7 22.1 20.0 20.6 20.1 19.9 20.2
tr living 23.1 23.2 23.7 21.4 22.1 22.0 22.8 22.2
tmr bathroom 22.0 22.3 22.3 20.0 21.2 20.3 19.6 19.9
tmr bedroom 21.1 21.1 214 19.3 20.0 214 20.2 19.8
RH living 64 62 59 71 64 69 70 70
RH bathroom 69 62 60 79 65 75 82 82
RH bedroom 69 65 62 76 69 74 75 76

Finally, a comparison with simulations already available in the literature and related
to the same residential building [32] allows us to infer that the results obtained from the ex-
perimental measurements are partially in agreement with those obtained from the dynamic
and CFD analyses. The CFD analysis reported in [32] was conducted using the commercial
software, STARCCM+ (version 2206). The Reynolds stress transport (RST) turbulence
model and elliptic blending near-wall Reynolds stress turbulence closure were employed
to capture turbulence anisotropy. For numerical discretization, a second-order upwind
scheme was used, and the SIMPLE algorithm addressed the pressure—velocity coupling.

Mesh sensitivity analysis ensured computational efficiency and result accuracy, re-
sulting in a final mesh of 9 x 106 elements with a 4 cm base size and five boundary layers
accounting for 5% of the base size. Surface refinements targeted the heat pump, radiators,
and furniture.

Two steady-state simulations compared the heating systems on a typical winter day in
Bologna with an external temperature of 6.9 °C. Boundary conditions set temperatures of
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20 °C for the ceiling, 10 °C for the floor, and 12 °C for internal walls to compensate for the
considered apartment facing two non-heated zones (garages downstairs and the stairwells)
and a heated upper apartment. The heat pump featured a velocity inlet of 2.4 m/s at a
45° angle from the ceiling, according to measurements performed in the apartment during
the heating season.

In detail, comparing results obtained from CFD analyses to the ones obtained from
the experimental campaign, it is found that the bathroom and bedroom are the rooms
presenting a lower PMV; however, the experimental measurements highlighted a better
overall comfort level, mainly due to the higher radiant temperature present inside the
various rooms of the apartment. This can be attributed to the different climatic conditions
under which the experimental analyses and the dynamic and CFD analyses were conducted;
in fact, these were carried out considering a lower average external air temperature (6.9 °C)
and a possible underestimation of the mean radiant temperature obtained through the
Trnsys version 18 software relative to the dynamic analysis. In fact, in [32], the dynamic
analysis reveals that the mean radiant temperature in the thermal zones varies from 16 °C,
in the bathroom when the heat pump is used, to 18.5 °C when the heating system considered
is the gas boiler coupled to radiators, based on an indoor air set-point of 20 °C. This analysis
was conducted for a typical day in the heating season with an average outdoor temperature
of 6.9 °C. Notably, these values are lower than those obtained from the experimental results,
as mentioned earlier in this section.

5.2. Local Discomfort Analysis

The analysis of local discomfort is limited to the calculation of the local discomfort
index due to the temperature difference between ankles (at 0.10 m from the floor) and neck
(1.50 m from the floor), according to the ISO 7730-2005 standard [31]:

100

PD = .
1+ exp(5.76 — 0.856 - Aty )

()

In Equation (2), PD (%) represents the percentage of dissatisfied people due to the tem-
perature gradient between the neck and ankles, and At;,; (K) is the temperature difference
between the neck and ankles.

Table 6 lists the average temperature values during the heating system operation in
tests C3—C8 at neck level, which is 1.50 m from the floor, at ankle level (0.10 m from the
floor), and the calculated value of “dissatisfied” according to (2) in the living room. The
table shows that the percentage of dissatisfied people is always below 5%, highlighting
the absence of local discomfort in the living room. The only times characterized by a high
value of discomfort (values reaching 50%) occur in the presence of prolonged window
opening (the windows remained open for an extended period), as can be seen in Figure 7,
where the values of dissatisfaction due to the presence of a significant temperature gradient
between neck and ankles during test C3 are reported. Figure 7 also shows the temperature
in the living area at ceiling level (2.75 m from the floor); it is observed that the prolonged
opening of the windows (between 9:45 a.m. and 10:45 a.m.) has the effect of lowering the
temperature mainly at floor level, with a consequent increase in the level of dissatisfaction
(PD). The temperatures at 1.50 m from the ground and near the ceiling remain practically
unchanged despite the window opening, also because the boiler remained on.
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Table 6. Average values during the 15 h when the heating system is on for the air temperature at the
ankles and neck, and the average value of the percentage of dissatisfied people (PD, calculated from
Equation (2)) due to the temperature gradient between neck and ankles.

Case C1 C2 C3 C4 C5 Ce c7 C8
temp. ankles (°C) 194 18.9 18.9 18.2 18.2 18.4 18.1 18.4
temp. neck (°C) 21.2 21.1 21.5 20 20.3 19.9 20.2 20.3
PD (%) 1.7 34 47 1.8 2.5 1.3 2.2 1.7
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Figure 7. Temperatures at ankle level (0.10 m, green line), at neck level (1.50 m, azure line), and
at 2.75 m (red line) from the floor in case C3. The figure also shows the PD (%) due to the vertical
gradient and the state of the boiler (the yellow area indicates when the boiler is on).

5.3. Energy Analysis

Table 3 shows the methane gas consumption of the gas boiler during the analyzed
tests. In this case, the reported data refer to the total consumption of the gas boiler and
cooktop, which also includes consumption for the production of domestic hot water and
cooking, since there is a single meter for all three consumption centers (heating, production
of domestic hot water, and cooking). The table also includes the electricity consumption
related to the heat pump in cases C7 and C8, measured with the voltage and current sensors
mentioned in Section 2. Considering the values related to the cases involving the use of
the gas boiler, cases C2-C3, which presuppose a set-point at 21 °C, a corresponding gas
consumption between 2.61 and 3.49 Sm3 is observed, compared to a lower consumption
ranging between 2.49 and 1.87 Sm3 for the case with a set-point of 20 °C. Moreover, in
general, at a fixed set-point temperature, a higher water supply temperature from the boiler
corresponds to a higher natural gas consumption, except in the case of C4 (t, =45 °C),
which predicts a consumption higher than C6 (t,, = 65 °C). This can still be explained
considering that the meter reading also includes consumption for domestic hot water
production and cooking. The electric meter of the heat pump instead shows an increase in
electric energy consumption between the cases with a set-point of 20 °C to 21 °C of 74%
(4.07 kWh for case C7 compared to 2.34 kWh for case C8).

Furthermore, in Figure 8, the power trends of the heat pump in case C8 can be observed;
in the same graph, the temperatures at the inlet and outlet of the heat pump evaporator and
the temperatures at three different heights in the living area, where the internal unit of the
heat pump is installed, are reported as well. It is observed that the power also has a periodic
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trend similar to the temperature 2.75 m from the floor. In particular, the maximum power
of the heat pump corresponds to the minimum temperature at the evaporator’s outlet;
moreover, the maximum power corresponds to the minimum temperature near the ceiling.
It is also observed that the fluctuating trend in the heat pump cycles due to inadequate
control has less impact on the temperature 1.50 m from the floor, and the influence at floor
level is almost imperceptible.

—TAIR_EV_OUT —TAIR_EV_IN TAIR_10 TAIR_150 TAIR_275 —POWER
1000

n 900
800
700

600

W)

500

Power (

400

300

o

5:00 5:30 6:00 6:30 7:00
Time (HH:mm)

Figure 8. Trends in power (black line) and temperatures in case C8: TAIR_EV_OUT and TAIR_EV_IN
are the air temperatures at the outlet and inlet of the external evaporator, while the other three are the
temperatures in the living room at three different heights (0.10, 1.50, and 2.75 m from the floor).

5.4. Carbon Dioxide Concentration Analysis

In Table 7, the mean carbon dioxide concentration detected by the CO; sensor located
in the living room during the eight analyses is reported (the average was taken over the
24 h of the test day. The apartment is inhabited by two people, and the data in Table 7 show
that during the 24 h, the CO, levels were very high, ranging between 1360 and 1860 ppm.
Furthermore, Figure 9 shows the CO, concentration in the living room during test C3 and
the temperatures in the room at three different heights from the ground: 0.10 m, 1.50 m,
and 2.75 m. The figure shows that the CO2 concentration remains high throughout the day.
A significant decrease is observed when the windows are opened at 9:00 a.m.; subsequently,
the value returns to levels close to those experienced during the night (1600-1900 ppm). The
only cases where the CO, concentration is at acceptable levels, i.e., below 800-1000 ppm,
are for short periods following the opening of windows for natural ventilation or in the
absence of people. The values reported in Table 7 and Figure 9 indicate poor air quality
and insufficient air exchange.

Table 7. Average carbon dioxide concentration over 24 h for cases C3—-C8.

Case

C1 C2 C3 C4 C5 Coé Cc7 C8

CO; concentration (ppm)

1775 1551 1460 1804 1396 1360 1460 1860
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Figure 9. CO; concentration and temperature at three different heights during case C3.

6. Conclusions

In the present paper, an experimental determination of comfort indices and air qual-
ity inside a residential apartment located in Southern Europe is presented. The HVAC
control system is based on an Arduino-like microcontroller, pairing simplicity with cost-
effectiveness. Moreover, since many existing buildings in European countries are equipped
with both gas boilers and ASHP, as in the present case, an easy Arduino-like control system
allows for switching between the two possible heating generators for optimization issues,
such as, for instance, thermal comfort, energy consumption, and CO, emission reduction.

The analysis leads to the following conclusions:

- The comfort indices inside the apartment using the heat pump are intermediate
between the indices determined when the gas boiler is used with set-points between
20 °C and 21 °C (for example, the heat pump in case C8 with a set-point of 21 °C
leads to a PMV of —0.35 in the living room, next to the sofa, while when the gas
boiler was employed, the PMV value was —0.11 and —0.53, for set-point 21 and
20 °C, respectively).

- The supply water temperature to the radiators has little influence on comfort con-
ditions for a fixed set-point temperature, but has an influence generally on the gas
consumption of the gas boiler, as reported in Table 3.

- The results from the experimental analysis were compared with those obtained from
CFD and dynamic analyses [31], and the experimental results are partially in agree-
ment with the dynamic ones. Both the experimental and dynamic and CFD anal-
yses clearly show that some rooms (bedroom and bathroom) present situations of
discomfort. However, the experimental results highlighted a higher mean radiant
temperature, thus better comfort conditions.

- The experimental analysis did not show any particular issues related to local discom-
fort due to the vertical temperature gradient (for all cases considered, the percentage
of dissatisfied PD is in the range of 1.3-4.7%).

- The analysis of air quality leads to the statement that it is poor in the apartment,
with an average of over 24 h of CO, values above 1360 ppm (range 1360-1860 ppm),
suggesting a need to improve ventilation.

Future aspects of this work will focus on the analysis of comfort during the summer
season and the analysis of the correct positioning of the thermostat (for the boiler and
possibly the heat pump) to optimize comfort and minimize consumption. Moreover, op-
timization issues facilitated by the choice of Arduino will be further explored. Although
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the current implementation is limited to boiler control, using an Arduino-like microcon-
troller allows for the future development of an innovative switching system between the
boiler and the air-source heat pump, aiming to enhance thermal comfort, reduce energy
consumption, and lower CO; emissions.
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Appendix A

In this appendix, the equations for calculating the PMV and PPD according to Fanger’s
model and the UNI 7730 norm are presented [21,31]. The PMV is an index ranging from
—3 to +3, with 0 representing thermal comfort neutrality, statistically satisfying 95% of
people. This index is a function of various parameters: air temperature (., °C), mean
radiant temperature (t,;, °C), air velocity (v,;,, m/s), partial pressure of water vapor in the
air (pa, Pa), thermal resistance of clothing (I, (m?ZK)/W), the ratio of skin surface covered
by clothing to total exposed skin (f,), clothing surface temperature (., °C), convective
heat transfer coefficient (1, W/(m?K)), metabolic rate (M, W/m?2), and activity level
(W, W/m?). The equation for PMV derived from [31] is shown as Equation (A1), while
Equations (A2)-(A4) detail the expressions that compose it. The PMV equation requires
iterative solutions.

PMV = [0.33-  exp(—0.036M) + 0.2028]
(M —W)—3.05-10"3-[5733 - 6.99 - (M — W) — p,]
—0.42 - [(M — W) —58.15] — 1.7 - 10~>M(5867 — p) (A1)
—0.0014M (34 — ty;,) — 3.96 - 1078,
’ [(tcl + 273)4 - (tmr + 273)4} - fclhc(tcl - tm’r)}

tg =357 0.028(M — W)
~10{396 1078 fu[(ta +273) = (b +273)*] + S (AD)
+hc(tcl - tair)}

he =238- |tCl - tair‘o.zs fOI” 2.38- |tCl - tair|0.25 >121- V Uair (A3)
he =121 /Oy for2.38- |ty — ta|"® < 12.1- /Oy
fuq=100+12901,; forly <0.078 (m?*K)/W A1

fu=1.05406451;  forI; > 0.078 (m’K)/W
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The PPD is an index that statistically represents the percentage of thermally dissatisfied
people and is a function of the PMYV; its expression from [31] is presented in Equation (A5).
This index indicates that at a PMV of 0, the percentage of dissatisfied individuals is 5%.

PPD =100 — 95 - exp (—0.03353 PMV* —0.2179 PMVZ) (A5)

Appendix B

In this Appendix, the C++ codes implemented in the ESP8266 microcontrollers to
calculate the mean radiant temperature from the values of air temperature and the temper-
ature measured inside a hollow sphere (black globe temperature) according to Equation
(1) is reported. Subsequently, the function in the C++ language for determining comfort
indices with the Fanger model [20] is presented.

The function for determining the mean radiant temperature in C++ is as follows:

// MEAN RADIANT TEMPERATURE DETERMINATION, CONSIDERING THE AIR
TEMPERATURE NTC1 AND BLACK GLOBE TEMPERATURE NTCO0

TRAD_CALC_M = POW(POW(273 + T_M_NTCO, 4) + (T_M_NTCO - T_M_NTC1) * (0.25 *
POW(10, 8)) * (1 / 0.95) * POW(FABS(T_M_NTCO - T_M_NTC1) / 0.15, 0.25), 0.25) - 273;

The function implemented in C++, which iteratively calculates the PMV index and sub-
sequently the PPD, was developed following the procedure presented in the standard [31],
where T_CL is the clothing surface temperature:

// INPUTA DATA
TA = T_M_NTC1; //AIR TEMPERATURE (READINGS FROM NTC1)
TR = TRAD_CALC_M; // MEAN RADIANT TEMPERATURE
RH = RH_M_DHT11; // RELATIVE HUMIDITY (READING FROM DHT11 HUMIDITY
SENSOR)
MET = 1.0; // METABOLIC RATE
WME = 0.0; // EXTERNAL WORK
VEL = 0.05; // AIR VELOCITY
CLO = 1.0; // CLOTHING

// PARTIAL VAPOR PRESSURE APPROXIMATION
FLOAT PA = RH * 10 * EXP(16.6536 - 4030.183 / (TA + 235));
// CLOTHING RESISTANCE DETERMINATION IN M2K/W
FLOAT ICL = 0.155 * CLO;
// METABOLIC RATE IN W /Mm?2
FLOAT M = MET * 58.15;
// EXTERNAL WORK IN W /M2
FLOAT W = WME * 58.15;

// MW BALANCE
FLOAT MW =M - W;
// CLOTHING FACTOR DETERMINATION
FLOAT FCL;
IF (ICL <= 0.078) {
FCL=1+1.29*I1CL;
} ELSE {
FCL =1.05 + 0.645 * ICL;
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// HC COEFFICIENT DETERMINATION
FLOAT HCF = 12.1 * SQRT(VEL);
FLOAT HC = -2000; // STARTING
FLOAT TAA = TA + 273;
FLOAT TRA = TR + 273;
FLOAT TCLA = TAA + (35.5-TA) / (3.5 *ICL + 0.1);
FLOAT P1 = ICL * FCL;
FLOAT P2 = P1 * 3.96;
FLOAT P3 = P1 *100;
FLOAT P4 = P1 * TAA;
FLOAT P5 = 308.7 - 0.028 * MW + P2 * POW((TRA / 100), 4);
FLOAT HCN =0;
FLOAT XN = TCLA / 100;
FLOAT XF = XN + 0.1;
FLOAT EPS = 0.0015; // TOLERANCE
INTN =0;

WHILE (FABS(XN - XF) > EPS) {

XF = (XF + XN) / 2;

HCN = 2.38 * POW(FABS(100 * XF - TAA), 0.25);

HC = (HCF > HCN) ? HCF : HCN;

XN = (P5 + P4 * HC - P2 * POW(XE, 4)) / (100 + P3 * HC);

N++;

}
FLOAT TCL = 100 * XN - 273;

// FINAL DETERMINATION OF PMV AND PPD
TS = 0.303 * EXP(-0.036 * M) + 0.028;

PMV =TS * (MW - (3.05 * 0.001 * (5733 - 6.99 * MW - PA)) - MAX(0.0, 0.42 * (MW -
58.15)) - (1.7 * 0.00001 * M * (5867 - PA)) - (0.0014 * M * (34 - TA)) - (3.96 * FCL * (POW(XN, 4)
- POW(TRA / 100, 4))) - (FCL * HC * (TCL - TA)));

PPD = 100 - 95 * ExP(-0.03353 * POW(PMYV, 4) - 0.2179 * POW(PMV, 2));
// END OF PMV AND PPD CALCULATION.
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