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Abstract: Multifamily buildings account for about half of all residential buildings in Poland and about
70% of the urban population live in them. Most of them require thermal refurbishment. Evaluation
of a building’s energy performance with the use of correlation models has been very rarely used in
relation to buildings in Poland. This method is simple, fast and can improve the decision process
on thermal modernisation. It is especially important at the pre-design stage of planned investments.
This paper presents an attempt to develop correlations that could be used in the energy assessment of
multifamily buildings. For this purpose a dataset containing of 29 audits of multifamily buildings was
used. The statistical analysis was performed for buildings before and after planned refurbishment.
Obtained relationships showed strong correlation between thermal demand for space heating or
domestic hot water and ventilation airflow and thermal transmittance of windows (R2 > 0.6). After
designed modernisation the number of strong correlations decreased. Energy for domestic hot water
was correlated with the number of inhabitants (R2 = 0.6). Energy for space heating was correlated
with the number of users and heated volume of a building.

Keywords: energy audit; multifamily buildings; correlation; EN ISO 13790; energy performance;
EN 12831

1. Introduction

According to official statistical data [1,2] the average energy consumption for space
heating in Polish households grew from 235 kWh/m2 in 1990 to 325 kWh/m2 in 1993.
Rising energy prices and stricter regulations related to thermal transmittance of building
partitions introduced in 1991 [3] caused the upward trend and return in 1997 to the level
from 1991. In 1998 the Thermal Modernisation Law was introduced [4] and the Thermal
Modernisation Fund was put into service [5] with related technical regulations [3], resulting
in the commencement of thermal refurbishment in the residential sector in Poland on a
massive scale. Significant numbers of objects have been modernised [6], and unit energy
consumption for space heating dropped to 160 kWh/m2 in 2008.

Nevertheless, there still exists a potential for further improvements [7]. Estimation of
these possibilities and resulting benefits, however, requires knowledge of the various social
(occupant behaviour), technical (HVAC systems, building envelope) and environmental
(weather) factors.

In general, three types of models are used to estimate energy demand of buildings,
namely, physical, statistical and hybrid models [8]. The first category contains solutions
based on mathematical description of heat transfer between the building’s zone and sur-
rounding environment applied in various building energy simulation programmes [9]. The
second approach utilises statistical methods to determine correlations between physical
parameters of a building and calculated or measured energy consumption. The last solution
benefits from the advantages of both previous ones, providing the opportunity to calculate
energy demand using data-driven tools [10,11].
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2. Literature Review

In the case of statistical solutions to estimate energy use in buildings it is often indicated
that correlation models are less time-consuming than detailed simulations. Hence, despite
their lower accuracy they are likely to be used in more general studies [12]. Additionally,
the link between energy use and building thermal properties is very intuitive, making
interpretation of these models very easy.

Recently, numerous studies on energy use in selected groups of buildings in differ-
ent countries and climatic zones to assess their energy performance have been reported.
Ozarisoy and Altan [13] presented a review of existing studies and methods to evaluate
building energy performance and investigated the gap between design and real energy
use in social housing. Apart from physical ones, social factors were also taken into ac-
count. Among others, the authors found correlations between a household’s income and
building use.

In their next paper [14], the authors investigated the impact of occupant behavioural
patterns on energy use for space heating and cooling in 36 multifamily residential blocks
using correlation analysis and multivariate regression. Based on 118 questionnaires from
the occupants, the authors found that energy consumption in the studied objects was
significantly influenced by the type of heating and cooling systems used.

Ruellan et al. [15] analysed four publicly available datasets of the residential building
stock of the Walloon region in Belgium. In this way, several independent variables were
defined, such as housing type, income category, ownership rate and relative number of
households in the city. Then, a statistical analysis using code developing in the R software
was performed. Firstly, they studied the geographical distribution of these parameters.
Then, they applied linear regression to find correlations between the stock’s technical
parameters and the social and economic data of its occupants. Finally, a multiple linear
regression (MLR) modelled the relationship between the average energy efficiency and
several explanatory variables. In this way, the authors confirmed the positive correlation be-
tween income categories and energy efficiency in households. The MLR formula explained
with 62% certainty the variation of energy consumption in relation to geometry, income
and ownership variables. The authors concluded that, in the category of households with
annual income of EUR 10,000–20,000, each percent increase means a 7.22 kWh/m2 increase
in the average energy efficiency of the analysed stock.

Eriksson et al. [16] proposed an energy signature method to calculate the primary
energy use of a single city district with 95 multifamily buildings. As input data, the
authors used typical technical parameters such as the design indoor temperature, thermal
transmittance of external partitions, ventilation flow, number of occupants, electricity and
hot water use. Then, that method was used to simulate primary energy consumption by
each building and to assess which of them should be renovated.

Hewitt and Wang [17] analysed the Residential Energy Consumption Survey (USA)
data from 2015. A binary logistic regression was applied to determine if selected socioe-
conomic and demographic factors influence the decision to undertake an energy audit.
They found that this decision is positively and significantly correlated with age but is
negatively correlated with renting. Hewitt and Boucher [18] analysed the New York State-
sponsored retrofit projects of residential buildings from 2011 to 2016. In general, the authors
confirmed a relationship between the location of audits, completed retrofit projects and
pro-modernisation and pro-efficiency behaviours.

To enhance support of the decision-making process of modernisation, various methods
and tools were developed [19–21]. Representative buildings [22] or correlation-based
models were also used [12,17,23].

The second group of studies utilised simpler methods and standardised energy audits
or in situ measurements to develop more general correlations linking easily available
physical parameters of buildings with their energy performance.

Castrillón Mendoza et al. [24] analysed a district heating system serving 31 buildings,
most of which are educational buildings. They introduced an energy baseline variable,
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based on natural gas consumption in the central boilers, that turned out to be linearly
dependent on degree days with R2 = 0.978.

Kim et al. [25] proposed a window-to-floor ratio (WFR) coefficient to assess the energy
performance of office buildings. Simulations in EnergyPlus confirmed that energy demand
increased proportionally when the WFR was higher than 0.1.

The energy performance of eight different schools was simulated in EnergyPlus and
then validated against measurements in [26]. Finally, the authors presented three corre-
lations between the product of opaque area and its U-value and the gross volume of the
buildings, heat loss through the external surfaces and heating energy consumption with
R2 > 0.80 in all cases.

Wang [27] analysed energy consumption in 74 educational objects. The obtained
Pearson’s correlation coefficient, in high and elementary schools, between the number of
students, number of teachers, land area, gross floor area and total energy consumption
was 0.677, 0.629, 0.308 and 0.419, respectively. The same, in relation to universities, was
0.669, 0.917, 0.575 and 0.960, respectively. No other equations based on thermal properties
of buildings were provided.

As far as Poland is concerned, case studies of thermal modernisations have been
published recently, such as of single family [28,29], multifamily [30], school [31] and other
educational [32] buildings. In addition, several analyses based on larger groups of objects
have been conducted, but most of them for east or north-east Poland. In [33], the authors
described long-term evaluation of heating energy consumption of 43 multifamily buildings
before, during and after their thermal retrofitting. The study revealed that the mean
level of energy savings estimated in energy audits was 38.5% in comparison to 30.3%
from measurements. However, the authors did not present relationships between energy
consumption and physical parameters of studied objects.

In [34], the authors presented an assessment of measured energy consumption for
space heating of 10 multifamily buildings during the 2002–2020 period, including pre- and
post-modernisation conditions. Implemented retrofit measures resulted in annual heating
demand lowering from 19.8% to 35%. The application of a weather forecast-based control
system allowed the achievement of an additional savings from 4.8% to 23.5%, except for
one building, where arise of 2.1% was noticed. In [35], the authors expanded the studied
group by another 22 objects. Once again they presented savings obtained using weather
forecast control of heating systems, but they did not show relationships for estimation of
annual heating demand.

The next study [36] was carried out for 85 various public buildings. Using rough set
theory (RST) and thermal properties of buildings they evaluated the thermal demand of
analysed buildings and then compared the obtained results with audits. During training
of a neural network the authors used five input variables, which were type of building,
construction technology, heating system, thermal power for heating, shape factor and EA
index. The developed model had R2= 0.91.

Two kindergartens and seven schools were analysed in [37]. Comparisons of measured
annual heating energy consumption showed savings from 27.9% to 67.3%. They were lower
than those calculated in energy audits. The authors also presented a correlation between
primary energy consumption and A/V ratio. Similarly, a group of 14 buildings, including
schools, kindergartens and offices, was studied in [38]. The calculated (audit) savings of
energy for space heating were higher than measured and ranged from 37.6% to 77.1% in
comparison to 21.8–60.5%.

Studies have also been presented on thermal refurbishment strategies of selected
cities [39,40] or voivodeships [41]. However, they were based on advanced methodologies
and the authors did not show any correlations for fast and simple assessment of basic
energy performance indicators of buildings.

The calculation methods, input parameters and dataset types used in energy analyses
of buildings are given in Table 1. As technical input parameters there are defined geometric
dimensions and thermal and physical properties of partitions and systems.
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Table 1. Studies on factors influencing energy use in building stocks.

Location Sample Size Objects Input Parameters Method Ref.

Walloon/Belgium 262 municipalities Single and
multifamily Socioeconomic Multiple linear regression [15]

Gävle/Sweden 95 Multifamily Technical Energy signature
(statistical) [16]

New York/USA 5088 Households Socioeconomic,
demographic Binary logit regression [17]

New York/USA 1670 zip codes Households Socioeconomic, spatial
Ordinary least squares
analysis, multivariate

regression analysis
[18]

Portugal 23 Educational Technical Energy usage indicator
(physical) [20]

Marche
region/Italy 40 Residential Technical Calibrated reduced order

building energy model [21]

Greece 16 Single-family houses Technical Life cycle assessment [22]
Lazio region/Italy 80 Schools Technical Cluster analysis [23]

Sweden 223,930 One and two family Technical Data-driven [42]
Oshawa/Canada 83 Residential houses Technical 6 data-driven methods [43]

Poland 15 Commercial and
residential Electricity use Relative standard

deviation [44]

Poland 1 in 32 cases Multifamily Technical Statistical analysis [45]

Chongqing/China 373 Multifamily Electricity use,
technical Statistical analysis [46]

China 10 Service Energy use, technical Correlation analysis [47]
Cyprus 118 Households Behavioural Statistical analysis [14]

To visually present the performed literature review a visual map was generated
(Figure 1) with the help of VOSviewer software [48,49]. This map shows the connections
between keywords in analysed papers. Each keyword is identified by means of circle size
and colour. It can be noticed that, among “energy efficiency” and “energy consumption”,
“residential building” and “correlation” keywords are also highlighted.
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Hence, there arises a research gap that can be defined as the need to provide relation-
ships to estimate annual energy needs of buildings based on their technical parameters
that are easily available in audits. This paper aims to answer the question of if it is possible
to derive such dependencies for multifamily buildings based on a set of objects with their
energy audits performed in accordance with Polish standards. It is also interesting to know
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what parameters, not directly available in audits, can be useful for further improvement of
such evaluations.

In the next section Polish regulations related to energy efficiency in buildings are
briefly shown. Then, analysed buildings and their spatial distribution are introduced.
Based on the presented methodology the most important findings are given and compared
with other studies. Finally, concluding remarks are presented.

3. Materials and Methods
3.1. Calculations

Legal regulations related to energy auditing and financial support of thermal refur-
bishment of buildings in Poland have been described recently [31].

At the design stage of the modernisation project thermal calculations follow the PN
EN 12831 standard [50,51]. Here, the area of Poland is divided into 5 climatic zones [52]
(Figure 2) with different values of the outdoor design temperature (Table 2).
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Table 2. Design outdoor and mean annual air temperature in Poland according to PN EN 12831.

Climatic Zone Design Outdoor
Temperature [◦C]

Mean Annual Air
Temperature [◦C]

I −16 7.7
II −18 7.9
III −20 7.6
IV −22 6.9
V −24 5.5

Apart from the design heat load (ΦH) annual energy demand for space heating (QH,nd)
is also calculated. It is also known as the usable energy and it is net energy to cover a
given energy need (consumed directly) [52,53]. It is calculated using the quasi-steady-state
monthly method of the EN ISO 13790 standard [54], which remained almost unchanged [55]
in the newly introduced EN ISO 52016-1 standard [56].

The EA index is given by the relationship:

EA = QH,nd/Anet. (1)

At the same, the EV index is defined with regard to the internal volume of a building:

EV = QH,nd/V. (2)
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The annual demand for final energy (Qk,H) supplied to the heating system of the
building is calculated according to the formula:

Qk,H = QH,nd/ηH,tot. (3)

where:
ηH,tot—mean seasonal total efficiency of the heating system.
Usable energy for domestic hot water preparation [53]:

QW,nd = Vw · Af · cw · ρw · (tw − t0) · kR · Nd, kWh/year, (4)

where:
Vw—daily unit demand for domestic hot water per heated area, dm3/(m2·day),
Af—heated floor area, m2,
cw—specific heat of water, cw = 4.19 kJ/kgK,
ρw—water density, ρw = 1.00 kg/dm3,
tw—design hot water temperature in the tap, tw = 55 ◦C,
t0—design water temperature before heating, tw = 10 ◦C,
kR—correction factor due to breaks in the use of domestic hot water, —,
Nd—number of days in the year, Nd = 365 days.

3.2. Case Buildings

The database of energy audits of the Department of Power Systems and Environ-
mental Protection Facilities of AGH University was used as a source. For further analysis
objects were selected from the separate subcategory of multifamily buildings. It contained
29 objects built between 1958 and 2012. They were located in south-east Poland in three
voivodeships: Śląskie, Małopolskie and Podkarpackie, mainly in the 3rd zone (twenty-six),
one in the 4th zone and two in the 5th zone. They were mostly built with large panel
technology [57]. Only a few objects were built with traditional technology, from ceramic
blocks.

In order to assess if this sample is representative, the minimum sample size (m) was
calculated with the relationship [41]:

m ≥ 1
4

(uα

d

)2
, (5)

where:
n—minimum representative size of the sample,
uα—critical value of the normal distribution,
d—statistical error.
Assuming [41] significance level α = 0.05 and d = 0.05 we obtain uα = 1.96 and

n = 385 objects. For α = 0.01 we obtain uα = 2.98 and n = 888. Hence, in the considered
case, the sample does not allow an approximate description of the total population of all
multifamily buildings in the studied area.

However, within the considered dataset a more detailed analysis based on several
basic statistical measures is possible. Correlation analysis is simple to use and relatively
easy to interpret. It provides information about the association (strength and direction)
of the linear relationship between two variables. These variables are treated equally. The
dependent and independent variables are not distinguished—this is already the task of
analysing the phenomenon under study from a physical point of view. Therefore, the
statistical correlation between variables x and y is the same as that between y and x.
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To assess the strength of this relationship, the Pearson correlation coefficient (r) is used.
For the number of x and y pairs given by n, the following relationship is calculated:

r =
∑n

i=1

(
xi −

−
x
)(

yi −
−
y
)

√
∑n

i=1

(
xi −

−
x
)2
√

∑n
i=1

(
yi −

−
y
)2

(6)

where:
r—Pearson coefficient,
xi—i-th sample of the variable x,
−
x—average of x,
yi—i-th sample of the variable y,
−
y—average of y,
n—total number of pairs of samples,
d—statistical error.
The value of that coefficient varies from r = −1, which means perfect negative correla-

tion, to r = 1, for perfect positive correlation. Intermediate values indicate the strength of
the relationship between the variables (Table 3).

Table 3. Pearson correlation coefficient and its interpretation [58,59].

Absolute Value of Correlation Coefficient (r) Strength of Correlation

<0; 0.2) Weak
<0.2; 0.4) Low
<0.4; 0.7> Moderate
(0.7; 0.9> Strong
(0.9; 1.0) Very strong

1.0 Perfect

For more complex statistical analysis the “Correlation” option in the Analysis ToolPak
add-in in MS Excel was used. It produces a correlation matrix with the values of the
Pearson correlation coefficient (r) [60] for all possible combinations of pairs of variables.
The table’s row and column headers contain the names of the variables. In table cells there
are correlation coefficients. In this way correlation strength between all pairs of analysed
variables can be easily obtained.

The selected audits have been checked for compliance with Polish standards and legal
guidelines. There are three groups of information in each audit. The first one is of a general
character:

• Information on a building’s location: type of building, address, year built, climatic
zone, the nearest meteorological station, latitude and longitude.

• General data on a building: construction technology, number of storeys, heated vol-
ume, net area, usable residential area, commercial and other non-residential parts,
number of dwellings, number of occupants, type of heating system, type of domestic
hot water system and shape factor.

The second group contains technical parameters of various elements of a building
before and after its planned thermal refurbishment:

• Thermal transmission coefficients of external walls, roof, basement ceiling, windows
and doors.

• Average seasonal efficiency of heat generation, heat distribution, control and heat
storage, heating breaks during the week and during the day.

• Information on ventilation: type of ventilation (natural, mechanical), the method of
ventilation air supply and exhaust, ventilation air flow rate and air change rate.
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• Information on a heating system: design thermal power for space heating and for
domestic hot water, annual space heating demand, annual heating demand for do-
mestic hot water, measured heat consumption for heating and domestic hot water
recalculated for standard seasonal conditions, unit annual space heating demand and
final energy demand for space heating per net area of a building.

The third group contains data on economic parameters of the planned thermal refur-
bishment: fee per 1 GJ of energy for heating, monthly fee for 1 MW of ordered capacity,
fee for 1 m3 of domestic hot water, fee for 1 MW of energy ordered for hot water heating
per month, fee for the heating of 1 m3 of usable space per month, planned total investment
costs, annual reduction in energy demand, thermal modernisation premium and annual
energy cost savings.

All audits, apart from the printed form, also have an electronic version. Each audit, in
its introductory part, contains a summary table with the data presented above. This table
was copied from each audit to the collective database in MS Excel format. Each table was
on a separate worksheet. Thanks to this, it was possible to quickly download the same
information (e.g., building’s volume) for a selected group of buildings.

Due to its practical importance and scope of the paper, for further analysis parameters
were selected only from the first and the second group. They are given in Table 4. When
choosing them, quantities that were not directly measurable (such as type of heating system)
or not present in all the audits analysed were excluded. For consistency, audits performed
after 2008, i.e., after the introduction in Poland of EN ISO 13790, were used.

Table 4. Parameters describing building in energy audit selected for the analysis.

No. Symbol Unit Quantity

1 y - Year built
2 VH m3 Heated volume of a building
3 Anet m2 Net area of building
4 Ausable m2 Usable area of building
5 ninh - The number of occupants
6 A/V m−1 Shape factor
7 Uew W/m2K Thermal transmittance of external walls
8 Uroof W/m2K Thermal transmittance of roof
9 Uwindow W/m2K Thermal transmittance of windows

10 ηH,tot - Average seasonal total efficiency of the heating system
11 Vvent m3/h Ventilation air flow rate
12 ACH h−1 Air change rate
13 ΦH kW Design thermal power for space heating
14 ΦW kW Design thermal power for domestic hot water
15 QH,nd GJ Annual usable energy demand for space heating
16 QH,k GJ Annual final energy demand for space heating
17 QW,nd GJ Annual heating demand for domestic hot water
18 EA kWh/m2 Annual usable energy for space heating per net area of building
19 EA,k kWh/m2 Annual final energy use for space heating per net area of building
20 EV,k kWh/m3 Annual final energy use for space heating per heated volume of building

The net floor area of a building is calculated along the internal perimeter of all rooms
in the building following the ISO 9836 standard [61]. It differs from the usable area of a
building or a dwelling, which is the area of all the rooms: living room, kitchen, bathroom,
hallway, corridor, etc., that serve to meet the residential and economic needs of occupants.
In Poland, for rooms with a clear height between 1.40 and 2.20 m, 50% of their area is
counted as usable area. When the clear height is lower than 1.40 m, then this space is not
counted as usable area.
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4. Results and Discussion
4.1. Buildings before Planned Modernisations

To summarise and describe the considered dataset, a simple statistical analysis was
performed involving several statistical measures [62,63], such as the minimum value (xmin),
maximum value (xmax), range of values (Rx), average value (xavg), median (xme), standard
deviation (σx) and coefficient of variation (CV). All these parameters are given in units of
considered variables, except the last one which is given in percentage (Table 5).

Table 5. Statistical measures of the analysed multifamily building dataset before modernisation.

Symbol xmin xmax Rx xavg xme σx CV

y 1958 2012 54 1987.7 1985 17.34 0.87
VH 2976 25,850 22,874 8240.8 7230 5228 63.44
Atot 1471 9967 8496 2770.6 2095.0 1789.7 64.60

Ausable 1077.2 6455 5377.8 2322.3 1851.0 1252.5 53.93
ninh 22 470 448 151.5 124 96.62 63.78
A/V 0.20 0.71 0.51 0.37 0.37 0.10 26.36
Uew 0.21 3.90 3.69 0.93 0.55 1.00 107.23
Uroof 0.15 3.56 3.41 0.75 0.45 0.82 109.00

Uwindow 1.10 5.00 3.90 2.25 2.20 0.98 43.46
ηH,tot 0.64 0.96 0.32 0.80 0.81 0.08 10.04
Vvent 2410 15,228 12,818 6131 5822 3138 51.18
ACH 0.50 1.24 0.74 0.86 0.89 0.22 24.98
ΦH 60.80 660.60 599.80 203.60 155.20 132.52 65.09
ΦW 10.00 180.40 170.40 37.16 25.90 33.98 91.44

QH,nd 254.00 4623.51 4369.51 1703.94 1421.00 1160.87 68.13
QH,k 272.94 5402.21 5129.27 2088.38 1735.92 1351.55 64.72

QW,nd 213 2721 2508 730.59 638 535.92 73.35
EA 41.75 410.96 369.21 181.06 152.39 101.09 55.83

EA,k 44.87 464.58 419.71 224.89 205.07 119.89 53.31
EV,k 11.56 170.00 158.43 76.51 66.52 43.30 56.59

The standard deviation (σx) shows the dispersion of a dataset relative to its mean.
The higher the standard deviation the more the data points are spread out. The coefficient
of variation (CV) is the ratio of the standard deviation to the mean. It shows the relative
dispersion of data points around the mean: the higher the CV, the greater the dispersion.

All analysed objects were built after the Second World War. Taking into account Polish
thermal standards for buildings [3] there can be distinguished several periods defined by
changes in thermal insulation requirements (Figure 3a). According to Firląg et al. [64], for
2010, 20.5% and 11.3% of Polish dwellings were built before 1945 and from 1989–2002,
respectively. In the studied group the period between 1992 and 2002 was not represented.
Hence, objects built under old thermal regulations and thus requiring modernisation
dominated.

The data in Table 4 show that the analysed set of buildings contained various objects,
from small to large with 22 and 470 inhabitants, respectively. The same can be said about
their usable area and internal volume. Their shapes were also diverse, with a shape factor of
0.20 to 0.71 (Figure 3b). This parameter is defined as the ratio between the external envelope
area and the internal volume of the building and was introduced by Depecker et al. [65] as
the “shape coefficient”. It is used in compactness evaluation and should not be confused
with other similar factors [66–68].
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Figure 3. The number of analysed buildings by: (a) construction period; (b) shape factor.

As can be noticed, energy performance of buildings, described by the EA indicator,
varied significantly, from energy efficient (with EA < 65 kWh/m2) to very inefficient
buildings with EA > 200 kWh/m2 [69–71]. Total efficiency of the heating system was
from 0.64 to 0.96. As presented in Figure 4, inefficient solutions prevailed. Hence, from
the technical point of view, their refurbishment was justified. In Polish conditions it
might result in unit annual demand for usable energy for heating and ventilation of about
70–80 kWh/m2 [72].
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Figure 4. The number of analysed buildings before planned modernisations by: (a) annual space
heating demand per net area (EA); (b) total efficiency of the heating system (ηH,tot).

All variables presented in Table 4 were gathered from selected audits and then used
for statistical analysis as the input dataset. Finally, the correlation matrix was obtained
(Table 6). From this, pairs with r = 1 on the diagonal were excluded. Then, 28 pairs with
strong correlation, i.e., when |r| > 0.7 (Table 3), were highlighted with the colour.

The presented analysis allowed determining a number of statistically significant
correlations. Some of them contain obvious dependencies connecting quantities of the same
type such as area–volume, EA–EV indexes or QH,nd and QH,k (linked by ηH,tot [68]). The
same can be said about the number of building users per unit area or volume: ninh(Anet)
and ninh(Ausable) and about ventilation airflow rate: Vvent(VH), Vvent(Anet), Vvent(Ausable)
and Vvent(ninh).
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Table 6. Correlation matrix—before modernisation.

x y VH Anet Ausable ninh A/V Uew Uroof Uwindow ηH,tot Vvent ACH ΦH ΦW QH,nd QH,k QW,nd EA EA,k EV,k

y 1.00
VH 0.07 1.00
Anet 0.01 0.93 1.00

Ausable −0.13 0.92 0.94 1.00
ninh −0.32 0.69 0.77 0.82 1.00
A/V 0.02 0.12 −0.03 0.05 −0.13 1.00
Uew −0.29 −0.15 −0.15 −0.05 −0.01 0.19 1.00
Uroof −0.59 −0.03 0.02 0.16 0.20 −0.06 0.08 1.00

Uwindow −0.66 0.00 0.03 0.09 0.16 0.15 0.32 0.44 1.00
ηH,tot 0.12 0.30 0.33 0.29 0.23 −0.21 0.00 0.08 0.13 1.00
Vvent −0.21 0.87 0.89 0.95 0.77 0.09 0.00 0.27 0.14 0.21 1.00
ACH −0.38 −0.25 −0.19 −0.04 0.01 0.25 0.22 0.47 0.19 −0.47 0.16 1.00
ΦH −0.11 0.71 0.61 0.62 0.58 0.25 −0.04 0.01 0.16 0.07 0.63 −0.14 1.00
ΦW −0.28 0.68 0.81 0.75 0.85 −0.24 −0.09 0.09 0.33 0.25 0.70 −0.09 0.54 1.00

QH,nd −0.44 0.62 0.58 0.69 0.60 0.04 −0.01 0.56 0.51 0.23 0.72 0.12 0.46 0.47 1.00
QH,k −0.46 0.60 0.54 0.67 0.57 0.10 −0.01 0.57 0.49 0.11 0.71 0.18 0.47 0.43 0.99 1.00

QW,nd −0.35 0.67 0.80 0.78 0.89 −0.17 −0.11 0.16 0.31 0.16 0.73 0.03 0.55 0.96 0.53 0.51 1.00
EA −0.63 −0.10 −0.16 −0.04 0.09 −0.02 0.19 0.61 0.79 0.06 0.06 0.29 0.06 0.02 0.63 0.63 0.06 1.00

EA,k −0.65 −0.14 −0.21 −0.09 0.06 −0.02 0.18 0.60 0.75 −0.11 0.02 0.36 0.04 0.00 0.58 0.61 0.05 0.98 1.00
EV,k −0.70 −0.24 −0.19 −0.08 0.07 −0.04 0.19 0.62 0.79 −0.15 0.00 0.44 −0.03 0.06 0.53 0.55 0.17 0.89 0.91 1.00
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Several authors have reported a general trend that older buildings in Poland are more
energy-intensive [7,70,73]. However, this relationship was not noticed here, probably due to
the fact that some of them could be partly modernised before preparation of energy audits.

Since multifamily buildings have a larger number of inhabitants per unit area than
single-family buildings, the demand for hot water (ΦW and QW,nd) is strongly correlated
with Anet, Ausable and ninh. At first glance, the same link between them and Vvent may
be puzzling. However, it should be remembered that the design ventilation flow in the
considered type of buildings depends directly on the number of inhabitants which affects
the consumption of hot water.

Space heating consumption indicators (EA and EV) are strongly dependent on thermal
transmittance of windows. This is a certain simplification, but it is justified by the U-value,
which is usually several times higher for windows than in the case of external walls. In
addition, in the period from 1982 to 2008, in the Polish requirements, the U-value for
windows and external walls was reduced from 2.0–2.6 to 1.3 W/m2K and from 0.75 to
0.3 W/m2K, respectively. Additionally, before 1982, there were no thermal requirements
for windows. Hence, their replacement more significantly influences heating consump-
tion. Therefore, several correlations were omitted as they were not important for energy
performance analyses, and eleven were selected for further consideration (Table 7). Then,
coefficients of all equations were determined along with the coefficient of determination
(R2). The significance of correlation was calculated at the 0.01 level (two-tailed).

Table 7. Regression equations and determination and correlation coefficients—before modernisation.

No. Relationship Function r Significant R2

1 ΦH(VH) 0.018x + 55.53 0.7088 Y 0.5024
2 ΦW(Anet) 0.015x − 5.872 0.8099 Y 0.6559
3 ΦW(Ausable) 0.019x − 10.26 0.7497 Y 0.5621
4 ΦW(ninh) 0.289x − 6.883 0.8547 Y 0.7305
5 ΦW(Vvent) 0.007x − 9.221 0.7001 Y 0.4902
6 QH,nd(Vvent) 0.267x + 64.02 0.7230 Y 0.5228
7 QH,k(Vvent) 0.305x + 214.6 0.7096 Y 0.5035
8 QW,nd(Vvent) 0.121x − 28.38 0.7263 Y 0.5276
9 EA(Uwindow) 81.57x − 2.627 0.7896 Y 0.6235
10 EA,k(Uwindow) 92.05x + 17.61 0.7513 Y 0.5645
11 Ev(Uwindow) 34.77x − 1.789 0.7859 Y 0.6177

However, simple and clear interpretation of R2 is difficult, because there is no widely
accepted universal threshold value of R2 [74]. Ozili [75] proved that R2 from 0.1 to 0.5 is
acceptable only when some or most of the explanatory variables are statistically significant.
Following [76] it was assumed that the value of 0.6 is satisfactory. Consequently, four rela-
tionships from Table 6, namely: no. 2, no. 4, no. 9 and no. 11, were chosen. The first two, to
predict ΦW, are given in Figure 5.
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The next two relationships can be used to evaluate energy performance of the studied
buildings (Figure 6). They are very similar because EA and EV indicators are connected by
the average height of a building’s zone.
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Figure 6. Indicators of energy performance of buildings in relation to thermal transmittance of
windows: (a) EA; (b) EV.

4.2. Buildings after Planned Modernisations

The second part of the analysis was devoted to the same dataset of buildings, but
after their planned refurbishment. There were two key elements in thermal refurbishment
of buildings: insulation of external partitions and modernisation of the heat source. The
first solution was applied except in four cases. In 14 objects the heating system was
planned to be improved. Thermal transmittance of external partitions dropped significantly.
Consequently, the same can be observed with design thermal power for heating (ΦH) and
for domestic hot water (ΦW) along with energy demand for the same needs. Hence, values
of parameters from Table 8 are less scattered those in Table 4.

Table 8. Statistical measures of the analysed multifamily building dataset after modernisation.

Symbol xmin xmax Rx xavg xme σx CV

Uew 0.16 1.37 1.21 0.28 0.23 0.22 0.16
Uroof 0.15 0.45 0.30 0.23 0.22 0.07 0.15

Uwindow 0.86 1.80 0.94 1.35 1.30 0.23 0.86
ηH,tot 0.62 0.96 0.34 0.80 0.81 0.09 0.62
Vvent 2410 15,228 12,818 6421 5859 3298 2410
ACH 0.50 1.50 1.00 0.89 0.89 0.24 0.50
ΦH 40.80 458.50 417.70 157.85 118.26 106.75 40.80
ΦW 2.51 180.40 177.89 29.67 18.15 37.19 2.51

QH,nd 254.00 2978.27 2724.27 1113.03 990.97 690.74 254.00
QH,k 87.52 6064.04 5976.52 1063.91 878.60 1167.41 87.52

QW,nd 44.43 1619.00 1574.57 415.44 270.85 394.15 44.43
EA 41.75 189.92 148.17 113.87 122.41 48.54 41.75

EA,k 13.00 277.41 264.42 105.77 78.11 74.34 13.00
EV,k 4.45 76.90 72.45 34.21 25.59 22.31 4.45

EA,1/EA,0 0 −76.61 76.61 −30.11 −36.42 23.49 −78.03

Compared with Table 4 one row (assigned EA,1/EA,0) was added with the percentage
change in the EA indicator before modernisation in relation to the original state. As might
be expected, the number of more efficient objects increased (Figure 7a) and in all cases
heating demand decreased (Figure 7b) from 0% in cases when only modernisation of
heating source was considered (8, 11, 16 and 23) to 76.6% in building 15. Average calculated
savings are about 30%.
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after planned modernisations (EA); (b) comparison of EA before and after modernisation.

This time the correlation matrix (Table 9) showed 17 correlations with |r| > 0.7,
i.e., 11 fewer than in the previous case. As geometric parameters and the number of
occupants remained the same, no changes were noticed here. The same can be said about
ventilation airflow rate. Weaker correlation was noticed between design thermal power for
domestic hot water and net area of a building or number of inhabitants. The same trend
took place in the case of ΦW, QH,nd, QH,k and QW,nd and ventilation airflow rate. After
modernisations the impact of the U-value of windows was also less significant.

Detailed results for the most important correlations are given in Table 10. This time the
previously assumed criterion of R2 > 0.6 was fulfilled only in one case: ΦW(ninh). Only a
slightly lower value of R2 was obtained for the QW,nd(ninh) relationship. They are presented
in Figure 8. Both equations for estimation of heating consumption, with R2 of about 0.5,
could be used for crude calculations. As in the previous case, all presented correlations are
statistically significant at the 0.01 level.
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Table 9. Correlation matrix—after modernisation. Background colour for cases with |r| > 0.7.

x y VH Anet Ausable ninh A/V Uew Uroof Uwindow ηH,tot Vvent ACH ΦH ΦW QH,nd QH,k QW,nd EA EA,k EV,k

y 1.00
VH 0.07 1.00
Anet 0.01 0.93 1.00

Ausable −0.13 0.92 0.94 1.00
ninh −0.32 0.69 0.77 0.82 1.00
A/V 0.02 0.12 −0.03 0.05 −0.13 1.00
Uew 0.04 −0.08 −0.05 0.00 −0.06 0.17 1.00
Uroof 0.36 0.04 −0.07 −0.09 −0.16 0.16 −0.14 1.00

Uwindow −0.31 0.04 0.03 0.10 0.04 0.06 −0.01 0.16 1.00
ηH,tot 0.12 0.30 0.33 0.29 0.23 −0.21 0.08 −0.13 −0.15 1.00
Vvent −0.16 0.85 0.87 0.94 0.75 0.12 −0.06 −0.08 0.19 0.19 1.00
ACH −0.21 −0.29 −0.22 −0.09 −0.05 0.26 −0.13 0.00 0.30 −0.49 0.17 1.00
ΦH 0.10 0.66 0.55 0.54 0.45 0.20 −0.07 0.12 −0.22 0.01 0.49 −0.27 1.00
ΦW −0.22 0.56 0.70 0.62 0.79 −0.37 −0.03 −0.22 −0.10 0.33 0.54 −0.19 0.31 1.00

QH,nd −0.16 0.69 0.60 0.70 0.42 0.03 −0.25 0.05 0.30 0.13 0.70 −0.03 0.57 0.16 1.00
QH,k −0.13 0.71 0.53 0.61 0.41 0.54 −0.14 0.15 0.22 0.01 0.61 −0.06 0.66 0.16 0.67 1.00

QW,nd −0.30 0.37 0.49 0.52 0.77 −0.22 −0.06 −0.28 −0.10 0.22 0.45 −0.03 0.26 0.72 0.13 0.07 1.00
EA −0.34 −0.11 −0.23 −0.12 −0.17 −0.09 −0.28 0.08 0.44 −0.10 −0.06 0.14 0.04 −0.24 0.51 0.22 −0.20 1.00

EA,k −0.28 0.12 −0.09 −0.02 0.00 0.32 −0.14 0.22 0.31 −0.08 0.02 0.00 0.25 −0.02 0.32 0.63 −0.15 0.65 1.00
EV,k −0.44 0.01 −0.09 0.00 0.04 0.27 −0.13 0.00 0.35 −0.08 0.03 0.11 0.19 0.04 0.30 0.57 −0.05 0.62 0.90 1.00
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Table 10. Regression equations and their parameters—afer modernisation.

No. Relationship Function r Significant R2

1 ΦW(Anet) 0.013x − 11.88 0.7037 Y 0.4952
2 ΦW(ninh) 0.280x − 15.45 0.7917 Y 0.6268
3 QH,nd(Vvent) 0.135x + 205.7 0.7006 Y 0.4954
4 QH,k(VH) 0.149x − 251.3 0.7147 Y 0.5108
5 QW,nd(ninh) 3.002x − 58.40 0.7706 Y 0.5938

Regarding multifamily buildings, a few studies on correlations between thermal
demand of buildings and their properties [77] have been published recently.

Hao et al. [78] analysed nearly zero-energy residential and office buildings at the
design stage using a simulation tool based on a degreedays method and quasi-steady-state
procedure of EN ISO 52016 [56]. Simulations performed for five climate zones of China
provided the base to develop correlations between annual heating degree days and heating
loads with R2 from 0.34 to 0.97.

Santin Guerra et al. [79] concluded in their analysis of 15,000 Dutch houses that 42%
of the variation in energy use can be explained by building characteristics, including type
of dwelling, insulation on ground, insulation of envelope, glazing, occupation, presence of
garage and basement, etc.

Szul et al. [80] analysedaset of post-retrofit energy audits of three hundred and eighty
multifamily buildings of the same type (made of large panels) using six neural methods to
estimate the energy consumption. They used a set of 31 input variables, similar to those
given in Table 2. The authors also selected five sets of variables explaining the energy
consumption in buildings before and after thermal renovation. Prediction of the resulting
energy reduction in relation to the five considered groups of input data was described by
mean bias error (MBE), coefficient of variation of the root mean square error (CV RMSE)
and R2. Depending on the method R2 was from 0.1 to 0.9.

Carpino et al. [81] analysed energy use for heating of 213 apartments and 150 detached
houses depending on the A/V ratio, mean thermal transmittance of the building envelope
per net floor area or solar gain per net floor area. Obtained R2 values were below 0.155.

The presented studies were devoted to various types of buildings located around
the world. However, there is some difficulty in obtaining correlations for multifamily
buildings. To give a more detailed comparison of results for this group, Table 10 summarises
correlations developed by other researchers. In some cases, the authors did not present the
necessary data and therefore they are not included in this table.

Leaving aside analyses based on large government- or local authority-run databases
with several hundreds of thousands of records, such as studies including 870,000 [8],
495,470 [15] or 229,230 [42] records, studies considering a lower number of cases have also
been published recently. The number of considered buildings varied widely. For schools it
amounted from 12 [82] and 16 [83] to 80 [23]. Sixteen and eighty-three residential buildings
were studied in [22] and in [43], respectively. In addition, numerous case studies on
retrofit strategies devoted to single objects, such as public [84], social [85], multifamily [86],
single-family [87], dormitory [88] and office [89] buildings, have been published.

As can be seen (Table 11), there was only one reference presenting correlations for
multifamily buildings with an acceptable value of R2. In the study [81], the authors stated
that the numbers of various drivers affect energy performance of buildings. This is probably
the most important problem when conducting such an analysis.
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Table 11. Correlations related to energy performance of buildings.

No. Correlation Equation r R2 Buildings Number of
Objects Reference

1 QH,nd(QH,tr) Y - - Multifamily 6 [90]
2 QH,nd(ΦH) Y 0.9131 0.8338 Schools 46 [91]
3 QH,del(ΦH) N 0.5198 - Schools 1455 [62]
4 QH,del(Ausable) N 0.2188 - Schools 1455 [62]
5 UAenv(VH) Y - 0.8040 Schools 8 [26]
6 UAenv(Aenv) Y - 0.9363 Schools 8 [26]
7 Etotal(Ausable) Y - 0.8834 Single and multifamily 36 [92]
8 Etotal(ninh) Y - 0.6855 Single and multifamily 36 [92]
9 EA(A/V) N - 0.5215 Schools 16 [83]
10 QH,del(A/V) N 0.256 0.065 Apartments 363 [81]
11 QH,del(Hm) N 0.235 0.055 Apartments 363 [81]
12 QH,del(Isol,int) N −0.040 0.002 Apartments 363 [81]
13 EA(HDD) N - 0.34 . . . 0.96 Residential 7 [78]
14 EA(HDD) N - 0.34 . . . 0.97 Office 7 [78]
15 EA(WFR) Y - 0.976 Office 1 [25]

5. Conclusions

This study focuses on the description of the energy performance indices of multifamily
buildings before and after their thermal refurbishment. The source data were taken from
energy audits which can be considered as reliable sources of information in the standardised
form. Based on them several correlations were derived which can be used in the preliminary
energy assessment of buildings by quick and rough calculations based on general technical
data available in audits.

A small number of similar works and the obtained results indicate the need for
further research using a larger sample of objects. Then, it will be possible to develop more
correlations which are currently too weak to be considered significant.

The most important limitation of the presented study is the relatively small number of
analysed objects. Hence, it is difficult to generalise the results to all multifamily buildings.
Despite this disadvantage the presented findings proved that in a group of buildings there
is a link between indicators of their thermal performance and selected easily measurable
technical parameters. This creates ways for further development of models to predict
energy use both in individual buildings and their larger sets, such as whole districts.
Therefore, outcomes of this paper might be interesting for policymakers and other bodies
involved in the energy policy, especially on a local level.

It should also be emphasised that there is a lack of studies on correlations between
energy performance of Polish multifamily buildings and their technical and physical
features. Hence, this study should be considered rather as an introduction to this topic than
a concluding report.

It is worthy to also include in future considerations parameters which cannot be
directly measured, but can be described by numerical values, such as type of building, type
of heating system or construction technology. In energy audits it may also be necessary to
take into account very important thermal parameters of assessed buildings, provided by
the monthly methods of EN ISO 13790 and EN ISO 52016-1, i.e., heat transfer coefficients by
transmission (Htr) and by ventilation (Hve) and thermal capacity of a building (Cm). They
give a more detailed and standardised view of a building, but currently are not highlighted
in energy audits.
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