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Abstract: Costs of cooling installations cause them to be very rarely used in residential buildings in
countries located in heating-dominated climates, like Poland. Hence, there arises the need to assess
indoor thermal comfort during summer and to indicate ways to reduce possible overheating. This
paper presents an attempt to use the thermal network model of the building zone of EN ISO 13790 to
assess indoor operative temperature during four warm months from June to September. The model
of the naturally ventilated single-family residential building located in central Poland was used.
Performed calculations for the base case resulted in 38 and 63 days within the comfort zone at 80%
acceptance level in a total of 122 days in the analyzed period for EN 15251 and ASHRAE standards,
respectively. Use of external shading on windows and the roof with lower solar absorptance resulted
in 46 and 70 days with acceptable conditions, respectively. Further application of night ventilation
resulted in the 38 and 63 days, respectively. From the considered solutions in Polish climate condi-
tions, windows shading seems to be the most efficient solution when controlling indoor comfort in
residential buildings with no cooling system. A comparison of hourly operative temperature from
that model with the detailed simulation in EnergyPlus showed a strong correlation with R2 = 0.934.

Keywords: operative temperature; EN 15251; EN 16798-1; ASHRAE 55; comfort zone; thermal
network model; 5R1C; thermal comfort; EN ISO 13790; EnergyPlus

1. Introduction

The Directive on Energy Performance of Buildings (EPBD) from 2008 set the base for
energy performance standards in buildings in European countries. Under its provisions,
there were applied minimum requirements of the energy performance of new and existing
buildings and the certification of their energy performance was ensured.

To be able to implement the Directive, many supporting standards were required. For
the calculation of the sensible energy use for space heating and cooling, EN ISO 13790 [1]
was introduced. It covers three methods: a fully prescribed monthly quasi-steady-state
calculation method (plus, as a special option, a seasonal method); a fully prescribed simple
hourly dynamic calculation method; and calculation procedures for detailed (e.g., hourly)
dynamic simulation methods. They differ in complexity but equally can be used in energy
certification, auditing and assessment of buildings. This wide field of application means
that the research and development of these methods is important from a scientific and
practical point of view.

From various types of building thermal models of buildings [2], the resistance-
capacitance networks are of special interest. Based on thermal-electrical analogy they
enable computation of transient heat flows within a zone simply and efficiently while
maintaining ease of physical interpretation of network elements [3]. They also can be easily
simplified through the lumping of elements and order-reduction [4]. However, as simplifi-
cations may result in non-negligible inaccuracies [5], validation studies are performed to
check their quality.
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The standard also allows using detailed simulation tools. In general, they are all
based on a similar philosophy: the physical data of an object and its ambient environment
must be entered and then results can be obtained. They offer a significantly wider range
of calculation possibilities but require more detailed input data, professional knowledge,
and time. For simpler applications where no sophisticated analyses are required to be
performed, less demanding methods are likely to be used.

For these reasons for further considerations, the simple hourly method of EN ISO
13790 was chosen. It allows the introduction of hourly patterns for the building use and
calculation of the cooling and heating loads in hourly time interval. A building zone is
modelled here with the 5R1C resistance-capacitance thermal network model consisting of
five thermal resistances and a single thermal capacitance lumping all partitions.

The simplicity and reasonable accuracy [6–8] of this model resulted in its popularity.
Giving the base for further development [9] it was used in various applications as an
assessment of energy consumption of buildings on a district scale [8,10], building integrated
photovoltaic [11], double-skin facades [12], or varying ventilation airflow [13].

As noticed in [14], energy for space heating and cooling is supplied for the thermal
comfort of people. Moreover, the 5R1C thermal model provides internal air and operative
temperatures which can be potentially used for an evaluation of internal comfort [15]. For
these reasons, it seems justified to study the usability of the model used in energy rating
and certification of buildings for an assessment of indoor conditions in terms of thermal
comfort. It can be especially important in residential buildings where no air conditioning
operates and natural ventilation is used to estimate the possibility of overheating and
study an impact of various measures to improve the quality of the indoor environment
inside a considered object. Therefore, the following section presents works related to the
aforementioned issues.

Powell et al. [16] investigated the Reflective Active Solar Facade (RASF) in terms of
energy consumption reduction and indoor comfort improvement. The authors presented a
calculation tool based on the 5R1C model to assess the hourly cooling and heating loads of
a considered room. Solar gains were calculated from the Tonatiuh simulation ray-tracer
coupled to the RC building model. Although authors stated that the presented RASF can
improve occupancy comfort in a building, they neither performed comfort analysis nor
gave indoor comfort indicators they considered.

In [17], the authors presented the developed simulation tool for an assessment of
the whole energy, economic, environmental, and comfort performance of buildings with
building-integrated solar thermal systems (BISTS). The thermal model of a building was
based on a modified 5R1C scheme of EN ISO 13790. An additional module was also devel-
oped to estimate the Predicted Mean Vote (PMV). The whole procedure was implemented
in Matlab. Finally, authors presented results of calculations of PMV for a single room in a
multi-floor dwelling building.

Kalmár [18] used the 5R1C model to compute operative temperature in an educational
building during summer conditions and then to obtain the PMV index. Results from
measurements differed from calculated values in all cases because of the influence of direct
solar irradiance on external walls and entering glazed rooms.

Shen et al. [19] modified the generic 5R1C model and introduced thermal coupling be-
tween zones into the computation algorithm. The developed building simulation program
was written in Python. The tool was validated on the example of a 4-story educational
building. The authors mentioned that it also computes PMV, but they didn’t present results
related to the indoor comfort.

Csáky [20] presented experimental measurements of internal air and mean radiant
temperature in two offices in Debrecen (Hungary). Based on these and the relevant meteo-
rological data, the operative temperature and daily cooling energy demand were obtained
using the RC thermal model of EN ISO 13790. Then, the thermal comfort in east and west-
oriented rooms for different construction variants, including windows area, was assessed
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in the representative summer, hot, and torrid days using operative temperature calculated
using the 5R1C model.

Oliveira Panão and Penas [21] investigated the generation of the building stock model
and shift to transient energy calculations using the RC model from EN ISO 13790. The
calculation procedure was implemented in Matlab and applied to the Lisbon Metropolitan
Area. Authors focused on energy consumption in buildings, essential in Energy Perfor-
mance Certification (EPC), required to maintain thermal comfort defined only by the indoor
air temperature. Buildings without thermal comfort were determined as under-heated in
winter or overheated in summer.

The 5R1C model is not a single case. As noticed in [22], thermal network models
can be used to predict indoor comfort in buildings using PMV and PPD indicators. Tak-
ing advantage of this possibility, the authors showed the results of their research using
various models.

The authors of [23] presented a complex resistance–capacitance model of the Building
Integrated Photovoltaic Thermal solar collectors system (BIPV/T), written in Matlab [24].
The authors assessed the impact of the BIPV/T system on occupants’ comfort through
PMV and PPD measures in a multi-floor office building in seven European locations.
Other studies reflected on model predictive control (MPC) by applying higher order RC
network models of buildings. This solution, however more detailed, resulted in complex
mathematical description requiring the use of more sophisticated simulation tools, as
Matlab [25,26].

Several conclusions can be drawn from the above overview. Despite its simplicity, the
lumped capacitance model of a building zone of EN ISO 13790 offers good quality. It is
intended for the calculation of sensible energy for space heating and cooling, first of all, in
energy certification or auditing of buildings. That is probably the major reason why indoor
comfort assessment using the 5R1C model was performed very rarely and as if by the way.

Presented analyses are based mainly on PMV and PPD indexes calculated from air
temperature computed by the 5R1C model while assuming environmental conditions (as
air velocity or clothing) following relevant standards requiring more complex tools. Only
in one case indoor air temperature and in the second one operative temperature described
indoor conditions. There were neither presented nor discussed possibilities of that model
to be used in the evaluation of comfort together with energy performance simulation of a
building. Moreover, only short-term considerations for selected days or periods of several
days prevailed.

From the above, several objectives of the paper arise. The first is to select output
variables from the R-C model of EN ISO 13790 to be used when describing indoor thermal
comfort in a residential building. This will determine what range of analyses can be
performed with it against the relevant international, especially European, standards. Then,
the necessary simulations should be performed and the reliability of the obtained results
should be verified regarding the professional building simulation tool. This way, the
main question can be answered: to what extent the simple hourly method of EN ISO
13790, incorporating the 5R1C model, can be used in the evaluation of thermal comfort in
residential buildings?

In the following section, the 5R1C model is presented along with the calculation
procedure with emphasis on its outputs. Then, the American (ASHRAE 55) and European
(EN 15251) standards related to indoor comfort in buildings are described in connection to
the chosen simulation model. The next sections contain simulation assumptions, results,
and discussion. After this, conclusions are given.

2. Materials and Methods
2.1. The 5R1C Model

The thermal network model of a building zone, given in the EN ISO 13790 standard,
is intended for the calculation of sensible energy use for space heating and cooling in
hourly time step. It can be used for several applications, such as comparing the energy
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performance of various cases at a design stage of a building, calculating of a standardized
level of the energy performance of existing buildings, or assessing the effect of various
possible energy conservation measures in an existing building on its energy use.

As mentioned above, the calculation procedures given in that standard is restricted
to sensible heating and cooling. Hence, the energy use for humidification and dehumidi-
fication shall be calculated following the relevant standards. For these reasons, internal
air humidity is not calculated here. It may be considered as an important disadvantage in
terms of comfort analysis. However, as in residential buildings, air conditioning is rarely
used and indoor humidity is a resultant variable this problem should be investigated in a
separate study.

The 5R1C model consists of five thermal resistances and one capacitance (Figure 1).
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Figure 1. The 5R1C thermal network model of a building zone from EN ISO 13790.

Its physical interpretation has been given by several authors, recently [27–31]. Follow-
ing them, the external partitions of negligible thermal mass (doors, windows, curtain walls,
and glazed walls) are included in Htr,w thermal transmission coefficient. Thermally massive
elements (walls or ceilings) are included in the Htr,op coefficient which is then divided
into the external (Htr,em) and the internal (Htr,ms) parts connected the thermal capacity
(Cm), which represents the thermal mass of the building. The external environment is
represented by the ambient air temperature, Te, and supplying air temperature, Tsup, which
is the temperature of ventilation air entering the building’s zone. The former acts on a
building’s envelope. The latter is connected with the building’s interior through the heat
transfer by ventilation (Hve).

The internal environment, important for indoor comfort analyses, is represented by
two variables. The first one is the indoor air temperature, Ti, connected to ventilation
heat transfer, heating and cooling source (ϕHC), and the coupling conductance (Htr,is). The
second one is the central node temperature, Ts, which is a mix of indoor air temperature
and mean radiant temperature (mean temperature of the internal surfaces).

Heat fluxes from internal sources (ϕint) and from solar radiation (ϕsol) are divided
into ϕia, ϕst, and ϕm, connected to the indoor air node, the central node, and the thermal
mass temperature node, respectively.
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Thermal conductances and single capacitance can be obtained from the physical data
of a building using the procedures given in that standard. Hourly heating or cooling
power (ϕHC) is supplied to maintain a certain set-point indoor air temperature: Tint,H,set
and Tint,C,set or operative indoor air temperature: Top,H,set and Top,C,set for heating or
cooling, respectively.

At first, internal (ϕint) and solar (ϕsol) heat gains are computed. Then, node tempera-
tures and thermal power (ϕHC) are computed in each hourly time step.

The total heat transfer by transmission through opaque elements, Htr,op, is split into
Htr,em and Htr,ms, as follows:

Htr,em = 1/
(
1/Htr,op − 1/Htr,ms

)
(1)

and:
Htr,ms = hms · Am. (2)

The coupling conductance, Htr,is, is given by Equation (3):

Htr,is = his · At. (3)

The solution of the 5R1C network is based on a Crank–Nicholson scheme for the
consecutive time steps (hours). The node temperatures are assumed as the averages over
one hour except for thermal mass temperature Tm,t and Tm,t−1 which are instantaneous
values at time t and t−1, respectively.

The Tm temperature at a given time step, t, is given by:

Tm,t =
Tm,t−1

(
Cm

3600 − Htr,3+Htr,em
2

)
+φm,tot

Cm
3600 +

Htr,3+Htr,em
2

, (4)

where:

φm,tot = φm + Htr,emTe +
Htr,3

Htr,2

(
φst + Htr,wTe + Htr,1

(
φia +φHC

Hve
+ Tsup

))
, (5)

Htr,1 = 1/(1/Hve + 1/Htr,is) (6)

Htr,2 = Htr,1 + Htr,w (7)

and:
Htr,3 = 1/(1/Htr,2 + 1/Htr,ms). (8)

At each time step, the average values of nodes temperatures are given by the follow-
ing relationships:

Tm = (Tm,t + Tm,t−1)/2, (9)

Ts =
Htr,msTm +φst + Htr,wTe +

Htr,3
Htr,2

(
Htr,1

(
φia+φHC

Hve
+ Tsup

))
Htr,ms + Htr,w + Htr,1

, (10)

the internal air temperature:

Ti =
Htr,msTm + HveTsup +φia +φHC

Htr,is + Hve
, (11)

and the operative temperature:

Top = 0.3 · Ti + 0.7 · Ts. (12)

The control system in a building can be set to maintain air or operative temperature,
depending on the user’s requirements. This procedure has been presented in several papers
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recently [32–36]. Due to its simplicity, it can be efficiently applied in a spreadsheet [37,38],
and this possibility was chosen here.

2.2. Indoor Comfort

Various physical quantities are used in an assessment of indoor thermal comfort in
buildings [39–42]. Among them, one of the basic quantities is the operative tempera-
ture [20,43,44]:

As the presented resistance–capacitance network is restricted to the calculation of
sensible heating and cooling, air humidity is not considered here. Hence, the comfort
models based on quantities available from that circuit, i.e., indoor air temperature and
operative temperature, can be used.

The first of them is the adaptive thermal comfort model given by the ASHRAE 55 [45].
It has been developed for a long time and is founded on the ASHRAE world database
of field experiments, mainly from North America, Asia, and Australia [46–48]. Its use is
restricted to naturally ventilated buildings by the several requirements [49,50]:

• thermal conditions within a given zone are controlled by occupants through windows
opening and closing;

• heating system is switched off;
• mechanical cooling system is not installed;
• metabolic rates of occupants are between 1.0 met and 1.3 met;
• occupants’ clothing resistance is between 0.5 clo and 1.0 clo;
• prevailing mean outdoor temperature is between 10 ◦C and 33.5 ◦C.

The comfort zone on a given day is defined by the indoor operative comfort tempera-
ture. It depends on a running mean of previous outdoor air temperatures, to which people
continuously adapt over time, according to the relationship given in [45]:

Top,c = 0.31 × Trm + 17.8. (13)

Two comfort regions are defined here, namely, with 80% and 90% of acceptability, by
the variability ranges from Top,c at ±2.5 ◦C and ±3.5 ◦C, respectively [50,51].

Running mean of outdoor air temperature, Trm, also defined as the prevailing mean
outdoor air temperature, shall be based on the period not shorter than seven and no longer
than 30 sequential days prior to the considered day. Trm shall be computed as simple
arithmetic mean of all of the mean daily outdoor air temperatures from the considered
calculation period. But when dynamic thermal simulation software is used, with input
data in the form of typical meteorological year (TMY), the preferred expression is an
exponentially weighted, running mean of a sequence of mean daily outdoor temperatures
before the considered day:

Trm = (1 − α)
(

Te,d−1 + αTe,d−2 + α
2Te,d−2 + . . .

)
. (14)

According to [42] the constant parameter αmay vary from 0 to 1 and it controls the
speed at which the running mean responds to changes in outdoor temperature. The use of
α between 0.9 and 0.6 is recommended.

This model has been modified by numerous researchers to better fit environmental
conditions in different climatic zones and locations, such as India [52], Netherlands [53],
Chile [54], Colombia [55], Mexico [56], Europe [57], hot-humid climates [58,59], south-east
Asia [60], and others [61].

According to Köppen–Geiger classification [62] Poland lies in a Marine West Coast
Climate (Cfb). As there is a lack of such regression models for Poland [48,63], appropriate
models from the same climate zone or neighbouring countries have to be selected.

McCartney and Nicol [57] presented the main outcomes of the research project on
smart controls and thermal comfort (SCATs) related to the developed adaptive control
algorithm. The project included various public, military, educational, and trade buildings
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in France, Greece, Portugal, Sweden, and the UK. The developed adaptive comfort models
for all countries were given for the running mean outdoor temperature from −5 ◦C to 30 ◦C
for the whole year.

To adapt the model of ASHRAE to Dutch climatic conditions and typical buildings
of this area in [53], the adaptive temperature limits (ATL) method was proposed. It
distinguishes between two different types of office buildings providing a user with a
flowchart to choose which adaptive limits can be used. The method works for the same
running mean outdoor temperature.

According to the survey of Földváry et al. [64], conducted in three pairs of multi-
story residential buildings located near Bratislava in Slovakia, 18% of apartments in non-
renovated buildings did not fall in the optimum thermal comfort range recommended
by ISO 7730 [65], i.e., from 20 ◦C to 24 ◦C. No further considerations regarding thermal
comfort issues were given.

In [66], the authors presented a field survey performed in five naturally ventilated
buildings (one of them was a residential object) located in Bucharest (Romania). They
derived the following relationship specific to the climate of Bucharest area:

Top,c = 0.25 × Trm + 19.7. (15)

Experiences from the aforementioned EU project Smart Controls and Thermal Com-
fort (SCATs) resulted in the adaptive thermal comfort model better fitting to European
climate and buildings typology [46] in the form of the EN 15251 standard [67] which has
been recently suspended by EN 16798–1 [68]. Buildings are divided into three categories,
depending on the level of expectations. There is also a fourth category, with values outside
the criteria for the previous categories, which should only be accepted for a limited part of
the year. In that standard the operative comfort temperature is given by:

Top,c = 0.33 × Trm + 18.8, (16)

with the upper and lower limit of ±2 ◦C, ±3 ◦C and ±4 ◦C for the category I, II, and
III, respectively.

Equation (15), with relevant limits, applies when 10 ◦C < Trm < 30 ◦C for upper limit
and 15 ◦C < Trm < 30 ◦C for lower limit.

2.3. Case Building

For further considerations, there was selected a single-story residential building with-
out a cellar (Figure 2) located in Kielce (central Poland) in the third Polish climatic zone
following the subdivision from zone I to V given in the PN-EN 12831 standard [69].

The analyzed object is built on a rectangular plan of 10 m × 7 m and is inhabited by
four persons. The front wall (longer) is oriented in the east-west axis. Its footprint area
is 58.6 m2 and the heated volume is 220.0 m3. The external load-bearing walls are made
of hollow clay blocks and are insulated with 10 cm thick layer of Styrofoam. Windows
are double glazed, with PVC frames. Exterior doors have a steel skin with polyurethane
foam internal insulation. The roof is insulated with 15 cm layer of mineral wool. The
ground floor was insulated with 10 cm layer of Styrofoam. Windows area on external N,
S, E, and W walls is 1.92 m2, 3.60 m2, 1.92 m2, and 1.92 m2, respectively. Mean effective
total solar energy transmittance of windows ggl = 0.75. Gravity ventilation is used and,
following Polish requirements [70,71], the design ventilation airflow is 90 m3/h. The
values of the parameters describing the physical properties of the materials used and
adopted for the calculations were chosen based on information from manufacturers. The
design heat transmission coefficients were determined under PN-EN ISO 6946 [72]. The
thermal capacity of the building was calculated using the detailed method from PN-EN
ISO 13786 [73] for a calculation period of 24 h.
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The mean annual temperature in the meteorological station Kielce–Suków amounted
7.51 ◦C and varied from −2.1 ◦C in February to 17.7 ◦C in July. The hourly air temperature
was from −20 ◦C on 31 January at 6:00 to 32 ◦C on 16 August at 12:00. Global horizontal
solar irradiance was up to 1032 W/m2 on 16 June at 11:00 (Figure 3).
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The values of the elements of the building thermal RC model from Figure 1, calculated
according to the aforementioned standards, are shown in Table 1. Heat transfer by ventila-
tion was computed assuming volumetric heat capacity of air of 1200 J/(m3K) recommended
in EN ISO 13790. The model was then simulated using a spreadsheet.

Table 1. Thermal network model elements of the building.

Element Value Unit

Htr,w 10.00 W/K
Htr,is 791.22 W/K
Htr,ms 1151.15 W/K
Htr,em 70.72 W/K
Hve 30.00 W/K
Cm 15.40 MJ/K

2.4. Simulations

For comparative purposes and to provide a reference basis, detailed simulations in
EnergyPlus program were conducted. The weather data were taken from the Energy-
Plus website [74]. For the reliable comparison of results from two different simulation
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tools, equivalencing of the input data and the boundary conditions for both tools was per-
formed [75]. It included [76,77]: geometric dimensions, the calculation timestep, weather
data, physical properties of materials used, control algorithm for the heating and cooling,
set-point temperatures, ventilation airflow, and internal gains schedules.

It is very important to use the same weather data. Polish typical meteorological years
contain hourly global, direct, and diffuse solar irradiance on a horizontal surface and global
solar irradiance on tilted surfaces (30◦, 45◦, 60◦, and 90◦) oriented in N, NE, E, SE, S, SW, W,
and NW directions. However, as proved in [78], values for tilted surfaces were determined
from values measured for a horizontal surface using a simple mathematical model assuming
that diffuse solar radiation reaches every surface from the entire hemisphere to the same
extent. In addition, that model doesn’t take into account the reflection and scattering of
solar radiation by the ground and surroundings of a building. In EnergyPlus the splitting
procedure from global horizontal into direct normal and diffuse horizontal components and
then computing of global hourly values for tilted surfaces is performed using the algorithm
developed by Perez et al. [79,80]. Therefore, to avoid discrepancies at the input data level,
the same hourly values obtained from EnergyPlus were also used. Ground reflectivity
(albedo) was set at 0.2 in all cases.

Monthly ground temperatures were calculated following EN ISO 13370 [81]. Thermal
bridges were neglected. For windows modelling in EnergyPlus, a “Simple Glazing System”
option was used. Constant convection coefficients for all surfaces, according to EN 6946,
were applied.

3. Results and Discussion
3.1. Running Mean Outdoor Air Temperature

The daily outdoor temperature was calculated as an arithmetic mean of 24-hourly
values at each day on the base of the data from TMY. It varied from −14.7 ◦C on 31 January
to 23.8 ◦C on 1 July (“Tdaily” in Figure 4).
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The daily outdoor running mean temperature, Trm, was calculated following the rules
presented in Section 2.2. However, to properly choose the calculation method of Trm, initial
considerations were performed.

At first, Trm was computed as an arithmetic mean of all of the mean daily outdoor air
temperatures from the considered calculation period. As the length of that period should
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be within 7–30 days, three cases were chosen: 7 days (“T7”), 15 days (“T15”), and 30 days
(“T30”). Results are presented in Figure 4. Longer averaging period results in smoothing of
the obtained temperature waveform. The average temperature was from −8.6 ◦C on 19
February to 20.7 ◦C on 4 July, from −4.8 ◦C on 27 February to 19.3 ◦C on 9 July and from
−3.5 ◦C on 16 February to 18.9 ◦C on 25 July in the first, second, and third case, respectively.
Temperature maxima and minima occurred on similar days in the year: 50, 185, 58, 190, 47,
and 206.

Different results were observed for the second calculation method based on the expo-
nentially weighted running mean of daily temperatures (Equation (14)). The weighting
factor, α, controls the speed at which the calculated running mean responds to changes
in outdoor temperature. It may vary between 0 and 1, but EN 15251 recommends using
the value of 0.8 (ASHRAE 55 suggests α from 0.6 to 0.9). For α = 0.6 differences between
Trm calculated for 7, 15, and 30 days, are unnoticeable. More significant distinctions can
be noticed for α higher than 0.7. Figure 5 shows Trm for α = 0.8 and averaging periods of
7 days (“T7”), 15 days (“T15”), and 30 days (“T30”), respectively.
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mean for different periods.

Figure 6 presents Trm for seven days calculated for the weighting factor, α, from 0.6 to
0.9. Higher value of α, for example α = 0.9, means that the dominant impact in the running
temperature for the given day has the running mean outdoor temperature calculated for
yesterday’s day (90%) and the remaining share (10%) has the yesterday’s mean outdoor
temperature. Hence, Trm for α = 0.9 is more dependent on the weather from the previous
periods. Consequently, low temperatures during the winter result in lower Trm in summer
for α = 0.9 than for α = 0.6. For these reasons, and as EN 15251 recommends α = 0.8, for
further calculations there was chosen Trm for α = 0.8 and the averaging period of 7 days.
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3.2. Indoor Comfort

Regarding the ranges of applicability of the model presented in Section 2, four con-
secutive months were chosen: June, July, August, and September. The simulation model
from Section 2.1 was run in free-running conditions (ϕHC = 0). Then the hourly operative
temperature was obtained from that model. It changed from −9.8 ◦C on 14 February at
6:00 to 30.2 ◦C on 29 June at 12:00 (Figure 7).
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Figure 7. Hourly operative temperature in free-running conditions in the base case.

Obtained results indicated risk of overheating and exceeding the permissible tempera-
ture values outside the comfort zone (Figure 8). Top was within 80% of acceptability range
during 60 days from 122 in total in the analyzed period (49.2%) with 16, 24, 15, and 5 days
in June, July, August, and September, respectively.

A similar situation was observed when applying ASHRAE model (Equation (14)) with
relevant margins). This time Top was within 80% of the acceptability range during 72 days.
From them 20, 24, 18 and 10 days were in the same months, as previously.
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It should be noted here that use of global solar irradiance data on tilted surfaces from
Polish typical meteorological year for Kielce resulted in significantly less convenient indoor
conditions. Indoor operative temperature was within the considered acceptability range
for 67 days (with 22, 17, 18, and 10 days in the same months) and 65 days (with 22, 9,
16, and 18 days) for EN 15251 and ASHRAE models, respectively. Higher values of solar
irradiance in Polish TMY in comparison to the model of Perez [78] resulted in greater
solar gains and higher indoor temperature. Therefore, use of proper meteorological data
is essential when considering not only the energy performance of buildings [82], but also
indoor comfort issues.

When increasing the ventilation airflow rate twice to 180 m3/h, the number of “com-
fort” days decreased to 46 in total, with 12, 24, 10, and 0 days; and 70 in total, with 18, 26,
19, and 7 days in the same months for EN and ASHRAE requirements, respectively. In
case of Polish TMY, 64 days (18, 23, 16, and 7) and 73 days (23, 21, 19, and 10 days) were
obtained in the same months for EN 15251 and ASHRAE models, respectively.

To improve indoor comfort in the second case several modifications were introduced.
Windows area on external walls remained unchanged. Using additional shading mean
effective total solar energy transmittance of windows was reduced to ggl = 0.40. Solar
energy absorptance of the roof was reduced from αsc = 0.9 to αsc = 0.6.

The hourly operative temperature changed from −10.7 ◦C on 14 February at 6:00 to
26.6 ◦C on 29 June at 12:00. The daily operative temperature (Figure 9) was within 80% of
the acceptability range during 38 in total (31.1%) with 8, 21, 9, and 0 days and 63 (51.6%) in
total with 14, 28, 18, and 3 days in the same months for EN and ASHRAE requirements,
respectively. The situation improved in July, but in the remaining months, conditions
worsened. It means that the proposed solution may be used in that one month.

When increasing the ventilation rate twice to 180 m3/h, the daily Top within 80% of
the acceptability range occurred during 29 days with 7, 15, 7, and 0 in consecutive months,
regarding EN requirements. For the ASHRAE standard, it was in total 51 days with 13, 23,
13, and 2 in the same months.

In the third simulation case, the building was the same, as in case 2, but ventilation
was intensified to the same degree during nights (from 21:00 to 5:00). The daily operative
temperature was within the same acceptability range during 23 days, with 4, 13, 6, and
0 for the EN standard (Figure 10), and during 39 days with 8, 21, 10, and 0 days for the
ASHRAE standard, in the same months.
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The influence of ventilation on thermal comfort was confirmed by various authors.
In [83], the authors analyzed the indoor climate, energy balance, and energy efficiency
of the two-story residential building located in Saint-Petersburg. They used the IDA-ICE
4.7 software. In the case of natural ventilation, the authors concluded that an acceptable
comfort level during summer could be achieved by opening windows 20:00 to 6:00 what
resulted in the decrease of hours with temperature exceeding 25 ◦C from 4510 to 1662.

Finally, detailed simulations in EnergyPlus program were conducted. In the analyzed
period of four months, the indoor operative temperature calculated by this tool was from
7.1 ◦C on 29 September at 5:00 to 27.8 ◦C on 16 August at 16:00. In case of the 5R1C model,
it varied from 12.3 ◦C on 30 September at 5:00 to 30.2 ◦C on 29 June at 12:00.

Obtained results indicated strong correlation between the presented model and En-
ergyPlus (Figure 11). Despite its simplicity, the RC model provided reliable results. The
coefficient of determination, R2 = 0.934, suggests a very strong correlation where over
96% of variations in the reference temperature from EnergyPlus can be explained by the
proposed model.

However, more detailed insight into these results reveals that this is not proportional
dependence as one should expect. When comparing the distribution of operative tempera-
ture (Figure 12), more significant differences appear.
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Figure 12. Histograms of operative temperature: (a) the model of EN ISO 13790; (b) EnergyPlus simulation.

For the considered period of four months (2928 h), temperature below 20 ◦C dominates
(1341 h) when using the first model. Temperature between 20 ◦C and 30 ◦C was noticed
during 1584 h, which is 54% of the whole period. In the second case, dominated values
below 20 ◦C (1044 h) and from 20 ◦C to 30 ◦C (1884 h). It means that further investigations
on sources of these discrepancies are desirable.

4. Conclusions

In this study, the simple thermal network model of a building zone from EN ISO 13790
was used in the assessment of thermal comfort in a residential building following EN 15251
and ASHRAE 55 standards.

The model of the naturally ventilated single-family residential building located in
central Poland was used. It was applied in a spreadsheet not requiring use of sophisticated
professional simulation tools. The calculation period covered four warm months from June
to September, which means 122 days.

Obtained results for the base case showed that only 60 and 72 days within the comfort
zone at 80% acceptance level for EN 15251 and ASHRAE standards, respectively. The use
of external shading on windows and the roof with lower solar absorptance resulted in 38
and 63 days with acceptable conditions. Application of night ventilation resulted in the 23
and 39 days.
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More detailed conclusions related to certain months can be drawn from conducted
simulations. During relatively hot summer months in Poland, use of windows shading
may effectively reduce thermal discomfort in buildings with no cooling systems. However,
the second half of August and September are not so warm to introduce more intensive
ventilation or night ventilation.

In addition, the comparison of hourly operative temperature from that model with the
detailed simulation in EnergyPlus showed a strong correlation with R2 = 0.934. It means
that the presented model can be efficiently used in the preliminary assessment of summer
thermal comfort in a naturally ventilated building.
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Nomenclature
Am effective thermal mass area, m2

Asol effective collecting area of an envelope element, m2

At area of all surfaces facing a building zone, m2

Cm internal thermal capacity of the considered building (or zone), J/K
Htr,em external part of the Htr,opthermal transmission coefficient, W/K
Htr,is coupling conductance, W/K
Htr,ms internal part of the Htr,opthermal transmission coefficient, W/K
Htr,ms coupling conductance between nodes m and s, W/K;
Htr,op thermal transmission coefficient for thermally heavy envelope elements, W/K
Htr,w thermal transmission coefficient for thermally light envelope elements, W/K
Hve thermal transmission coefficient by ventilation air, W/K
Te external (outdoor) air temperature, ◦C
Te,d mean daily external (outdoor) air temperature, ◦C
Te,d−1 mean daily external air temperature for the previous day, ◦C
Ti internal (indoor) air temperature, ◦C
Ti,C,set set-point indoor air temperature for cooling, ◦C
Ti,H,set set-point indoor air temperature for heating, ◦C
Tm thermal mass node temperature, ◦C
Top operative temperature, ◦C
Top,c operative comfort temperature, ◦C
Trm weighted mean running outdoor air temperature, ◦C
Ts central node temperature, ◦C
Tsup supply air temperature, ◦C
hms heat transfer coefficient between nodes m and s, with fixed value hms = 9.1W/m2K

his
heat transfer coefficient between the air node, Ti, and the surface node, Ts, with a fixed
value of his = 3.45 W/m2K

α weighting factor, —
αsc solar absorptance, —
ϕint heat flow rate due to internal heat sources, W
ϕsol heat flow rate due to solar heat sources, W
ϕia heat flow rate to internal air node, W
ϕst heat flow rate to central node, W
ϕm heat flow rate to mass node, W
ϕHC heating or cooling power supplied to or extracted from the indoor air node, W
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