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Abstract: Sports centres constitute major energy consumers. This article presents the proposed energy
performance upgrade process and the achieved results for the municipal sports centre in Arkalochori,
Greece. The facility consists of a swimming pool centre, an outdoor 8 × 8 football court, and two
tennis and basketball courts. It operates with considerably high energy consumption due to the
lack of any measure towards its energy efficiency improvement since its initial construction in 2002.
Due to the significantly high heating cost, the swimming pool centre remains operative only during
the summer period. The energy performance upgrade of the facility was holistically approached
through all possibly applicable passive and active measures: insulation of opaque surfaces and
replacement of openings, construction of a new, bioclimatic enclosure for the swimming pool’s centre
and conversion of the current outdoor facility to an indoor one, installation of heat pumps for indoor
space conditioning and swimming pool heating, installation of a solar–combi system for domestic
hot water production, upgrade of all indoor and outdoor lighting equipment and installation of a
photovoltaic plant on the new enclosure’s roof for the compensation of the remaining electricity
consumption. With the proposed measures, the municipal sports centre is upgraded to a zero energy
facility. The payback period of the investment was calculated at 14 years on the basis of the avoided
energy procurement cost. The swimming pool’s centre operation is prolonged during the entire
annual period. This work has been funded by the Horizon 2020 project with the acronym “NESOI”
and was awarded the public award of the “Islands Gamechanger” competition of the NESOI project
and the Clean Energy for EU Islands initiative.

Keywords: energy performance upgrade; municipal sports facilities; swimming pool heating;
solar–combi systems; energy transition; energy communities

1. Introduction
1.1. Background

Energy saving and, in a more general approach, Rational Use of Energy (RUE) con-
stitute a major pylon of the energy transition. It refers to the maximisation of energy use
efficiency and the minimisation of the primary energy consumption for the coverage of
the final energy needs and, in general, to the adoption of a more sustainable energy use
attitude. Energy saving refers to all sectors of human activities: residential, commercial,
municipal facilities, industrial, agricultural-stock farming and transportation. It should be
the beginning of a rational and effective energy transition, together with the cultivation
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of adequate awareness of the local communities [1]. In the European Union (EU), energy
saving and the improvement of energy efficiency have been officially introduced as an
essential obligation for all Member States with Directive 2018/844 on the energy perfor-
mance of buildings [2] and Directive 2012/27/EU on energy efficiency [3]. According to
these Directives, all Member States should introduce in their national legislation specific
targets and measures applied to all final energy consumption sectors, aiming to approach
RUE. Indicatively, according to law 4122/2013 [4], all new public and municipal buildings
in Greece should be nearly zero energy buildings. To this end, dedicated funding calls
and actions are regularly posted, focused mainly on the energy performance upgrade of
buildings and other municipal facilities, and specific pilot projects have been accomplished
so far [5,6].

Buildings and the buildings’ construction sector were responsible for 30% of the global
annual final energy consumption and 27% of the total global energy annual emissions
in 2021 [7]. Although energy use in buildings has slowed down since 2010, it is still on
the rise, and it is estimated to reach 50% by 2050 [8]. As a result of different economies,
resources and climate conditions, there is significant geographical variation associated with
the building sector’s share of the total energy consumption [8–12]. In the EU, 63% of the
energy consumed in households refers to indoor space heating, 15% to domestic hot water
production and 14.5% to lighting [13].

The main motivation for more energy-efficient production methods is the increasing
cost of fuel and the requirement for the reduction of CO2 and other harmful emissions [14].
Around the world, green buildings reduce operating costs by approximately 10–30%.
However, their construction costs are much higher [15].

Sports facilities, especially outdoor swimming pools and indoor sports halls, have
large energy needs for almost all final energy uses: indoor space conditioning, hot water
production, swimming pool heating, and lighting. Due to their size and their extensive
operation for long periods during the day, the coverage of these final energy usages imposes
high energy consumption. For this reason, the energy performance upgrade of energy-
consuming sports facilities has high technical and economic feasibility and constitutes a
popular topic for technical projects and in the scientific literature. The following literature
survey focuses mainly on sports centres and particularly on swimming pools since this is
the main topic of the article.

1.2. Literature Review

Although several building codes and benchmark indicators exist for energy-efficiency
buildings in different parts of the countries [16–18], there has not been much focus on swim-
ming pools, probably because of the specific climatic conditions and operational parameters
associated with each specific installation. Additionally, this lack of information may be
attributed to the fragmented definitions for even simple concepts such as Zero Emission
Building (ZEB), which is different in Europe, the United States, Japan and Korea [19–22].

Unlike other types of buildings, heating a building with an indoor swimming pool
is higher energy intensive due to swimming water heating [23]. The commonly used
water heating technologies are associated with high fuel costs and Greenhouse Gas (GHG)
emissions [23]. Kampel et al. analysed 43 Norwegian swimming facilities and reported that
energy usage is predominantly dependent on the overall water usage of the swimming
pool facility [24]. The CIBSE Energy Benchmark [25] reported that, on average, swimming
pool centres require 245 kWh/m2 of electricity and 1130 kWh/m2 of gas. Similar results are
also found in [26]. This is consistent with other findings that report that swimming facilities
use between 400 kWh/m2 and almost 1600 kWh/m2 [23]. Trianti-Stourna et al. audited five
Greek swimming facilities [27]. They reported an average annual total energy consumption
per unit floor area of 450 kWh/m2 and per water surface area of 1094.5 kWh/m2, and
annual electricity consumption per unit floor area of 57.5 kWh/m2.

Passive technologies can be traced back to cave-dwelling, i.e., for thousands of years,
and are more energy efficient for building applications [10]. Another important factor is
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the thermal insulation of a building. The recommended insulation thickness doubled in
northern Europe between the 1970s and 2010s [28].

Common passive approaches for buildings, in general, today include sun shading,
insulation, interior garden, water features, atrium space and natural ventilation [28–31].
Additionally, there are different types of energy-efficient walls (such as Trombe walls,
ventilated walls and glazed walls) and fenestration types (e.g., aerogel, vacuum glazing
and frames) [28,29]. For the roof of a building, several energy-efficient techniques have been
proposed, including green roofs, photovoltaic roofs, the radiant barrier and evaporative
roof cooling systems [28,29]. Finally, the optimization of the thermal mass of the building
(with or without the use of phase change materials) is another possible energy-efficient
passive technique (often overlooked) that can affect the thermal loads [28,29].

For swimming pools, Trianti-Stourna [27] reported that simple architectural interven-
tions (i.e., better insulation of external walls and roof, shading of openings and increase in
natural ventilation) lead to significant coverage of cooling needs up to 45%.

Various techniques may be implemented to improve energy efficiency in applications
that require hot water [10]. Heat pumps and boilers have been developed for over a century,
and recent improvements have increased their efficiency [32].

Solar thermal is a widely used renewable energy technology that uses the sun’s radia-
tion to produce hot water (unlike photovoltaics that produce electricity) [33]. According
to an International Energy Agency (IEA) report, the global market in operation for so-
lar heating and cooling at the end of 2019 was estimated at 479 GWth worldwide [34].
Fadzlin et al. investigated challenges for building integrated Solar Water Heating (SWH)
and reported that only a small percentage of the installed SWH is for applications other
than domestic hot water [34]. Evacuated solar thermal collectors have been reported to
provide better payback periods compared to other solar thermal collector technologies [35].

Katsaprakakis et al. investigated different passive and active heating systems for swim-
ming pool facilities and reported that passive solar systems reduce the swimming pool
heating load by more than 90% and that Geothermal Heat Exchangers (GHE) and Geother-
mal Heat Pumps (GHP), combined with biomass heaters, can be used to supplement the
water heating in energy production [36,37].

A system with a Water-Solar-Assisted Heat Pump (W-SAHP) coupled with unglazed
flat solar collectors was considered and was compared to a traditional gas-boiler plant [38].
For the Italian climatic conditions, it was reported that the W-SAHP offered energy saving
between 35% and 50%. It was also reported that the power saving was reduced almost
linearly with the Degree Days of the site. Chow et al. [39] investigated a solar-assisted
heat pump system for indoor swimming pool water and reported that the system’s overall
Coefficient of Performance (COP) could reach 4.5, and the fraction factor of energy saving
is 79% compared to a conventional energy system.

Combined Heat and Power systems (CHP) from a Phosphoric Acid Fuel Cell were
modelled mathematically, and the results showed a high potential to improve the utilization
efficiency of the fuel cell production [23]. CHP systems fueled by biomass have also been
proposed for water heating in swimming pools [40] and in agricultural processes [41],
exhibiting high technical and economic feasibility.

Reclamation of waste heat from an ice rink’s chiller unit was used by a swimming
pool heating system in Gaziantep, Turkey [42]. It was reported that an ice rink with a size
of 475 m2 gives optimal performance for a semi-Olympic size swimming pool (625 m2).
Liebersbach et al. [43] reported a reduction in the energy demand between 34 and 67% of
greywater heat recovery for indoor swimming pools.

Significant reductions are also reported by optimization of the operation of the swim-
ming pool. The Pool efficiency program report states that the pool pump energy consump-
tion was reduced by 71% through retrofitting of pump speed controllers [44]. Furthermore,
electricity saving in excess of 80% is achievable on the circulators used for the pool’s water
heating with typical solar thermal collectors when they operate at flow rates reduced by up
to 75%, while the collectors’ efficiency is only reduced by approximately 10–15% [45].
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A very important aspect of this work is that this is a large-scale retrofit and not a new
installation. The aspect of retrofitting for the Greek building sector has been investigated
by Balaras et al. [46]. Several analysis methodologies for energy retrofits can be found in
the relevant literature [46–50].

For large-scale retrofits Swan, Ismet, and Ugursal have reviewed techniques for the
modelling of end-use energy consumption in the residential sector [51]. Furthermore,
Pittarello et al. have proposed an artificial neural network (ANN) methodology to optimize
zero-energy building projects from early design stages [52].

Finally, methodologies for assessing the economic effect have been proposed [53,54].

1.3. Research Aim

In this article, the methodology and the results are presented of the implemented
application studies on the energy performance upgrade of the municipal sports centre in
the small town of Arkalochori, Crete, Greece. The target was the upgrade of the sports
centre to a zero energy facility. To this end, the most technically and economically feasi-
ble passive and active measures were proposed. The article anticipates presenting in a
comprehensive approach the holistic process (methodology, mathematical background,
data and assumptions, application details, and results) towards the achievement of the
aforementioned target.

The work presented in this article was implemented within the frame of the project
“Sustainable Actions for Viable Energy” (SAVE), which was funded by the Horizon 2020
project “New Energy Solutions Optimized for Islands” (NESOI) [55]. The project was
implemented by the Minoan Energy Community [56]. The whole project included the
design of a smart grid in Crete and the implementation of energy performance upgrade
studies for the municipal sports centre and the indoor sports hall in Arkalochori. This first
article presents the work accomplished for the municipal sports centre. The SAVE project
was awarded the public award of the Islands Gamechanger competition [57], organized by
the European Commission’s Secretariat of the “Clean Energy for EU Islands” initiative and
the NESOI Consortium.

2. The Sports Facility

As stated previously, the under-consideration sports facility is located in Arkalochori,
Crete. Arkalochori is a small town with 5000 population, located at the very centre of
the mainland of the Heraklion Prefecture, roughly 25 km from both the northern and the
southern coastline of the island, with an absolute altitude from 350 m to 400 m. Within the
SAVE project, the energy performance upgrade study was accomplished for the municipal
sports centre.

The municipal sports centre, constructed in 2002, contains a swimming pool centre,
with two swimming pools, one of Olympic size (50 × 20 m) and a training one (25 × 6 m),
two tennis courts, an 8 × 8 football ground and a basketball court (Figure 1). Currently, all
the aforementioned facilities are outdoor facilities. The swimming pools are supported by a
building which hosts the changing rooms for the swimming pool users, the administrative
office, the reception, the medical service office, storage rooms and the engine room (pumps,
circulators, and two oil heaters) in the building’s basement. More details on the building’s
constructive elements and geometry are given in Section 5.2.2.
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Figure 1. General aerial view of the Municipal sports centre.

3. Methodology

The methodology applied in this work can be analysed in the following discrete steps:

• Invitation for collaboration with the Municipality and establishment of an open
communication line with the staff in charge of the operation and maintenance of
the facility;

• An initial visit to the sports facility and on-site investigation and collection of all
required data regarding the existing architectural elements, the operation schedule
and the energy demand;

• First computational simulation of the sports facility’s operation in the existing con-
dition and calculation of the indoor space conditioning and swimming pool heating
load for full annual operation;

• Calculation of the current primary energy consumption for full coverage of all final en-
ergy needs, with the existing active systems for indoor space conditioning, swimming
pool heating, hot water production, lighting and pumps’ operation;

• Selection, siting and sizing of the most technically feasible and cost-effective passive
measures, aiming at the minimisation of the indoor space conditioning and swimming
pool heating load;

• Second computational simulation of the sports facility’s operation with the introduc-
tion of the proposed passive measures and calculation of the indoor space conditioning
and swimming pool heating load for full annual operation;

• Selection and sizing of the most technically feasible and cost-effective active mea-
sures for indoor space conditioning, swimming pool heating, hot water production
and lighting;

• Calculation of the primary energy consumption for full coverage of all final energy
needs with the proposed active systems;

• Sizing and siting of a photovoltaic park for the annual compensation of the remaining
electricity consumption;

• Calculation of the achieved annual energy saving, the project’s total budget and other
typical Key Performance Indicators (KPIs).

All the aforementioned calculations, both for passive and active systems, were ex-
ecuted computationally on the basis of annual time series with hourly average values.
The process and the corresponding mathematical background are given in Section 5. The
above-described methodology is given graphically in Figure 2.

Finally, regarding the data involved in this study:

• The meteorological data were retrieved from the European Centre for Medium-Range
Weather Forecasts (see Section 4)

• The data regarding the new proposed equipment and the materials were retrieved
from the manufacturers’ datasheets
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• The data regarding the existing constructive elements in the facility were calculated or
taken from the literature.
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4. Climate Conditions—Meteorological Data

The local climate in the town of Arkalochori is characterized by rather mild winter,
with ambient temperature usually between 5 ◦C and 15 ◦C, and cool summer, with ambient
temperature rarely higher than 30 ◦C. For the purposes of this work, meteorological data
were retrieved from the available climate data in the European Centre for Medium-Range
Weather Forecasts (ECMWF) and for the period 2010–2020 [58] for a geographical point only
13.5 km to the north of the town. All meteorological data were downloaded in the form of
annual time series with hourly average values. Indicatively, in Figures 3–5, the fluctuation
of the ambient temperature, the ambient relative humidity and the wind velocity at 2 m
height above ground are presented for the two consecutive years, 2019 and 2020. The
annual periodicity for all three magnitudes is observed in these figures. The annual average
ambient temperature for 2019 and 2020 was 18.0 ◦C and 18.1 ◦C, respectively. The annual
average wind velocity for 2019 and 2020 was 4.9 m/s and 5.1 m/s, respectively.

In Figure 6, the annual wind velocity rose graph for 2020 is presented, showing a
northwestern wind blowing prevailing direction. This is also configured by the constant
local northwest winds blowing during the summer, known as “meltemia”, which configures
a cool summer climate.

Finally, in Figure 7, the annual fluctuation for the year 2020 is presented of the average
hourly incident solar irradiance and the daily cumulative solar radiation on the horizontal
plane. The yearly cumulative incident solar radiation on the horizontal plane is calculated
at 1675 kWh/m2, indicating the availability of considerable solar potential in the area.

The above-presented annual time series of the meteorological magnitudes will be used
in this study for the calculation of the indoor space conditioning load, the swimming pool’s
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heating load, the electricity production from photovoltaic panels and the heat production
from solar thermal collectors.
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5. The Energy Performance Upgrade of the Municipal Sports Centre
5.1. Current State

The most energy-consuming facility in the municipal sports centre is, of course, the
swimming pools. As seen in Figure 1, the overall facility is outdoors, and the swimming
pools are totally exposed to ambient climate conditions. No measure is currently applied
for the reduction of the swimming pool heating load. On the hypothesis of normal, daily
operation, the required annual diesel oil consumption for the swimming pool heating
with the existing diesel oil burner (2182 kWth nominal capacity) is calculated at 307,940 L.
Assuming a diesel oil procurement price of 1.2 EUR/L, the corresponding annual cost for
the swimming pool heating is calculated at 369,528 EUR. This cost is too high to be afforded
by the local Municipality, so, practically, the swimming pool’s centre remains inoperative
during the winter period, namely from early October to late May, and it operates only
for a period of roughly four months per year, depriving the local community of such an
important facility.

Apart from the large size oil burner, dedicated exclusively to the swimming pool
heating, a second, smaller oil burner, of 116 kWth capacity, has also been installed for the
existing building’s indoor space heating and the domestic hot water production for the
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changing rooms. In practice, due to the high diesel oil procurement price, this oil burner is
used only for domestic hot water production.

Except for diesel oil, electricity is also consumed in the facility for the operation of
all the pumps and circulators in the swimming pool’s engine room, in the four existing
autonomous, small-size air-to-air heat pumps (split units) for the indoor space conditioning,
for the indoor space lighting, the outdoor security lighting of the overall facility and the
football court lighting when it is used during nighttime.

The installed apparatus for outdoor lighting are mercury or halogen floodlights with
a nominal electrical power of 250 W, 400 W and 2000 W. Fluorescent bulbs are used for
indoor space lighting, installed in old-type luminaires with no reflecting surfaces.

According to the provided data by the local Municipality, the existing electricity annual
consumption was 107,920 kWh in 2019 and 91,040 in 2020. Additionally, 500 L of diesel
oil are consumed from May to September, namely during the swimming pool’s operation
period, for domestic hot water production. However, for the needs of this study, it was
assumed that the swimming pool’s centre fully operates during the whole year and the
existing building is normally conditioned. This assumption is considered necessary to
obtain a common comparison basis for the operation of the sports centre under the existing
and the proposed conditions. The existing loads and the consumed energy for the current
state, and the assumption of full annual operation are calculated and presented in the
following section.

5.2. Energy Consumption in the Current State

The energy consumption of the municipal sports centre in the current state is calculated
separately for the discrete final energy uses presented below:

• Swimming pools heating;
• Existing building indoor space conditioning;
• Domestic hot water production;
• Indoor and outdoor space lighting;
• Pumps’ station operation for the swimming pools’ water circulation.

For the aforementioned uses, the energy consumption in the municipal sports
centre in the current state on the assumption of full annual operation is analysed in the
following sections.

5.2.1. Swimming pool Heating

Firstly, in this section, the mathematical background for the swimming pools’ heating
load calculation, as a special calculation method, is presented in detail. The swimming
pools’ total heating load is given by Equation (1):

.
Qtot =

.
Qconv−rad +

.
Qev +

.
Qrep−

.
Qsg, (1)

where:
.

Qtot the total heat loss from the swimming pools’ upper surfaces (in kW);
.

Qconv−rad the heat loss from the swimming pools’ upper surfaces with convection and
radiation (in kW);
.

Qev the heat loss from the swimming pools’ upper surfaces with evaporation (in kW);
.

Qrep the additional heating load due to the replacement of the evaporated water from the
water supply network (in kW);
.

Qsg the solar heat gain due to the solar radiation incidence (in kW).

If Tamb is the ambient temperature (Figure 3, Section 4), the heat loss
.

Qconv−rad with
convection and radiation is given by Equation (2) [59]:

.
Qconv−rad = Asp·U·(Tw − Tamb), (2)
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where:

Asp the swimming pools’ total upper surface (in m2);
U the thermal heat transfer factor (the so-called U-factor), from the swimming pools’ upper
surfaces to the ambient environment (in W/m2·K);
Tw the required water temperature in the swimming pools (Tw = 26 ◦C for the Olympic
size pool and Tw = 30 ◦C for the training swimming pool).

The heat transfer factor U describes the heat loss with convection and radiation from
the swimming pools’ upper surfaces and is given by Equation (3):

U = hrw + hc, (3)

where hc is the heat convection factor for ambient air horizontal flow with an average
velocity of 5 m/s (see Section 4), adopted equal to hc = 10 W/m2·K [60], and hrw is the heat
radiation factor, which is given by Equation (4):

hrw = 4·εw·σ·
(

Tw + Tamb
2

)3
, (4)

where εw the emissivity of water and σ the Stefan–Boltzman constant. The ratio inside the
parenthesis is the average water-ambient air temperature.

The heat loss due to the water evaporation can be calculated with the following
empirical Equation (5) [61]:

.
Qev = he·

(
psw − p∞

)
, (5)

where:

he an evaporation transfer factor;
psw the water vapour saturation pressure at the water temperature Tw in the swimming
pools (in kPa);
p∞ the partial vapour pressure away from the swimming pools, at ambient temperature
Tamb (in kPa).

The evaporation transfer factor is calculated with the following empirical Equation (6):

he = 0.0563 + 0. 0689 ·u0.3, (6)

where u0.3 is the wind velocity in m/s at 30 cm height from the swimming pools’ upper
surfaces. Knowing the wind velocity at 2 m height above ground (Figure 5, Section 4),
the wind velocity at 30 cm height above ground can be calculated with the wind velocity
profile exponential law, given by Equation (7):

uz1

uz2
=

(
z1

z2

)n
, (7)

where:

uz1 the wind velocity at height z1 above ground (e.g., at 0.3 m);
uz2 the wind velocity at height z2 above ground (e.g., at 2 m).

The exponent n is given versus the ground roughness height z0 by Equation (8):

n = 0.04·lnz0 + 0.003·(lnz0)2 + 0.24, (8)

where the ground roughness height for a semi-urban environment at the swimming pools’
installation site can be adopted equal to 0.5 m.

The saturation vapour pressure ps,w can be retrieved from the relevant table for the
water temperature Tw in the swimming pools and for atmospheric pressure (ps,w = 3.17 kPa
at Tw = 25 ◦C) [62].
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The partial vapour pressure p∞ away from the swimming pools can be calculated by
the essential definition Equation (9) for the ambient relative humidity ϕ, which has also
been downloaded from the ERA-5 meteorological database (Figure 4, Section 4):

ϕ =
p∞

ps,∞
⇔ p∞ = ϕ·ps,∞, (9)

where ps,∞ the saturation vapour pressure at ambient temperature Tamb and atmospheric
pressure [62].

The additional heat load due to the replacement of the evaporated water from the
water supply network is given by Equation (10):

.
Qrep =

.
mrep·cp·(Tw − Tsw), (10)

where:
.

mrep the water mass flow rate for the replacement of the evaporated water (in kg/s);

cp the water-specific heat capacity (4.187 kJ/kg·K);
Tw the required water temperature in the swimming pools (Tw = 26 ◦C for the Olympic
size pool and Tw = 30 ◦C for the training swimming pool);
Tsw the water temperature in the water supply network

The water mass flow rate can be calculated by Equation (11):

.
mrep =

.
Qev
hfg

, (11)

where hfg is the specific latent heat of water (2441.7 kJ/kg at 25 ◦C [63]). Average monthly
values for the water temperature in the water supply network are provided by the Technical
Directive of the Technical Chamber of Greece 20701-1/2017 [64].

Finally, the solar heat gain from the incident solar radiation on the swimming pools’
surfaces is calculated by Equation (12) [59,60]:

.
Qsg = a·G·Asp, (12)

where:

a solar radiation absorbance factor from the swimming pools adopted equal to 0.85 for
light-colour tanks [61]
G the incident solar radiation on the horizontal plane (in W/m2, Figure 7, Section 4)
Asp the swimming pools’ total upper area (1000 m2 for the Olympic-size pool and 125 m2

for the training pool).

The values of the involved parameters in the calculation of the swimming pools’
heating load are summarized in Table 1.

By applying the above presented mathematical process with the parameters’ values of
Table 1 and with the swimming pools’ weekly operation schedule (from 12:00–22:00 daily
and from 9:00–17:00 on Saturdays), the annual fluctuation of the swimming pools heating
load is calculated and presented in Figure 8 separately for the two swimming pools. The
annual heating load of the Olympic size and the training swimming pool is calculated by
aggregating these annual time series, equal to 1,932,485 kWh and 289,873 kWh, respectively
(in total, 2,222,385 kWh). As seen in Figure 8, there is a heating load even during summer
in the current operation state.
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Table 1. Calculation parameters of the swimming pool heating load.

Parameter Value

Emmissivity of water εw 0.957
Convection factor hc for air flow over horizontal surface with

average velocity at 5 m/s (W/m2·K) 25.0

Stefan–Boltzmann constant (W/m2·K4) 5.67 × 10−8

Upper surface of Olympic size swimming pool 50 × 20 (m2) 1000
Upper surface of training swimming pool 25 × 6 (m2) 125

Water required temperature in swimming pool Tw (◦C) 26/30
Ground roughness height z0 (m) 0.5

Water-specific heat capacity cp (kJ/kg·K) 4.187
Water-specific latent heat hfg at 25 ◦C (kJ/kg) 2441.7

Solar radiation absorbance factor a from the swimming pool 0.85
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With the assumption of full coverage of the annual heating load with the existing oil
burner and with the following adopted parameters:

• Oil burner efficiency: 80%;
• Heat distribution system efficiency: 88%;
• Diesel oil calorific value: 10.25 kWh/L [65].

The annual diesel oil consumption is calculated at 307,940.4 L. The corresponding
primary energy consumption is calculated from the diesel oil’s chemical energy multiplied
by a factor of 1.1 [65], equal to 3,472,434 kWh. The annual peak heat demand is calculated
at 901.7 kWth and 135.3 kWth for the large and the small swimming pool, respectively.

5.2.2. Indoor Space Conditioning

The indoor space conditioning in the current operation state refers to the existing
supporting building of the swimming pool’s centre. The building consists of two levels, the
ground floor and the basement. In the basement, with a total area of 568.7 m2, the pump
station, the boiler room, the fuel tanks, the chlorination, and all the machinery required
for the swimming pool water heating, treatment, and circulation have been installed. The
ground floor has a total covered area of 297.5 m2 with a conditioned space of 228.2 m2.
The building has been constructed with reinforced concrete and bricks, with no insulation
(U-factors at the range of 3 W/m2·K). The existing openings are of a metallic frame with no
thermal break and double glazing, with U-factor at 4 W/m2·K.

The indoor space heating and cooling load was calculated by applying the essential
methodology [66], accounting for the heat losses and the solar heat gains through the



Energies 2023, 16, 4040 13 of 41

building’s envelope. Particularly the ASHRAE Transfer Function Method (TFM) [67] was
applied arithmetically with TRNSYS. Actually, all indoor space heating and cooling load
calculations were executed with TRNSYS, both for the existing and the proposed condition
of the sports facility. The U-factors were calculated analytically for the opaque surfaces
using the following fundamental Equation (13):

1
U

=
1
hi

+ ∑
j

dj

kj
+

1
ho

, (13)

where dj and kj are the thickness and the thermal conductivity factor of the structural
material j of the opaque constructive element. The heat transfer factor from the inner space
hi and towards the outer space ho (or conversely in summer) were assumed equal to [59]:

• hi = 10 W/m2·K and ho = 25 W/m2·K for airflow over horizontal surfaces and for
average wind speed of 5 m/s;

• hi = 7.7 W/m2·K and ho = 25 W/m2·K for airflow next to vertical surfaces and for
average wind speed of 5 m/s.

The U-factors for the openings and the transparent surfaces were chosen from the
TRNSYS library. The solar heat gain factor through transparent surfaces was set at 0.77.

The natural ventilation due to the openings’ inadequate sealing was calculated by
Equation (14) [60,68], introduced by ASHRAE (ACH: air changes per hour):

ACH = K1 + K2·(Tin − Tamb) + K3·uw, (14)

where uw is the average wind velocity, Tin and Tamb are the indoor space and the ambient
temperature (Figure 3, Section 4), and the parameters K1, K2 and K3 are set equal to 0.100,
0.023 and 0.070, respectively, for the existing, inadequate sealing condition.

The thermal comfort conditions were set at 22 ◦C/50% in winter and 26 ◦C/50%
in summer [31,65]. The operation schedule of the building follows the aforementioned
operation schedule of the swimming pools.

The annual heating and cooling load of the existing building was calculated at
13,973.5 kWh and 8502.6 kWh, giving a specific heat consumption of 62.2 kWh/m2 for
heating and 37.2 kWh/m2 for cooling.

Assuming full coverage of this annual heat demand with the existing oil burner for
heating and autonomous heat pumps for cooling with a typical Energy Efficiency Ratio
(EER) from 1.5 to 3.2, the annual diesel oil, electricity and the corresponding primary energy
consumption are presented in Table 2.

Table 2. Energy consumption analysis for indoor space conditioning in the existing operation.

Energy Diesel Oil Electricity

Final heat production (kWh) 13,973.5 8502.6
Annual consumption (L/kWh) 2475.1 3677.9

Primary energy consumption (kWh) 27,906.3 10,665.8
Total primary energy consumption (kWh) 38,572.1

5.2.3. Domestic Hot Water Production

Domestic hot water is consumed in the changing rooms of the swimming pools’
existing supporting building. The calculation of the corresponding annual required heat is
simple and is based on the fundamental Equation (15):

.
Q =

.
mh·cp·∆T =

.
m·cp·(Thw−Tsw), (15)

where
.

mh is the hot water consumed mass flow rate, cp = 4.187 kJ/kg·K the water specific
heat capacity, Thw = 45 ◦C the hot water required temperature and Tsw the water tempera-
ture from the municipal water supply network. The temperature Tsw is given by Technical
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Directive 20701-1/2017 [64] and ranges from 12.8 ◦C in February to 26.6 ◦C in August. The
hot water consumed mass was calculated, following the information provided by the sports
centre’s secretariat, by assuming 15 users per hour during the daily operation period and
40 L hot water consumption per user.

With the aforementioned data and assumptions, the annual fluctuation of the heat
demand for the required domestic hot water production in the swimming pool’s centre is
presented in Figure 9.
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Q̇ = ṁh ∙ cp ∙ ΔΤ = ṁ ∙ cp ∙ (Τhw-Τsw), (15) 
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Figure 9. Annual fluctuation the heat demand for the required domestic hot water production in the
swimming pool centre.

By aggregating the above presented time series, the annual heat demand for hot
water production is calculated at 65,253.7 kWh. In the current operation state, hot water
is exclusively produced by the 116 kWth oil burner. Accounting for the efficiencies of the
oil burner at 75% and the hot water distribution hydraulic network at 80%, and taking the
diesel oil calorific value equal to 10.25 kWh/L [65], the annual diesel oil consumption for
the production of hot water is calculated at 10,610.3 L. The corresponding annual primary
energy consumption, due to the diesel oil consumption, is calculated at 119,631.7 kWh.

5.2.4. Lighting

The existing lighting equipment in the municipal sports centre can be categorized in:

• Fluorescent, incandescent and LED lamps for indoor space;
• Mercury floodlights for the perimeter, security lighting;
• Halogen floodlights for the football ground.

The existing electricity consumption for lighting is easily calculated by accounting for
the installed electrical lighting power per different use and the operation schedule for each
one of these uses. The results are summarized in Table 3. The presented nominal power
consumptions have been read from the installed bulbs and floodlights. The corresponding
primary energy consumption is calculated by multiplying the electricity consumption with
the factor 2.9 [65].

Table 3. Electricity consumption for lighting in the current operation state.

Lighting Use/Power/Consumption Installed Electrical Power (kW) Electricity Consumption (kWh)

Outdoor perimeter floodlights 2.2 13,882.8
Football court 12.8 26,595.8

Swimming pools 32.0 43,728.0
Indoor ground floor lighting 5.3 7006.7

Indoor basement lighting 5.4 198.4
Total installed power 57.7

Total electricity consumption 91,411.7
Total primary energy consumption 265,093.8
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5.2.5. Other Electricity Consumptions

Electricity is also consumed in the swimming pools’ pump station and the circulators
installed in the hydraulic networks for indoor space heating and domestic hot water
distribution. The swimming pool’s pump station is equipped with three pumps with a
nominal volume flow rate of 225 m3/h, nominal head of 27 m, nominal efficiency of 78%
and nominal electrical power input of 20.7 kW. Of these pumps, one is used as a spare,
and the other two operate continuously throughout the whole year. Additionally, there
is a circulator for the domestic hot water network and another one for the indoor space
heating network, with nominal electrical power inputs of 100 W and 1.5 kW, respectively.
The operation of these two circulators is imposed by the hot water demand and the indoor
space heating load time series.

Given the aforementioned data, the annual electricity consumption is calculated at:

• A total of 362,664.0 kWh from the swimming pools’ water circulation pumps;
• A total of 9249.0 kWh for the indoor space heating hydraulic network;
• A total of 140.7 kWh for the domestic hot water hydraulic distribution network.

The total annual electricity consumption from these pumps and circulators is 372,053.7 kWh,
which corresponds to 1,078,955.7 kWh of primary energy.

5.2.6. Energy Consumption Synopsis in Existing Conditions

Following the previously presented calculations, the diesel oil and electricity annual
consumption and the corresponding primary energy consumptions are summarized per
different final energy use in Table 4.

Table 4. Annual energy consumption on the assumption of full operation of the municipal sports
centre during the whole year under the current state.

Final Energy Use Diesel Oil (L) Electricity (kWh) Primary Energy
(kWh) (%)

Swimming pool heating 307,940.4 0.0 3,472,028.0 69.7
Indoor space heating 2475.1 0.0 27,906.8 0.6
Indoor space cooling 0.0 3677.9 10,665.9 0.2
Hot water production 10,610.3 0.0 119,631.1 2.4

Lighting 0.0 91,411.7 265,093.9 5.3
Pumps and circulators 0.0 372,053.7 1,078,955.7 21.7

Total 321,025.8 467,143.3 4,974,281.5 100.0

Given the results presented in Table 4, it is obvious that the main energy consumption
in the municipal sports centre comes from the swimming pool heating (almost 70%). Second
in rank comes the pumps and circulators consumption, which is responsible for 92% of
the total electricity consumption in the sports centre. Consequently, the proposed energy-
saving measures should be focused on the swimming pool heating, while the pumps and
circulator’s operation should not be ignored.

5.3. Proposed Energy Saving Measures

For the energy performance upgrade of the municipal sports centre in Arkalochori,
the following most feasible and effective passive and active measures were proposed.
Specifically, starting from the passive measures:

• Construction of an enclosure for the conversion of the existing outdoor swimming
pool to an indoor sports facility. Full architectural and civil engineering work was
accomplished for the design of a high-aesthetics, bioclimatic construction, as seen in
Figure 10.

It consists of a metallic bearing structure, boxed in reinforced concrete, as an anti-
corrosion protection and covered with reflective aluminium surfaces, which will reflect the
surroundings, integrating, in this way, the whole construction in the environment. The rest
vertical surfaces, apart from the ones which coincide with the bearing structure, will be
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transparent glass surfaces so as to maximize the solar heat gains and the natural lighting
during winter. These surfaces will fully open during summer to avoid overheating in the
indoor space. The roof will be constructed of opaque, stone wool panels of 8 cm thickness
and a U-factor of 0.39 W/m2·K. The new enclosure will include both the swimming pool
and the existing building. The total covered area with the new enclosure will be 3425 m2,
with a height from 5.85 m to 7.90 m. The roof’s inclination with regard to the horizontal
plane will be 3.5◦.
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• Installation of a polyethene floating insulating cover on the swimming pools’ upper
surface, whenever they are not in use, with 2 cm thickness and 0.025 W/m·K thermal
conductivity factor.

• Installation of external insulation for all opaque vertical surfaces and the roof of the
existing building, with 7 cm thickness stone wool sheets. The total net surface of the
vertical opaque walls and the roof, which will be insulated, is 370.7 m2 and 611.5 m2,

respectively. The new U-factors will be 0.40 W/m2·K for the bearing structure surfaces
and the roof and 0.34 W/m2·K for the rest vertical opaque surfaces.

• Installation of new low-e openings for the existing building, with synthetic frame
and double glazing. In total, 60 openings will be replaced, with a total area of
111.3 m2. The new U-factors will be 0.95 W/m2·K for the windows and 1.2 W/m2·K
for the doors.

Additionally, the following active systems are proposed:

• For the ventilation of the newly configured indoor space above the swimming pools,
two air duct lines of 65 min length each will be installed, one for fresh air supply
and one for air disposal from the indoor space to the ambient environment. The air
ducts will be of circular vertical cross-section, with 300 mm inner diameter (this gives
an airflow velocity of 9 m/s, typical for industrial installations), galvanized, with a
smooth inner surface. The mechanical ventilation network will be supported by two
axial air fans of 2400 m3/h nominal volume flow rate each.
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• Installation of an air-to-water heat pump, with a nominal heat capacity of 150 kWth
and nominal COP 3.47 for the swimming pool heating. Additionally, as a backup unit
during periods with temperatures lower than 5 ◦C, a biomass burner is also proposed,
with a nominal capacity of 100 kWth and efficiency at 89–91%, when operating with
biomass pellets. The two heat production units will be integrated with a heat storage
tank of 2500 L capacity, through which the heat will be supplied to the 150 kWth plate
heat exchanger. The nominal power of the heat pump and the heat exchanger are
derived from the swimming pool heating load, presented in the next section, after
the introduction of the proposed passive measures. The proposed system layout is
depicted in Figure 11.
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Figure 11. The layout of the proposed system for the swimming pool heating.

• With the construction of the swimming pool’s enclosure, a new indoor space will be
created. For the conditioning of this particular new indoor space, a second air-to-water
heat pump with a nominal capacity of 181.2 kWth for heating and 178.8 kWth for
cooling is proposed, together with a new hydraulic network with 32 hydronic terminal
units, with a capacity of 6.4 kWth for heating and 5.3 kWth for cooling each one of
them and polypropylene (PPR) pipelines. The nominal power of the proposed heat
pump is imposed by the heating load calculation of the new indoor space, as presented
in the next section. The overall layout of such a conditioning system is presented in
Figure 12.
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• A third air-to-water heat pump is finally proposed for the indoor space conditioning
of the existing swimming pool building. The nominal capacity of this third heat pump
will be 23 kWth for heating and 20 kWth for cooling, given the expected heating and
cooling load after the introduction of the proposed passive measures (see Section 5.4.3).
The heat pump will also be combined with a new hydraulic network with hydronic
terminal units. In total, 13 new hydronic units will be installed for the existing building,
with nominal capacities from 1.8 kWth to 3.2 kWth for heating and from 1.8 kWth
to 3.8 kWth for cooling. The proposed active systems (heat pumps and hydraulic
networks) for the new swimming pool indoor space and the existing building will be
totally independent.

• A new solar–combi system, with structural concept presented in Figure 13, is also
proposed for domestic hot water production in the swimming pool centre. The system
will consist of 36 solar thermal covered collectors of selective coating, divided into
three groups of 12 collectors. Each one of these groups will be connected to a heat
storage tank of 2000 L capacity. The system will be supported by a fourth air-to-water
heat pump, with a nominal heating capacity of 23 kWth. This sizing is the result of the
computational simulation of the system’s annual operation and a relevant iterative
optimization process, presented in Section 5.4.4. The collectors will be installed at
the northeastern part of the available land property, on the roof of a new metallic
bearing structure, to avoid space capturing on the ground. In order to maximize the
annual heat production during winter, the solar collectors will be installed with a 40◦

inclination with regard to the horizontal plane and southern orientation.
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• All existing indoor and outdoor lamps, luminaires and floodlights of the swimming
pool’s centre and the football ground will be replaced with new LED technology. The
total installed outdoor lighting power will be reduced from 48.1 kW to 8.2 kW (83.0%).
The total installed indoor lighting power will increase from 10.7 kW to 11.6 kW (8.4%)
due to the configuration of the swimming pool’s new indoor space.

• An overall upgrade is also proposed for the existing pumping and hydraulic infras-
tructure for the circulation of the swimming pools’ water, including the redesign of
the overall hydraulic network, replacement of the existing metallic pipes with new
ones of PVC, replacement of the existing three pumps with four new ones, with
18.5 kW electrical nominal power each, 220.9 m3/h flow rate capacity, 20.2 m head and
80.4% nominal efficiency etc. All the proposed interventions in the swimming pools’
machinery aim to reduce the required head for the water’s circulator, increase the
pumps’ efficiency and increase the flexibility of the pumps’ operation, by increasing
their number, for the water circulator independently in the two swimming pools.

• With the proposed passive and active measures, the use of diesel oil is totally eliminated
in the municipal sports centre, and the coverage of all the final energy uses is fully
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transferred to electricity. As compensation for the remaining electricity consumption, a
photovoltaic station is proposed to be installed on the new enclosure’s roof.

5.4. Energy Consumption with the Proposed Upgrade Measures

In this section, the energy consumption will be presented separately for all discrete
energy final uses in the municipal sports centre once all the proposed passive and active
energy-saving measures have been implemented.

5.4.1. Heating Load of the New Swimming Pool Indoor Space

The process starts with the calculation of the heating load of the new swimming
pools’ indoor space. It is reminded that the vertical transparent surfaces of the new
enclosure open during summer to avoid overheating this newly configured indoor space,
so there is no cooling load to be calculated. The heating load calculation follows the
process presented in Section 5.2.2. The achieved U-factors of the new enclosure’s structural
elements are 0.367 W/m2·K for the roof, 0.377 W/m2·K for the vertical opaque surfaces and
0.6677 W/m2·K for the vertical transparent surfaces. The natural ventilation is calculated
again with Equation (14), with the parameters K1, K2 and K3 equal to 0.100, 0.011 and 0.034,
respectively, for adequate air sealing. The required mechanical ventilation air changes,
according to the Greek Directive on Buildings’ Energy Performance [65], were set equal
to 2250 m3/h. The thermal performance of the newly configured indoor space with the
construction of the swimming pool enclosure was computationally simulated with the
TRNSYS software.

The heating load annual fluctuation of the swimming pools’ new indoor space is
presented in Figure 14. By aggregating this time series, the total annual heating load is
calculated at 16,688.7 kWh, which, given the covered area of the new space (2196 m2), gives
a specific annual heating load of 7.60 kWh/m2.
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Figure 14. Annual fluctuation of the heating load for the swimming pools’ new indoor space.

The peak heating load was calculated at 321.7 kWth, while the 10th annual maximum
heat demand was calculated at 202.8 kWth. The selection of the air-to-water heat pump was
implemented according to the latter. The closest commercially available model found has a
nominal heating output of 181.2 kWth. The Coefficient of Performance (COP) is given by
the manufacturer equal to 3.34, according to the EN14511 standard, under normal heating
conditions at an outdoor temp of 7 ◦C DB/6 ◦C WB and outlet water temperature of 45 ◦C.

The heat pump will be combined with a network of 32 hydronic terminal units (fan
coils), with a capacity of 6.4 kWth for heating each one of them, placed in two lines of
16 units each along the two long sides of the new enclosure. Introducing a typical COP curve
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versus the ambient temperature, as shown in Figure 15, the electrical power consumption
Pel for the swimming pools’ new indoor space heating is calculated by Equation (16):

Pel =
Qh

COP
(16)

where Qh is the newly configured indoor space heating load. By applying Equation (16)
in the annual heating load time series of Figure 14, with the COP selected from Figure 15
versus the ambient temperature (Figure 3, Section 4), the corresponding annual electrical
power consumption time series is produced, and the annual electricity consumption is
calculated as equal to 4240 kWh, which corresponds to 12,296 kWh of primary energy.
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Figure 15. COP fluctuation versus the ambient temperature of the introduced heat pump for the
swimming pool’s new indoor space conditioning.

Finally, another necessary magnitude required for the calculation of the swimming
pools’ new heating load is the indoor temperature of this newly configured indoor space. Its
annual fluctuation is presented in Figure 16. The indoor space temperature annual profile
was also a result of the thermal performance simulation of the newly configured indoor
space, executed with TRNSYS. During summer, the swimming pool is again converted to
an outdoor facility. The temperature above the swimming pool’s space is considered equal
to the ambient temperature.

Energies 2023, 16, x FOR PEER REVIEW 21 of 42 
 

 

Figure 15. COP fluctuation versus the ambient temperature of the introduced heat pump for the 

swimming pool’s new indoor space conditioning. 

Finally, another necessary magnitude required for the calculation of the swimming 

pools’ new heating load is the indoor temperature of this newly configured indoor space. 

Its annual fluctuation is presented in Figure 16. The indoor space temperature annual pro-

file was also a result of the thermal performance simulation of the newly configured in-

door space, executed with TRNSYS. During summer, the swimming pool is again con-

verted to an outdoor facility. The temperature above the swimming pool’s space is con-

sidered equal to the ambient temperature. 

 

Figure 16. Annual fluctuation of the temperature for the swimming pools’ new indoor space. 

5.4.2. Swimming Pool Heating 

The swimming pools’ heating load is calculated after the construction of the new en-

closure and the installation of the insulating floating cover on the swimming pools’ sur-

faces. The total heat loss from the swimming pools is calculated again by using Equation 

(1). 

The heat loss with convection and radiation are calculated with Equation (2), yet in-

stead of the ambient temperature Tamb, the temperature Tin for the new swimming pools’ 

indoor space (Figure 16, Section 5.4.1) is used, as seen in Equation (17): 

Q̇conv-rad = Asp∙U∙(Tw − Tin), (17) 

The U-factor appeared in Equation (17) expresses the heat loss from the swimming 

pools under two different operation conditions: 

• Operation periods of swimming pools: these time periods coincide with the swim-

ming pools’ centre operation schedule. During these periods, the swimming pools 

are in use, so their upper surfaces are free of indoor ambient air. The U-factor for the 

calculation of the heat loss is given by Equations (3) and (4), as in the existing outdoor 

condition. Yet, with the construction of the enclosure, the heat transfer factor hc in 

Equation (3) is set equal to 2.5 W/m2∙K [59] (instead of 10 W/m2∙K), and the tempera-

ture Tamb in Equation (4) should be replaced with the new indoor space temperature 

Tin (Figure 16, Section 5.4.1). 

• Time periods of inoperative swimming pools: during these time periods, the swim-

ming pools are not in use. The proposed insulating floating cover will be placed on 

their surfaces. The U-factor for these periods is calculated by Equation (18): 

Figure 16. Annual fluctuation of the temperature for the swimming pools’ new indoor space.



Energies 2023, 16, 4040 21 of 41

5.4.2. Swimming Pool Heating

The swimming pools’ heating load is calculated after the construction of the new enclo-
sure and the installation of the insulating floating cover on the swimming pools’ surfaces.
The total heat loss from the swimming pools is calculated again by using Equation (1).

The heat loss with convection and radiation are calculated with Equation (2), yet
instead of the ambient temperature Tamb, the temperature Tin for the new swimming pools’
indoor space (Figure 16, Section 5.4.1) is used, as seen in Equation (17):

.
Qconv−rad = Asp·U·(Tw − Tin), (17)

The U-factor appeared in Equation (17) expresses the heat loss from the swimming
pools under two different operation conditions:

• Operation periods of swimming pools: these time periods coincide with the swimming
pools’ centre operation schedule. During these periods, the swimming pools are in use,
so their upper surfaces are free of indoor ambient air. The U-factor for the calculation
of the heat loss is given by Equations (3) and (4), as in the existing outdoor condition.
Yet, with the construction of the enclosure, the heat transfer factor hc in Equation (3) is
set equal to 2.5 W/m2·K [59] (instead of 10 W/m2·K), and the temperature Tamb in
Equation (4) should be replaced with the new indoor space temperature Tin (Figure 16,
Section 5.4.1).

• Time periods of inoperative swimming pools: during these time periods, the swim-
ming pools are not in use. The proposed insulating floating cover will be placed on
their surfaces. The U-factor for these periods is calculated by Equation (18):

Uc =
1

1
hw

+ dc
kc

+ 1
hfc

, (18)

where:

hw the thermal convection factor of still water, equal to 50 W/(m2·K);
kc the thermal conduction factor of the insulating floating cover, equal to 0.025 W/m·K;
dc the insulating floating cover thickness, equal to 0.02 m;
hfc the heat transfer factor from the insulating floating cover to the indoor ambient air.

The heat transfer factor hfc describes the heat loss with convection and radiation from
the insulating floating cover to the indoor ambient air and is given by Equation (19):

hfc = hrc + hc, (19)

where hc is the thermal convection factor for ambient indoor air horizontal flow, adopted
equal to hc = 2.5 W/m2·K [59], and hrc is the thermal radiation factor from the insulating
floating cover to the ambient indoor air, which is given by Equation (20):

hrc = 4·εc·σ·
(

Tc + Tin

2

)3
, (20)

where εc the emissivity of the floating insulating cover’s material, equal to 0.550, Tc is the
floating cover’s temperature, which can be assumed to be equal to the water temperature
in the pools and Tin the new indoor space temperature (Figure 16, Section 5.4.1). The ratio
inside the parenthesis is the average indoor air temperature.

Additionally, the calculation process described in Section 5.2.1 for the heat loss due
to the water evaporation and the water replacement from the municipal water-supply
network is also applied in the proposed operation condition, yet, obviously, only for the
time periods during which the swimming pools are in use. The same is also applied to the
calculation of the solar heat gains. Particularly regarding the heat loss calculation due to
evaporation, the following changes should be considered:
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• The wind velocity u0.3 is 30 cm in height from the swimming pools’ upper surfaces,
and for indoor space conditions, it is 0. Hence, the evaporation transfer factor is
calculated at 0.0563 with the empirical Equation (6);

• The partial vapour pressure p∞ far away from the swimming pools is calculated by
Equation (9) versus the relative humidity ϕ and the saturation vapour pressure ps,∞
for the indoor space temperature Tin and not the ambient temperature Tamb.

With the application of the above-presented methodology, the swimming pools’ annual
heating load time series is calculated for the proposed operation condition, presented in
Figure 17.
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Figure 17. Annual fluctuation of the swimming pools’ annual heating load in the proposed operation.

The results from the calculations of the swimming pools’ annual heating load are
analysed in Table 5 for both the existing and the proposed operating conditions. With the
proposed passive measures (enclosure construction and placement of the floating insulation
cover), the annual heating load is 95.7% reduced, while the peak heat demand is 88.8%
reduced. The achieved results reveal the important contribution of the swimming pools’
housing towards the minimisation of their heating needs.

Table 5. Swimming pool heating load achieved drop with the introduction of the proposed passive
measures and primary energy saving with the proposed active system.

Pool/Heat Demand/
Energy Source

Annual Heating Load and Heat Demand (kWh/kW) Annual Saving/Drop
Existing

Operation
Proposed
Operation (kWh/L) (%)

Olympic size 1,932,485 83,883 1,848,602
95.7Training 289,873 12,583 277,290

Total 2,222,358 96,465 2,125,893
Heat peak demand 1037 116 921 88.8

Diesel oil consumption 307,940 0 307,940 100.0
Electricity consumption 0 24,847 −24,847 -

Primary energy
consumption 3,472,434 72,057 3,400,378 97.9

The proposed active system for the swimming pools’ heating is presented in Figure 11
and in Section 5.3. Adopting the COP curve versus the ambient temperature presented in
Figure 15, the electrical power consumption for the swimming pool’s heating is calculated
as equal to 27,847 kWh, also with Equation (16). This electricity consumption corresponds
to 72,056.9 kWh of primary energy.



Energies 2023, 16, 4040 23 of 41

Table 5 also summarizes the achieved diesel oil and primary energy saving too. The
diesel oil consumption is totally eliminated for the swimming pool’s heating, and a primary
energy saving of 97.9% is achieved.

5.4.3. Indoor Space Conditioning of the Existing Building

The indoor space heating and cooling load of the existing building is calculated
again after the installation of the proposed passive measures. The process is presented in
Sections 5.2.2 and 5.4.1. The insulated surfaces, the number of openings, which will be
replaced, and the corresponding surfaces, along with the achieved U-factors for all these
new structural elements, have been presented in detail in Section 5.3.

In Figure 18, the annual fluctuation is presented of the heating and cooling load of
the existing building in (a) the existing operation state and (b) the operation state after the
application of the proposed passive measures.
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In Table 6, the annual statistics are summarized on the heating and cooling load
calculation results for the existing building before and after the application of the proposed
passive measures.

A third air-to-water heat pump is proposed for the indoor space conditioning of the
existing building with a nominal capacity of 23 kWth for heating and 20 kWth for cooling.
This heat pump will supply a new hydraulic network with 13 total hydronic terminal units
(fan coils), independent from the network of the swimming pool’s newly configured indoor
space with the construction of the enclosure.
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Table 6. Reduction of indoor space conditioning load of the existing building due to the application
of all proposed passive measures.

Indoor Space
Conditioning Mode

Annual Load Annual Load
Reduction

Existing Operation Proposed Operation (kWh) (%)

Heating 13,973 7803 6170 44.2
Cooling 8503 3872 4631 54.5

Total 22,476 11,675 10,801 48.1

The electricity consumption from the new indoor space conditioning system is calcu-
lated by introducing the COP and EER curves, presented in Figure 19, versus the ambient
temperature for the new air-to-water heat pump and using Equation (16) for the electrical
power consumption for heating and Equation (21) for the electrical power consumption
for cooling.

Pel =
Qc

EER
(21)
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Figure 19. (a) COP and (b) EER curves versus ambient temperature of the new heat pump introduced
for the existing building indoor space conditioning.

The results regarding the electricity and primary energy consumption for all indoor
space conditioning of the municipal sports centre (both the new swimming pool indoor
space and the existing building) are summarized in Table 7.

As seen in Table 7, despite the configuration of the new indoor space above the
swimming pool with the construction of the proposed enclosure and the introduction, in
this way, of a new indoor space heating load for the facility, with the proposed passive and
active measures the total primary energy consumption for all indoor space conditioning is
44.9% reduced.
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Table 7. Electricity consumption in the municipal sports centre for indoor space conditioning after
the implementation of the proposed passive and active measures.

Energy Load—Consumption Saving
Existing Operation Proposed Operation (kWh) (%)

Swimming pool’s newly configure indoor space
Heating load (kWh) 0 16,689 −16,689 -

Diesel oil (L) 0 0 0 -
Electricity (kWh) 0 4240 −4240 -

Primary energy (kWh) 0 12,296 −12,296 -
Existing building

Heating and cooling
load (kWh) 22,476 11,675 10,801 48.1

Diesel oil (L) 2475 0 2475 100.0
Electricity (kWh) 3678 3086 592 16.1

Primary energy (kWh) 38,573 8949 29,623 76.8
All indoor space

Heating and cooling
load (kWh) 22,476 28,364 −5888 −26.2

Diesel oil (L) 2475 0 2475 100.0
Electricity (kWh) 3678 7326 −3648 −99.2

Primary energy (kWh) 38,573 21,245 17,327 44.9

5.4.4. Domestic Hot Water Production

The domestic hot water is proposed to be produced by the solar–combi system pre-
sented in Figure 13, Section 5.3. It consists of three similar parts. Each one of them consists
of 12 solar collectors, connected in three parallel groups with four in-series connected
collectors in each one of them and a heat storage tank with 2000 L storage capacity. An
air-to-water heat pump with a nominal heating capacity of 23 kWth is connected to the
three storage tanks as a backup unit. The aforementioned sizing was the result of the
dimensioning procedure, which will be briefly described below.

If we designate:

Tsol the supplied water temperature from the solar collectors;
Tst the stored water temperature in the heat storage tanks;
Thw the required hot water temperature.

Then, with regard to Figure 13, the operation algorithm of the solar–combi system can
be analysed in the following simple three steps:

• If Tsol > Tst, the circulator of the solar collectors’ primary closed loop turns on, and
heat is transferred from the solar collectors to the heat storage tanks;

• If Tsol ≤ Tst, then the heat produced by the solar collectors cannot be transferred to
the heat storage tanks, and the circulator of the solar collectors’ primary closed loop
remains off;

• If Tst < Thw, then the backup unit (the heat pump) is turned on.

The installation inclination of the solar collectors was selected at 40◦ with regard to
the horizontal plane, following the results of an iterative calculation process of the total
incident annual cumulative solar radiation on a flat plane, versus its inclination, at the
specific geographical location and for southern orientation. These results are presented in
Table 8.

As seen in Table 8, the annual cumulative incident solar radiation is maximized for
30◦ inclination. Yet, the cumulative incident solar radiation, specifically during the winter
period (from 15/10 to 15/3), is maximised for 50◦ inclination. In order to approach this
optimum operation during the winter months, when the heat demand is sensibly higher,
without considerably diverging from the maximum annual incident solar radiation received
for 30◦, the average inclination of 40◦ was eventually selected.
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Table 8. Calculation of the total incident annual cumulative solar radiation on a flat surface versus its
inclination at the geographical location of the municipal sports centre.

Solar Radiation
Surface Inclination with Regard to the Horizontal Plane

20◦ 25◦ 30◦ 35◦ 40◦ 45◦ 50◦ 55◦ 60◦

Annually cumulative incident solar radiation (kWh/m2)
Direct 1060 1078 1088 1089 1083 1068 1045 1014 975

Diffused 696 684 670 653 634 613 590 566 539
Reflected 13 20 29 39 51 64 78 93 109

Total 1769 1783 1787 1782 1768 1744 1712 1672 1623
Cumulative incident solar radiation from 15/10 to 15/3 (kWh/m2)

Direct 320 340 357 371 382 390 396 398 397
Diffused 203 200 196 191 185 179 172 165 157
Reflected 4 6 8 11 14 17 21 25 29

Total 527 545 560 572 581 586 589 588 584

The annual fluctuation of the incident solar irradiance on the solar collectors for 40◦

inclination is presented in Figure 20.
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The sizing of the proposed solar–combi system was accomplished through the compu-
tational simulation of the system’s annual operation, following the aforementioned simple
operation algorithm. Annual time series of average hourly values were employed. For this
task, the following data were used:

• The annual times series of the total incident solar irradiance on the 40◦ inclined surface
(Figure 20);

• The annual time series of the heat demand for domestic hot water production (Figure 9,
Section 5.2.3);

• The annual time series of the ambient temperature (Figure 3, Section 4);
• The annual time series of the wind velocity (Figure 5, Section 4);
• The water-specific heat capacity (4.187 kJ/kg·K);
• The domestic hot water minimum required temperature Thw, set equal to:

- From the 1st of January to the 30th of April: 40 ◦C
- From the 1st of May to the 30th of June: 35 ◦C
- From the 1st of July to the 15th of September: 30 ◦C
- From the 16th of September to the 15th of November: 35 ◦C
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- From the 16th of November to the 31st of December: 40 ◦C;

• typical geometrical and thermo-physical features of a collective plate, flat solar collec-
tor’s model [69];

• typical geometrical and thermo-physical features of a heat storage tank with 2000 L
storage capacity (2.4 m height, 1.3 m diameter, 10 mm insulation thickness and total
U-factor 0.22 W/m2·K).

The computational simulation of the system’s annual operation was iteratively exe-
cuted for different numbers of solar collectors and heat storage tanks. The optimization
criterion was the minimization of the heat-production-specific cost from the solar–combi
system, which was approached by Equation (22):

cth =
Nsc·Csc + NST·CST

ESC·TLP
, (22)

where:

NSC: the solar collectors’ total number in the system;
CSC: the procurement price of one solar collector adopted is equal to 450 EUR;
NST: the heat storage tanks’ number in the system, with storage capacity of 2000 L;
CST: the procurement price of one 2000 L heat storage tank, adopted equal to 6000 EUR;
ESC: the annual heat demand coverage for domestic hot water production from the solar–
combi system;
TLP: the solar–combi system’s life period adopted equal to 15 years.

Additionally, the annual coverage of at least 50% of the final heat demand by the solar
collectors was also set as a dimensioning requirement.

It is conceivable that the above presented specific cost is not accurate since it does
not contain other components of the solar–combi system set-up cost, such as the required
hydraulic network or any automation devices, as well as any component of the annual
operation cost (for example the maintenance of the heat pump or the glazing cleaning of
the solar collectors). Yet, the accurate calculation of this magnitude is not crucial because
it is introduced only as a comparative evaluation criterion for the dimensioning of the
solar–combi system.

The mathematical background for the calculation of the thermal power production
from the solar collectors and the heat storage in the tanks is described in detail in [69,70].

By applying the computational simulation process of the solar–combi system’s annual
operation iteratively, the results presented in Table 9 are collected. It is also reminded that,
as calculated in Section 5.2.3, the annual heat demand for domestic hot water production is
65,253.7 kWh.

Table 9. Iterative process results for the dimensioning of the solar–combi system.

Collectors’
Number

Tanks’
Number

Initial Heat
Production from
Solar Collectors

(kWh)

Heat
Storage (kWh)

Rejected Heat
Percentage

(%)

Heat
Coverage

from
Collectors

(kWh)

Heat Demand
Coverage

Percentage
from

Collectors (%)

Collectors-
Tanks Cost

(EUR)

Heat
Production

Specific Cost
(EUR/kWh)

12 1 31,399 16,926 46.1 12,524 19.2 11,400 0.0607
16 1 39,827 19,104 52.0 14,175 21.7 13,200 0.0621
16 2 39,827 26,667 33.0 18,814 28.8 19,200 0.0680
20 2 47,899 30,517 36.3 21,699 33.2 21,000 0.0645
24 2 55,797 32,989 40.9 23,544 36.1 22,800 0.0646
24 3 55,797 40,747 27.0 27,538 42.2 28,800 0.0697
28 2 63,572 35,085 44.8 25,105 38.5 24,600 0.0653
28 3 63,572 44,015 30.8 29,808 45.7 30,600 0.0684
32 3 71,276 46,485 34.8 31,550 48.3 32,400 0.0685
36 3 78,941 48,298 38.8 32,831 50.3 34,200 0.0694
40 3 86,580 49,635 42.7 33,777 51.8 36,000 0.0711
40 4 86,580 57,190 33.9 36,285 55.6 42,000 0.0772
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As seen in Table 9, the minimum heat-production-specific cost with annual heat de-
mand percentage coverage from the solar collectors higher than 50% is given by
36 collectors and three heat storage tanks of 2000 L each.

The annual fluctuation of the thermal power production from the solar collectors
and the heat pump for the domestic hot water production in the municipal sports cen-
tre is presented in Figure 21. In Figure 22, the annual fluctuation of the supplied hot
water temperature from the solar collectors’ primary loop to the heat storage tanks is
also presented.
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Figure 22. Annual fluctuation of the supplied hot water temperature from the solar collectors’
primary loop to the heat storage tanks.

As calculated from the computational simulation of the system’s annual operation,
the solar collectors’ total average efficiency varies during the annual period from 0.15%
to 79.20%.

Energy saving on domestic hot water production is achieved in the municipal sports
centre with:

• the production of 50.3% of the annual hot water from solar collectors;
• the elimination of diesel oil consumption and its replacement with the heat pump operation.
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Having calculated the annual thermal power production from the heat pump
(Figure 21), the corresponding electrical power consumption can be easily calculated
by using the previously introduced COP curve versus the ambient temperature (Figure 19a,
Section 5.4.3) and with Equation (16). The results are summarized in Table 10.

Table 10. Energy saving summary for domestic hot water production.

Energy Load—Consumption Saving
Existing Operation Proposed Operation (kWh) (%)

Heat demand for hot water
production (kWh) 65,254 65,254 0 0.0

Diesel oil (L) 10,610 0 10,610 100.0
Electricity (kWh) 0 10,902 −10,902 -

Primary energy (kWh) 119,631 31,617 88,014 73.6

5.4.5. Lighting

All existing indoor and outdoor fluorescent lamps, halogen and mercury floodlights
and luminaires are proposed to be replaced with new LED technology. The new swimming
pool’s indoor space will be equipped with 40 LED floodlights of 147 W each. The existing
32 mercury floodlights of the football court will also be replaced with 24 LED floodlights,
distributed in six pylons with four floodlights each. Photometric calculations were executed
for all indoor and outdoor spaces with DIALux evo 11 [71] so as to ensure that the required
illuminance, according to the relevant standards, is achieved. Indicatively, the photometric
graphs are presented for the swimming pool’s newly configured indoor space and the
outdoor football court in Figures 23 and 24, respectively.
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The installed electrical power drop for all lighting equipment in the facility and the
achieved annual electricity saving are summarized in Table 11.

Table 11. Summary of the achieved results on the installed electrical power drop and electricity
saving for lighting in the municipal sports centre.

Existing Operation Proposed Operation Power Drop Electricity Saving
Power (W) Electricity (kWh) Power (W) Electricity (kWh) (W) (%) (kWh) (%)

Outdoor perimeter lighting 1750 13,883 630 3337 1120 64.0 10,546 76.0
Outdoor football ground 12,800 26,596 7200 12,467 5600 43.8 14,129 53.1

Swimming pool’s lighting 1250 43,728 270 6671 980 78.4 29,633 81.6
Existing building indoor

ground floor lighting 300 7007 105 4081 195 65.0 2926 41.8

Existing building indoor
basement lighting 10,748 198 5705 66 5043 46.9 132 66.6

Total 32,000 91,412 5880 26,622 26120 81.6 64,790 70.9
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5.4.6. Swimming Pool Pumps’ Station

The operation of the pump station for the water circulator in the swimming pools
imposes the major electricity consumption in the swimming pools’ centre. Hence it is
essential to apply any possible measures for the improvement of the pumps and the
hydraulic network operation efficiency. To this end, the existing steel hydraulic network is
fully replaced with a new network with PVC pipelines, which exhibit a lower flow losses
factor (in the range of <0.025 [72]). Additionally, all the secondary auxiliary equipment
(filters, heat exchangers, smaller circulators) is replaced. With the redesign of the hydraulic
network, the overall head drops from 27 m to 20.2 m. The existing three pumps are replaced
with four smaller units for higher flexibility and higher efficiency (from 78% to 80.4%).

With all the proposed measures, the achieved electricity and primary energy saving
are summarized in Table 12.

Table 12. Energy saving summary due to the upgrade of the pumps’ station equipment.

Energy Consumption Saving
Existing Operation Proposed Operation (kWh) (%)

Electricity (kWh) 362,664 336,384 26,280
7.2Primary energy (kWh) 1,051,726 975,514 76,212

5.4.7. Remaining Electricity Consumption

The remaining electricity consumption in the municipal sports centre, after the imple-
mentation of the proposed passive and active energy performance upgrade measures, is
analysed in Table 13, following the results of the above-presented calculations. The elec-
tricity consumption from the circulators, the mechanical ventilation fans of the swimming
pool’s new indoor space and the hydronic unit’s fans of the indoor space conditioning
system are calculated by considering the nominal electrical input power of the involved
units and the annual operation time period of the system, as imposed by the results of the
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computational simulation of the system’s annual operation. As seen in Table 13, the major
consumption in the proposed operation comes from the swimming pool’s pump station
instead of their heating.

Table 13. Remaining electricity consumption analysis.

Use
Consumption

(kWh) (%)

Swimming pool’s heating 24,847 5.9
Swimming pool’s newly configured indoor space heating 4240 1.0

Existing bulding indoor space conditioning 3086 0.7
Domestic hot water production 10,902 2.6

Lighting 26,622 6.3
Swimming poos’ pump station 336,384 79.3

Indoor space conditioning hydraulic
network circulators and hydronic units’ fans 17,759 4.2

Mechanical ventilation fans 400 0.1
Total 424,240 100.0

5.4.8. Photovoltaic Station

The remaining electricity consumption is proposed to be compensated on an annual
basis by a photovoltaic station, which will be installed on the roof of the swimming pools’
new enclosure. The photovoltaic panels will be installed following the inclination (3.5◦) and
the orientation (western) of the new enclosure’s roof. Given these facts and the available
solar irradiance at the installation location, the annual fluctuation of the incident solar
irradiance on the photovoltaic panels is depicted in Figure 25.
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inclination and western orientation.

Following the essential calculation process for the electricity produced by a photo-
voltaic plant [73], the available required photovoltaic nominal power is calculated at 342 kW.
The photovoltaic plant can be configured with 912 photovoltaic panels of 375 W nominal
power each and three inverters of 110 kW each. The total captured area on the enclosure’s
roof is 2102 m2. The total annual electricity production is calculated at 439,989 kWh, giving
a total final annual capacity factor of 14.7%. The corresponding primary energy is calculated
at 1,275,969 kWh. A 3D representation of the photovoltaic plant on the new enclosure’s
roof is given in Figure 26.
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5.5. Summary of Energy Saving Results and Key Performance Indicators

Table 14 summarizes the results regarding the primary energy consumption in the
current and the expected operation state of the municipal sports centre. As seen in this table,
the remaining primary energy consumption is negative due to the electricity production
annual surplus from the photovoltaic plant. This imposes annual primary energy saving
equal to 100.9%, which practically means that the municipal sports centre is upgraded to a
zero-energy facility.

Table 14. Primary energy saving results following the energy performance upgrade of the municipal
sports centre.

Load/Energy Use Load/Primary Energy Consumption (kWh) Saving
Existing Operation Proposed Operation (kWh) (%)

Swimming pools’ heating load 2,222,358 96,466 2,125,893 95.7
Existing building indoor space conditioning load 22,476 11,675 10,801 48.1

Pools’ new indoor space heating load 0 16,689 −16,689 -
Primary energy for swimming pools’ heating 3,472,434 72,057 3,400,378 97.9
Primary energy for indoor space conditioning 38,573 21,245 17,328 44.9

Primary energy for domestic hot water production 119,632 31,617 88,015 73.6
Primary energy for lighting 265,094 77,204 187,890 70.9

Primary energy for pumps’ station operation 1,051,726 975,514 76,212 7.2
Primary energy in circulators and fans 33,738 51,501 −17,763 −52.7

Primary energy in mechanical ventilation fans 0 1160 −1160 -
Photovoltaic plant primary energy production 0 −1,275,969 1,275,969 -

Total annual primary energy consumption 4,981,197 −45,671 5,026,869 100.9

Table 15 gives the total diesel oil and electricity annual saving. The diesel oil con-
sumption is totally eliminated, while, despite the full transfer of all the final energy uses to
electricity, a 9.3% electricity consumption annual drop is also achieved.

The project’s total budget is analysed in Table 16 in a comprehensive approach, cate-
gorized per different proposed types of energy performance upgrade measures.
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Table 15. Diesel oil and electricity annual saving in the municipal sports centre.

Energy Sources Consumption (L or kWh) Annual Saving
Existing Operation Proposed Operation (L or kWh) (%)

Diesel oil 321,026 0 321,026 100.0
Electricity 467,143 424,240 42,903 9.2

Table 16. Budget comprehensive analysis of the proposed energy performance upgrade project.

Budget Component Cost (EUR)

Swimming pools’ new enclosure 4,173,993
Existing buildings insulation and openings replacement 335,242

Swimming pools floating cover 117,420
Swimming pools heating 199,773

Indoor space heating 297,102
Domestic hot water production 83,267

Lighting 33,099
Pumps’ station 684,286

BEMS 69,326
Reactive power compensation panel 38,130

Photovoltaic plant 760,161
Total 6,791,800

The annual economic benefit from the implementation of the proposed energy perfor-
mance upgrade is calculated by accounting for the annual electricity and diesel oil saving
and by introducing indicative procurement prices. The results are analysed in Table 17.
As clearly stated in Table 17, the existing operation refers to the theoretical approach of
full annual operation and adequate coverage of all energy needs of the facility under the
existing conditions. On the other hand, the new, expected operation refers to the calculated
operation when the proposed energy performance upgrade measures will be implemented.
It is clarified that none of the proposed measures has been implemented so far. It is also
clarified that with the annual electricity consumption compensation achieved by the photo-
voltaic station operation, the electricity procurement cost is approximately 85% reduced. A
remaining 15% procurement cost with regard to the initial amount, which corresponds to
the electrical grid use rates, taxes etc., cannot be avoided. As seen in this table, the energy
source’s annual procurement cost is impressively 96.8% reduced.

• Based on the aforementioned figures, the following typical KPIs can be calculated:
• Payback period: It is calculated equal to 14.0 years by dividing the project’s total

budget over the annually achieved economic benefit.
• Annual primary energy saving: As documented in Table 14, the annual primary energy

achieved saving is 5,026,869 kWh, namely 100.9% with regard to the existing annual
primary energy consumption.

• Annual Renewable Energy Sources (RES) penetration: The total contribution of the
involved RES technologies to the annual energy demand coverage comes from:

- The production of 439,989 kWh of electricity from the photovoltaic plant, which
corresponds to 1,275,969 kWh of primary energy

- The production of 32,831 kWh of heat from the solar collectors, which corresponds
to 59,693 kWh of primary solar radiation, by assuming a typical average efficiency
of 55% for the solar collectors.
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Table 17. Analysis of the achieved annual economic benefit due to the implementation of the energy
performance upgrade.

Energy Source Procurement Price
(EUR/kWh–EUR/L)

Existing Theoretical Operation New Expecting Operation Economic Saving

Annual
Consumption

(kWh–L)

Annual
Procurement
Cost (EUR)

Annual
Consumption

(kWh–L)

Annual
Procurement
Cost (EUR)

(EUR) (%)

Electricity 0.25 467,143 116,786 424,240 15,894 100,892 86.4
Diesel oil 1.2 321,025 385,231 0 0 385,231 100.0

Total 502,017 15, 894 486,123 96.8

The total primary energy penetration from the RES technologies is calculated at
1,335,662 kWh. The remaining electricity consumption in the facility is 424,240 kWh
which corresponds to 1,230,296 kWh of primary energy. By dividing these two pri-
mary energy amounts, the RES annual penetration in the facility is calculated at 108.6%
with regard to the remaining electricity consumption (before its compensation from the
photovoltaic plant).

• CO2 emissions saving: The annual CO2 emissions saving is due to the elimination
of diesel oil consumption and the electricity saving and demand compensation with
the photovoltaic plant. According to the Greek Directive on the Buildings’ Energy
Performance [65], the following factors are introduced as the specific CO2 emissions:

- A total of 0.989 kg CO2/kWh of electricity
- A total of 0.264 kg CO2/kWh of primary energy corresponds to diesel oil consumption.

Given the aforementioned factors, the CO2 emissions annual saving are calculated as
shown in Table 18.

Table 18. Calculation of the annual CO2 emissions saving.

Energy Source
CO2 Specific

Emissions
(kg/kWh)

Existing Operation Proposed Operation Electricity and
Primary Energy

Annual Saving (kWh)

CO2 Emissions Drop
Annual

Consumption
(kWh–L)

Primary
Energy (kWh)

Annual
Consumption

(kWh–L)

Primary
Energy (kWh) (kg) (%)

Electricity 0.989 467,143 1,354,715 −15,749 −45,672 482,892 477,580 103.4
Diesel oil 0.264 321,026 3,619,566 0 0 3,619,566 955,565 100.0

Total 4,974,281 −45,672 5,019,953 1,433,146 101.1

6. Discussion

The necessity for the energy performance upgrade of the municipal sports centre was
something widely known among the local stakeholders of the town of Arkalochori. This
can be documented by:

• The limited operation of the swimming pool’s centre only from May to September,
precisely due to the extremely high heating cost of the water in the pools;

• The inadequate indoor space conditioning of the existing building, practically only
with four low-efficiency, air-to-air heat pumps;

• The consumption of diesel oil for domestic hot water production during summer,
especially in a geographical location with abundant solar potential;

• The use of ineffective lighting equipment.

Despite these facts, the local Municipality of Minoa Pediadas had not taken the
initiative to proceed to the beginning of the required process for the implementation of
the necessary energy performance upgrade, which, sensibly, should be initiated with the
accomplishment of the final application studies.

Given the aforementioned facts, the work presented in this article was ignited by the
European Commission’s Horizon 2020 project entitled “New Energy Solutions Optimized
for Islands” (NESOI). The NESOI Consortium opened a call in 2020 for the funding of
the implementation of studies for energy transition projects. The proposal was submitted
by the Minoan Energy Community (currently the largest energy community in Greece,
founded in 2019 in Arkalochori), following a relevant approval by the local Municipality,
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which is also an official member of the Community. The proposal, entitled “Sustainable
Actions for Viable Energy” (SAVE), was among the first 30 approved projects by the NESOI
Consortium out of the 120 totally submitted proposals.

The outcomes of the SAVE project can constitute a pilot example for similar initiatives
worldwide and for several different reasons. Firstly, it shows how international or national
funding calls can be exploited to treat important issues, cover real, existing needs and
develop lighthouse energy transition projects. It also constitutes an excellent example of
collaboration between local authorities, such as municipalities, with community-based,
private schemes, such as energy communities or cooperatives. Additionally, it highlights
how energy transition projects can also be significant social contributions to local commu-
nities, such as in the specific swimming pool’s centre, which, through its upgrade to an
indoor sports facility, can be easily operated throughout the whole annual period, with
minimized operation cost, instead of only four months per year. Finally, through the
proposed technical solutions, the importance of energy saving towards the rational and
effective energy transition is also highlighted.

Focusing particularly on the technical and economic outcomes of the presented project,
we should, first of all, sensibly stand at the importance of the swimming pool’s housing
and the floating insulating cover use, regarding the minimisation of their heating cost.
These two proposed passive measures lead to an almost 96% drop in the swimming
pool’s heating load and make the annual operation of the facility affordable. High energy
saving percentages are achieved for all final energy uses, except the pumps’ station for
the swimming pool’s water circulation. In this case, although the whole water circulation
infrastructure, including the pipeline routes and material, the pumps, the automation
etc., are totally upgraded, the achieved energy saving can be only 7.2%. This, practically,
shows that actually there is not a high margin for energy saving in this particular pumping-
hydraulic infrastructure. However, apart from this, for all other final energy uses, annual
energy saving percentages higher than 45% can be achieved, while specifically for lighting
and domestic hot water production, the achieved annual energy saving is higher than
70%. The feasibility of the proposed measures is also documented by the quite satisfying
payback period (only 14 years), calculated on the basis of the achieved drop in the energy
source’s annual procurement cost.

It should also be underlined that the work was accomplished on the assumption that
the municipal sports centre, in its current state, operates for the full annual period, covering
fully all the imposed final energy needs for the swimming pool’s heating, the indoor space
conditioning, the domestic hot water production, the lighting etc. This assumption was
necessary in order to obtain a common reference level for the comparison of the existing
and the proposed operation.

Finally, the proposed enclosure’s architecture was designed accounting both its aes-
thetics and smooth integration in the existing environment and its energy performance by
introducing as many bioclimatic architecture elements as possible, such as:

• The large transparent vertical surfaces open during summer to enable natural ventila-
tion and avoid overheating, while natural lighting is maximized for all seasons;

• The opaque, insulated roof is to avoid direct lighting and indoor space overheating;
• The placement of the enclosure’s long sides with eastern and western orientations,

shaded by horizontal overhangs integrated with the bearing structure, aiming to
maximise diffused lighting and avoid overheating;

• The placement of the southern wall of the new enclosure close to the long side of the
training pool maximises the solar heat gain for the specific pool, where the required
water temperature is 30 ◦C.

The SAVE project was awarded by the European Commission with the public award
of the “Islands Gamechanger” competition, organized by the NESOI Consortium and the
Secretariat of the “Clean Energy for EU Islands” initiative.

Within the SAVE project, the energy performance upgrade study of another municipal
sports facility was also implemented, the indoor sports hall, also in Arkalochori. This work
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is presented in part B of this article, following a similar approach as the one presented in this
article: passive measures for insulation and natural lighting, including the installation of
solar tubes on the sports hall’s roof, active measures for indoor space conditioning, domestic
hot water production and lighting and a photovoltaic plant for electricity production, all
them leading to another zero-energy facility.

7. Conclusions

This article presented the energy performance upgrade of the municipal sports centre
of Arkalochori, Crete, Greece. The work was implemented in the frame of the “Sustainable
Actions for Viable Energy” (SAVE) project, funded by the European Commission’s Horizon
2020 project entitled “New Energy Solutions Optimized for Islands” (NESOI).

For indoor space conditioning, independent air-to-water heat pumps, PPR pipelines
and hydronic terminal units were proposed. The swimming pool’s heating will be mainly
undertaken by one more exclusive air-to-water heat pump, with the support of a biomass
burner, for the coldest days of the year. A solar–combi system, consisting of solar collectors,
heat storage tanks and a fourth air-to-water, exclusive heat pump, is proposed for domestic
hot water production. All existing ineffective indoor and outdoor lamps, luminaires and
floodlights will be replaced with LED technology equipment. Finally, the pumping and
hydraulic infrastructure for the swimming pool’s water circulation will be fully upgraded.

All proposed passive and active energy-saving measures proved to be highly technical
and economically feasible. This is documented by the high-achieved energy-saving percent-
ages and the low payback period. Specifically, energy saving for indoor space conditioning
was higher than 45%, while for lighting and domestic hot water production, it was higher
than 70%. The quite impressive energy saving percentage of 88% was achieved for the
swimming pool’s heating, mainly due to the conversion of the current outdoor facility to
an indoor one and the use of a floating, insulating cover for the pools’ surfaces whenever
they are not in use.

The project, initiated by a community-based scheme, constitutes a pilot lighthouse
global example, indicating excellent collaboration between local authorities and community-
based, private initiatives, exploitation of energy transition for local social and economic
development, an exemplary application of energy-saving passive and active measures and
holistic approach of energy performance upgrade of municipal sports facilities. For all
these reasons, the SAVE project was awarded by the European Commission with the public
award of the “Islands Gamechanger” competition, organized by the NESOI Consortium
and the Secretariat of the “Clean Energy for EU Islands” initiative.
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Abbreviations

ANN Artificial Neural Network
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
CHP Combined Heat and Power
COP Coefficient Of Performance
EER Energy Efficiency Ratio
EU European Union
GHE Geothermal Heat Exchangers
GHG Greenhouse Gas
GHP Geothermal Heat Pumps
IEA International Energy Agency
KPIs Key Performance Indicators
PPR polypropylene
RHC Radiant Heating and Cooling
RES Renewable Energy Sources
RUE Rational Use of Energy
SWH Solar Water Heating
TFM Transfer Function Method
W-SAHP Water-Solar-Assisted Heat Pump
Nomenclature
.

Qtot the total heat losses from the swimming pools’ upper surfaces (in kW)
.

Qconv−rad the heat losses from the swimming pools’ upper surfaces with convection
and radiation (in kW)

.
Qev the heat losses from the swimming pools’ upper surfaces with evaporation

(in kW)
.

Qrep the additional heating load due to the replacement of the evaporated water from
the water supply network (in kW)

.
Qsg the solar heat gain due to the solar radiation incidence (in kW)
Tamb the ambient temperature
Asp the swimming pools’ total upper surface (in m2)
U the thermal heat transfer factor (the so-called U-factor) (in W/m2·K)
Tw the required water temperature in the swimming pools (Tw = 26 ◦C for the

Olympic size pool and Tw = 30 ◦C for the training swimming pool)
hc the heat convection factor for ambient air horizontal flow with average velocity

of 5 m/s (10 W/m2·K)
hrw the heat radiation factor
εw the emissivity of water
σ the Stefan–Boltzman constant
he evaporation transfer factor
ps,w the water vapour saturation pressure at the water temperature Tw in the

swimming pools (in kPa)
p∞ the partial vapour pressure away from the swimming pools, at ambient

temperature (in kPa)
u0.3 the wind velocity in m/s at 30 cm height from the swimming pools’

upper surfaces
uz1 the wind velocity at height z1 above ground
uz2 the wind velocity at height z2 above ground
n the exponent n of the atmospheric wind velocity exponential law
z0 the ground roughness height
ps,∞ the saturation vapour pressure at ambient temperature Tamb
ϕ the relative humidity
.

mrep the water mass flow rate for the replacement of the evaporated water (in kg/s)
cp the water specific heat capacity (4.187 kJ/kg·K)
Tsw the water temperature in the water supply network
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hfg the specific latent heat of water (2441.7 kJ/kg at 25 ◦C)
a solar radiation absorbance factor from the swimming pools, adopted

equal to 0.85 for light-colour tanks
G the incident solar radiation on the horizontal plane (in W/m2)
Asp the swimming pools’ total upper area (1000 m2 for the Olympic-size pool

and 125 m2 for the training pool)
dj the thickness of the structural material j of the opaque

constructive element
kj the thermal conductivity factor of the structural material j of the opaque

constructive element
hi the heat transfer factor from the inner space and towards the outer

space ho (or conversely in summer)
ho the heat transfer factor towards the outer space (or conversely

in summer)
ACH air changes per hour
Tin the indoor space temperature
.

mh the domestic hot water consumed mass flow rate
Thw the hot water required temperature
Pel the electrical power consumption in the heat pump
Qh the indoor space heating load
hw the thermal convection factor of still water, equal to 50 W/(m2·K)
kc the thermal conduction factor of the insulating floating cover, equal to

0.025 W/m·K
dc the insulating floating cover thickness, equal to 0.02 m
hfc the heat transfer factor from the insulating floating cover to the indoor

ambient air
hc the thermal convection factor for ambient indoor air horizontal flow,

adopted equal to hc = 2.5 W/m2·K
hrc the thermal radiation factor from the insulating floating cover to the

ambient indoor air
εc the emissivity of the floating insulating cover’s material, equal to 0.550
Tc the floating cover’s temperature
Qc the indoor space cooling load
Tsol the supplied water temperature from the solar collectors
Tst the stored water temperature in the heat storage tanks
Thw the required hot water temperature
NSC the solar collectors’ total number in the system
CSC the procurement price of one solar collector, adopted equal to 450 EUR
NST the heat storage tanks’ number in the system, with storage capacity of

2000 L
CST the procurement price of one 2000 L heat storage tank, adopted equal to

6000 EUR
ESC the annual heat demand coverage for domestic hot water production

from the solar–combi system
TLP the solar–combi system’s life period, adopted equal to 15 years
cth the heat production specific cost from the solar–combi system
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