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Abstract Indoor swimming pools are buildings with
relatively complex energy systems and relatively high
energy and water consumption. This paper presents a
methodological approach to energy auditing of indoor
swimming pool buildings based on ISO 50002. It also
includes the application of a multi-criteria decision mak-
ing (MCDM) method for ranking the proposed energy
conservation measures. Since an MCDM method used
in energy auditing should not be complex, the authors
suggested using the weighted sum method (WSM). A
simple ranking method was used for the selection of
weights of performance. For the justification of this
approach, the authors compared the results of the rank-
ing method with the widely used AHP and fuzzy AHP
that are more complex and time-consuming. The meth-
odology was applied to a case study indoor swimming
pool in Kragujevac (Serbia). Applying energy conser-
vation measures that enable relatively fast payback pe-
riod (less than 5 years), energy consumption in the
swimming pool can be reduced by 29%.
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Introduction

Indoor swimming pools are important sports centers for
recreation and social roles. They are considered as high
energy-consuming public buildings, with needs for
heating, dehumidification, and ventilation (Lebon
etal., 2017). As these buildings need forced ventilation,
itis assumed that indoor swimming pools are three times
greater energy consumers than offices with the same
area (Seneviratne, 2006). Besides, Delgado Marin and
Garcia-Cascales (2020) show that increasing pool water
temperature by 1 °C increase energy demand by 9.5%.
In swimming pools, energy is predominantly used for
HVAC system (27-50%) and pool heating (28-50%).
Pump systems use 2.2-30%, lighting 3—13%, and do-
mestic hot water (DWH) 3-40% of total delivered en-
ergy (LEITAT&SEA, 2014; Saari & Sekki, 2008;
Trianti-Stourna et al., 1998). Different percentages are
the consequence of different sizes of facilities, the num-
ber of swimming pools in a facility, operating schedule,
building characteristics, and the efficiency of energy-
consuming equipment. The influence of pool size area
and year of built on energy consumption were analyzed
in (Kampel et al., 2013). The most efficient swimming
pools were built from 1990 to 2000, while the swim-
ming pools built after 2000 are the biggest energy con-
sumers due to increased pool size, new services, and
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new equipment that need more energy. A case study of
the energy audit of a fitness center in Ireland based on
ISO 50002 (international standard on energy audit) was
performed in (McLean, 2017). Authors proposed and
evaluated energy efficiency measures that were catego-
rized according to the implementation costs. The mea-
sures were ranked according to a single criterion—
payback time, as it is usually done in energy auditing
of industrial facilities. However, since swimming pools
are public buildings, prioritizing measures for this type
of building should not be that straightforward. Addition-
al criteria (economic, environmental, and social) for
ranking energy conservation measures in public build-
ings should be included (Huang et al., 2013;
Knijnenburg et al., 2014). Criteria depend on the
facility’s needs. For example, in developed countries,
environmental performance is more conspicuous than in
developing countries where priorities are predominantly
economical, such as implementation costs and the pay-
back time (Akhanova et al., 2020). Therefore, it is
important to emphasize that prioritization of the mea-
sures is different for every indoor swimming pool and it
depends on experts’ judgment.

Multi-criteria decision making (MCDM) has been
used in different energy planning processes that involve
multiple objectives. For this purpose, different MCDM
methods could be used (Kaya et al., 2018) but never as a
compulsory factor in the energy auditing process.

Based on all of the abovementioned, the authors of
the paper propose a methodology of energy auditing of
indoor swimming pool facilities which includes the
usage of MCDM in the process of prioritizing defined
energy efficiency measures. The application of this
methodology could be useful since Pereira and da
Silva (2017) emphasize that engaging different stake-
holders are the most important for achieving EE targets.
Since an MCDM method should be simple and under-
standable both for energy auditors and for decision-
makers, the authors suggest using the weighted sum
method (WSM). The method is widely used and broadly
popular as it does not require special mathematical
knowledge and the application of specialized decision-
making software. For the selection of weights of perfor-
mance for each criterion, the authors used simple rank-
ing method. To justify the proposed approach, the au-
thors compared the suggested method for the selection
of weights of performance with pairwise comparison
methods (AHP, fuzzy AHP) that are far more complex
and time-consuming.
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As every swimming pool facility represents a unique
energy system, the results of every energy audit of
unexplored cases are very significant. Therefore, the
paper also contributes to the enlargement of “catalog
of knowledge” referring to the energy efficiency of this
type of public buildings.

Methodology of energy auditing in a swimming pool
facility

The auditing structure (Fig. 1) was based on the general
approach of energy auditing presented in the ISO 50002
(ISO, 2014) and recommendations presented by Fresner
et al. (2017) and Kluczek and Olszewski (2017).

Goals and scope of the audit and all requirements to
accomplish the set goals should be defined during the
energy audit planning phase. Basic information and
characteristics of the analyzed building should be col-
lected from technical operators using a pre-audit ques-
tionnaire. The questionnaire should consist of data on
building characteristics, energy and water systems, a
variety of services provided, and users’ behavior. The
questionnaire should also include information about
sub-metering systems, sensors, and measuring equip-
ment in the building. Energy and water bills and other
available consumption data (including weather data) for
at least three consecutive years should be collected.
Analysis of the energy bills provides information about
patterns of energy and water consumption. Besides, data
collection involves the creation of a list of all energy
consumption systems and equipment with their detailed
characteristics. A measurement plan that will be used
during the site visit for on-site data measurement and
collection should be created according to the obtained
data. Water supply (including leakage), water heating,
water treatment systems, HVAC, lighting system,
pumps, fans, and other electrical equipment are usually
included in the measurement plan. Where it is possible,
the process parameters that influence the energy con-
sumption in all systems should be collected through
sub-metering data from the energy monitoring system.
If there are no measurement sensors, data should be
provided using portable equipment. A well-designed
measurement plan ensures a productive visit where an
auditor should compare pre-audit questionnaire data
with a real situation. Also, preliminary ideas for energy
conservation measures (ECMs) should be generated. If
there is a need for an additional site visit, an auditor
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Fig. 1 The structure of energy audit for indoor swimming pool
facilities

should make a system register for new measurements
which are necessary for later analysis.

The analysis step includes the analysis of current energy
performance and identification, evaluation, and ranking of
ECMs. The current energy performance should include
data on a breakdown of the energy consumption by use
and source; the historical pattern of energy performance;
and evaluation and benchmarking of energy performance
indicators. The most commonly used energy performance
indicators for benchmarking analysis of swimming pool
facilities are annual delivered energy consumption per
usable area (kWh/m? UA), per water surface (kWh/m?
WS) (Banjac et al., 2016; Kampel et al., 2013;
LEITAT&SEA, 2014; McLean, 2017; Passipedia, 2017,
Saari & Sekki, 2008), and per user of indoor swimming
pool (kWh/user) (Kampel et al., 2016). Duverge et al.
(2017) recommend a clear definition of what area has been

included in the analysis since using the indicators with
different building area can confuse. Kampel et al. (2016)
recommend using water surface as it is an explicit mea-
surement that is easy to obtain with high accuracy and
precision. The range of values for annual delivered energy
consumption per water surface ranges from 1302.7
(Kampel et al., 2016) to 4475 kWh/m? WS (Saari &
Sekki, 2008). Using multiple linear regression, the authors
(Kampel et al., 2016) concluded that for benchmarking
purposes, the energy usage of swimming facilities should
be preferably normalized to the number of visitors. They
also concluded that it was difficult to obtain consistent data
on visitors for a large number of swimming pools. There-
fore, if no reliable visitor count is available, the water
surface should be used. Water consumption is usually
normalized with the number of visitors. Swimming facil-
ities with water consumption less than 107 I/person are the
most efficient (Kampel et al., 2014). In best practice guide
(Sydney Water Corporation (SWC), 2011), the values of
water consumption less than 70 1/person are considered for
water-efficient swimming pools. The consumption can be
reduced up to 40 I/person. In the paper where energy
conservation strategies for swimming pools were analyzed,
the average shower water consumption was 0.04 m*/per-
son (Trianti-Stourna et al., 1998).

The possibilities for improving energy and water effi-
ciency in swimming pool facilities are presented in Table 1
(Artuso & Santiangeli, 2008; Kampel, 2015; Kampel et al.,
2014; LEITAT&SEA, 2014; Good Practice Guide 219
(GPG219), 1997; Seneviratne, 2006; Sydney Water Cor-
poration (SWC), 2011; Trianti-Stourna et al., 1998). The
primary analysis includes the estimation of energy savings
and relevant costs based on energy bills-invoices and a
short on-site visit. Otherwise, a detailed analysis requires a
more detailed analysis of energy/water consumption and
other site data.

ECMs should be ranked according to certain criteria.
In the process of prioritizing measures, the usage of an
MCDM method helps in identifying the best solutions
according to the interdependence between criteria. It
gives a more realistic ranking of the possibilities. The
authors propose weighted sum method (WSM) as an
MCDM method because of its straightforwardness. In
WSM, for each of the proposed ECMs, the weighted
sum method score A; [—] is calculated according to:

n
A= sz'a_ij for i=1 to m (1)
Jj=1
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Table 1 Common energy and water conservation measures

Measure/activities

Level of analysis

Heat
Heat recovery from the HVAC system
Heat recovery from filter’s rinsing
Heat recovery from the DHW system
The increase of shadows on the windows
The increase in natural ventilation
Installation of solar water heating system
Cleaning, maintenance, and calibration of a heating exchange system
Improvement of the external wall and roof thermal insulation
Windows replacement
Installation if programmable thermostats and thermostatic valves
Replacement of an existing boiler with a condensing boiler
Replacement of worn-out parts of the heating system
Installation of thermostatic valves
Installation of own boiler room
Usage of pool covers
Electricity
Photovoltaic installation
Installation of CHP
Usage of digital time switchers
Usage of VSD for pumping
Usage of efficient pumps
Usage of high-efficient lighting
Installation of lighting control
Installation of capacitors for reactive power compensation
Water
Usage of pool covers*
Automatic water quality control*
Regulation of air temperature depending on the pool’s water temperature*
Reducing leakage*
Installing water-efficient taps™
Installing water-efficient showerheads™
Charge for showers*
Installation of efficient flush toilets

Re-using of water and building of storage tank

Detailed analysis
Detailed analysis
Detailed analysis
Preliminary analysis
Preliminary analysis
Detailed analysis
Preliminary analysis
Detailed analysis
Detailed analysis
Preliminary analysis
Preliminary analysis
Preliminary analysis
Preliminary analysis
Detailed analysis

Preliminary analysis

Detailed analysis
Detailed analysis
Preliminary analysis
Detailed analysis
Detailed analysis
Preliminary analysis
Preliminary analysis

Detailed analysis

Preliminary analysis
Detailed analysis
Detailed analysis
Detailed analysis
Preliminary analysis
Preliminary analysis
Detailed analysis
Preliminary analysis

Detailed analysis

*Implementation of the measure influences heat energy saving

where n [—] is the number of criteria, m [—] is the number
of proposed ECMs, w; [%] is the weight of performance
of jth criterion, and @;; [—] is the normalized value of ith
ECM in terms of jth criterion. The ECM with the higher
score has a higher rank.

In the case of ranking ECMs of indoor swimming
pool facilities, the authors suggest five criteria (n = 5):

—  Payback period;

@ Springer

— Implementation cost;

—  CO, emission reduction;

— Reduction of primary energy use;

— Investment in renewable energy sources (RES).

The weight of performance is determined by expert
opinions according to the importance of the suggested
criteria. For determining the weight of performance, the
authors propose a ranking method. According to this
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Table 2 Characteristics of the indoor swimming pool in
Kragujevac

Year of construction 2011

Total useful area (m?) 5675

Total pool area (m?) 1250 (50%25)
Number of visitors ~ 300 per day
Number of spectator seats 360-390

Operating schedule 18 h/day (17 h/day

during the weekend)

method, an expert should rank every criterion from 1 to
100% according to the personal attitude. The total sum
of weight performance values has to be equal to 100%.

The authors compared the results of the ranking
method with pairwise comparison methods (AHP, fuzzy
AHP) to check the proposed approach. The analytic
hierarchy process (AHP), one type of the weighted
sum method (Si et al., 2016), is one of the most used
methods to obtain quantitative weights of performance
from a qualitative evaluation of the importance of sug-
gested criteria (Zardari et al., 2015). Determining the
weight of performance using a pairwise comparison
method includes a comparison of the importance be-
tween every two criteria with a 9-scale for relative

Domestic hot

Radiators and air curtains

importance. Usage of the AHP method for the assess-
ment in the renewable energy industry was explained by
San Cristébal Mateo (2012). The fuzzy AHP method is
used when it is difficult for experts to provide a precise
value for criteria but it makes the evaluation process
more complex. The detailed calculation procedure for
the fuzzy AHP was given by Chiu et al. (2014).

To ensure the comparability of criteria, their values
should be adjusted to a common scale in the interval [0,
1]. For non-beneficial (cost) criteria, where the lowest
value is the best value, the linear normalization is per-
formed using:

a="/, @

While for beneficial criteria, where the highest value
is the best value, the normalization is performed using:

aj = am (3)
min
J

terms of jth criterion, 7 [] is the maximum value of

where @™ [—] is the minimum value of all ECMs in

all ECMs in terms of jth criterion, and a;; [—] is the value
of ith ECM in terms of jth criterion.
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Fig. 2 Simplified scheme of the heating system
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Table 3 Data on annual energy and water consumption

Year Electrical Natural Thermal Water
energy gas (m*) energy consumption
(kWh) (kWh) ([m’)

2014 781,221 219,364 2,031,530 43,502

2015 703,019 196,056 1,815,675 33,365

2016 590,427 232,750 2,115,497 34,940

Average 691,533 216,056.67 2,000,900 37,269

The results of energy auditing should be systema-
tized in the form of a clear and concise report. A good
report should convince decision-makers to invest in
proposed ECMs to increase the energy efficiency of
the swimming pool facility.

A case study—indoor swimming pool in Kragujevac
(Serbia)

Indoor swimming pool in Kragujevac is a part of
municipality-owned sports and recreation Center
“Park.” Characteristics of analyzed swimming facility
are shown in Table 2.

The building is connected to the city water supply,
sewage, and electricity network. There is a central
heating system with two natural gas boilers (700 kW
each) that work intermittently (switch after 100 h of
operation). Simplified scheme of the system is shown
in Fig. 2.

According to energy and water bills for the period
from 2014 to 2016, the system annually consumes on
average 691,533 kWh of electricity, 261,057 m® of
natural gas (equivalent to 2,000,900 kWh of heat), and
37,269 m> of water (Table 3).

The values of energy and water performance indica-
tors are shown in Table 4.

Average annual consumption of delivered energy per
water surface is 2153 kWh/m>WS, while the average
annual consumption of delivered energy per usable arca
is 475 kWh/m’UA.

Annual water consumption is 340 I/person. It can be
concluded that water consumption in the analyzed
swimming pool facility is greater than the values shown
as a good practice (Kampel et al., 2016). This is the
consequence of the fact that the number of visitors is
significantly lower than the capacity of the swimming
pool building (less than 25%). Distribution of average
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annual energy and water consumption data is presented
in Table 5. Average distribution of electrical energy was
calculated using operating hours and the power rating of
the equipment. Distribution of heat consumption was
determined using the data from the measurement. The
analysis shows that 74% of total annual energy con-
sumption is used on heating and 26% on electricity.
Forty-nine percent of total energy costs went on heat
generation, 39% on electricity, and 12% on water.

Based on the performed energy audit, ECMs were
considered. For each of the proposed ECMs, annual
primary energy savings, implementation costs, payback
period, and the reduction of CO, emission were calcu-
lated (Table 6).

Because of the high thermal energy demand for
indoor swimming pool buildings, the use of solar col-
lectors for water heating represents the most efficient
way of using solar energy (Ili¢ & Lepoti¢, 2013). In the
analyzed building, the conventional way of pool heating
could be completely replaced with solar collectors dur-
ing the summer. For the rest of the year, solar collectors
could be used as an addition to the existing heating
system.

Using solar collectors for DHW supply was also
considered. This measure implies the installation of
high-volume hot water storages that increase the imple-
mentation costs, so the payback period is nearly
10 years.

Daily heat loss of the water surface is estimated at 2.5
kWh/m? (Banjac et al., 2016). Based on the estimation,
daily heat loss in the swimming pool is 3125 kWh.
According to (Reduce Swimming Pool Energy Costs,
n.d.), 27% of heat loss is the consequence of ventilation,
while 70% of heat loss is related to pool water evapora-
tion. The evaporation can be reduced by using pool
covers when the swimming pool is not in use. As pool
covers in the indoor swimming pool in Kragujevac
could be used 6 h per day, it can be assumed that 25%
of evaporative losses can be reduced by implementing
this measure.

Implementation of LED replacement was considered
according to the methodology shown by Josijevic et al.
(2017). A comparative review of existing lighting and
adequate LED replacement is presented in Table 7. Be-
sides the bulb connector type, the main criterion for the
replacement is the appropriate light flux level. LED bulb
replacements were proposed based on the same or sim-
ilar value of light flux. Since there is no adequate LED
replacement on the market for existing 58-W fluorescent
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Table 4 The values of energy and water performance indicators

Electricity

Heat Water

Consumption per usable area (UA)
Consumption per water surface (WS)

Consumption per visitor

122 kWh/m? UA
553 kWh/m> WS

353 kWh/m? UA
1600 kWh/m?> WS
340 l/person

tube (in terms of flux level), this type of fluorescent bulb
was not recommended for replacing. Annual consump-
tion of the existing lighting system was 100,550 kWh of
electrical energy, while the potential savings obtained
with LED replacement would have been 60,770 kWh
(60.4% of current electricity consumption for lighting).

Due to the absence of reactive power compen-
sation, electricity bills show excessive reactive en-
ergy during certain months. For power factor cor-
rection to cos@ =0.98, the 75 kVAr capacitors are
needed (a combination of 2 x5 kVAr, 2x12.5
kVAr, and 2 x20 kVAr capacitors).

Baseload heat consumption was the criterion for
CHP selection. According to heat and electricity
consumption profiles of the swimming pool facility
(Fig. 3), internal combustion (IC) CHP with a
70 kW electrical power and 109 kW thermal output
was selected using RETScreen software package.
This IC CHP can cover 46.2% of the total heating
load. This amount of heat can be used for water
heating while existing boilers can be used for
HVAC systems as an addition. This provides the

Table 5 Distribution of average annual consumption

continual operation of the system with maximum
efficiency and electricity production equivalent to
90.4% of the current average annual electricity con-
sumption. The estimated price of documentation,
installation, and maintenance of CHP plant is
79,100 €. Taking into account that natural gas price
is 0.35 €/m® and the electricity price (average) is
8.91 €c/kWh in Kragujevac, the estimated payback
period would be approximately 3.4 years.

To rank the suggested measures, swimming pool
manager and municipal energy manager were
interviewed, as the city of Kragujevac is the owner of
the indoor swimming pool. The values of the weights of
importance were determined according to their priori-
ties. Besides the payback period, the implementation
costs have a significant weight of importance for the
municipality. Although environmental and social
criteria were not significant to the swimming pool man-
ager, they were significant to energy manager of the city
of Kragujevac since the local government promotes the
implementation of RES and have targets to reduce both
primary energy use and CO, emissions.

Average annual costs from 2014 to 2016

Energy source Energy use Consumption Annual costs

kWh % € %
Electricity Lighting 110,645 4 9958 6
Electricity Pumps 318,105 12 28,629 18
Electricity Fans 152,137 6 13,692 9
Electricity Other electrical equipment 110,645 4 9958 6
Natural gas DHW 300,135 11 12,005 7
Natural gas Pool heating 700,315 26 28,013 17
Natural gas Ventilation system 360,126 13 14,406 9
Natural gas Space heating 640,288 24 25,612 16
Water 19,008 12

Total 2,692,432 100 161,282 100

@ Springer
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Table 6 Summary of ECMs in the indoor swimming pool in Kragujevac

ECM Primary energy  Implementation ~ Payback CO, emission
savings (kWh)  costs (€) period (year) reduction (tCO,/year)

1 Solar collectors for pool water heating 264,270 30,450 2.9 52,854

2 Solar collectors for DHW 82,690 32,750 9.9 16,538

3 Installation of pool covers 209,080 9760 1.2 41,816

4 Change of existing lighting system 151,925 20,890 38 121,540

5 Installation of capacitors for power factor compensation 0 2700 35 0

6 Installation of the CHP plant 709,795 79,100 33 567,836

For comparing the results obtained by the ranking
method with the AHP and fuzzy AHP, decision-makers
were interviewed again to complete the pairwise compar-
ison matrix. Pairwise comparison was assigned between
all criteria to define their relative importance as can be seen
in Table 8. The correctness of the decisions has been
established since the consistency ratio (CR) was 0.04,
which was less than 0.1 as proposed in (Si et al., 2016).

The calculated values for the weight of performance
obtained from the ranking method and the pairwise com-
parison matrix are slightly different (Table 9.).

Using Egs. (2) and (3), data from Table 6 were normal-
ized. Using Eq. (1), the weighted sum method score A; for
each of the proposed ECMs was calculated so the ranking
of the proposed measures was performed (Table 10).

The ranking of the proposed energy efficiency mea-
sures significantly differs from the case when prioritization
is performed according to a single criterion—
implementation costs or payback period. For the analyzed
swimming pool facility, using the AHP and fuzzy AHP

provides the same results. On the other hand, there is a
small difference in results when using the ranking method
which can justify its usage for ranking the ECMs.
Considering its simplicity, the authors propose using
the ranking method. If energy auditors doubt about
weights of performance defined by experts, they should
consider the prioritization using the AHP method.

Conclusion

The energy auditing is a substantial and comprehensive
approach for improving the energy efficiency of build-
ings. It is necessary to define distinct energy and water
consumption performance indicators in energy auditing
of indoor swimming pools. Besides, the energy conser-
vation measures that may be proposed during the
auditing are specific because of the necessity for pro-
viding special ambient conditions for users. The mea-
sures could not be ranked using a single economic

Table 7 Characteristics of the existing lighting system and LED replacement

The existing system

The recommended replacement

The type of light bulb Power Light flux (Im) The type of light bulb Power Light flux (Im) Price (€)

W) (W)
Fluorescent tube 58 5240 LED tube 20 3100% 27

36 3100 14 2000 28

14 1200 8 1200 235
Fluorescent tube (base type: 4) 26 1134 LED tube (base type: 4 pin) 12 1100 8
Halogen floodlight 150 1300 LED floodlight 30 1700 10.7
Halogen light bulbs (base code: GU10) 35 260 LED bulb (base code: GU10) 5 300 13
Incandescent (base code: E27) 60 800 LED bulb (base code: E27) 7 830 6

*Not recommended for replacing

@ Springer
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Table 8 Pairwise matrix for AHP and fuzzy AHP
Primary Implementation costs Payback period Total annual Participation

energy savings

CO, emission reduction in RES

Primary energy savings 1 1/7
Implementation costs 7 1

Payback period 8 12
Total annual CO2 emission reduction 2 1/7
Participation in RES 2 1/7

1/8 12 12
2 7
1 7 7
1/7 2
177 12 1

criterion (payback time) like it is usually the case in
industrial auditing. Ranking of the measures is a rela-
tively complex procedure since many different criteria
must be taken into account. Therefore, using the multi-
criteria decision making method based on simple and
well-established weighted sum method is proposed in

Table 9 Comparison of the weight of performance

the energy auditing of indoor swimming pool facilities.
This approach enables a sustainable ranking of energy
conservation measures.

The proposed energy auditing approach has been
implemented in the case study swimming pool building
in Serbia. Although this is a relatively new building and

Method for determining the weight of  w; (%)

performance
Primary energy ~ Implementation Payback Total annual CO, emission  Participation of
savings costs period reduction RES

Ranking method 5 30 45 10 10

AHP 441 45.85 35.80 7.85 6.09

Fuzzy AHP 4.11 45.54 36.85 7.55 5.95

@ Springer
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Table 10 Ranking of ECM

ECMs Ranking AHP Fuzzy AHP
A; (5) Rank A; (5) Rank A; (5) Rank

Solar collectors for pool water heating 0.34 3 0.27 3 0.27 3
Solar collectors for DHW 0.19 6 0.15 6 0.15 6
Installation of pool covers 0.56 1 0.50 2 0.51 2
Change of existing lighting system 0.21 5 0.19 5 0.20 5
Installation of capacitor for power factor compensation 0.45 2 0.58 1 0.58 1
Installation of the CHP plant 0.32 4 0.27 4 0.27 4

the results of energy consumption benchmarking anal-
ysis do not indicate high energy consumption, there is a
significant potential for energy efficiency improvement.
The results of auditing showed that energy conservation
measures that enable relatively fast payback period (less
than 5 years) and energy consumption reduction by 29%
could be proposed. The suggested approach could be
also applied to other types of buildings with minor
modifications and adjustments.
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