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Abstract: One way to decrease the greenhouse gas emissions in the building sector is to improve the
building energy performance, which can be mainly achieved by the reduction of energy
consumption. In the case of the existing objects, this goal could be achieved by the thermo-
modernization of the building partitions and equipment. This article concerns the issue of heat
consumption for heating purposes after a comprehensive retrofitting of nine educational buildings
(two kindergartens and seven schools) located in south-eastern Poland where both the total
efficiency of the heating installation and the thermal insulation of building partitions were
improved. The evaluation of the real energy effects was made on the basis of the measurements
performed over the 8 year period of operation for each building. The obtained values were
compared with the boundary values of the factors that were in force in Poland during the period
when all of the buildings were retrofitted. Additionally, they were compared with the results of
theoretical calculations included in the energy audits of the example of three objects and an attempt
to describe the reasons for the discrepancies was made. All obtained results were discussed with
the available literature sources and summarized with the suitable conclusions.
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1. Introduction

The treaty on climate change from the conference in Kyoto, which was held in 1997, was ratified
by 141 countries and entered into force on February 16, 2005. The countries that ratified it, including
Poland, were obliged to reduce their own greenhouse gas emissions, and thus to achieve the
overarching goal of environmental protection. This goal can be achieved, among others, by reducing
the energy consumption in the building sector, which is one of the most energy-consuming branches
of the economy [1-4]. Therefore, energy savings have been sought in this area for a long time, setting
increasingly high requirements in terms of the thermal insulation of building partitions and energy
efficiency for modernized and newly constructed buildings as well as the technical systems that
constitute their equipment [5,6]. The activities to reduce the energy consumption in buildings have
been conducted for over 20 years in Poland, and even longer in some other European countries
(Germany, Denmark) which have particularly intensified after the introduction of the European
Parliament Directive [7]. In the case of the existing buildings, the reduction of energy consumption is
achieved through their comprehensive retrofitting, which gives better results than individual
improvements [8-10]. In order to achieve the intended goal, work usually begins with the legislative
process and implementation of national legal acts in the form of directives, laws and regulations
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[7,11]. In Poland, one of the first acts that contributed to the promotion of the activities leading to a
reduction of heat consumption in the existing buildings was the Act on supporting thermo-
modernization projects of 1998 and its executive regulations of 1999 regarding the principles of
preparing an energy audit and its verification [12,13]. For the first time, the procedures were
formalized to obtain financial support from the state budget for comprehensive thermal
modernization of buildings, which resulted in the dynamic development of deep thermal
modernization of primarily residential and public buildings [14,15]. Additional financial support for
the measures to reduce the energy consumption in the existing buildings was received by Poland
after joining the European Union, which resulted in the launch of many thermo-modernization
investments, especially in the buildings belonging to the local government units.

In the abovementioned Act [12], limiting the issue to the building and its equipment with
technical systems, a thermo-modernization project is defined as an improvement or a set of
improvements based on the technical activities as a result of which the energy demand of a building
for heating and ventilation as well as hot water preparation is reduced. The most common technical
actions taken in buildings concern two areas; the first one is related to the parameters of the building
balance shield, i.e., the improvement of thermal insulation of opaque building partitions (most often
external walls, roofs, flat roofs, internal partitions between heated and unheated spaces), replacement
of windows and doors with tighter ones, characterized by much lower heat transfer coefficient values
[16-20]. The second one, covers the improvement of the overall efficiency of the building heating
system and the system used to prepare hot water in the building [21-24]. The modernization activities
are carried out to improve the technical systems, but often, especially in the buildings where the
technical systems are characterized by a significant degree of exploitation and wear, new heating and
hot water preparation systems are implemented. Then, the devices using renewable energy sources
are often employed. A necessary condition for a properly conducted retrofitting is to adapt the
heating system to technical requirements in such a way that the system automatically adapts to the
energy demand of a building, depending on the changing parameters of the external and internal
environment in the building.

Due to the fact that the financial support for thermo-modernization investments most often
comes from the national or EU funds, it is necessary to properly prepare the investment process. One
of the elements of this preparation is the performance of an energy audit, which aims to
comprehensively analyze the condition of the existing building and determine the optimal, in terms
of scope and costs, technical measures to reduce the energy demand of a building and improve the
energy efficiency. An audit is often referred to as a technical and economic analysis of a building
thermo-modernization; it is a common study required when conducting this type of investment
[15,25,26]. This study, among other things, aims to provide the forecast of energy savings resulting
from the thermo-modernization measures assuming standard boundary conditions for the indoor
and outdoor environment of the building. The energy saving level calculated in the audit is the
forecasted or expected effect of measures to improve the energy efficiency. The requirements in terms
of heat transfer coefficients of building partitions, as well as the efficiency of technical systems set for
buildings after retrofitting are usually the same as for the newly constructed buildings. Retrofitting
contributes to achieving measurable energy effects, and thus economic and ecological benefits, as
well as improves the thermal comfort in the heated rooms. Often, barriers and restrictions of a legal,
technical or financial nature arise when planning a deep thermo-modernization. The assessment of
the thermo-modernization energy effects can be made by comparing the measured energy
consumption before and after the investment is carried out over a period of several years or heating
seasons, taking into account at least the variability of the external environment conditions. For this
purpose, it is reasonable to calculate the unit indicators related to 1 m? of the heated building surface.
The indicators can also be used to compare and evaluate buildings in terms of the energy quality. A
comparative analysis of the level of annual energy consumption in individual years and buildings
are the key issues related to the monitoring and rational energy management in the building.

The aim of the research presented in this work was to determine the actual energy effects
obtained as a result of comprehensive thermo-modernization in educational buildings. The energy
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saving levels obtained from the measurements under operating conditions were compared with the
predicted results of the theoretical calculations contained in audits available for some of the
considered buildings. The analysis was based on measuring the data from long-term exploitation of
the buildings before and after retrofitting. Additionally, in three cases theoretical investigation was
conducted based on the Polish regulations [26].

2. Materials and Methods

In this work, the subject of analyses involves only the thermal needs of the buildings related
solely to heating. All considered energy factors in the presented investigation refer to a year, that is
why the annual heat consumption was measured for each building. Using these data, the decrease in
heat consumption for heating due to comprehensive retrofitting was calculated, real factors of annual
final and non-renewable primary energy consumption were determined, and then they were
compared with the values included in the national technical and construction regulations required
during the thermo-modernization investment period. At that time, the limit values in these
provisions were determined as a function of the building shape factor [27].

The analysis is a case study of 9 educational buildings (hereinafter referred to as SUCs—"system
use cases”): two pre-school buildings serving as kindergartens (SUC1 and SUC2) and seven primary
school buildings (SUC3-SUC9). The number of students in the examined objects was relatively
constant within the considered period of time. In the case of three buildings, the results of energy
audits carried out before proceeding with the thermo-modernization investment were available. All
buildings are located in a large city of eastern Poland and are supplied with heat from the same
provider. None of the objects are equipped with a cooling system. Five buildings are supplied with
the heat from a centralized heating system covering the thermal needs for heating and hot water
preparation, also four from a centralized system, but only covering the needs for heating purposes
(see the Table 1). The heat source for the distribution system is a municipal combined heat and power
(CHP) plant operating in a cogeneration system (electricity and heat, coal and gas combustion). For
each building, the value of the shape factor was determined, the heated usable area was given, and
the year in which the thermo-modernization was carried out was determined. The analysis used the
results of annual measurements of heat consumption from an eight-year period, several years before
and several years after retrofitting. The measured values were corrected with a factor taking into
account the variability of the number of degree-days, which is characteristic for a given year in
relation to the number of degree-days specified under standard conditions for a given location using
a correction coefficient ¢ calculated according to the following Formulas (4) and (5). The
measurements from heat meters and data for determining the correction factor were obtained from
the heat supplier, who manages the centralized heat distribution system in the city and supplies heat
to the considered buildings.

Table 1. Basic parameters of the buildings examined for energy consumption.

Construction Technology Heated, Usable Retrofitting

Object Year of Construction AV Area [m?] Year Energy Needs
SUC1 1968 traditional 0.90 721 2006 heating
suC2 1981 industrialized 0.80 625 2007 heating + hot

water
suC3 1970 industrialized 0.44 3624 2006 heating
SUC4 1963 traditional 043 3458 2007 heating + hot
water
SuCs 1985 industrialized 0.50 11,654 2007 heating + hot
water
SUCe6 1961 traditional 0.40 2855 2008 heating
sucz 1974 industrialized 0.58 4000 2008 heating
SuCs 1982 industrialized 042 9216.2 2004 heating + hot
water
SUCY 1983 industrialized 0.42 92162 2004 heaa‘;gt; hot

Before Retrofitting After Retrofitting
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Ob] ect Uwalls Uroof/Uflat roof Uwindow/Udoor Uwalls Uroof/Uflat roof Uwindow/Udoor
[W/mK] [W/m2K] [W/m2K] [W/mK] [W/mK] [W/mK]
SUC1 0.95 ** 1.28 ** 2.6/2.5** 0.24 ** 0.22 ** 1.8/1.8 **
suC2 1.16 *** 0.70 *** 3.0/5.6 0.25* 0.22* 1.8/1.8*
SUC3 1.12 0.85 5.1/3.5 0.25* 0.22* 1.8/1.8*
SUC4 1.16 *** 0.70 *** 5.6/5.6 0.25* 0.22* 1.8/1.8*
SUC5 1.13 0.85 2.6/2.5 0.25* 0.22* 1.8/1.8*
SUC6 1.16 *** 0.70 *** 3.0/5.6 0.25* 0.22* 1.8/1.8*
suc7 1.16 *** 0.70 *** 3.0/5.6 0.25* 0.22* 1.8/1.8*
SUC8 1.12 ** 1.54/2.37 ** 2.8/5.6 ** 0.24 ** 0.21/0.22 ** 1.3/1.3**
SUC9 1.12** 1.54/2.37 ** 2.8/5.6 ** 0.24 ** 0.21/0.22 ** 1.3/1.3 **

* based on requirements [13]. ** based on energy audits. *** based on requirements during erecting
the building. without asterisks—based on archival documentation or manager’s information.

In the case of the buildings that drew heat from the heating network, also to cover the needs
related to hot water preparation, the heat consumption measurements obtained from the supplier
were available in the summer months, in which the heat consumption for heating purposes was zero.
In the considered location, deep water was used and seasonal water temperature fluctuations could
be neglected, which allowed estimating the annual heat consumption for hot water preparation and
to extract the heat consumption for heating purposes according to Formulas (1), (2) and (3).

In all buildings, the retrofitting projects included: insulation of external walls (Uwar), ro0ofs (Uroof)
or flat roofs (Uit rof), replacement of windows (Uwindow) and external doors (Uier), modernization or
replacement of central heating installations. The calculated heat transfer coefficients of building
partitions after insulation are presented in the Table 1. The assumed values of the average efficiencies
of the building heating systems were the following: efficiency of heat generation nu,¢=1.0 (heat source
behind the balance cover of the building), efficiency of heat transfer within the balance cover nu« =
0.95, efficiency of heat accumulation nus = 1.0 (systems without heat accumulators), efficiency of heat
adjustment and utilization nie = 0.90. These values are assumed as constant coefficients depending
on the type and technical condition of the installations, according to the Polish regulations [28]. The
data are the same for all buildings due to the identical range of heating system modernization.

Additionally, the authors of the investigation had received the information from the object
managers and directors that before retrofitting the buildings were unheated and after retrofitting the
parameters of thermal comfort were respected in all institutions.

All buildings were monitored for heat consumption for the period of 8 years (since 2003 until
2010). During this period, thermo-modernization was conducted, which significantly influenced the
heat-meter readouts. The years of thermo-modernization are presented in the Table 1 together with
other basic technical data of the buildings.

In order to determine the energy effects due to thermo-modernization of buildings, the following
algorithm was used (also presented as a block diagram in Figure 1):

1. Collecting the data from the measurements of legalized heat meters under real conditions for
eight years (several years before and several after retrofitting).

e  Measurement of the heat consumption for heating purposes in the buildings not equipped
with a central hot water installation by means of legalized heat meters installed on the main
pipelines of the installation, before the distributors (Qp, GJ/a);

e Measurement of the heat consumption in total for the purposes of heating and hot water
preparation in the buildings equipped with a central hot water installation supplied from
the heating network (Qy*, GJ/a);

e  Measurement of the heat consumption only for the purposes of hot water preparation in
June, July, August, (outside the heating season) in the buildings equipped with a central
hot water system supplied from the heating network, used to estimate the heat
consumption for hot water;

e  Estimated heat consumption for hot water (Qw, GJ/a) using one of the two methods:

o  for the objects without summer break (SUC2) according to:
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QW:E]w/j'd (1)

where:
gu~unit daily heat consumption for hot water calculated from the measurements during three
summer months (June, July, August) in the particular year, GJ/day;
d-number of days during the year, 365 days/a.
o  for the objects with summer break (July, August) according to:

Qw=qu,j * d*+ QW* )

where:

qu;—unit daily heat consumption for hot water calculated from the measurements in June in the
particular year, GJ/day;

d-number of days during the year without July and August, 303 days/a (10 months);

Qw'—measured heat consumption for hot water preparation in July and August of the particular
year (during 32 days of the year), GJ.

e evaluation of the heat consumption for heating of the building equipped with the hot water

system powered from the heating network (Q’%, GJ/a):

Qr=0Q - Qw 3)

2. Collecting the data concerning the duration of the heating period and month average
temperatures of the outside air.

3. Calculation the number of degree-days for each year covered the with analysis according to the
following formula:

Sd = Z(Qint,H - ge,m) ’ Ldm (4)

where:
Sd-number of degree-days calculated for each year, day-K/a;
O.n—average monthly temperature of outdoor air for the particular year, °C;
Oint, i—temperature of indoor air in the heating zone, established 20 °C;
Ldw-number of heating days in the particular month for each year, day.

4. Calculation of correction factor resulting from the variation of degree-day according to the
following dependence:

_ Sd,

¢=7 )

where:

@—correction coefficient;

Sdo-number of degree-days in standard year, calculated for the standard year using average
month outdoor air temperatures from multi-year measurement and theoretical duration of the
heating period (222 days), which equals 3825.2 day-K/a for the location of the analyzed buildings
(constant value for the considered location).

Table 2 presents values of correction factor calculated using Equation (5).

Table 2. Coefficients reflecting the harshness of winter in the particular year of the examination

period.
Year Sdo Sd P
2003 3938.3  0.971
2004 37147  1.030
2005 3844.5  0.995
2006 3825.2 3788.8  1.010
2007 36774  1.040

2008 3542.5 1.080
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2009 3669.2  1.043
2010 42639  0.897

5. Correction of the measured values to the standard year according to the following formulas:

Q=0p- ¢ (6)

Qo=0Qp o (7)

where:

Qo-Adjusted Annual Energy Consumption (under standard conditions), GJ/a;

Q’0—Adjusted Annual Energy Consumption (under standard conditions) in the buildings with
the hot water system powered from the heating network, GJ/a;

Qyr—measured annual energy consumption, GJ/a;

Q’—estimated annual energy consumption in the buildings with the hot water system powered
from the heating network, GJ/a.
6. Determination of the Annual Final Energy Factor for Heating (FEF#) according to the following

relation:
1000 - Q,
FEFy = ——
=367 ®)
or
1000 - Q',
FEF, = 364, ©)
where:

FEFu-Final Energy Factor for Heating (FEFH), kWh/(m?a);
Ar-usable heating area of the building, m2.

7. Determination of the Annual Primary Energy Factor for Heating (PEFu) according to the
following relation:

PEFu - wn FEFn (10)

where:
wr—coefficient of non-renewable primary energy input assumed for cogeneration as 0.8

according to Polish regulations [27,28].

8.  Calculation of the boundary value of the Annual Primary Energy Factor for Heating (PEFm,0) in
relation to the Building Shape Factor, according to the national (Polish) requirements from the
period when thermo-modernization was carried out, according to the relation [27]:

PEF10-1,15 -[55 + 90 - (A/V)] (11)

where:
PEFn—maximal value of the Annual Primary Energy Factor for Heating (PEFH), kWh/(m2-a);
A/V-Building Shape Factor-ratio between the sums of the areas of building boundaries serving
the balance cover and heated volume of the building measured in outer contour, 1/m.
9. Determination of the energy consumption savings according to the following dependences:

AQ%,avg = (Q(]l,avg - QOZ,avg)/QOl,avg 100 (12)
AQ%,min = (QOl,avg - QOZ,min)/QUl,avg 100 (13)
AQ%,max = (QOl,avg - QO2,max)/Q01,an 100 (14:)

where:
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AQ%avg, AQ%min, AQ%max—average, minimal and maximal (respectively) obtained decrease of
Annual Energy consumption after thermo-modernization related to the annual value of the average
Annual Energy Consumption before thermo-modernization, %;

Qoravg—average Annual Energy Consumption before thermo-modernization reduced to the
standard conditions, GJ/a;

Qoz.avg, Qoz,min, Qo2 max—average, minimal and maximal (respectively) Annual Energy Consumption
after thermo-modernization reduced to the standard conditions, GJ/a.

Without hot water With hot water

Measurement of the heat consumption
for heating and hot water

Q"

Estimation of the heat consumption
for hot water

Qw (1)or(2)

Measurement of the heat Evaluation of the heat consumption
consumption for heating - only for heating

Qr Qr (3)

Calculation of
— correction factor

p  (5)

Calculation of the Adjusted Annual Calculation of the Adjusted Annual
Energy Consumption Energy Consumption

Qo (6) Qo (7)

Usable heating area [m?]

Ar

Calculation of the Annual Final Calculation of the Annual Final
Energy for Heating Energy for Heating
FEFy (8) FEFn (9)

Coefficient of non-renewable
L » primary energy input
WH

Determination of the Annual
Primary Energy Factor for Heating

PEFq  (10)

Figure 1. Block diagram of the calculation algorithm (numbers of formulas and explanation of the
symbols presented below).

3. Results

3.1. Readouts of Energy Consumption

The readouts of energy consumption in the considered period of time (8 years) were presented
in Table 3 for the particular examined objects. The columns present the values of Annual Energy

Consumption for heating purposes (Qy or Q%) [GJ/a]. The years when retrofitting was conducted
(transition years), are indicated using asterisks.
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Table 3. Annual Energy Consumption (Qy or Q') [GJ/a] for heating purposes in the particular year of
the conducted examination read by the heat-meters.

Year SUC1 SUC2 SUC3 SUC4 SUC5 SUC6 SUC7?7 SUC8 SuUC9
2003 1062 662.98 2153 2592 7550.34 1761.8 22459 6273 6531.9
2004 1031.2 650.36 2148.8 24214 7323.28 1736 1924.6 4651.5* 42748 *
2005 1032.4 643.6 2189.2 2505.6 7556.95 1768.3 1901.3 41439 2536
2006 794.5* 663 1716.7 * 2347.9 742535 1675.5 1968.1 4058.4 3201.4
2007 4344 546.9 * 1010.8 1683.9 * 4636.12 * 1544.3 1816.2 4056.2 3101.9
2008 441 501.4 1042.25 1146.9 2970.3 1038.3 * 1701.6 * 4064.9 2910.1
2009 434.2 473.8 1071.4 1118.4 3153.72 727 .4 1251.1 3742.2 2641.8
2010 500 329.5 1235.8 1295.4 3575.89 993.7 1460.1 3485.5 2313.8

* transition year.
3.2. Calculation of the Thermo-Modernization Efficiency

3.2.1. Evaluation of the Boundary Value of the Annual Primary Energy Factor for Heating

The first stage of the theoretical investigation was to evaluate the boundary value of the Annual
Primary Energy Factor for Heating (PEFn0) which was assessed in relation to the Building Shape
Factor, serving as a reference value to verify the quality of the thermo-modernization procedure. All
data were calculated from the A/V ratio values presented in Table 1, and recalculated using Equation
(11). Those data are also presented in Table 4.

Table 4. Evaluation of energy savings and Primary Energy Factor for Heating after retrofitting.

SUC1 SUC2 SUC3 SUC4 SUC5 SUC6 SUC7 SUC8 SUC9

PEFH,0

IWhimea) 1564

146.1 108.8 107,6 115.0 104.7 1233 106,7 106.7

3.2.2. Evaluation of Annual Energy Consumption and Energy Factors for Heating

With the data presented in Table 3, the value of the Adjusted Annual Energy Consumption (Qo
or Q%) [GJ/a] was calculated using Equations (6) and (7), Final Energy Factor for Heating (FEFH)
[kWh/m?a], calculated using Formulas (8) or (9), and Primary Energy Factor for Heating (PEFm)
[kWh/m?a] calculated using Equation (10). All calculated data are presented in Table 5, with the

transition years marked using asterisks, similarly to Table 3.

Table 5. Adjusted Annual Energy Consumption (AECH), Final Energy Factor (FEF) and Primary
Energy Factor (PEFH) for heating achieved from the heat meter readouts in the particular year of the

research.
SUC1 SuC2
Year Qo (Q%)[GJ/a] FEFu[kWh/m?a] PEFu[kWh/m2a] Qo (Q%)[GJ/a] FEFu[kWh/m?] PEFu[kWh/m?a]
2003 1031.2 397.29 317.83 643.8 286.11 228.89
2004 1062.1 409.21 327.37 669.9 297.72 238.18
2005 1027.2 395.76 316.61 640.4 284.61 227.69
2006 802.4 * 309.16 * 247.32 * 669.6 297.61 238.09
2007 451.8 174.05 139.24 568.8 * 252.79 * 202.23 *
2008 476.3 183.50 146.80 5415 240.67 192.54
2009 4529 174.48 139.58 494.2 219.63 175.71
2010 4485 172.79 138.23 295.6 131.36 105.09
SuUC3 SUC4

Year Qo (Q%)[GJ/a] FEFu[kWh/m?a] PEFu[kWh/m2a] Qo (Q%)[GJ/a] FEFu[kWh/m?] PEFu[kWh/m?a]
2003 2090.6 160.24 128.19 2516.8 202.17 161.74
2004 2213.3 169.65 135.72 2494.0 200.34 160.28
2005 2178.3 166.96 133.57 2493.1 200.27 160.21
2006 17339 * 132.90 * 106.32 * 2371.4 190.49 152.39
2007 1051.2 80.58 64.46 1751.3 * 140.68 * 112.54 *
2008 1125.6 86.28 69.02 1238.7 99.50 79.60
2009 11175 85.65 68.52 1166.5 93.70 74.96
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2010 1108.5 84.97 67.97 1162.0 93.34 74.67
SUC5 SUCe

Year Qo(Q%)[GJ/a] FEFu[kWh/m2a] PEFu[kWh/m?a] Qo(Q%)[GJ/a] FEFu[kWh/m2a] PEFu[kWh/mZa]

2003 7331.4 174.75 139.80 1710.7 166.44 133.15

2004 7543.0 179.79 143.83 1788.1 173.97 139.18

2005 7519.2 179.22 143.38 1759.5 171.19 136.95

2006 7499.6 178.76 143.00 1692.3 164.65 131.72

2007 4821.6* 11492 * 91.94 * 1606.1 156.26 125.01

2008 3207.9 76.46 61.17 11214 * 109.10 * 87.28 *

2009 3289.3 78.40 62.72 758.7 73.82 59.05

2010 3207.6 76.45 61.16 891.3 86.72 69.38
SuUC7 SuUC8

Year Qo(Q%)[GJ/a] FEFu[kWh/m2a] PEFu[kWh/m?a] Qo(Q%)[GJ/a] FEFu[kWh/m2a] PEFu[kWh/mZa]

2003 2180.8 151.44 121.15 6091.1 183.59 146.87

2004 1982.3 137.66 110.13 4791.0 * 14440 * 11552 *

2005 1891.8 131.37 105.10 4123.2 124.27 99.42

2006 1987.8 138.04 110.43 4099.0 123.54 98.84

2007 1888.8 131.17 104.94 42184 127.14 101.72

2008 1837.7 * 127.62 * 102.10 * 4390.1 132.32 105.85

2009 1304.9 90.62 72.49 3903.1 117.64 94.11

2010 1309.7 90.95 72.76 3126.5 94.23 75.39
SUC9

Year Qo(Q%)[GJ/a] FEFu[kWh/m2a] PEFu[kWh/m?a]

2003 6342.5 191.16 152.93

2004 4403.0 * 132.71 % 106.17 *

2005 2523.3 76.05 60.84

2006 3233.4 97.46 77.96

2007 3226.0 97.23 77.79

2008 31429 94.73 75.78

2009 2755.4 83.05 66.44

2010 2075.5 62.56 50.04

* transition year.

The data presented in Table 2 describing the harshness of winter period by the ¢ coefficient
prove that the conditions during winter period do not influence the heat consumption significantly.
In the considered region and period of time, these values varied between 0.897 and 1.08. This means
that the difference between both values differs only by 20%, but the average value of ¢ coefficient for
the period of 8 years equals 1.008. It should be also noticed that through most of the examined period
(between 2004 and 2009) these differences were even smaller (winters of 2003 and 2010 were more
severe); the range of ¢ varies between 0.095 and 1.08 which means 8.5% in the difference between
those values. Nevertheless, the Adjusted Annual Energy Consumption (Qo) being a measure of
standard heating period independent of weather conditions, was used for the comparative purposes.
This value is more objective than the Annual Energy Consumption (Qo), not being influenced by the
hardness of the winter period

Additionally, the data contained in Table 5 are visualized in Figure 2. The adjusted energy
consumption is set with Primary and Final Energy Factors for Heating. The diagrams were extended
with the graphical presentation of the boundary value of the Annual Primary Energy Factor for
Heating (PEFH,0) in relation to the Building Shape Factor serving as a critical value to evaluate the
efficiency of retrofitting efforts. The presented data correspond to the values of energy consumption
in the Polish educational buildings available in the scientific literature, where the annual heating
energy consumption in Polish schools was evaluated to be at the level of 120 kWh/(m?-a) [29,30].
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Figure 2. Presentation of changes of the Annual Adjusted Energy Consumption within the
investigated period together with Final and Primary Energy Factor for Heating.

4. Discussion

With the data presented in Table 5 and Figure 2, it is clearly visible that, due to the thermo-
modernization processes, both the Energy Consumption (Qp and Qo) and values of Final and Primary
Energy Factors decreased. This confirms the efficiency of this process. In the case of SUC1 with
transition year 2006, the decrease of heat consumption after 2006 is clearly visible. Even during the
transition year, the heat consumption bar shows the value of 802 GJ/a, which is about 23% lower than
the previous building status. Following the completion of the modernization process, the Qo value
equals about 450 GJ/a, which proves the efficiency of the modernization process. The Final and
Primary Energy Factors confirm this trend. From the diagram it can be also noted that the PEFu value
is smaller than the reference PEFm, value, which means that after this procedure the building fulfills
heat standards that became effective in 2009 for that type of object.

In the case of SUC2 (Kindergarden), the efficiency of thermo-modernization is not that visible.
It is caused by the prolonged period of the retrofitting procedures, which was conducted for the
period of 3 years. This is visible on the diagram as a gradual decrease of the annual heat consumption.
The final result of the thermo-modernization is visible in 2010, when the Primary Energy Factor value
is below the reference value PEFH0 according to the standards from the discussed period.

In the case of the other buildings that served as Primary Schools (SUC3-9), the energy
performance was comparable to SUC1 (Kindergarten), where a partial consumption decrease was
visible during the transition year and became more significant afterwards.

For better visualization, the averaged values of Qo before and after modernization determined
in all tested buildings are summarized in Table 6.

Table 6. Averaged values of the Adjusted Energy Consumption before, during and after the transition
year together with comparison of the energy savings.

Qo Transition

Object Qo before Year Qo after AQv%avg AQ%min  AQ%max
[G]/ al [ G] /al [G]/ a] [%] [%] [%]
suC1 1040.2 802.0 457.4 56.0 54.2 56.9
sucC2 651.3 568.5 295.6 54.6 - -
SuC3 2160.7 1733.9 1100.7 49.1 47.9 51.3
SuC4 2468.8 1751.3 1189.0 51.8 49.8 52.9
SuUCs 7473.3 4821.6 3234.9 56.7 56.0 57.1
SuUCe6 1711.3 1121.4 825.0 51.8 47.9 55.7
sucy 1986.3 1837.7 1307.3 34.2 34.1 34.3
SuC8 6091.1 4791.0 3976.7 34.7 % 279%*  487*
SUC9 6342.5 4403.0 2826.1 55.4* 49.0 * 67.3*

* related to only the first year of the monitored period before thermo-modernization (2003).
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The averaged values of the Adjusted Heat Consumption for Heating in each case decrease after
the thermo-modernization process. During the transition period, the energy consumption was in all
cases between the values before and after that period. This can be explained by the fact that the
thermo-modernization process was conducted partially, mainly during the non-heating period, and
the advantages of the procedure were observed only in December.

The thermo-modernization procedure provided the owners of the buildings with energy savings
at a very high level. The average percentage of energy savings from all buildings was equal to 46.8%,
which meant that for all considered objects, almost 50% of the measured energy was saved. It must
be noticed that the real (measured) energy savings were smaller than those projected by the auditing
methodology. This can be explained by the fact that, before thermo-modernization, those buildings
were unheated, and after the renovation, the heat comfort of those buildings increased, which
required higher energy consumption. Three of the examined objects were additionally investigated
theoretically using the auditing methodology. The calculated energy savings expressed in heat
consumption would reach the level 70.2%. Averaged heat consumption after thermo-modernization
read by heat meters reached in this case 56%. This value is very promising, but significantly below
the theoretical estimation. In the case of the SUCS, this difference is more significant: 82.3% of savings
from theoretical evaluation but only 34.7% of real readouts. In the case of SUCY, these differences
were smaller but still visible—82.4% for theoretical evaluation and 55.4% from heat-meter readouts—
after adjusting.

The theoretical energy consumption calculated in audits (Table 7) is significantly higher than the
measured adjusted energy consumption (Table 6). After thermo-modernization, the relations
between the abovementioned values are reversed. For example, in the case of SUC1, the measured
value of heat consumption before thermo-modernization Qo was smaller and equal to 1040.2 GJ/a,
while the calculated value was higher and equaled 1324.9 GJ/a. On the other hand, after the
renovation procedure, the measured value was higher from the calculated one (457.4 GJ/a and 395.0
GJ/a respectively). Similar relations were observed for the primary schools (SUC8 and SUC9). It is
supposed that the reason for these differences is the insufficient heating of the rooms and improper
ventilation (real ventilation flux was lower than the calculated one). After the thermo-modernization
procedure, higher temperatures could occur but also the assumed weakening in heating may be
omitted within the theoretical calculations. Irrational energy management in the buildings could also
have taken place, if there was no person responsible for monitoring heat consumption or no central
heating system control. The abovementioned reasons cause the difference in the measured heat
consumption between schools SUC8 and SUCY (with the same design and shape factor), and the
differences in the calculations are due to various assumed weakening factors in the heating system
performance. It should be emphasized that a more thorough analysis should be conducted where all
objects would be investigated under the operating conditions and (theoretically) energy audits would
be calculated.

Table 7. Heat consumption values before and after thermo-modernization according to energy audits
(theoretical calculations).

Object Q before [GJ/al Q after Energy Savings

[G]/a] [%]
SUC1 1324.9 395.0 70.2
SUC8 9373.7 1662.6 82.3
SUC9 8472.4 1487.5 82.4

Additionally, the influence of building shape ratio on Primary Energy Factor for Heating was
checked. Figure 3 presents the relation between these two factors characterizing the tested buildings
before and after the retrofitting processes. From the diagrams it can be noticed that before the
modernization, the values of PEFx were significantly higher, independent of the building shape. It
was observed that in the case of low A/V ratio values before the thermo-modernization, the influence
of building shape was not significant and was even negative. Accordingly, it can be interpreted that
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those buildings were operated differently and maybe some of them could be unheated. In the case of
the buildings with a worse (higher) value of A/V ratio, higher energy consumption expressed as
Primary Energy Factor for Heating was higher and rising. The discussed relation can be described by
the polynomial model presented in Figure 3 with the determination coefficient equal to 0.96.

350
300 ‘ ® Before e After o Boundary value
—
@© 250
o
E 2
= 200 y = 1503.5x2 - 1618.1x + 560
§ R#=0.9617 , V-1035x+6325
24 150
=
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r 100 y=179.28x - 6.7094
ol N R2=0.7382
[
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
A/V Ratio [1/m]

Figure 3. Relation between Primary Energy Factor for Heating evaluated by measurements and A/V
ratio of all tested buildings, before and after retrofitting.

On the other hand, the relation between the building shape factor and Primary Energy Factor
for Heating after retrofitting is clearer and could be also described by the linear regression model
presented in Figure 3. Coefficient of determination equals 0.74 in that case, but there is no visible
significant decrease of PEFu value in the case of the lower values of the A/V ratio.

Additionally, the boundary value of the Annual Primary Energy Factor for Heating (PEFm,0) in
relation to the Building Shape Factor was presented (black line) to compare the energy consumption
before and after the retrofitting procedure. It can be observed that, before thermo-modernization,
averaged consumption did not exceed the boundary value (only in the case of the primary school
SUC?). In the case of the buildings with a higher value of A/V ratio, the energy consumption was
significantly higher. After thermo-modernization, nearly all the buildings had lower value of energy
consumption compared to the PEFuo value. Both relations are represented by the linear regression
models and importantly, the y-intercept values differ in value-boundary values of PEFu in the case
of small A/V ratio values and are higher compared to the real ones. On the other hand, the slope is
smaller. This can be interpreted that all the examined buildings with small A/V ratio had better
energy properties compared to the boundary values coming from the local regulations [27]. In the
case of the buildings with more complicated shapes, the energy savings were not that significant and
in the case of Kindergarten SUC2, PEFu,0 was exceeded even after thermo-modernization.

The analyzed objects indicate that different energy effects can be obtained in the same building
under operating conditions, as shown in the Table 6—e.g., the SUC6 building where the minimum
value of energy saving is 47.9% and the maximum value 55.7%.

Comparing the obtained results to the literature reports, it can be noticed that similar
dependences can be found in the scientific sources. Marrone et al. [30] compared the energy savings
resulting from thermo-modernization evaluated by theoretical analysis and from real readouts. The
savings from theoretical calculations varied up to 40%, but the savings from real data reached 33%.
Comparing the cited results with those presented in Table 6, it should be noticed that average energy
savings achieved in seven Polish educational objects were higher and in two cases (SUC7 and SUCS8)
they were comparable. On the other hand, Mazzola et al. [31] elaborated a method of auditing the
energy renovation of the historical buildings based on energy simulations. The differences between
the readouts of the real objects and the simulations varied between 1% and 5%.
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In their theoretical investigation presented in the article [32], Biserni et al. found that retrofitting
a building by changing the existing windows caused the energy savings at the level of 13%, additional
thermal insulation of the external walls provided the energy savings at the level of 50.1% and finally,
complex retrofitting of the external building envelope covering the exchange of the windows, walls
and roof additional thermal insulation, provided energy savings of 70.3%. Those values were similar
or smaller by about 10% compared to those calculated in our research and presented in Table 7.

Mancini and Nastasi [33] conducted the simulations of the energy consumption in the residential
buildings based on surveys and readouts from the bills for energy use. The investigated objects were
modernized for many scenarios, from the elements of the building envelopes through the heating
systems. After retrofitting of the envelopes, they achieved average primary energy savings between
8.5% and 30.8%. Retrofitting of the heating systems decreased the energy consumption by about 7%.
Combined modernization of the envelopes and heating systems gave energy savings at the level of
30%-35%, depending on the situation. This was still less compared to the results achieved in our
investigation (Table 6).

Under the Polish conditions, Zender-Swiecz and Telejko [34] investigated the residential
buildings that were retrofitted —renovation relied on the insulation of the building external envelope
which sealed the building and had a significant negative influence on the amount of the air delivered
to the rooms. That worsened the indoor microclimate causing negative effects on the human health.
Similar conclusions were drawn by Gladyszewska-Fiedoruk [35] who investigated kindergartens
located in eastern Poland. After retrofitting a building by replacing the old windows with the new
tight ones, the ventilation of the building was hindered and the indoor air conditions deteriorated.

Woroniak and Piotrowska-Woroniak [15] examined small church buildings in eastern Poland,
using a similar methodology of energy considerations. They achieved between 31% and 66% decrease
in the seasonal demand. Zyczynska, in the article [17] described thermo-renovation energy effects of
the group of the buildings built in the traditional technology in the 1960s and 1970s. The thermo-
renovation concerned only the external walls, roofs and the replacement of some windows. The
decrease of energy consumption equaled between 16.3% and 21.5% for the whole group of the objects.
The technical requirements expressed as PEFu, reference factor were not met.

5. Conclusions

A thorough analysis of the obtained results from the heat consumption measurement and
theoretical calculations enables us to draw the following conclusions:

e  Under the operating conditions, the state calculated theoretically is not obtained. The actual
energy consumption decreases are much lower than predicted, which mainly results from the
improvement of thermal comfort in the rooms of the building.

e In the cases analyzed, the energy consumption under operating conditions decreased in the
range of 34%-56%, which gave an average decrease in heat consumption of 46.8%.

e  For better building energy management, the heat consumption for heating and hot water
production should be monitored separately.

e  Inthe buildings with identical shape factors and a similar manner of use, different energy effects
are obtained under operating conditions.

e  The efficiency of thermo-modernization in the case of the buildings with a simple shape was
better compared to the objects with a higher A/V ratio.
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