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Abstract: In many regions, the heat used for space heating is a basic item in the energy balance
of a building and significantly affects its operating costs. The accuracy of the assessment of heat
consumption in an existing building and the determination of the main components of heat loss
depends to a large extent on whether the energy efficiency improvement targets set in the thermal
upgrading project are achieved. A frequent problem in the case of energy calculations is the lack of
complete architectural and construction documentation of the analyzed objects. Therefore, there is a
need to search for methods that will be suitable for a quick technical analysis of measures taken to
improve energy efficiency in existing buildings. These methods should have satisfactory results in
predicting energy consumption where the input is limited, inaccurate, or uncertain. Therefore, the
aim of this work was to test the usefulness of a model based on Rough Set Theory (RST) for estimating
the thermal energy consumption of buildings undergoing an energy renovation. The research was
carried out on a group of 109 thermally improved residential buildings, for which energy performance
was based on actual energy consumption before and after thermal modernization. Specific sets
of important variables characterizing the examined buildings were distinguished. The groups of
variables were used to estimate energy consumption in such a way as to obtain a compromise between
the effort of obtaining them and the quality of the forecast. This has allowed the construction of a
prediction model that allows the use of a fast, relatively simple procedure to estimate the final energy
demand rate for heating buildings.

Keywords: building energy consumption; building load forecasting; energy efficiency; rough set
theory; thermal improved of buildings

1. Introduction

In the climatic conditions of central and eastern Europe, the heat used to heat rooms is a basic
item in the building’s energy balance and significantly affects its operating costs. The accuracy of the
assessment of heat consumption in an existing building and identification of the main components
of heat loss depends largely on whether the energy and economic effects assumed in the thermal
modernization project are achieved.

Activities aimed at improving the thermal efficiency of buildings, and thus affecting the thermal
comfort of users, usually consist in increasing their energy standard. In the case of buildings that
existed before taking action to save energy, there is a need to prepare an energy audit, the purpose of
which is to obtain adequate knowledge of the existing energy consumption profile of a given building
or buildings complex, determine the manner and amount of energy that can be obtained, and notify
about the results.
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The objective of the audit is to determine the amount and structure of consumed energy and to
identify and then recommend specific solutions that are energy profitable. The audit may identify
modernization operations that are profitable in the investigated building and which products and
technical solutions are the most favourable. Since 1999, there has been a program in Poland that
supports actions aiming at reduction of energy consumption in existing buildings. It is set forth
in the act on supporting thermal efficiency improvement and renovations [1], which is in line with
the provisions of the EU Directive on the energy performance of buildings [2]. As a part of this
program, a majority of apartment buildings are modernized—according to BGK [3], approximately
41,000 buildings were modernized. According to the statutory provisions, the auditing of buildings
is based on the following stages: analysis of the present condition of buildings, verification of the
assumed parameters based on the data on the real energy consumption, identification of possible
facilitation along with determination of costs of their realization, calculation of savings resulting from
facilitations (at the assumption that modernized partitions should have heat transmission ratios U
lower or equal to the border values set forth in binding industry resolutions) and economic analysis of
profitability, where it is assumed that investment expenditures incurred for a given facilitation should
be returned within 10 years. Energy calculations in audits are made with a balance method (monthly
or annual), where the auditor used the so-called diagnostic method that consists of estimation of
parameter values. Current energy consumption is determined on this basis. When estimating energy
consumption after thermal efficiency improvement, additionally economic aspects of the suggested
energy saving solutions are included. This method is faulty due to the possibility of its use, which
enables forecasting thermal energy consumption of single buildings. For the estimation of energy
consumption for a bigger group of buildings, this method is too time consuming and requires a
considerable work input.

Thus, it is necessary to look for other methods that will be suitable for analysis of the
adopted thermal modernization measures and determine their impact on future heat consumption in
existing buildings.

There are many methods to forecast current and future energy needs of buildings, which can be
divided into three main groups [4-6]:

e Engineering methods—use a transparent process based on solving physics equations to describe
the energy behaviour of buildings [5-7]

e Based on data—called “black box” models—are mainly based on statistical analyses of time series
and machine learning algorithms to develop an energy model of a building [5,8-14]

e  Hybrid methods—a combination of methods based on physics and data [15,16].

Engineering methods determine the thermal balance of the building, taking into account the use
and efficiency of the heating/cooling and hot water preparation system. These models are used to
determine the energy performance as well as to create forecasts of thermal comfort in buildings (user
comfort). They are also used to determine indoor environment quality indicators. These models can
be divided into two groups: dynamic and static. The dynamic models are based on the guidelines
contained in EN 15251 [17], which defines the indoor environment conditions for individual rooms
(thermal conditions for winter, thermal conditions for summer, air quality, criteria for ventilation,
lighting and acoustics). They also take into account the influence of changing external conditions
such as temperature, solar radiation intensity, wind speed, and others. They are mainly used in
newly constructed (highly efficient) energy-saving and passive buildings [18-20]. Dynamic methods,
determining the heat balance in short periods (usually 1 h), allow for a more accurate consideration of
the effects related to the storage of heat or cold energy in the building’s structural elements. Static
models are based on the European standard EN 13790 [21], which is also supplemented by the EN 12831
standard [22]. Based on this method, heat balance is determined for a long calculation period (usually
one month or heating season). Such models can be found in the literature [23-25]. This method is also
used when preparing energy audits. Statistical methods are mainly regression models that correlate
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energy consumption or energy index with independent variables, which can be either quantitative or
qualitative. Empirical models are constructed on the basis of historical results, which means that before
training the model, we have to collect enough historical data to achieve sufficient precision. Statistical
regressions have been widely used both for research at the design stage and after—during the use of the
building. Regression models are used to forecast energy consumption based on detailed data, such as
the age of the building and its main geometrical and thermo-humidity parameters, such as for example:
shape factor, area of the opaque and glazed partitions, heat transfer coefficient, and indoor and outdoor
temperatures, etc. Model calculations were carried out in analyses of heat consumption in systems
supplying entire housing estates or towns, as well as at the level of a single building [9,26]. In some
simplified models, regression is used to correlate energy consumption with climatic variables (e.g., a
degree-days) in order to obtain the energy performance index [4,5,27-38]. Although the simplicity of
regression is generally an advantage of these models, it is also a disadvantage because most regression
techniques cannot deal with non-linear phenomena that occur during the use of a building. In models
based on artificial intelligence, artificial neural networks and their derivatives are most often used. This
type of models is based on solving non-linear problems and is an effective approach to this complex
issue. The detailed division of methods and input variables for modelling is discussed in the paper [4].
These are: weather data grouping all data related to outdoor conditions, indoor environment in the
building (temperature, humidity, etc.); occupancy and behaviour of occupants; time indicators that
provide information about the functioning of the building and its energy behavior; past time steps,
which take into account the potential impact of past events on current and projected energy demand
states of the building; and building characteristics with information about active and passive systems.
In recent years, artificial neural networks have been used to analyse the energy consumption of different
types of buildings for different processes, such as heating/cooling, electricity consumption, heat loss
through partitions and optimisation of energy consumption and estimation of performance parameters.
The use of artificial neural networks and machine learning methods for modelling energy consumption
can be found in the works of many authors [9,39-43]. Most of the presented calculation methods can be
successfully used to estimate energy consumption for heating/cooling and hot water preparation and
to determine the energy performance for different thermal parameters of partitions, the way buildings
are used, and weather variables [4,5]. The authors of these works mainly focus on energy modelling in
buildings such as offices, hotels, schools, universities, etc. However, few works concern single and
multi-family residential buildings. In particular, there is a lack of studies on real buildings [4], data
for which are difficult to obtain. Individual energy demand in residential buildings is more difficult
to estimate due to the lack of data on occupancy of buildings and the complexity of the inhabitants’
behaviour. Forecasting models focus mainly on estimating energy consumption, thermal comfort
in existing (or simulated), newly built, energy efficient and passive facilities, for which it is possible
to obtain reliable data on the insulation of building partitions, ventilation air streams, and number
of inhabitants [18-20,44]. Most of the calculation methods presented are successfully suited for the
estimation of energy consumption when determining the energy efficiency of buildings, for different
parameters of thermal barriers, use, and variable weather conditions. Nevertheless, it is necessary
to look for other solutions that could be used in the case of real buildings characterized by different
availability of data describing the object from the thermal and operational point of view [14]. Another
extremely important aspect of assessing energy consumption is the fact that the use of residential
buildings often differs from the intended project. This is often due to the fact that the auditor’s
calculations are in many cases based on unreliable and inaccurate data, which significantly affects the
accuracy of the assessment of current and future energy consumption of a building. At each stage
of the audit calculations, some characteristics are likely to be inaccurately estimated, most often the
physical parameters of buildings and the way the building is used, due to the difficulty of collecting all
the figures that characterize the building and its surroundings with sufficient precision. This applies in
particular to the value of heat transfer coefficient U through the building envelope. In such cases, the
auditor carries out the examination of partitions and then assesses the equivalent thermal resistance of
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the partition. Even methodologically correctly calculated resistances can be wrong, as it is necessary to
determine the thermal conductivity and thickness of individual layers, which is not always possible.
A frequent problem in thermal calculations is the lack of complete architectural and construction
documentation of the analyzed objects. In addition, there are other factors that affect the accuracy of
the calculations, which are due to e.g., moisture, ageing of the material, etc. Uncertainty as to the
correct assessment of the heat transfer coefficient, as well as other important parameters, such as the
volume of ventilation air flow, influences the result of the final assessment of heat demand for both the
existing buildings and the buildings for which thermal modernization measures are planned. It is
therefore advisable to test new methods that could be used for a rapid technical analysis of measures
taken to improve energy efficiency and to determine their impact on future heat consumption in
existing buildings. These tools should allow decision-makers to assess the potential for real energy
savings resulting from planned actions to improve the thermal performance of buildings. One of these
methods may be the Rough Set Theory (RST) method [45], which is developed to analyze inaccurate,
generic and undefined data. The more so because this method—according to the literature review—has
not been used so far in forecasting energy consumption in buildings [4,8,15,43]. Therefore, the aim of
the research was to determine the usefulness of a model based on RST for estimating thermal energy
consumption in buildings undergoing thermal improvement. Due to the different availability and
accuracy of data describing the building, the used input variable configurations will be tested during
model construction in such a way as to achieve a compromise between the effort of the auditor to
obtain them and the quality of the forecast.

2. Materials and Methods

Before the main objective of the study was achieved, analyses were carried out to establish a
potential list of explanatory variables (conditional attributes). During the research, a database was
created covering 109 buildings from the end of the last century that were thermal improved in the years
2010-2015. These buildings had energy audits prepared, on the basis of which the optimum variants
of thermal modernization were selected, the partitions that should be modernized were indicated,
and the appropriate thicknesses of layers of thermal insulation materials were selected. The analyzed
buildings were described with many parameters.

For experimental reasons, most relevant characteristics have been selected. Some of them are
measured and others calculated, as pointed out in Table 1.
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Table 1. Characteristics of the selected values that influence the reduction of annual energy demand for

buildings subjected to thermal efficiency improvement.

No. Parameter Abbreviation Average Median
1 calculgted 'surface of heated ﬂoogs from A 1567 4 1504.2
interior measurements, [m-]
calculated area of temperature-controlled
2 rooms (heated surface), [m?] A 1764.0 1565.4
3 calculated from e>.<ter.10r measurement; A, 467.0 383.1
surface of roof projection area (net), [m~]
calculated from exterior measurements
4 total walls’ surface (net) area, [m?] Aw 10%.6 979.8
calculated surface of floor from interior
5 measurements (floor over basement or Ap 395.4 360
floor on the ground), [m?2]
6 calculated from exterior measgrements At 2905 2511
total windows area, [m*]
calculated from exterior measurements
7 the heated volume of building, [m3] Ve 6391.6 5408.8
shape coefficient of buildings (the ratio
8 surface to volume), [m2-m™3], [m~!] Ve 0.46 0.42
9 number of stores, [pc.] Nos 43 4
10 number of residential flats, premises [pc.] Noyp 324 29
number of living persons per
11 building [Np] Nopp 73.9 64
calculated thermal transmittance of walls
12 components, [W-m~2-K™1] taw 112 116
calculated thermal transmittance of peak
13 walls components, [W-m~2-K~!] Upw 10 0.94
calculated thermal transmittance of roof
= projections components, [W-m~2-K™!] tr 124 072
calculated thermal transmittance of floor
15 components on the ground, [W-m 2K™] Uy 162 141
calculated thermal transmittance of floors
16 components (floor over basement), Uy 1.13 1.1
[W-m2.K™1]
calculated thermal transmittance of
17 windows (commercial data), [W-m~2-K~!] Lwin 182 16
18 calculated heating consumed power, [kW] Dy, 189.2 161.2
measured, the annual heat consumption
19 for building heating converted (according Okotio 506.6 4753

to formula 3) to the conditions of the
standard heating season, [MWh-year~!]

The average value of parameters describing the examined buildings is comparable to the data
contained in the building typology “TABULA” for Poland. These parameters are typical for an “average
building” of a multi-family residential building built in 1967-1985 [46,47]. Therefore, the surveyed

group of buildings can be considered as representative.

The data, selected after preliminary selection, were used to build sets of input variables based
on which the usefulness of a method based on rough set theory (RST) for estimating the energy
consumption of a building after the performance of thermal modernization measures in it was checked.
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These variables were used to develop four sets of input data with different degrees of influence on
energy consumption and difficulty in obtaining them, which are summarized in Table 2. A very limited
set of indicators has been selected for the first set of variables explaining changes in energy consumption
for heating a building after its thermal modernization. It included the amount of demand for thermal
power to heat the building before the thermal modernization, the actual unitary indicator of final energy
consumption for heating, and information about improvement actions taken—that is, which of the
partitions will be insulated. From the next set of variables, the information concerning the demand for
thermal power of its heating was eliminated and replaced with information concerning characteristic
dimensions of individual components of the building, that is, area of individual building partitions,
area and cubic capacity of the building, shape coefficient of buildings, and indicators characterizing
a given building (number of people using the building, number of dwellings). The previous set of
variables contained information which can be relatively easily obtained for any residential building,
but it did not contain a very important parameter that would characterize the thermal insulation of
individual partitions in the current state. Next set of variables has been supplemented with heat
transfer coefficients for individual partitions. Collecting such an extensive range of information
allows for precise characteristics of the object, but requires a lot of work on its reliable preparation.
Because the above set of variables was very extensive and gathering such an extensive range of data is
time-consuming, in the last set of input data, only the variables having direct influence on heat losses
in the building, such as heat transfer coefficients through partitions and the fields of partition surfaces
through which heat losses occur, are left. Sets of variables 2, 3 and 4 also included information on
improvement measures taken—which of the partitions are to be isolated.

The groups of variables presented in Table 2, constituting conditional attributes, were used to
build a model of prediction of final energy demand for building heating based on the Rough Set
Theory. It was introduced in the 1980s by Professor Zdzistaw Pawlak [45]. It is used as a tool to
synthesize advanced and effective methods of analysis and to reduce datasets [48]. The rough sets
serve as a methodology in the process of discovering knowledge in databases. It is a tool used to
describe inaccurate, uncertain knowledge; to model decision-making systems; and for approximation
reasoning [49]. The deduction methodology using the Approximate Collection Theory refers only to
the qualitative nature of object characteristics. This causes limitations and difficulties when we deal
with the occurrence of features in a quantitative form, not a qualitative one. The specificity of the
attributes of the surveyed buildings shows a great variety of ways of encoding the given characteristics,
which mostly occur in the quantitative form. In this case, the integration of the valued tolerance relation
proves helpful [50]. It allows to implement more flexibility in data mining into the approximate set
theory and to analyze observations expressed in quantitative form. The classic assumption of RSTs is
based on the concept of the indistinguishability relationship as an exact relationship of equivalence,
i.e., objects will only be indistinguishable if they have similar attributes (system 0-1). The introduction
of a valued tolerance relation to RST allows to determine the upper and lower approximation of the
crop with different degrees of indifference ratio [51]. This allows for the comparison of two sets of
data and gives a result between 0 and 1, which is the level of indistinguishability. This range is a
membership function derived from the assumptions of fuzzy harvest theory. The closer the result is to
one, the more similar (indistinguishable) the objects are in terms of the analyzed attribute, and the
closer to 0 the more distinguishable they are [50,51]. Detailed description of the prediction model
based on quantitative variables has been presented in [51,52]. The general course of the construction of
the model using the approximate sets theory is presented in Figure 1.
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Table 2. Sets of input variables for analyzed predictive models. Sets of variables (before thermal
modernization) (Recorded in the form of 0-1 information—whether the peak wall, external wall, floors,
ground floors, windows, and flat roof are to be thermal modernized).

Parameter-Condition Attributes

@y, — calculated heating consumed power, [kW]

Set1 FE - index of final energy demand for heating before modernization, [kWh-m~2-year~!]

V. — calculated from exterior measurements the heated volume of building, [m3]
S/V. — shape coefficient of buildings (the ratio surface to volume), [mZm~3], [m™1]
Ay - calculated surface of heated floors from interior measurements, [m?]

Ay — calculated from exterior measurements total walls’ surface (net) area, [m?]
A, — calculated from exterior measurements surface of roof projection area (net), [m2]
App — calculated from exterior measurements total windows area, [m?]

Ajy, — calculated from interior measurements total (net internal area), [m?]

Noyp, —number of living persons per building, [Ny]

No, — number of residential flats, premises, [pcs.]

Set I1

FE —index of final energy demand for heating before modernization, [kWh~m_2~year_1]

Uy — calculated thermal transmittance of walls components, [W-m~2K™1]
Upyw — calculated thermal transmittance of peak walls components, [W-m2K1]
U, - calculated thermal transmittance of roof projections components, [W-m2-K~]
Uy - calculated thermal transmittance of floors components (floor over basement), [W-m2.K™!]

Uyin — thermal transmittance of windows (commercial data), [W-m~2-K~1]
U, — calculated thermal transmittance of floor components on the ground, [W-m=2.K™ 1]
Ve — calculated from exterior measurements the heated volume of building, [m3]
Set ITI S/Ve — shape coefficient of buildings (the ratio surface to volume), [m2-m_3 1, [m_l]

Af- calculated surface of heated floors from interior measurements, [m?2]
Ay — calculated from exterior measurements total walls’ surface (net) area, [m?]
A, — calculated from exterior measurements surface of roof projection area (net), [m?]
Ay — calculated from exterior measurements total windows area, [m?]
Aj, - calculated from interior measurements total (net internal area), [m?]
Noyp — number of living persons per building, [Np]
Nop —number of residential flats, premises, [pc.]
FE, - index of final energy demand for heating before modernization, [kWh-m~2-year']

Uy — calculated thermal transmittance of walls components, [Wm2.K™1]
Upw — calculated thermal transmittance of peak walls components, [W-m2K™1]
U, - calculated thermal transmittance of roof projections components, [W-m=2-K~1]
Uy - calculated thermal transmittance of floors components (floor over basement),
[W-m2.K™]
Uyin — thermal transmittance of windows (commercial data), [W-m~2.K™1]

Set 1V Uy - calculated thermal transmittance of floor components on the ground, [W-m™2K™!]

Ap- calculated surface of heated floors from interior measurements, [m?2]
Ay — calculated from exterior measurements total walls’ surface (net) area, [m?]
Ay — calculated from exterior measurements surface of roof projection area (net), [m?]

Ay — calculated from exterior measurements total windows area, [m?]
FE, — index of final energy demand for heating before modernization, [kWh-m~2-year~!]
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Figure 1. Diagram for building of a model of inference based on the core of a set of conditional attributes
using the theory of rough sets.

After selecting the possible list of independent variables (conditional attributes), the developed
database was divided into a didactic set, to which 80% of the tested buildings were randomly selected,
and a test set created from other objects. A schematic view of the work areas with individual
blocks, illustrating the methodology for determining the energy demand indicator for heating after
improvements based on the inference model built, is presented in Figure 2.

The evaluation of the quality of the developed model was assessed for individual groups of
variables. For assessment of past due forecasts, the mean absolute error (MAE), mean absolute
percentage error (MAPE)—also known as mean absolute percentage deviation (MAPD) [53,54]—as
well as mean bias error (MBE), and coefficient of variance of the root mean square error (CV RMSE), was
used; these are accepted as statistical calibration standards by ASHRAE Guideline 14-2002 [14,55,56]:

g
1
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where: O,—real value of the index of final energy demand for heating after modernization (FE1);
Opr—the forecast value of the index of final energy demand for heating after modernization; and ng—is
the number of buildings covered by the study.

| Data base of Random division of the Inference model based on the core of the set of conditional

109 buildings database into the teaching attributes:
described by set (80% of data) and test set Set I, Set II, Set III, Set IV 7
19 parameters (20%of data) T—— ——
‘ -
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= P e— SetIl .. for heating after
m \
™ 1 o § wl modernization
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On Site Data Collection ! |
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Selection of Data Sets )
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o
/ /\\_

Critical Analysis of Method for Sets Efficiency.

Or - real value of the index of final energy
demand for heating after modernization

Statistical calibration standards by ASHRAE Guideline 14-2014

Figure 2. View of the working space.

According to the ASHRAE Guideline, models are considered to be calibrated when MBE values
are within + 10% and CV RMSE values are within 30% [14,57].

The novelty of this research is an attempt to develop a universal model based on the rough set
theory describing the final energy demand indicator for heating buildings and to use, for this purpose,
groups of variables characterized by different degrees of difficulty in obtaining them. The algorithm
of building a model for forecasting energy demand presented in the article allows decision-makers
to assess the potential for real energy savings resulting from planned actions to improve thermal
performance of existing buildings. It is important to underline the fact that, as the literature review
shows, it has not yet been used in the energy assessment of buildings. The presented method based
on Rough Set Theory (RST) should not be considered as competition for statistical analysis, but as an
optional choice of method for data analysis. Bearing in mind that a common disadvantage of using
classical statistical and data-based analyses is their time-consuming, costly nature (equipment and
the collection of a sufficient, generally large number of representative observations), and the great
complexity of the procedures used, which consists of so-called preliminary analyses (i.e., checking
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the assumptions of randomness of variables, examining the probability distribution and correct
interpretation of statistical analysis results), as well as the ability to conduct and interpret statistical
tests. In many cases, this results in the data being matched to the model, not the model to the data,
as it should be in reality. When using rough set methods, the observations “speak for themselves”
and are not corrected in any way, either before the application of the method or during the analysis.
Moreover, the method based on RST is not limited, unlike regression models, by the number of sets of
representative observations (both small and large sample of observations), nor is the construction of a
statistical model required; decisions are made on the basis of dependencies: if certain conditions are
met, a specific decision is taken (according to Boolean application). The presented method does not
impose complicated rules of control of the features taken into account and the results of analyses. Only
two main coefficients are used to control the significance of conditional attributes in relation to the
decision attribute and the created decision rules: quality and approximation accuracy—easy to apply
and interpret.

3. Results and Discussion

3.1. Analysis of Final Energy Consumption for Heating Buildings

The analyzed buildings are heated from the municipal heating network. Therefore, information
on actual heat consumption for heating in the three heating seasons before and after the thermal
modernization was obtained. On this basis, calculations of final energy demand for heating were
made, and then the energy characteristics of objects in the state before and after thermal modernization
were determined. To exclude seasonal fluctuations, the actual energy consumption values obtained
were converted (corrected) to standard season conditions (multi-year average). The data concerning
the heating season degree days (from the years 2010-2018 and the multiannual average) based on
which the calculations were carried out were taken from the climate database Eurostat [58] for the
Matopolska region.

The amount of final energy consumption was calculated using the formula:

3 HDD(t;) 1

1
_ RSV L 5
QkH = L HDD(s,), QK Hi 3 5)

where: Qg —the final energy demand for the heating season, [kWh]; HDD(t,)p—the number of
degree days in a standard heating season, [°Cd]; HDD(t});,—the number of degree days for the “i” of
this year, [°Cd]; Qg g ;—final energy consumption for heating in a measurement period for the “i” of
this year, [kWh].

The index of final energy demand for heating before and after the implementation of the
improvement was calculated according to the formula:

~ QkH

FE
Ag

(6)
where: FE—index of final energy demand for heating, [kWh-m_z-year_l] ; Qg g—the final energy
demand for the heating season, [kWh]; Ayj—calculated area of temperature-controlled rooms (heated
surface), [m?].

The energy characteristics of the analyzed group of buildings in the state before FEO and after FE1
thermal modernization are shown in Figure 3. Figure 4 shows the structure of buildings in terms of
energy consumption.



Energies 2020, 13, 1309 11 0f 17

O FEO - Index of final energy demand for heating before modemization

O FE1 - Index of final energy demand for heating after modernization
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Figure 3. Index of final energy demand for heating of buildings before and after

implementing improvements.
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(b) after the improvement.
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Index of final energy demand for heating of buildings is very varied. In buildings before
modernization, it was between 83-569 [kWh-m‘Z-year—l], while after the improvement, it was
51-389 [kWh-m~2-year~!].

The average value of the index before modernization was 287 [kWh-m~2-year~!]; after the
improvement, it decreased to 144 [kWh-m~2-year~!]. Average final energy consumption for heating an
“average building” in Poland determined on the basis of a standard reference calculation based on EN
ISO 13790/seasonal method [21] is: for buildings before thermal modernization 265.6 [kWh-m_Z-year_1 B
while energy consumption after the improvement is 77.9 [kWh-m~2-year~!].

Nearly half of the buildings before the thermal modernization were characterized by energy
consumption in the range 164-245 [kWh-m~2.year !]. In the group of improved buildings,
the largest group is made up of buildings where the energy demand for heating is between
99-147 [kWh-m~2-year~!].

Comparing the average values of the FEQ actual energy consumption index in the studied group of
buildings with theoretical values, it can be seen that for existing buildings they are similar, whereas for
improved buildings they differ. The projected energy consumption in a thermally improved “average
building” based on standard reference calculations [46] is twice lower than the actual values.

3.2. Modeling the Consumption of Thermal Energy in Buildings Undergoing Energy Modernization

In the first part of the prediction model construction, the database was randomly divided into a
teaching set and a test set. The input data characterizing the buildings were then divided into groups
of variables Set I to Set IV. For individual groups from the learning set, the reducts and the core of the
set of attributes were determined, which were used to create an inference model. The built model was
subjected to a critical analysis (on the test set) in terms of accuracy and quality of the built forecast.
The working space, on the basis of which the analyses were performed, is shown in Figure 2.

The results of quality and accuracy calculations of the constructed models depending on the
selected set of input variables are shown in Table 3.

Table 3. Assessment of model of energy demand indicator for heating based on studied set of input
variables (Set I to Set IV).

Sets of variables
Assessment Parameters

Set I Set II Set IIT Set IV
MAE [kWh-m~2.year™!] 22.8 23.1 25.3 18.1
MAPE [%)] 15.4 16.4 17.8 14
MBE [%] -0.73 1.68 -16 -9.6
CV RMSE [%)] 217 18.2 322 18.8

Analysis of the mean absolute values of the actual deviation of the final energy demand indicator
for heating of residential buildings from the predicted value indicates that the model based on set IV
has the lowest deviation value (18.1 kWh'm_z'year_l).

The highest error value (about 25.3 kWh-m~2-year~!) was shown by the model based on set III. The
error value for the model based on the set I and II is similar and amounts to about 23 kWh-m~2-year!.

The analysis of the MAPE error on the test set confirmed the usefulness of the model for determining
the size of the energy demand indicator for heating for the building after thermal modernization. The
obtained average error values for the selected Sets ranged from 14% to 17.8%.

The values of the two other meters used to assess the correctness of the models are as follows:

The MBE error values indicate that the energy consumption forecasts obtained from the model
are overestimated for sets I, III and IV. The lowest value of the indicator (—0.73%) is obtained for set I,
the highest (—16%) for set III. The model based on set II undervalued the actual values on average by
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1.68%. The assessment of the energy demand indicator model expressed in the RSME CV ranges from
18.2% (Set II) to 32.2% (Set III).

Bearing in mind ASHARE’s recommendations for model calibration, it can be concluded that
three models based on data sets meet the requirements. These are the models based on sets I, Il and IV.
The best values for the assessment indicators can be observed for the set Il model and then for set I. An
analysis of the assessment indicators (MBE and CV RSME, which are considered together) showed
that the best value of the assessment indicators can be obtained for set Il and then for set I. Set IV has a
CV RMSE value close to set II, but the MBE value is clearly different from the others.

Taking all four assessment indicators into account, it can be seen that the best fit values are found
for the model using the first set of variables.

4. Conclusions

The research was carried out on a group of 109 thermally improved residential buildings. The
energy performance of these buildings was determined. The energy performance is based on the
actual energy consumption for heating. The calculations were made for the state before and after
thermal modernization. The specific sets of important variables characterizing the examined buildings
have been identified. The variables were grouped into sets depending on the difficulty of obtaining
them. They were used to build a prognostic model based on the rough set theory (RST). The use of
this method made it possible to quickly determine the energy saving potential for heating after the
completion of the thermal renovation.

The following conclusions can be drawn from the analysis of the indicators’ evaluation of the
model for forecasting the final energy demand for heating after thermal improvement:

e The model developed based on the Rough Sets Theory (RST) is a universal solution that can be
used for estimating thermal energy consumption in buildings undergoing thermal improvement.
This is evidenced by the results of the assessment, where, according to the ASHRAE Guide, the
calibration targets are set at +10% (MBE) and less than 30% (CV RMSE). The achievement of these
thresholds has been demonstrated for three models. These are models based on sets I, IT and IV.
The best results can be obtained for the model using sets Il and 1.

e Taking into account all four evaluation indicators, it was found that the best match between the
predicted and real values can be obtained if a limited set of input variables (set I) is used in the
model, the value of the deviation of the real value from the predicted value (MAE) is amounts to
about 22.8 kWh-m~2-year~!, whereas the accuracy of estimation (MAPE) of the model built on
the basis of these data is 15.4%. Similar forecasting results can be obtained by using the data set
II, but in this case, a greater number of conditional attributes characterizing the building must
be available.

e Analyzing the values of MAE and MAPE indicators, it was found that the best results for
forecasting energy consumption after thermal improvement can be obtained using the IV set of
input variables. The use of this set of variables to build the model allows obtaining the results
with the error (MAE) 18.1 kWh-m~2-year~!. This gives an estimated accuracy (MAPE) of 14%.
Despite this, this model is recommended as the third in order because of the high value of the
MBE indicator, which clearly differs from the others.

e  Forecasting the energy consumption of buildings using a model based on Rough Set Theory
(RST) using variables that characterize buildings, allows for estimation accuracy of 14.4—15.9%.
However, in further research, it is advisable to test this method on a larger, several hundred
elementary set of objects (buildings) from different regions, characterized by different climatic
conditions from those in which the research was performed, in order to verify the results obtained.

e  The examined group of objects should be used to test other forecasting methods so that the results
of the estimation can be compared with each other.
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Nomenclature
RST Rough Set Theory
MAE Mean Absolute Error

MAPE Mean Absolute Percentage Error
MAPD Mean Absolute Percentage Deviation

MBE Mean Bias Error

CVRMSE  Coefficient of Variation of the Root Mean Square Error

O, real value of the index of final energy demand for heating after modernization (FE1)
Opr the forecast value of the index of final energy demand for heating after modernization
ng number of buildings covered by the study

Qk H final energy demand for the heating season

QxHi final energy consumption for heating in a measurement period for the “i” of this year

HDD(ty)p  the number of degree days in a standard heating season
HDD(ty);  the number of degree days for the “i” of this year

FE index of final energy demand for heating

FEO index of final energy demand for heating before modernization

FE1 index of final energy demand for heating after modernization

Ay calculated surface of heated floors from interior measurements

Ay calculated area of temperature-controlled rooms (heated surface)

Ay calculated from exterior measurements surface of roof projection area (net)
Aw calculated from exterior measurements total walls” surface (net) area

Ap calculated surface of floor from interior measurements (floor over basement or floor on the ground)
Ay calculated from exterior measurements total windows area

Ve calculated from exterior measurements the heated volume of building

S/Ve shape coefficient of buildings (the ratio surface to volume)

Nos number of stores

Nop number of residential flats, premises

Nopb number of living persons per building

Uy calculated thermal transmittance of walls components

Upw calculated thermal transmittance of peak walls components

u, calculated thermal transmittance of roof projections components

U, calculated thermal transmittance of floor components on the ground

Uy calculated thermal transmittance of floors components (floor over basement)
Uin calculated thermal transmittance of windows (commercial data)

Dy, calculated heating consumed power
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