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Abstract: Energy consumption for heating of single-family residential buildings is a basic item
in energy balance and significantly affects their operating costs. Accuracy of heat consumption
assessment in existing buildings to a large extent determines the decision on taking actions aimed at
heat consumption rationalization, both at the level of a single building and at regional or national level.
In the case of energy calculations for the existing buildings, a problem often arises in the form of 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 rapid energy analysis in existing buildings.
These methods should give satisfactory results in predicting energy consumption when there is
limited access to data characterizing the building. Therefore, the aim of this study was to check
the usefulness of a model based on thermal characteristics for estimating energy consumption for
heating in single-family residential buildings. The research was conducted on a group of 84 buildings,
for which the energy characteristics were determined based on the actual energy consumption. In
addition, information was collected on variables describing these buildings in terms of construction
technology and building geometry, from which the following were extracted for further calculations:
cubic capacity, heated area, and year of construction. This made it possible to build a prediction
model, which enables the application of a fast, relatively simple procedure of estimating the final
energy demand index for heating buildings. The resulting calculations were compared with actual
values (calculated from energy bills) and then evaluated according to the standards for evaluating
model quality proposed by the American Society of Heating, Refrigerating, and Air-Conditioning
Engineers (ASHRAE). In this way, it was possible to determine whether, in the absence of building
documents, the indicative method gives good results when estimating the energy demand for heating
single-family residential buildings.

Keywords: energy efficiency; energy consumption; forecasting of energy consumption; single-family
residential buildings

1. Introduction

The buildings sector (residential and tertiary) is a huge consumer of energy—it con-
sumes more than 40% of the total final energy and emits 40% of CO2 in the EU [1]. The
residential sector accounts for approx. 76% of final energy consumed in the buildings
segment [2], and the Polish residential building sector is characterized by some of the worst
energy consumption and CO2 emission indicators. In Europe, CO2 emissions range widely
from 5 kg CO2·m−2 in Norway to 120 kg CO2·m−2 in Iceland. With the average emission
in Europe being 54 kg CO2·m−2 in Poland, it exceeds 110 kg CO2·m−2 [2]. Single-family
buildings are a very important part of the Polish housing market. Statistical data on this
building segment is poor and often divergent. According to the Central Statistical Office, by
the end of 2020, there were over 6.82 million buildings in Poland, of which over 6.63 million
were inhabited buildings. In this set of buildings, 6.06 million are single-family buildings
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and 577,000 are multi-family buildings [3]. In the total structure of inhabited buildings, the
share of single-family houses is dominant, both in urban and rural areas. Most single-family
buildings are in rural areas—3.99 million, compared to 2.06 million in urban areas. These
buildings contain about 6,350,000 dwellings, in which about 19.5 million inhabitants live;
of these inhabitants, almost 6.5 million are in urban areas and over 13 million in rural areas.
In percentage terms, almost 90% of rural residents and almost 30% of urban residents live
in single-family buildings, most of which are equipped with individual heat sources. In
contrast to the European average, over 90% of these houses are detached houses (in Europe,
the average is less than 60%). There are far fewer terraced and semi-detached houses,
which undoubtedly increases energy intensity and thus maintenance costs. This means that
the housing stock is quite old and characterized by low energy standards [4]. Buildings
constructed in the last few decades in Poland were designed based on various changing
building regulations, including thermal protection parameters of buildings. Most of these
regulations referred to the thermal properties of the envelope, and the initial regulations
on thermal requirements were dictated only by the need to avoid condensation on the
envelope. It was not until the early 1980s that the main objective, including the require-
ments of the standard, was to reduce energy consumption. Current standards mandate
that buildings be designed with minimum envelope U-value requirements. The U-value
considers the material parameters of the envelope, thus it relates directly to the material
properties of the building. The quality and energy consumption of the housing stock is
very much influenced by the year of construction, modernization, or repair of the building.
This results from the technologies used in that period and the building standards in force.
Table 1 presents values of heat transfer coefficients for buildings erected, along with periods
of validity of standards and regulations [5].

Table 1. Required maximum thermal transmittance value for external walls, storage ceilings (roofs),
floor over unheated basement (and on the ground) and windows.

Years
Umax—Thermal Transmittance of, W·m−2·K−1

Walls Components Ceiling (Roof) Components Floor over Unheated Basement Windows

Until 1952 No Requirements No Requirements No Requirements No Requirements

1953–1966
1.163 (eastern and

central Poland)
1.4 (western Poland)

0.87 1.16 no requirements

1967–1975 1.163 0.87 1.16 no requirements
1976–1982 1.163 0.70 1.16 no requirements
1983–1991 0.75 0.45 1.16 2.6
1992–1997 0.55 0.30 1.16 2.6
1998–2008 0.30 0.30 0.5 2.6
2009–2013 0.30 0.25 0.3 1.8
2014–2017 0.25 0.20 0.25 1.3
2017–2021 0.23 0.18 0.25 1.1
after 2021 0.20 0.15 0.25 0.9

The data in the table summarize the condition of single-family buildings and in-
dicate that about 70% of single-family buildings are characterized by low or very low
standards of thermal protection of the envelope. The performed thermal improvement
measures (thermo-modernization) of buildings built before 2000 allowed to reduce the heat
demand by about 23% on average [6], thus this segment has the potential to improve the
energy performance.

The calculation of the energy performance of buildings can be carried out using
different methods, which can be divided into engineering calculations, statistical and data-
driven models, and hybrid models [7–36]. Figure 1 presents the techniques for modeling
and predicting energy consumption in buildings with a breakdown of each calculation
method. The presented scheme includes citations of works in which the authors used
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a particular method to predict energy consumption for heating or to determine energy
performance in different types of buildings, which were mostly offices, hotels, schools,
universities, and multifamily buildings [7,22,34].
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Figure 1. Classification of methods for forecasting energy consumption in buildings [7–36].

The literature analysis has shown that the most used methods are statistical and
artificial intelligence models based on neural networks, fuzzy logic, and rough set theory.
These models are mainly focused on estimation of energy consumption and thermal comfort
in simulated or existing energy-efficient or passive objects as well as multi-family residential
buildings [12,26,34,36,37]. Few works deal with single-family residential buildings [6].
There is a lack of research on actual buildings [7,34], for which it is difficult to obtain reliable
and accurate data. It is therefore advisable to test new methods based on a small amount
of general data, such as a method based on the thermal performance of buildings. Thus
far, this method has been applied to estimate the power demand for heating buildings that
do not have complete building documentation. This quantity was determined empirically
based on statistical data performed over several decades [38,39]. The thermal characteristic
of a building is equal to thermal power losses of 1 m3 of the heated volume of the building,
related to unit temperature difference of the air inside and outside the building [38]. The
method presented in papers [38–40] has been combined and used with relations contained
in PN-66/B-02419 [41], which was used for calculations of seasonal demand for fuel.
Introduction of modifications allowed estimating the energy consumption for heating
using only two variables describing the building, i.e., heated cubature, year of construction
(time interval in which it was built), and type of heat source. This method—according
to the literature review—has not been used so far for energy consumption forecasting in
buildings [7–36], which is a novelty in this type of research. To evaluate the quality of the
developed predictive model, evaluation metrics such as [42] MAPE, MBE, CV RMSE, and
R2, which are adopted as statistical calibration standards by ASHRAE (American Society of
Heating, Refrigerating, and Air-Conditioning Engineers) [43], were used.

2. Materials and Methods
2.1. Description of the Research Subject

The study was conducted on peripheral areas located within the administrative area
of the City of Krakow, which is in the southern part of Poland. According to the Central
Statistical Office [3], there are 43.7 thousand single-family residential buildings within
the administrative area of the City of Krakow. These buildings are 96% heated by gas
boilers. On this basis, the minimum sample size has been determined, which amounts
to 81 objects (for the confidence level α = 0.95 and maximum error of 10%), in which the
research should be carried out. The survey was conducted in 84 single-family residential
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buildings heated with gas boilers, within which information was collected on heated area,
heated and ventilated volume, and gas consumption for heating purposes, among others.
Information was also collected on possible thermomodernization activities in the buildings.
The structure of buildings in terms of their year of construction according to the data
contained in the Central Statistical Office and the buildings in which the research was
carried out is shown in Figure 2. At the same time, the age ranges were determined in
accordance with the binding legal regulations concerning the maximum values of heat
transfer coefficients Umax by external partitions, i.e., in periods when norms and sector
regulations of the Ministry of Construction were in force.
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Figure 2. Age structure of single-family residential buildings in the Krakow area.

These buildings were characterized by high variability in characteristic dimensions
such as area and heated volume as shown in Table 2.

Table 2. Average values of surface area and heated cubic capacity for the analyzed group of buildings.

Years
Mean Values of Parameters

Ah—Area of Temperature-Controlled Rooms (Heated Surface), m2 Ve—Heated Volume of the Building, m3

until 1957 68 182
1957–1974 94 274
1975–1982 145 514
1983–1991 127 341
1992–2002 132 412
2003–2008 157 459
2009–2013 163 469
2014–2017 169 579
after 2017 139 407

Average heated area of the analyzed buildings is 132 m2 and heated volume is 404 m3.
The analyzed buildings, especially those constructed before 2003, were subjected to thermo-
modernization activities—their share is 39%, while thermal improvement in 73% consisted
of external wall thermal insulation. In the remaining part, the ceilings were additionally
insulated. The average thickness of thermal insulation of external walls in the analyzed
group of buildings is 7.6 cm, while the average thickness of thermal insulation of ceilings
is 9.2 cm.

In 76% of the buildings, windows were replaced with new ones, mainly PVC with
single glazing units. Unfortunately, since only a small part of them had building documen-
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tation, it was not possible to calculate heat transfer coefficients of partitions before and after
thermal improvement.

The heating needs (heating, preparation of domestic hot water, and preparation of
meals) in the analyzed buildings are realized with the use of natural gas boilers. Therefore,
information about the actual gas consumption in three seasons covering the years 2017–2019
was obtained. This allowed us to calculate the actual final energy consumption for heating
the buildings.

2.2. Calculation Method for Energy Demand for Heating a Building

Energy consumption for heating buildings depends on many factors, the most impor-
tant of which are the thermal insulation and airtightness of the envelope of the external
heated space of the building, the thermal accumulation of the building and its heating
method, and the efficiency of the thermal processes in the building.

In order to determine the above-mentioned factors, various calculation methods are
applied, which are summarized in Figure 1. One of them is a method using simplified
relations describing the final energy demand in a building, which is based on an assumption
that the thermal load of the building at a given external temperature is proportional to
temperature difference between the heated space of the building and its surroundings,
which can be determined from relations [13]:

∅h(θe) = ∅ho·
θi − θe

θi − θeo
(1)

where: ∅h(θe) is instantaneous heat load of the building at a given temperature, kW; ∅ho is
design heat load of the building for heating, kW; θi is design value of internal temperature,
◦C; θe is design value of external temperature, ◦C; θeo is instantaneous value of outdoor
temperature, ◦C.

Theoretical value of the amount of heat transferred from the building to the environ-
ment during the whole heating season is determined by the relation:

∅h = ∅ho·
θi − θe,ave

θi − θe
·n·24 =

∅ho
θi − θe

·HDD·24 (2)

where: ∅h is the amount of heat transferred from the building to the surroundings during
the heating season, kWh; ∅ho is design heat load of the building for heating, kW; θi is
design value of internal temperature, ◦C; θe is design value of external temperature, ◦C;
θe,ave is average value of external temperature in the heating season, ◦C; n is number of
days in the heating season, depending on the local climatic conditions; HDD is number of
heating degree-days for the building location, ◦Cd.

Equations (1) and (2) have been derived on the assumption that the same internal
temperature θi is maintained in all heated compartments. In this method of calculating
the heat demand for building heating, no account is taken of the heat gains (solar and
internal) generated in heated compartments which reduce the amount of heat that is
actually required for building heating. Additionally, no account is taken of the heating
system efficiency. The mentioned parameters have been considered in PN-66/B-02419 [41],
which has been used for calculations of seasonal demand for fuel. The seasonal energy
consumption for heating can be calculated from the formula:

∅H,d =
y·24·∅ho·HDD

ηH,tot·(θi,ave − θe)
(3)

where: ∅H,d is calculated seasonal energy consumption for heating the building, kWh; ∅ho
is design heat load of the building for heating, kW; HDD is number of heating degree-days
for the location of the building, ◦Cd; θi,ave is average value of the internal temperature
(temperature in heated rooms) in the heating season, ◦C; θe is design value of the external
temperature, ◦C; ηH,tot is total efficiency of the heating system in a given building; y is
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reducing coefficient due to the occurrence of heat gains in the building, taken in the range
of 0.67–1. According to [13], for single-family buildings it equals 0.57.

The presented relation has been decided to be used for calculations of seasonal heat
demand in single-family buildings.

In the original form of the relation discussed (3), it was assumed that the design heat
load of a building ∅ho (demand for power for heating) should be calculated according to the
standard, which is currently PN-EN ISO 12831-1:2017-08. 2017 [35]. The calculation of the
design heat load requires detailed data on the materials of the partitions, the surface areas
through which heat losses occur, and the volumes (heated and ventilated). While obtaining
these data is not a major problem for the design of heating in a new building, in the case
of existing buildings, especially those without construction documentation, obtaining the
information will be extremely difficult and time-consuming. Therefore, it was decided to
use the relation, which was applied to estimate the demand for power for heating buildings,
in which the so-called thermal characteristic is used [38,39]. This quantity was determined
empirically based on statistical data made [38]. In the case of single-family buildings whose
heated volume is less than 1000 m3, this relation can be written in the following form [40]:

∅ = 0.064· 6
√

V5
e ·w (4)

where: ∅ is approximate power demand for heating of the building, kW; Ve is cubic
capacity of the building calculated according to external dimensions, m3; w is correction
factor dependent on the period of construction of the building.

The values of the correction factor “w”, which correlates with the period of construction
of buildings, were presented by the author of this paper in [40] and updated for buildings
built after 2017. The average values of the correction factor according to the age of the
building are presented in Table 3.

Table 3. Values of the correction factor depending on the age of the building.

Years “w” Correction Factor

until 1957 1.92
1957–1974 1.78
1975–1982 1.58
1983–1991 1.34
1992–2002 1.21
2003–2008 1
2009–2013 0.92
2014–2017 0.74
after 2017 0.65

Formula (3) after transformation took the following form:

QH,d =
0.876·HDD· 6

√
V5

e ·w
ηH,tot·(θi,ave − θe)

(5)

where: ΦH,d is calculated seasonal energy consumption for heating the building, kWh; HDD
is number of heating degree-days for the building location, ◦Cd; Ve is heated volume of the
building (calculated by external dimensions), m3; θe is design value of outdoor temperature,
◦C; θi,ave is average value of indoor temperature in the heating season (temperature in
heated compartments), ◦C; w is correction factor dependent on the period of construction
of the building; ηH,tot is total efficiency of heating system in the given building.

The index of final energy demand for heating was calculated according to the formula:

FE =
QH,d

Ah
(6)
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where: FE is index of final energy demand for heating, kWh·(m2·year)−1; Ah is area of
temperature-controlled rooms (heated surface), m2.

A new paradigm is to evaluate the quality of a model based on empirical formulas for
estimating energy consumption in actual single-family residential buildings (Figure 3).
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The quality assessment of the developed models was based on the mean bias error
(MBE), coefficient of variance of the root mean square error (CV RMSE), and coefficient
of determination (R2), which are accepted as statistical calibration standards by ASHRAE
Guideline 14-2014 [43]. Other metrics frequently used in the literature such as MAPE were
also used for quality assessment [42].

MBE =
∑

ng
m=1

(
yi − yP

i
)

∑
ng
m=1 yi

·100% m = 1, 2, 3 . . . , ng (7)

CV RMSE =

√
∑

ng
m=1

(yi−yP
i )

2

yi

1
ng

∑
ng
m=1 yi

·100% m = 1, 2, 3 . . . , ng (8)

R2 =

 ng·∑
ng
m=1 yi·yP

i − ∑
ng
m=1 yi·∑

ng
m=1 yP

i√(
ng·∑

ng
m=1 y2

i −
(

∑
ng
m=1 yi

)2
)
·
(

ng·∑
ng
m=1 yP 2

i −
(

∑
ng
m=1 yP

i

)2
)


2

(9)

MAPE =
1

ng

ng

∑
m=1

∣∣∣∣∣yi − yP
i

yi

∣∣∣∣∣·100% m = 1, 2, 3 . . . , ng (10)

where: yi is the actual value (quantity) in the facility i, and yp
i is the forecast value (quantity)

in the facility i. The difference between yi and yp
i is divided by the actual value yi and m

the number of the test object (m = 1, 2, 3, . . . , ng).
According to ASHRAE Guideline 14 criteria [43], for the model to be considered

well-calibrated, the value of the evaluation indices should not exceed:

• MBE index ± 5%,
• CV RMSE index 15%,

However, the value of the coefficient of determination should be R2 ≥ 0.75.
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3. Results and Discussion
3.1. Real Energy Consumption for Heating Buildings

The study was conducted for 84 single-family residential buildings located in the
southern part of Poland in the city of Krakow. For the analyzed buildings, data were
collected on natural gas consumption in three seasons covering the years 2017–2019.

Since the acquired data included total heat consumption for heating, preparation of
domestic hot water, and preparation of meals, it was therefore necessary to separate the
consumption only for heating of the buildings. For this purpose, it was assumed that the
heating season lasts 9 months a year, that is from January to May and from September to
December. However, in the three summer months, i.e., June, July, and August, energy is
consumed exclusively for preparation of domestic hot water and meals. This allowed us to
calculate the average monthly energy consumption for the mentioned purposes (domestic
hot water, preparation of meals). The energy consumption for heating buildings was calcu-
lated as the difference between the total energy consumption in the individual months of the
heating season and the calculated average value of the three summer months. On this basis,
the final energy demand for heating was calculated. To exclude seasonal variations, the
obtained actual values of energy consumption for heating were recalculated (corrected) to
standard season conditions (multi-year average). Data on heating season degree-days (from
2017–2019, where HDD2017 = 3615.3 ◦Cd; HDD2018 = 3405.4 ◦Cd; HDD2019 = 3073.8 ◦Cd),
based on which the calculations were carried out, were taken from the climate database of
the Institute of Meteorology and Water Management—National Research Institute (IMWM–
NRI) for the Krakow region. The amount of final energy consumption for heating was
calculated according to the formula:

QH, f =
3

∑
i=1

HDD(tb)i
HDD(tb)0

·QH, fi
·1
3

(11)

where: QH,f is the final energy demand for the heating season, kWh; HDD(tb)0 is the number
of degree days in a standard heating season, ◦Cd; HDD(tb)i

is the number of degree days for
the “i” of this year, ◦Cd; QH,fi is final energy consumption for heating in a measurement
period for the “i” of this year, kWh.

The results obtained allowed to determine the annual energy consumption in the
studied group of buildings divided into heating as well as domestic hot water and meal
preparation, which is presented in Figure 4.

The average energy consumption for heating in the analyzed group of buildings was
20,440 kWh·year−1, with the variability coefficient of 32%, which gives an average value
in the range of 19,110 to 21,770 kWh·year−1. The energy consumption for preparation of
domestic hot water and meals was on average 5480 kWh·year−1, for which the variability
coefficient is 19.6%. It can be assumed that in the studied group of buildings, the energy
consumption for this purpose is between 5250 and 5760 kWh·year−1.

The values of final energy consumption for heating per FE0 surface unit are presented
in Table 4.

The average value of the final energy consumption for heating in the analyzed group
of buildings was 176 kWh·(m2·year)−1. The average final energy consumption for heating
for the “average building” in Poland was determined based on standard reference calcula-
tions based on EN-ISO 13790:2008 [44,45] for single-family residential buildings is 182.3
kWh·(m2·year)−1. Comparing the average values of the index in the analyzed group of
buildings with theoretical values [45], it can be observed that they are similar and, therefore,
the group of buildings adopted for the analysis can be considered representative.
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Table 4. Values of the correction factor depending on the age of the building.

FE0—Index of Final Energy Demand for Heating, kWh·(m2·Year)−1

min max average standard deviation confidence interval
81 298 176 57.5 164–188

3.2. Calculation of Energy Consumption for Heating of Buildings

The collected data describing the buildings, such as year of construction and heated
volume of the building Ve, were entered into model (5) through which the seasonal energy
consumption for heating was calculated. The buildings are in climate zone III for which the
design outdoor temperature θe is equal to −20 ◦C and the annual average outdoor tempera-
ture is 7.6 ◦C. The calculations assume that the average design indoor temperature θi,ave for
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the rooms in the residential buildings is +20 ◦C. The number of heating season degree-days
HHD for the given location (meteorological station Kraków–Balice) is 3748.4 ◦Cd. All build-
ings were equipped with central heating installations with gas boilers, therefore the total
efficiency of the heating system ηH,tot has been assumed for the calculations, in accordance
with the provisions contained in the regulations concerning the calculation of the energy
performance of buildings [46], which for this type of installation amounts to 0.81.

The calculated seasonal energy consumption for heating was then used to determine
the final energy demand for heating FE. The indicator values obtained based on the
calculations have been compared with the actual values, which is shown in Figure 5.
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By analyzing the results shown in Figure 5, it can be concluded that the model calcu-
lations differ from the actual data in the range of 1 to 73 kWh·(m2·year)−1, with the most
common value in the range of 19 to 26 kWh·(m2·year)−1.

The next step of the study was to calculate metrics to evaluate the quality of the
developed predictive model such as MBE, CV RMSE, R2, and MAPE, which are adopted as
statistical calibration standards by ASHRAE (American Society of Heating, Refrigerating,
and Air-Conditioning Engineers). The calculation results are summarized in Table 5.

Table 5. Comparison of mean bias error (MBE), coefficient of variation root means square error (CV
RMSE), coefficient of determination (R2), and mean absolute percentage error (MAPE) values for the
analyzed energy consumption model.

Assessment Parameters

MBE (%) 3.8
CV RMSE (%) 12.1

R2 (−) 0.78
MAPE (%) 12.9

The results presented in Table 5 indicate that the model of energy demand for heating
buildings, based on the so-called thermal characteristics, which is based on the formula
provided in PN-66/B-02419 [41], is of acceptable quality despite the use of a limited set
of variables. According to the adopted methodology, acceptable models were those for
which R2 was above 0.75, MBE within ±5%, and CV RMSE below 15%. The obtained error
values provide a basis for the statement that in the absence of building documentation, the



Energies 2022, 15, 362 11 of 13

approximation method gives good results in estimating the energy demand for heating
single-family residential buildings.

4. Conclusions and Perspectives

Based on research carried out in 84 single-family residential buildings, energy con-
sumption data were collected for a three-year period of exploitation. Based on the analysis
of the actual energy consumption, it can be stated that the buildings consumed between
19.1 and 21.7 MWh·year−1 of energy for heating, while for other purposes related to the
preparation of domestic hot water and meals, an average of 5.25 to 5.7 MWh·year−1 is
consumed. The average value of the unit energy demand for heating FE for the studied
group of buildings is 164 to 188 kWh·(m2·year)−1. Since only a small part of the studied
group of buildings had building documentation, the variables which characterized the
buildings in terms of heat demand were separated: the year of construction and heated
cubic capacity. These variables were used to build a model based on thermal characteris-
tics for prediction of heat demand for heating. The obtained computational results were
compared with the actual values and then evaluated in accordance with the standards for
assessing the quality of the model proposed by ASHRAE, in which the predictive model
must meet the calibration conditions, which were set so that MBE is within ±5%, CV RMSE
is less than 15%, and R2 is above 0.75, in order to be considered acceptable in quality.

For the model analyzed, the values of the indices are as follows: MBE = 3.8%, CV
RMSE = 12.1%, and R2 = 0.78. Thus, in the case of incomplete data or lack of building docu-
mentation for existing buildings, it is possible to express the belief that the modified method
presented in this paper based on the so-called thermal characteristics can be successfully
used to estimate energy consumption for heating of single-family residential buildings.

In the future, the author plans to use the studied group of objects again for testing
hybrid forecasting methods based on the rough set theory (RST). It is also planned to intro-
duce to the model a coefficient which characterizes the influence of thermomodernization
actions on the decrease of energy consumption. Additionally, the author plans to extend the
existing database with analogous objects heated by other heat sources, as well as buildings
used in other climatic zones.
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