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Abstract: In buildings with good-quality thermal insulation of external partitions, the main compo-
nent of the building’s heat balance is the heat demand for ventilation. The reduction of this energy
demand cannot be achieved at the expense of thermal comfort of the occupants and indoor air
quality. The aim of this article is to analyze the impact of various ventilation strategy (natural and
mechanical) on heating demand, thermal comfort, and CO, concentration in a single-family house
located in Poland. The benefits of using fans integrated with the earth tube were tested. The study
was based on the numerical energy simulation of a multi-zone building model for the entire calendar
year. Contam, EnergyPlus, and Python programs were used to perform calculations. The thermal
model was validated on the results of temperature measurements in the building. To obtain the best
solutions, the parameters of the systems considered have been optimized with the use of genetic
algorithms. Various optimal parameters of the earth tube (diameter, length, and foundation depth)
were obtained during this research. The highest number of thermal discomfort hours was obtained
in the naturally ventilated building with automatic window opening. This system supplied to the
rooms a large amount of cool outdoor air in winter and warm air in summer, causing instantaneous
rapid fluctuations in indoor temperature. Supplementing the mechanical ventilation control system
with CO, concentration sensors resulted in a much higher amount of ventilation air supplied to
the rooms compared to systems controlled only by temperature sensors, resulting in an increase in
heat demand.

Keywords: building; ventilation; single-family house; optimization; energy simulation; thermal
comfort; CO, concentration

1. Introduction

Energy costs are increasing and represent a large proportion of household budgets.
These can be limited by reducing the energy consumed in heating the building. This can be
achieved, among others, by improving the thermal insulation of the building envelope. New
buildings must meet the standard requirements for heat transfer coefficients. Currently,
in the countries of central and northern Europe, these coefficients are very low, so such
buildings will consume a small amount of heat.

Research in this field is largely focused on the search for optimal solutions for the
structure of the building body. Various objective functions are analyzed here. In the
article by Ascione et al. [1], the parameters of thermal insulation layers of the external
partitions of a multi-family building were optimized. Thermal simulations using the
EnergyPlus program and the optimization process with the NSGA-II (Non-dominated
Sorting Genetic) algorithm were carried out. The objective functions were to minimize the
primary energy demand and discomfort hours. These studies were carried out for two
climate data sets from the Mediterranean area. The same authors [2] extended their research
to search for the best energy supply systems based on renewable sources for the same
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building. Similar research consisting of the envelope for a single-family building, but in a
moderate transitional climate, was carried out by Grygierek and Ferdyn-Grygierek [3-5].
In article [3], the life cycle cost (LCC) was optimized, where window area, types of glazing,
the thickness of insulation and azimuth of the buildings were the design variables. This
research was carried out for the building with and without mechanical cooling. In [4], the
benefits of using passive cooling to maintain thermal comfort for the same building were
discussed. A fuzzy logic controller to operate the fans was proposed and optimized. The
optimal solutions of the building body for a natural ventilation case, taking into account
the windows being opened by the residents, were examined in article [5]. Additionally,
the behavior of residents in controlling the ventilation of the building was optimized. The
objective functions in this study were LCC and the thermal discomfort hours.

In well-insulated buildings, the problem of overheating can occur in summer periods.
Such a building heats up more slowly, but if it gets very hot, it is more difficult to cool it
down, for example, at night. In buildings with mechanical cooling systems, such a situation
results in an increased demand for cooling [1]; in buildings with natural ventilation this
results in deterioration of thermal comfort [5]. In an effort to reduce this undesirable
effect and seek optimal solutions, analysts very often adopt thermal comfort as one of the
objective functions [1,6]. The problem of buildings overheating with increasing demand for
cooling will increase with the warming climate [7].

In most studies, infiltration airflow is assumed to be constant, and its minimum value
is adopted according to standard guidelines [8]. Adopting a constant air change rate (ACH)
in naturally ventilated buildings is a large simplification that can affect the results. In
buildings with natural ventilation, it is impossible to meet the standard requirements
(approximately ACH = 0.5 h~!) without opening windows [9]. In practice, in cold periods,
residents do not open windows. From the point of view of energy consumption, such an
action is right. This was confirmed in the study by Ferdyn-Grygierek and Grygierek [3], in
which the value of the infiltrating airflow due to the heat demand was optimized; the best
result (minimum heating demand) was obtained for the minimum value of air change rate
in the building. However, excessive airflow limitation can have undesirable effects. These
may be the development of fungi and molds as a result of an increase in air humidity in the
building. Such conditions can be dangerous to the health of residents. These undesirable
effects occur especially in older, retrofitted buildings with damp exterior walls.

Another undesirable effect of reducing ventilation air is increased CO, concentration
in the building. The concentration of this gas is a good parameter for describing indoor
air quality [10]. In buildings, people are the main source of CO,. Franco et al. [11] dis-
cussed the correlation between the concentration of CO; in the indoor air and the number
of occupants in the room. Furthermore, research [12] clearly shows the relationship be-
tween CO; concentration and the health symptoms that occur in people. These can be
fatigue, eye, nose, headache and respiratory symptoms. In addition, significant decreases in
decision-making performance were observed at relatively low CO, concentrations (around
1000 ppm) [10,13]. Providing the right amount of fresh air to the room solves the problem of
high concentrations of CO,. However, such solutions can cause an unfavorable increase in
energy demand, which has been confirmed by researchers. For example, Tihana et al. [14]
simulated various ventilation scenarios on a single-family house in Latvia. Annual energy
consumption, indoor quality and thermal comfort were analyzed. Regular opening of
windows daily from June to September reduced CO, concentration (more than 8%) but
significantly increased energy consumption. The installation of a mechanical ventilation
system reduced energy consumption by 7% and improved air quality by 50%, but the
payback period was too long. The study by Cakyova et al. [15] focused on the analysis
of various passive ventilation strategies to reduce CO; concentration in the residential
building in Cyprus, preventing the risk of overheating and thus ensuring a high-quality
level of the indoor environment. An ideal scenario was achieved considering night ventila-
tion through window openings where the indoor CO, concentration never exceeded the
limit of 1000 ppm during the summer design week. In other studies, researchers [16-18]
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consequently seek effective methods to control ventilation, heating, and cooling systems
based on deep learning, the objective of which is to provide indoor air quality with low
energy consumption. In the case of ventilation systems, exhaust air heat recovery systems
can reduce energy demand [19]. Another method of saving energy in ventilation is to
use ground-to-air heat exchangers to heat the ventilation air in winter and cool it in sum-
mer [20-22]. Decentralized systems, whose operation can be adapted to the current needs
of occupants (temperature sensors, air pollution sensors), can also result in significant
energy reduction in buildings [23-25].

Recent studies [26,27] also show that maintaining appropriate indoor environment
quality is critical to minimize the spread of the SARS-CoV-2 virus. However, most ventila-
tion systems have limitations in maintaining thermal comfort, indoor environment quality,
and energy balance at the same time. Thus, there is a need to develop new ventilation strate-
gies to improve indoor air quality without loss of thermal comfort and energy efficiency, as
highlighted in a study by Nair et al. [28].

A literature review showed that the main research topic is the optimization of heat
demand or consumption. This aspect is often associated with the study of thermal comfort
and less often with the optimization of environmental influences (most often the greenhouse
effect). Only a few of the studies cited above consider the quality of indoor air, as described
by the concentration of CO; in the rooms of buildings. The standard [8] specifies the
minimum ventilation airflow in buildings. This airflow ensures the required indoor air
quality in rooms described by the CO, concentration. Obtaining the required values of air
change rate in buildings with natural ventilation is very difficult, especially in summer and
winter periods in cold and transitional climates, as it results in an increase in heating costs.
Most of the buildings in Poland have already replaced old windows with new ones with
better heat transfer coefficients and sealing materials. Usually, window air diffusers are
not mounted. Single-family residential buildings in Poland are most often equipped with
central heating systems where the heat source is gas or coal boilers and natural ventilation
(without heat recovery). Therefore, in winter, residents striving to reduce heat consumption
do not unseal windows, thus limiting infiltration and unconsciously exposing themselves
to the side effects described above.

The aim of this article is to analyze the impact of various ventilation systems (nat-
ural and mechanical) on heating demand, thermal comfort, and CO; concentration in a
single-family house in Poland. To obtain the best solutions, the selected parameters of the
considered systems have been optimized with the use of genetic algorithms. The results
of this research gave an answer to the question: is it possible, in the temperate climate, to
obtain an acceptable compromise between energy demand and the concentration of pollu-
tants in buildings with simple ventilation systems without heat recovery? Furthermore,
the benefits of using fans integrated with the earth-to-air heat exchangers were tested in
relation to simple wall fans to maintain proper microclimate conditions inside the building.

2. Methods

The symbols and abbreviations used in the further part of the manuscript are described
in the text and additionally are defined in Appendix A.

2.1. Building

A building in the south of Poland, in the town of Skoczéw, was selected for the
investigation. It is a semi-detached house built in 2018. Each part is designed for a family
of four. The building model (one part of the twin was taken into account in the numerical
analyzes) and the ground and first floor plans are shown in Figure 1. On the ground floor
there is an: entrance 3.05 m2, hall 3.3 m?2, bathroom 4.6 m2, and kitchen with living room
36.4 mZ; on the first floor: hall 3.3 m2, bathroom 6.4 m?2, master bedroom 7.6 m? and two
children’s rooms: 10.7 m? and 12.1 m?. The walls are constructed from brick and the ceiling
is reinforced concrete. The walls are insulated with polystyrene and the roof is insulated
with mineral wool. The heat transfer coefficients for the partitions are shown in Figure 1.
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Figure 1. View and plans of the building.

The building had already been taken into account in previous research [7,29]. In these

studies, the heating and cooling demand and thermal comfort were examined for different
variants of building insulation and ventilation systems, as well as for different climates.

2.2.

Contrary to previous research, this article details a study of:

a more detailed natural ventilation model (described below), which was used in
the simulations;

the benefits of using an earth-to-air heat exchanger (earth tube) in a ventilation system
were analyzed in relation to other solutions;

CO; concentrations were taken into account as one of the parameters that describe the
indoor environment in the building;

different control model were used in the ventilation system;

different optimization tools were used.

Cases under Consideration
The simulations were carried out for several cases of building ventilation:

Case 1 (basic—AW)—this is a case similar that discussed in article [7]. The building
has natural ventilation; the automatic windows consider only the thermal comfort of
the residents (the CO; concentration is not included). For safety reasons, only a slight
tilt of the window (2 cm) is allowed. Windows can be opened or closed at any time;
The minimum supply of airflow is not specified. With closed windows, air flows only
through leaks in the building;

Case 2 (AWCO,)—as in Case 1, but opening windows is to ensure thermal comfort,
adequate indoor air quality (low level of CO, concentration);

Case 3 (F)—rooms intended for permanent residence of people are equipped with
supply fans controlled to provide thermal comfort with low heating demand;
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o Case 4 (FCOy)—as in Case 3, but the mechanical ventilation has to additionally reduce
pollution (CO, concentration) in the rooms;

e Cases 5 and 6 (ET, ETCO,)—as in cases 3 and 4, but the ventilation airflow supplied to
the rooms passes through the heat exchanger (earth tube).

The simulations were carried out with 15-min time steps for the whole year for the
TMY (typical meteorological year) climate data for the closest location (Katowice) [30]. The
minimum temperature is —18.6 °C, and the maximum is 30.8 °C, with an average annual
temperature of 8.0 °C.

2.3. Software and Simulation Algorithm

One of the main issues under analysis is the examination of the effectiveness of several
ventilation methods to improve air quality and thermal comfort in the building’s rooms.
As the building is naturally ventilated, it is necessary to consider inter-zone airflows. In
thermal simulations, the EnergyPlus 9.4 program (US Department of Energy, Washington,
DC, USA) [31] was used. This program is most often used for this type of calculation. It has
a built-in AFN module (Airflow Network) to calculate inter-zone airflows in the building.
Unfortunately, it lacks a model for a gravity ventilation chimney. Such chimneys are in the
building under consideration. In EnergyPlus (EP), they can be modeled as separate [32]
zones. However, it greatly complicates the geometry of the building. Therefore, in the
article, it was decided to use the Contam program (National Institute of Standards and
Technology, Gaithersburg, MD, USA) [33] to calculate the airflows in the building. EP and
Contam exchange information with each other during the simulation (co-simulation). The
FMI standard (FUNCTIONAL MOCK-UP Unit) [34] was used to link the two programs.
EP is the main program and automatically runs calculations in Contam.

The combination of EP and Contam programs described above is only part of the
simulation software. It also includes a tool to optimize the model and control. All programs
(libraries) used in the process of building and optimizing the model are listed below.

The following were used to build the building model for EP-Contam co-simulation:

e ContamW (National Institute of Standards and Technology, Gaithersburg, MD,
USA)—Contam graphical interface, where a building model for Contam (.prj) was
prepared, taking into account the simplified geometry of the building floors and all
airflow paths;

o  Contam3DExporter (National Institute of Standards and Technology, Gaithersburg,
MD, USA)—a tool that creates an input file for EP (.idf) from the .prj file and a packed
FMU file with all the files necessary for co-simulation (EP-Contam). There are, among
others, files with information about exchanged parameters (.xml, .vef), the Contam
computing engine: ContamX (adapted to work with EP), and the ContamFMU.dIl
library manage data exchange [33];

e  SketchUp Make 17.2 (Trimble, Westminster, CO, USA) [35]—a graphical program
supplemented with the Euclid [36] overlay was used to complete and edit the geometry
of the model (.idf file that was created in Contam3DExporter);

e  EnergyPlus 9.4—supplementing the remaining data necessary for thermal simulations
(heat gains, heating system). Verification of the correct operation of the model.

The simulation tool with optimization of some model and control parameters was
developed in Python 3.8.8.
The core was made up of three libraries:

e  EnergyPlus Python API0.1 (US Department of Energy, Washington, DC, USA) [37]—
allows calling EP as a library from a Python script. In addition, in such a connection, it
is possible to send information between these programs back and forth. Thanks to the
AP], it can replace the function-poor internal programming language EP (EMS) with
Python scripts with virtually unlimited possibilities;

e eppy 0.5.57 [38]—is a scripting language for EnergyPlus .idf files. In the created
program, it was used to edit the optimized parameters’ values in the .idf file;
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e pymoo 0.5.0: multi-objective optimization in Python [39]—it is a library contain-
ing several algorithms for single—and multi-criteria optimization. The simulations
used the NSGA-II algorithm, which is the most frequently used algorithm in engi-
neering applications for multi-criteria optimization. It is based on the method of
genetic algorithms.

The diagram of the information flow between the program modules is shown in Figure 2.

Start 8
MOGA g |«
NSGA-II =
|Dec0de parameters I.: =

eppy

Create input . Yl'e:SD Pareto front
EnergyPlus
.idf files @
MCDM
End

| Weather data |

Figure 2. Scheme of connection of programs for simulation and optimizations.

The pymoo library objects controlled the entire optimization process. It defined the
internal parameters of the NSGA-II algorithm (e.g., population size, number of generations,
types of crossover, and mutation), as well as the type (real or integer) and range of decision
variables. The rest of the calculations were carried out in parallel for each element of the
population separately (the joblib library was used for the parallel calculations). Depend-
ing on the need, the decoded parameters could be sent to the .idf file (using the eppy
library) or sent to your own Python script (user script). For example, in the tests, these
were the constant parameters present in the controller deciding on the operation of the
fans. The driver status (on-off) was calculated in the own script, incl. depending on the
parameters passed.

The run of EP as a library with the loaded input file (.idf file) was performed au-
tomatically from a Python script. EP was running and exchanging data with ContamX.
From EP to Contam, the following data were transferred [40]: climate data (outdoor tem-
perature, atmospheric pressure, wind speed and direction), temperatures in zones, and
additional information, for example, the values of controllers controlling the operation
of fans. In the opposite direction, the following data were sent: infiltration airflows and
inter-zone airflows.

The EnergyPlus Python API (first released with EP version 9.3) enabled data exchange
between EP and Python (user script). From the EP to the User script, the outdoor and zone
temperatures (needed in the controller) and the values needed to calculate the objective
function in the optimization process were transferred. The driver values calculated in
Python were transferred from the user script to EP.

The calculated values of the objective function were assigned to the population ele-
ments and returned to the pymoo library, where the standard operations of the genetic
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algorithm method were performed: selection, crossing and mutation. Then, the processes
described above were repeated for new elements of the population.

The end result of the optimization was the set of optimal solutions. From this set, the
solution with the best parameters was selected. This stage of searching for the best solution
is called: Multi-Criteria Decision Making (MCDM). Various criteria used in the MCDM can
be found in the literature.

2.4. Model of the Building
2.4.1. The Thermal EnergyPlus Model

The model contained ten thermal zones. The thermal properties of the building parti-
tions were modeled according to the real state of the building. Window 7.8 program [41]
was used to determine the detailed data that describe the optical properties of the win-
dowpanes. The model included: heat gains from electrical equipment, occupants, and
lighting (the hourly schedule was adopted). An ideal controller for the heating system was
assumed. The heating set-point for all rooms, except bathrooms, was 21 °C; for bathrooms,
it was 24 °C (with a night reduction to 18 °C). More detailed information on the numerical
values can be found in the mentioned articles [7,29]. In this section, the model is similar to
previous models. However, it is completely different from the airflow model described in
the next section. Figure 3 presents the first-floor model prepared in CONTAM.

- - E -
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Figure 3. The CONTAM model view.

2.4.2. The Ventilation CONTAM Model

The ventilation model took into account airflow through leaks in the building envelope
and ventilation achieved through opening windows or supply fans. Three gravity chimneys
were modeled. The airflow took place through the door openings. It was assumed that the
doors to the rooms on the first floor were half-open. The airflow was calculated taking into
account the variable indoor temperature calculated in the EP program.

The following airflow models were assumed [40]:

e  Closed Windows: Powerlaw Model—One-Way Flow model. For the calculation of the
flow coefficient, the value of the airtightness factor of the windows was assumed to
be equal to 0.1 m3/(m.h.Pa’%”) (according to Polish standards [42]); the length of the
window cracks was in accordance with the actual state of the building;
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e  Tilt Windows and Half-open Doors: Single Opening—Two-Way Flow Model. Contrary
to the Powerlaw model, this takes into account the flow in two directions in one
simulation time step. This process can take place in large openings. Airflow is possible
in opposite directions in different parts of the opening. For the tilt window, the
equivalent area of the opening was calculated from the equations given in the article
by Pinto et al. [43];

Staircase: Powerlaw Model—Stairwell;
Gravitational Chimney: Darcy-Colebrook Resistance Model. A 3 mm roughness was
assumed for brick chimneys.

Both programs (EP and CONTAM) can simulate the CO; concentration in rooms.
CONTAM was selected for this purpose because ventilation is also calculated in this
program. The CO; concentration in the outdoor air was assumed to be 400 ppm. The CO,
flux generated by people depends on their activity. Each of the residents generates, on
average, 0.0382 dm3/s. The same occupancy schedules were independently introduced
into the EP (heat gains) and CONTAM (CO, emissions).

2.4.3. The Earth Tube EnergyPlus Model

EnergyPlus has a built-in earth tube model (earth-to-air heat exchanger). The results
obtained from this model depend on several parameters [44]. These are numerical param-
eters that describe the soil, which is calculated in a separate program attached to the EP,
depending on the type of soil and climate. The study assumed that the soil conditions
are heavy and that the damp and soil surface conditions are covered and dry. Additional
parameters in the earth tube model describe the design of the exchanger. These are pipe
radius, length, and depth of underground surface (these values are optimized in the study),
pipe thickness and thermal conductivity (plastic pipes are assumed). Outdoor air is forced
to the exchanger by the fans. The study assumes that each of the four rooms has a separate
system consisting of an exchanger and a fan.

2.5. Control and Optimization

The control is to ensure the acquisition of minimum values of the objective function.
In the study, these were:

1 Fi: number of hours [h] when there is a low indoor environmental quality in the
rooms. Two cases have been considered:

A Only thermal comfort was analyzed. Operative temperatures that do not fall
into the second category of the ASHRAE standard model [45] were assumed
to be unfavorable conditions;

B Thermal comfort and CO, concentration were analyzed. Operative tempera-
tures and CO, concentrations that do not fall into the second category of the
ASHRAE standard model [45] were assumed to be unfavorable conditions
(a CO; concentration of 800 ppm above the background was assumed for
all rooms).

2 F,: annual heating demand in kWh.

The second objective function was computed for all six cases. The 1A function for
cases AW, F, and ET and function 1B for cases with CO, extension.

Both functions are strongly dependent on the ventilation airflow. However, to ensure
an optimal indoor environment, a sufficiently large ventilation airflow must be provided,
and to reduce the heat demand, this airflow must be limited. These two opposing objective
functions are the reason why their minima should be searched for separately, and therefore
the solution is the set of the best solutions obtained in the optimization process.

The EN 16798-1 standard [8] gives four categories of CO, concentration in living
zones. For category II, it is 800 ppm above the outdoor concentration for living rooms. The
same standard specifies the design of ventilation airflows. For the analyzed building, the



Energies 2022, 15, 8456

90f18

minimum airflows (minFlow) in individual rooms are 58 m3/h, 29 m3/h and 15 m3/h for
the living room, bedroom, and children’s rooms, respectively.

Fans in cases with and without earth tubes had a similar control system, but in the

first case, the supplied air was heated in the heat exchanger, and in the second, the air at
the outside temperature was blown into the room. The main assumptions were:

Cases AW and AWCO;: minimum airflow equaled infiltration air. The windows were
tilted if the indoor temperature was higher than the acceptable value (optimized value),
and in the case of AWCQO,, the window could also be tilted if the CO, concentration
exceeded the allowable value (optimized value).

Cases F and ET: when occupied, the rooms were always ventilated by means of
supply fans, with at least the minimum airflow in accordance with the standard.
If such an airflow was unfavorable due to the increase in energy consumption for
heating and there were no residents in the building, the fans might turn off. The fan
also had a second stage with a larger supply airflow, which was activated when the
acceptable indoor temperature was exceeded (optimized parameter) and the supply
air temperature was lower by 0.5 K than the indoor temperature.

Cases FCO, and ETCO;: both indoor temperature and CO; concentration in the room
had an influence on the supply airflow. As the concentration of CO; in the rooms was
analyzed in each simulation time step, no minimum airflow was introduced while
the people were in the rooms (the rooms had only infiltration when the fans were
turned off). The supply airflow was calculated as the maximum of the three values,
two of which depend on the CO, concentration and one on the indoor temperature.
All values were computed as the minFlow functions:

(@) if the CO, concentration in the room was higher than the acceptable value
(limitPPM—optimized value), the airflow was calculated as the product of the
numerical parameter (parCO,5—optimized value) and minFlow,

(b) if the above condition occurred and the CO, concentration increased (the
increase in CO; in the room within 0.5 h was greater than the acceptable
value: deltaPPM—optimized value), which means that the supply airflow
was too small to maintain good indoor air quality, then the supply airflow
was increased and calculated from the relationship: (parCO;a + parCOyp) X
minFlow; parCO,g—optimized value,

(c) when the acceptable value of the indoor temperature was exceeded (limitT—
optimized parameter) and the supply air temperature was lower by 0.5 K
than the indoor temperature, the airflow was calculated from the formula:
parT x minFlow; parT—optimized value.

The method and tools used in the optimization process have been described in previ-

ous sections. It also specifies the objective functions and design variables. In this section,
the parameters that have been optimized for each variant are presented. The following
were optimized:

Case AW (two optimized values): temperatures at which the window is opened,
separate for the ground floor and the first floor (discrete variables: 21: 0.5: 26 °C).
Below this value, the window is closed. The window is opened only when the outdoor
temperature is lower than the indoor temperature by 0.5 K.

Case AWCO;, (four optimized values): compared to case AW, additionally, the level
of CO, concentration at which the window is opened, separate for the ground floor
and the first floor (discrete variables: 500:100:1200 ppm). The window opens if the
acceptable temperature or carbon dioxide concentration value is exceeded.

Case F (six optimized values): temperatures at which the higher fan speed is switched
on, separate for the ground floor and the first floor (discrete variables: 21:0.5:26 °C).
The airflow value for the higher speed of the fan is calculated as the product of the
optimized numerical parameter (discrete value: 1.1:0.1:2, separate for each room where
the fan is installed) and the standard minimum value of the airflow (described above).
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e Case FCO; (24 optimized values): parameters parT (discrete value 1.1:0.1:2), parCO A
and parCO,B (discrete value 0.1:0.1:1), separate for each fan. The allowable val-
ues of indoor temperatures (discrete values: 21:0.5:26 °C), the CO, concentration
(500:100:1000 ppm) and the increase in the CO, concentration (50:50:400) were opti-
mized separately for each room.

e Cases EA and EACO;: as cases F and FCO,, but additionally, the parameters of the
earth tube were optimized: radius of the pipe (discrete value: d € {0.055, 0.08, 0.1},
pipe depth under the surface of the ground: 1:0.2:1.6 (discrete value) and different
pipe length for each exchanger: 10:10:50 m. In this way, a total of 12 and 30 optimized
values for EA and EACO, were obtained, respectively.

The result of two-criteria optimization is not one solution but a set of solutions repre-
senting trade-offs between conflicting objectives. A set of solutions with the best possible
compromises lies on the Pareto front. Solutions on the Pareto front cannot be improved
for one objective without compromising others. Among these solutions, two were finally
analyzed: the solution for which the first objective function assumed the minimum value
(minF1) and the Utopia solution. This is the solution that is closest to the fictional point
(Utopia point) with the minimum coordinates of both objective functions. In scientific
works, it is very often selected for analysis as a compromise solution.

3. Results and Discussion
3.1. Measurements and Model Validation

In September 2018, the temperature was measured in the building under consideration
(more information on the scope of tests and devices used in the measurement campaign
was presented in the article by [7,29]). The measured temperatures were used to validate
the numerical model. Two parameters were selected for model verification: the Normalized
Mean Bias Error (NMBE) and the Coefficient of Variation of Root Mean Squared Error
(CVRMSE). According to the ASHRAE guide [46], the values of these parameters should
not exceed 10% and 30%, respectively, when comparing the results in an hourly step. The
mean values of these values from three rooms (living room, children’s room 2 and bathroom
on the first floor) obtained in the study were the following: NMBE = 0.1%, CVRMSE = 2.4%.
This is significantly less than the maximum permissible values. The average difference in
monthly temperature values was 0.04 K.

3.2. Simulation Results

Thermal discomfort and carbon dioxide concentration were analyzed only during
the use of the rooms. The occupied time in the rooms was 2776 h, 3183 h, and 4276 h for
the living room, bedroom and children’s rooms, respectively, which in total amounts to
14,511 h. The reference point for the results obtained may be the theoretical case of a
building with only infiltration. The results are summarized in Table 1; the total values for
the building and the results for the rooms are given.

Table 1. Selected results for the theoretical case of a building without opening windows and me-
chanical ventilation (in brackets in the following order: living room, bedroom, children’s room 1,
children’s room 2).

Parameter Value
Heating demand, kWh 2986.4
Thermal discomfort hours, h 2959 (519, 759.25, 890, 790.75)

Number of hours with CO, concentration
> 1200 ppm, h

Maximum CO, concentration, ppm 6099 (3939, 6099, 6008, 6003)
Average CO, concentration, ppm 2853 (1800, 3366, 3112, 3136)

14,191.5 (2503.25, 3178.25, 4252, 4258)
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The theoretical building case requires a very low heating demand with extremely poor
indoor air quality. The maximum CO; concentration exceeds 6000 ppm, and concentrations
exceeding 1200 ppm occur in 98% of the occupied time in the rooms. Additionally, thermal
discomfort (overheating of rooms) occurs 20% of the time, most of which occurs in the
summer period.

In the optimization process, two objective functions were minimized; therefore, the
solution was obtained in the form of a Pareto front. For the cases with the earth tube
(ET and ETCO,), the results are shown in Figure 4. Two solutions are identified in the
MCDM process:

e minFl (marked with a triangle)—this is the solution for which the first objective
function takes the minimum value;

e Utopia (marked with a square)—this is the solution that is closest to the fictional
Utopia point, the coordinates of which are the minimum values of both objective
functions. Such a solution is very often analyzed in research as an optimal result.

Case: ET Case: ETCO,
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Figure 4. Pareto front for ET and ETCO, Cases.

Detailed values of the calculated objective function for Case F;, where (only the
thermal discomfort hours were minimized in the first objective function) are presented
in Table 2, and for case Fip (thermal discomfort hours and high CO, concentration hours
were minimized), are presented in Table 3. For optimal solutions minF1A and minFig:
number of thermal discomfort hours (disH), number of high pollution hours (contH—CO,
concentration > 1200 ppm), maximum (maxPPM) and average (avgPPM) concentration
of CO; are presented in Tables 4 and 5. The results are given for all ventilation methods
analyzed in the building.

Table 2. Optimal results for the objective functions F14 and Fj.

minFyp Utopia
Case
Fia, h F», KkWh Fia, h F», KkWh
AW 32.25 32929 42.0 3028.6
F 60.75 4681.0 67.75 4667.7

ET 62.75 4426.2 80.25 4269.3
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Table 3. Optimal results for the objective functions Fi, and F;.
minFqg Utopia
Case
Fig, h F», kWh Fig, h F», kWh

AWCO, 149.75 6597.8 430.0 4775.6

FCO, 53.5 5075.9 299.5 4206.0
ETCO, 48.0 4243.8 347.25 3928.6

Table 4. Carbon dioxide concentration and thermal discomfort/high pollution hours for the

minFj 5 solution.

Case Parameter Living Room Bedroom Children’s Room 1 Children’s Room 2
AW 3.75/942.75 0.25/2437 15/3152.25 13.75/3173.5
F disH/contH, h 1.75/0.25 8.5/2.25 28/0 22.5/0
ET 1.75/0.5 9.25/2 27.5/0 24.25/0
AW 2272 /1066 5282 /2358 5071/2111 5083/2134
F maxP Pl}\)/[p/;"gPPM’ 1213/872 1361/998 1269/933 1269/949
ET 1213/881 1253/994 1256/920 1240/938
Table 5. Carbon dioxide concentration and thermal discomfort/high pollution hours for the
minF;g solution.
Case Parameter Living Room Bedroom Children’s Room 1 Children’s Room 2
AWCO, 32.25/1.25 24/22.75 33.5/0 37.5/0
FCO, disH/contH, h 6/0.25 14.25/0 20.25/0 10.75/0
ETCO;, 1/6.5 12/0 11.5/1.75 14/0
AWCO, 1279/679 1316/895 1195/845 1194/851
FCO, maxppl;/[p/ I‘;VgPPM' 1222/822 1175/968 1165/905 1186,/934
ETCO;, 1251/870 1180/983 1218/955 1185/951
Table 6 shows the total operating time for the ventilation systems. The values are
similar, and the lowest number of hours is obtained for the ETCO, case. In this case, the
fans run 54% of the year. The average airflows on the first floor are similar to minFlow
(Section 2.5). In the living room, they are larger, and in the FCO, Case, they are 63% higher
than the minFlow (58 m3/h). However, in this case, the fans ran only 3132 h, while the
average value for this room for systems with fans is 3596 h. Maximum airflows (Table 6) in
most cases do not exceed twice the minFlow value. The outstandingly low airflow value
in the living room for the ETCO, system was compensated for by an exceptionally long
operation time, which was 4005 h.
Table 6. Working time and air flows in systems with mechanical ventilation.
Working Time Max/Avg Airflow m3/h
Case
(Sum of All Rooms), h Living Room Bedroom Children’s Room1  Children’s Room 2
F 19662 104.4/71.1 55.1/32.0 30.0/16.4 28.5/16.2
FCO, 20360 98.6/94.7 55.1/28.6 22.5/14.9 28.5/13.5
ET 19865 104.4/67.9 46.4/31.7 39.0/18.3 27.0/16.8
ETCO;, 18799 75.4/64.6 52.2/32.8 21.0/10.5 25.5/14.6
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3.3. Optimal Parameters

The optimal settings of the controllers, which translate into the amount of supply
airflow for the two cases, FCO, and ETCO,, are summarized in Table 7. When the tempera-
ture in the room is too high, the airflow that should be supplied to the room to cool is 90%
greater (parT = 1.9) than minFlow. The parT values for the ETCO, case are much lower,
which is related to the supply of air cooled in the earth tube. The remaining controllers that
set the parameters are interrelated, and it is not possible to compare them individually in
two different cases.

Table 7. Optimum parameters of controllers’ operation.

Children’s Children’s

Parameter Case Living Room Bedroom Room 1 Room 2
FCO, 14 19 15 19
parT
ETCO, 1.3 1.1 14 14
FCO, 25.5 24 24.5 25.5
limitT
ETCO, 24.5 23.0 28.0 26.0
FCO, 1.0 0.7 0.5 0.2
parCOpa
ETCO, 0.1 1.0 0.6 0.9
FCO, 0.7 0.2 04 0.6
parCOyp
ETCO, 0.1 1.0 0.6 0.9
FCO, 500 800 900 800
limitPPM
ETCO, 900 900 900 1000
FCO, 200 350 200 150
deltaPPM
ETCO, 250 400 350 350

The earth tube parameters for the two optimal solutions (MinF;p and Utopia) are
summarized in Table 8. The results are very similar in both solutions. The smallest possible
pipe diameter and its deepest foundation were selected. Only in one case was the maximum
pipe length (50 m) selected; it is a bedroom where large airflow is supplied (compared to
other rooms on the first floor, Table 6). Therefore, it is advantageous for this room to supply
the warmest air possible in winter and cool air in summer, resulting in a longer earth tube.
For the MinF;p solution, the shortest pipe length (20 m) was obtained for the room with the
largest cubature (living room). This result is quite unexpected; however, when analyzing
the distribution of hours of thermal discomfort in the building (Table 5), the share of this
room in this result is negligible. It should be remembered that with this solution, minimum
energy consumption is not a priority.

Table 8. Earth tube optimal parameters.

Parameter Case Living Room Bedroom Children’s Room 1 Children’s Room 2
minFqp 20 50 40 40
pipe length, m
utopia 40 40 40 40
) ) minF;p 0.055
pipe radius, m
utopia 0.055
minFlB 1.6
pipe depth, m
utopia 1.6
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3.4. Disscusion

The minF;5 solution (Table 3) shows the potential of the ventilation methods to
maintain thermal comfort in the building. The best result in terms of both F1o and F;
was obtained in the AW method (the building is naturally ventilated, and the windows
are opened automatically). The heating demand is only 10% higher than the result for
an infiltrated building only (Table 1). The CO, concentration was not considered in the
objective function; therefore, the windows were only opened in summer to cool the building.
Hence, in the remaining periods of the year (with the windows closed), there were very
high concentrations of carbon dioxide, which is especially present on the first floor of the
building. Maximum CO, concentrations exceeded 5000 ppm and averaged 2100 ppm. The
worst situation was in the bedroom; 67% of the time, the CO, concentration was above
1200 ppm.

In Cases F and ET, the rooms were ventilated with constant airflow (two fan stages
described in Section 2.5) throughout the year. Therefore a much higher heating demand
was obtained; it is, respectively, 57% and 48% greater than the theoretical solution. In both
cases, a similar number of thermal hours of discomfort were obtained. The fans in the ET
system were turned on more often (the operating time is 10% longer than in the case of
F), but the heating demand was lower due to the passive heating of air in the earth tube.
Savings were obtained at the level of 5% in heat demand compared to the system with wall
fans without a heat exchanger. Considering the much higher investment cost of the system
with an earth tube, such a solution may not be profitable currently. In both variants, there
are similar maximum and average CO, concentration values. The maximum values slightly
exceed 1200 ppm. The exception is the master bedroom, where the CO, concentration for
case F reached 1361 ppm. The solutions of minF; 5 and Utopia have similar values of the
objective function.

Changing the objective function to Fyg, also considering the CO, concentration, caused
the results to reverse. Here, the method with opening windows (AWCQO,) is the worst in
terms of both F1p and the heat demand F. It is true that the opening of windows is actuated
automatically, but the airflow depends on many atmospheric parameters, and therefore it
can be very different, even for the same opening. Under unfavorable weather conditions,
this can lead to high air change rates in cold periods and, thus, to increased heat demand.
The heat demand is 2.2 times higher than in the theoretical case. The maximum CO,
concentration for the optimal solution of minF;g (Table 5) slightly exceeds the acceptable
limit of 1200 ppm assumed in the living room and bedroom. By agreeing to a compromise
in terms of air quality, you can get the Utopia solution for which there is thermal discomfort
and low air quality for only 430 h (in total for all rooms); it represents less than 3% of all
hours. On the other hand, a significantly lower heat demand (by 28%) was obtained in this
case compared to the minF;p solution.

Comparing the values of the objective function for the optimal minF;p solution for
the FCO, and ETCO; methods with similar Fip values, a 16% savings in heat demand was
obtained for the earth tube system. However, when comparing the Utopia solution, the
differences in heat demand are not that large (approx. 6.5% lower demand for ETCO, with
a greater number of Fig hours). The advantage of the earth tube system is that extremely
small F1g does not occur at the large peaks of heating demand. In both systems, most of
the Fip values are hours of thermal discomfort. Slightly higher values of maximum and
average CO, concentrations (Table 5) were obtained in the ETCO, system.

4. Conclusions

The choice of the objective function in the search for the optimal solution for the
ventilation system in the building significantly influences the result obtained. This research
allowed for the following conclusions:

e  Control of ventilation based on the indoor temperature (thermal comfort) is the most
common solution in practice because of easier access to sensors and their cost. In
such solutions, mechanical ventilation systems operate in winter on the minimum
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allowable airflow so as not to allow a drop in indoor temperature or an increase in heat
demand, which results in a significant deterioration in air quality. In this case, a small
difference (5%) was obtained in the heat demand for optimal solutions in mechanical
ventilation systems with and without an earth tube.

e  Supplementing the control system with CO, sensors means that the systems supply
a significantly larger volume of ventilation air, resulting in an increase in energy
demand for heating. Due to the significant increase in the ventilation airflow and,
therefore, heat demand for its heating, the use of the earth tube gave a measurable
effect (reducing the heat demand for the entire building by 15%).

e  Research proved the effectiveness of the earth tube in the summer period. Partially
cooled air was supplied to the rooms, which makes it easier to maintain thermal
comfort in the building. With this aspect, it should be expected that, along with global
warming, the benefits of using earth tubes will increase.

e  The highest number of discomfort hours was obtained in the natural ventilation system
with automatic opening of the windows; supplying the rooms with a large amount of
cool outdoor air in winter causing a sudden, instantaneous drop in indoor temperature
and thus thermal discomfort. In summer, there may be the opposite adverse effect of
providing plenty of warm air. Here, even though the windows opened and closed
automatically, the airflow depended on the weather conditions.

e  The study showed different optimal earth tube parameters (diameter, length, depth of
foundation) for individual rooms, which means that the selection of standard catalog
earth-to-air systems may not work in every case due to the operational efficiency of
the system. However, a certain regularity can be noticed that the greatest benefits are
obtained (for the climate zone and soil parameters adopted in the article) for small
diameters of pipes and their deep foundation.

Limitations and Future Research

This research considered several detailed parameters of both the building and ventila-
tion systems. However, it should be noted that the electrical energy for the fans was not
included in the analysis. Such fans require relatively little electrical power, but nevertheless,
this energy can influence the optimal solution. Future studies will also take this aspect into
account, as well as the cost of implementing each of the ventilation systems.
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Appendix A

The following symbols and abbreviations are used in this manuscript:

case of building ventilation by opening windows (CO, concentration

AW ) .
is not considered)
case of building ventilation by opening windows (CO, concentration
AWCO, ) .
is considered)
avgPPM average concentration of CO; in rooms
contH number of high pollution hours
deltaPPM optimized increase of CO, concentration at which the controller settings

are changed
disH number of thermal discomfort hours
case of building ventilation by fans with heat exchanger (CO,
concentration is not considered)
case of building ventilation by fans with heat exchanger (CO,
concentration is considered)
F case of building ventilation by fans (CO, concentration is not considered)
Fia, Fi8, Fo objective functions
FCO, case of building ventilation by fans (CO; concentration is considered)
optimized limits of temperature at which the controller
settings are changed
optimized limits of CO, concentration at which the controller
settings are changed
maxPPM maximum concentration of CO, in rooms
minF;pminFqp optimal Pareto front solution with minimum F; 4 (F1p)function
minFlow minimal airflow supplied to room
optimized numerical parameters controlling the size of the supply airflow,
depending on the indoor temperature
optimized numerical parameters controlling the size of the supply airflow,
depending on the CO, concentration
utopia utopia solution of Pareto front

ET

ETCO,

limitT

limitPPM

parT

parCOyp parCOyp

References

1.

10.

11.

Ascione, F,; Bianco, N.; De Masi, R.E,; Mauro, G.M.; Vanoli, G.P. Design of the building envelope: A novel multi-objective
approach for the optimization of energy performance and thermal comfort. Sustainability 2015, 7, 10809-10836. [CrossRef]
Ascione, F; Bianco, N.; De Masi, R.E; De Stasio, C.; Mauro, G.M.; Vanoli, G.P. Multi-objective optimization of the renewable
energy mix for a building. Appl. Therm. Eng. 2016, 101, 612—-621. [CrossRef]

Ferdyn-Grygierek, J.; Grygierek, K. Multi-variable optimization of building thermal design using genetic algorithms. Energies
2017, 10, 1570. [CrossRef]

Grygierek, K.; Ferdyn-Grygierek, ]J. Multi-objectives optimization of ventilation controllers for passive cooling in residential
buildings. Sensors 2018, 18, 1144. [CrossRef] [PubMed]

Grygierek, K.; Ferdyn-Grygierek, ]. Multi-objective optimization of the envelope of building with natural ventilation. Energies
2018, 11, 1383. [CrossRef]

Zawada, B.; Rucinska, J. Optimization of Modernization of a Single-Family Building in Poland Including Thermal Comfort.
Energies 2021, 14, 2925. [CrossRef]

Grygierek, K.; Sarna, I. Impact of passive cooling on thermal comfort in a single-family building for current and future climate
conditions. Energies 2020, 13, 5332. [CrossRef]

EU Standard EN 16798-1:2019; Energy Performance of Buildings—Ventilation for Buildings—Part 1: Indoor Environmental
Input Parameters for Design and Assessment of Energy Performance of Buildings Addressing Indoor Air Quality, Thermal
Environment, Lighting and Acoustics-Module M1-6. European Committee for Standardization: Brussels, Belgium, 2019.
Ferdyn-Grygierek, J.; Baranowski, A.; Blaszczok, M.; Kaczmarczyk, J. Thermal Diagnostics of Natural Ventilation in Buildings:
An Integrated Approach. Energies 2019, 12, 4556. [CrossRef]

Satish, U.; Mendell, M.].; Shekhar, K.; Hotchi, T.; Sullivan, D.; Streufert, S.; Fisk, W.]J. Is CO; an indoor pollutant? Direct effects of
low-to-moderate CO, concentrations on human decision-making performance. Environ. Health Perspect. 2012, 120, 1671-1677.
[CrossRef] [PubMed]

Franco, A.; Leccese, F. Measurement of CO, concentration for occupancy estimation in educational buildings with energy
efficiency purposes. J. Build. Eng. 2020, 32, 101714. [CrossRef]


http://doi.org/10.3390/su70810809
http://doi.org/10.1016/j.applthermaleng.2015.12.073
http://doi.org/10.3390/en10101570
http://doi.org/10.3390/s18041144
http://www.ncbi.nlm.nih.gov/pubmed/29642525
http://doi.org/10.3390/en11061383
http://doi.org/10.3390/en14102925
http://doi.org/10.3390/en13205332
http://doi.org/10.3390/en12234556
http://doi.org/10.1289/ehp.1104789
http://www.ncbi.nlm.nih.gov/pubmed/23008272
http://doi.org/10.1016/j.jobe.2020.101714

Energies 2022, 15, 8456 17 of 18

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.
37.
38.

39.

Seppanen, O.A; Fisk, W.J.; Mendell, M.]. Association of ventilation rates and CO, concentrations with health and other responses
in commercial and institutional buildings. Indoor Air 1999, 9, 226-252. [CrossRef] [PubMed]

Allen, J.G.; MacNaughton, P; Satish, U.; Santanam, S.; Vallarino, J.; Spengler, ].D. Associations of cognitive function scores with
carbon dioxide, ventilation, and volatile organic compound exposures in office workers: A controlled exposure study of green
and conventional office environments. Environ. Health Perspect. 2016, 124, 805-812. [CrossRef]

Tihana, J.; Zajacs, A.; Ivancovs, D.; Gaujena, B. Influence of Ventilation Operating Modes on Energy Efficiency. Buildings 2022,
12, 668. [CrossRef]

Cakyova, K,; Figueiredo, A.; Oliveira, R.; Rebelo, F,; Vicente, R.; Fokaides, P. Simulation of passive ventilation strategies towards
indoor CO; concentration reduction for passive houses. J. Build. Eng. 2021, 43, 103108. [CrossRef]

Segala, G.; Doriguzzi-Corin, R.; Peroni, C.; Gazzini, T.; Siracusa, D. A Practical and adaptive approach to predicting indoor CO,.
Appl. Sci. 2021, 11, 10771. [CrossRef]

Kallio, J.; Tervonen, ].; Rasanen, P.; Makynen, R.; Koivusaari, J.; Peltola, J. Forecasting office indoor CO, concentration using
machine learning with a one-year dataset. Build. Environ. 2021, 187, 107409. [CrossRef]

Wei, S.; Tien, PW.; Chow, TW.; Wu, Y.; Calautit, ].K. Deep learning and computer vision based occupancy CO, level prediction
for demand-controlled ventilation (DCV). J. Build. Eng. 2022, 56, 104715. [CrossRef]

Zender-Swiercz, E. A Review of Heat Recovery in Ventilation. Energies 2021, 14, 1759. [CrossRef]

Romanska-Zapala, A.; Bomberg, M.; Dechnik, M.; Fedorczak-Cisak, M.; Furtak, M. On Preheating of the Outdoor Ventilation Air.
Energies 2020, 13, 15. [CrossRef]

Amanowicz, L.; Wojtkowiak, J. Comparison of Single-and Multipipe Earth-to-Air Heat Exchangers in Terms of Energy Gains and
Electricity Consumption: A Case Study for the Temperate Climate of Central Europe. Energies 2021, 14, 8217. [CrossRef]

Tan, L.; Love, J.A. A Literature Review on Heating of Ventilation Air with Large Diameter Earth Tubes in Cold Climates. Energies
2013, 6, 3734-3743. [CrossRef]

Ratajczak, K.; Amanowicz, L.; Szczechowiak, E. Assessment of the air streams mixing in wall-type heat recovery units for
ventilation of existing and refurbishing buildings toward low energy buildings. Energy Build. 2020, 227, 110427. [CrossRef]
Zender-Swiercz, E. Assessment of Indoor Air Parameters in Building Equipped with Decentralised Facade Ventilation Device.
Energies 2021, 14, 1176. [CrossRef]

Zender-Swiercz, E. Improvement of indoor air quality by way of using decentralised ventilation. J. Build. Eng. 2020, 32, 101663.
[CrossRef]

Dominguez-Amarillo, S.; Fernandez-Agitiera, ].; Cesteros-Garcia, S.; Gonzalez-Lezcano, R.A. Bad air can also kill: Residential
indoor air quality and pollutant exposure risk during the COVID-19 crisis. Int. |. Environ. Res. Publ. Health 2020, 17, 7183.
[CrossRef]

Elsaid, A.M.; Ahmed, M.S. Indoor air quality strategies for air-conditioning and ventilation systems with the spread of the global
coronavirus (COVID-19) epidemic: Improvements and recommendations. Environ. Res. 2021, 199, 111314. [CrossRef]

Nair, A.N.; Anand, P.; George, A.; Mondal, N. A review of strategies and their effectiveness in reducing indoor airborne
transmission and improving indoor air quality. Environ. Res. 2022, 213, 113579. [CrossRef]

Ferdyn-Grygierek, J.; Sarna, I.; Grygierek, K. Effects of Climate Change on Thermal Comfort and Energy Demand in a Single-
Family House in Poland. Buildings 2021, 11, 595. [CrossRef]

Typical Meteorological and Statistical Climatic Data for Energy Calculations of Buildings. Available online: https:
//dane.gov.pl/dataset/797,typowe-lata-meteorologiczne-i-statystyczne-dane-klimatyczne-dla-obszaru-polski-do-obliczen-
energetycznych-budynkow (accessed on 15 December 2021).

Engineering Reference. In EnergyPlus™; Version 9.4.0, Documentation; US Department of Energy: Washington, DC, USA, 2020.
Available online: https://energyplus.net/sites/all/modules/custom /nrel_custom/pdfs/pdfs_v9.4.0/EngineeringReference.pdf
(accessed on 23 February 2021).

Rodrigues, A.M.; Santos, M.; Gomes, M.G.; Duarte, R. Impact of natural ventilation on the thermal and energy performance of
buildings in Mediterranean climate. Buildings 2019, 9, 123. [CrossRef]

Dols, W.S.; Polidoro, B.J. CONTAM User Guide and Program Documentation; Version 3.4; National Institute of Standards and
Technology: Gaithersburg, MD, USA, 2020. Available online: https://nvlpubs.nist.gov/nistpubs/TechnicalNotes /NIST.TN.1887
rl.pdf (accessed on 14 December 2021).

Blochwitz, T.; Otter, M.; Arnold, M.; Bausch, C.; Clau83, C.; ElImqvist, H.; Junghanns, A.; Mauss, J.; Monteiro, M.; Neidhold, T.; et al.
The Functional Mockup Inter-face for Tool independent Exchange of Simulation Models. In Proceedings of the 8th International
Modelica Conference, Dresden, Germany, 22 March 2011.

SketchUp Documentation. Available online: https://sketchup.com.pl (accessed on 14 December 2021).

Euclid. Bigladder Software. Available online: https:/ /bigladdersoftware.com/projects/euclid/ (accessed on 14 December 2021).
EnergyPlus Python API 0.1 Documentation. Available online: https:/ /nrel.github.io/EnergyPlus/api/python/# (accessed on 14
December 2021).

Santosh, P. Eppy Documenation. 2021. Available online: https://buildmedia.readthedocs.org/media/pdf/eppy/latest/eppy.pdf
(accessed on 14 December 2021).

Blank, J.; Deb, K. Pymoo: Multi-Objective Optimization in Python. IEEE Access 2020, 8, 89497-89509. [CrossRef]


http://doi.org/10.1111/j.1600-0668.1999.00003.x
http://www.ncbi.nlm.nih.gov/pubmed/10649857
http://doi.org/10.1289/ehp.1510037
http://doi.org/10.3390/buildings12050668
http://doi.org/10.1016/j.jobe.2021.103108
http://doi.org/10.3390/app112210771
http://doi.org/10.1016/j.buildenv.2020.107409
http://doi.org/10.1016/j.jobe.2022.104715
http://doi.org/10.3390/en14061759
http://doi.org/10.3390/en13010015
http://doi.org/10.3390/en14248217
http://doi.org/10.3390/en6083734
http://doi.org/10.1016/j.enbuild.2020.110427
http://doi.org/10.3390/en14041176
http://doi.org/10.1016/j.jobe.2020.101663
http://doi.org/10.3390/ijerph17197183
http://doi.org/10.1016/j.envres.2021.111314
http://doi.org/10.1016/j.envres.2022.113579
http://doi.org/10.3390/buildings11120595
https://dane.gov.pl/dataset/797,typowe-lata-meteorologiczne-i-statystyczne-dane-klimatyczne-dla-obszaru-polski-do-obliczen-energetycznych-budynkow
https://dane.gov.pl/dataset/797,typowe-lata-meteorologiczne-i-statystyczne-dane-klimatyczne-dla-obszaru-polski-do-obliczen-energetycznych-budynkow
https://dane.gov.pl/dataset/797,typowe-lata-meteorologiczne-i-statystyczne-dane-klimatyczne-dla-obszaru-polski-do-obliczen-energetycznych-budynkow
https://energyplus.net/sites/all/modules/custom/nrel_custom/pdfs/pdfs_v9.4.0/EngineeringReference.pdf
http://doi.org/10.3390/buildings9050123
https://nvlpubs.nist.gov/nistpubs/TechnicalNotes/NIST.TN.1887r1.pdf
https://nvlpubs.nist.gov/nistpubs/TechnicalNotes/NIST.TN.1887r1.pdf
https://sketchup.com.pl
https://bigladdersoftware.com/projects/euclid/
https://nrel.github.io/EnergyPlus/api/python/#
https://buildmedia.readthedocs.org/media/pdf/eppy/latest/eppy.pdf
http://doi.org/10.1109/ACCESS.2020.2990567

Energies 2022, 15, 8456 18 of 18

40.

41.

42.

43.

44.
45.

46.

Dols, W.S.; Emmerich, S.J.; Polidoro, B.J. Coupling the multizone airflow and contaminat transport software CONTAM with
EnergyPlus using co-simulation. Build. Simul. 2016, 9, 469-479. [CrossRef] [PubMed]

WINDOW 7 User Manual. Lawrence Berkeley National Laboratory, March 2019. Available online: https:/ /windows.lbl.gov/
tools/window /documentation (accessed on 14 December 2021).

Polish Ministry of Infrastructure. Regulation of the Minister of Infrastructure of 12 April 2002 on the Technical Conditions that Should Be
Met by Buildings and Their Location; Journal of Laws of the Republic of Poland No 75, Item. 690, (with Recast); Polish Ministry of
Infrastructure: Warsaw, Poland, 2002. (In Polish)

Pinto, M.; Viegas, ].; Freitas, V. Summer Cross Ventilation in Residential Buildings. In Proceedings of the Energy for Sustainability
International Conference 2017 Designing Cities & Communities for the Future, Funchal, Portugal, 8-10 February 2017.

Kwang, H.L.; Strand, R.K. The cooling and heating potential of an earth tube system in buildings. Energy Build. 2008, 40, 486—494.
ANSI/ASHRAE Standard 55; Thermal Environmental Conditions for Human Occupancy. American Society of Heating, Refrigerat-
ing and Air-Conditioning Engineers (ASHRAE): Atlanta, GA, USA, 2017.

ASHRAE Guideline 14-2014; Measurement of Energy and Demand Savings. American Society of Heating, Refrigerating and Air
Conditioning Engineers (ASHRAE): Atlanta, GA, USA, 2014.


http://doi.org/10.1007/s12273-016-0279-2
http://www.ncbi.nlm.nih.gov/pubmed/27226822
https://windows.lbl.gov/tools/window/documentation
https://windows.lbl.gov/tools/window/documentation

	Introduction 
	Methods 
	Building 
	Cases under Consideration 
	Software and Simulation Algorithm 
	Model of the Building 
	The Thermal EnergyPlus Model 
	The Ventilation CONTAM Model 
	The Earth Tube EnergyPlus Model 

	Control and Optimization 

	Results and Discussion 
	Measurements and Model Validation 
	Simulation Results 
	Optimal Parameters 
	Disscusion 

	Conclusions 
	Appendix A
	References

