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Abstract

This article presents the accumulated technical and scientific knowledge from energy
performance upgrade work in emblematic and essential municipal and public buildings
in Crete and the Greek islands, such as the Venetian historical building Loggia, which
is used as the Heraklion City Hall, the Natural History Museum of Crete, Pancretan
Stadium, the municipal swimming pool of the municipality of Minoa Pediadas, the indoor
sports hall in Leros, primary schools, high schools and a cultural center. Each one of the
aforementioned buildings has a distinct use, thus covering almost all different categories
of municipal or public buildings and facilities. The applied energy performance upgrade
process in general terms is: (1) Mapping of the current situation, regarding the existing
infrastructure and final energy consumption. (2) Formulation and sizing of the proposed
passive measures and calculation of the new indoor heating and cooling loads. (3) Selection,
sizing and siting of the proposed active measures and calculation of the new expecting
energy sources consumption. (4) Sizing and siting of power and heat production systems
from renewable energy sources (RES). Through the work accomplished and presented
in this article, practically all the most technically and economically feasible passive and
active measures were studied: insulation of opaque surfaces, opening overhangs, natural
ventilation, replacement of openings, daylighting solar tubes, open-loop geo-exchange
plants, refrigerant or water distribution networks, air-to-water heat pumps, solar thermal
collectors, lighting systems, automation systems, photovoltaics etc. The main results of
the research showed energy savings through passive and active systems that can exceed
70%, depending mainly on the existing energy performance of the facility. By introducing
photovoltaic plants operating under the net-metering mode, energy performance upgrades
up to zero-energy facilities can be achieved. The payback periods range from 12 to 45 years.
The setup budgets of the presented projects range from a few hundred thousand euros to
7 million euros.

Keywords: building energy performance upgrade; rational use of energy; energy saving;
RES power heat production; energy transition
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1. Introduction
1.1. General Background

Rational use of energy (RUE) and energy saving constitute the backbone of effective
and sustainable energy transition. Before electricity, heat or mechanical energy production
from renewable energy sources (RESs), RUE, and energy saving aim at the optimization
of energy use and the maximization of energy transformation efficiency from the primary
to the final energy forms, which in turn will lead to the minimization of primary energy
source consumption.

Energy saving has been established as “a fundamental principle of EU energy policy”
in the relevant European Union (EU) directive [1]. This means that “energy efficiency must
be considered by EU countries in all relevant policy and major investment decisions taken
in the energy and non-energy sectors.”

Energy saving refers to all energy forms and final uses and all different sectors: res-
idential and commercial buildings, industry, agriculture, sport facilities, municipal and
public buildings, public lighting, transportation, etc. A considerable amount of research
has been accomplished on RUE covering the investigation of materials and applications of
passive energy systems, alternative layout and sizing methodologies for active systems,
automation, investigation of energy saving measures for different climate conditions or
different final uses, alternative combinations of passive and active systems, etc.

Buildings are responsible for 40% of the total primary energy consumption in the
European Union (EU) [2] and for 30% globally [3]. Additionally, 36% of the total greenhouse
emissions in the EU and 26% globally comes from the energy consumed in buildings. At the
same time, 75% of the existing building stock in EU is energy-inefficient [2], which means
that they are classified as energy performance rank C or lower. This low efficiency of energy
use in Europe presents an opportunity for considerable energy saving and highlights the
significance of energy saving in the building sector in the achievement of carbon neutrality
by 2050, set in the European Green Deal [4].

The energy performance upgrading of the building stock in the EU will lead to a total
primary energy annual saving of 5-6% and a greenhouse gas emission annual drop of
5%. However, on average, less than 1% of public or municipal buildings are renovated
every year. This figure varies on a national level for the EU’s Member States from 0.4%
to 1.2% [2].

Every year, topic-specific research and application funding programs are announced
globally, aiming at monetary support for the energy retrofitting of municipal and public
buildings. Only in 2022, USD 400 million was invested in the development of new tech-
nologies for materials and advanced equipment or processes relevant to energy saving
in buildings [4], while during the period 2017-2030, close to USD 600 billion is expected
to be invested on energy performance upgrade projects, aiming at net-zero buildings
and facilities.

1.2. Energy Saving in Municipal and Public Buildings

Municipal and public buildings and facilities constitute a major energy consumption
sector due to their size and extensive operation periods [5]. On the other hand, the
energy cost constitutes a major operation cost for municipal and public buildings, which,
depending on the building’s or facility’s use and size, can vary from 20-30% in common
administrative buildings and schools to 40% in hospitals and even higher than 50% in
sports facilities and swimming pool centers versus the overall operation cost [6]. Having
acknowledged these data, the European Commission has set a target for the renovation of
3% of overall public and municipal building stock every year [7].
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A considerable amount of research has been accomplished on the energy performance
upgrading of public and municipal buildings. This is because public and municipal
buildings, apart from their energy and environmental footprint, can also play a crucial
role in the investigation of advanced and innovative energy saving technologies and the
cultivation of energy culture in their users.

Starting with buildings, the principal final energy form is heat. In the European Union,
60-80% of annual energy consumption in buildings is for indoor heating or cooling and
13% for domestic hot water production [8]. Consequently, most research on upgrading
buildings’ energy performance is focused on the improvement of their thermal behavior
and features. This implies that the beginning of every rationally designed project on RUE
in buildings should start with the integration of passive energy saving measures in the
buildings” envelope [9].

Passive energy saving measures for existing buildings most typically include insu-
lation of opaque vertical or horizontal surfaces and replacement of old openings and
overhangs for shading [10,11]. Extensive research has been accomplished on the insulation
materials, including conventional polymer-based materials [12], physical residue materials
coming from agriculture or sea algae [13,14], natural and polymer-based composites [15],
recycled plastic materials [16], phase-change materials [17], and even slag from industrial
processes [18]. Opening shadings also have a crucial contribution on cooling load reduc-
tion [19], and they can also be combined with the installation of photovoltaic panels for
concurrent shading and electricity production [20]. Particularly in hot-arid buildings, a
27-32% drop in indoor cooling load can be achieved by either constant or dynamic shading
elements [21]. Regarding openings, the research is mainly focused on glazing technologies
and investigating thermochromic, photochromic, and electrochromic smart windows, all
of which aim to regulate the balance between the glazing’s transmittance and absorbance
depending on the climate conditions and the desirable indoor thermal comfort [22,23]. In
former studies, it has been shown that the indoor heating and cooling load can be reduced
30-70%, thanks to the overall passive energy saving measures integration in buildings’
envelopes [24,25].

A special category of municipal or public buildings is historical ones, protected under
specific cultural conservation regimes [26,27]. In these cases, most commonly there are
strict limitations regarding any interventions on the buildings’ facades, if not prohibition,
restricting considerably the options for the integration of passive energy saving measures.
On the other hand, most commonly these historical buildings have been constructed with
high-thermal-capacity materials (e.g., stones) and thicknesses that can exceed 50 cm [28],
leading to relatively acceptable U-factors, especially in southern climates (within a range
of 1 W/m?K) [29]. Most commonly, in historical buildings, potentially permitted inter-
ventions can be the replacement of openings with authentic copies of the originals, but
with materials with improved thermal properties and the installation of internal thermal
insulation for opaque vertical walls and roods [30].

In the case of new buildings designed from scratch, there is the option of introducing
simple bioclimatic techniques. These bioclimatic elements can include the building’s appro-
priate orientation, the appropriate positioning and sizing of the openings depending on
the geographic latitude of the installation, the integration of adequate shading measures,
such as overhangs or planting of deciduous trees, the introduction of natural ventilation
elements (e.g., solar chimneys), installation of green roofs, etc. [31,32]. Additionally, more
sophisticated bioclimatic measures can be a solar greenhouse [33] and a Trombe—-Michel
wall [34]. The Trombe-Michel wall installed in the US National Renewable Energy Labo-
ratory (NREL) building contributes 20% to the annual coverage of the building’s heating
demand [35].
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Apart from buildings, sports centers constitute another common, energy-consuming
type of municipal or public facilities. These are most typically indoor sports halls, swim-
ming pool centers, and outdoor courts or stadiums. In these cases, the energy saving margin
is usually huge, due to the large energy amounts required for the indoor conditioning of
these facilities, the domestic hot water production, the swimming pool heating, and the
lighting [36]. Plenty of articles have been published on energy saving in sports facilities.
Apart from the typical passive energy saving measures also proposed for buildings [37], in
the case of sports facilities, special passive measures are proposed, aiming to:

e  Avoid overheating of an indoor sports hall in summer [38], such as shadings, natural
ventilation, and nighttime cooling.

e  Reduce the heat loss from swimming pools’ upper surface, such as construction of
bioclimatic enclosures for outdoor swimming pools or placement of insulation top
covers on the pools’ upper surface [39].

e Increase natural lighting in large indoor halls, such as installation of solar-light tubes
on the facility’s roof [40].

The appropriate introduction of passive energy saving measures in sports facilities
can lead to impressive drops in heating or cooling load that can exceed 70% [41]. In
particular, the upgrade of an outdoor swimming pool center to an indoor one and the use of
insulation top cover for the pool’s upper surface can lead to 95% drop of the pools” heating
load [40,42].

Energy performance upgrading is integrated with the introduction of appropriate ac-
tive energy saving and electricity production systems, which aim to maximize the efficiency
of the energy sources used. The combination of high-efficiency water-to-water heat pumps,
supported by open-loop geo-exchange plants, is considered the most technically mature
and cost-effective solution for active indoor conditioning, on the condition that there are
nearby water resources for primary heat pumping or disposal (e.g., sea, underground
aquifers, lakes or rivers) [43]. Annual electricity savings higher than 40% can be achieved
compared to air-to-air heat pumps [44,45].

Another highly cost-effective and sustainable approach is the replacement of diesel oil
with biomass burners powered by locally available biomass resources coming from agricul-
ture [46], livestock farming [47] or urban organic waste [48]. This approach comprises RUE
with cycling economy, exhibits high added value and offers sustainable solutions for the
disposal of agricultural process residues (e.g., tree pruning or olive pulp) and waste (e.g.,
livestock farming manure, urban organic waste etc.) [49]. Heat production from biomass
resources has in practice been combined with district heating networks, optimizing the
overall process for all (from the supply chain to heat distribution) and achieving heating
production cost for final users more than 50% lower compared to the use of diesel oil [50,51].
District heating can be ideally implemented through collective schemes, such as energy
cooperatives or communities [52,53].

Solar systems are typically used for both heat and electricity production. In the first
case, solar thermal collectors have been proposed for both indoor heating and domestic hot
water production. Relevant research is focused on the investigation of new materials [54,55]
and new types of working means (e.g., hybrid nanofluids [56]), aiming to improve the
collector’s performance. Alternative layouts and operation algorithms have also been
investigated for the combined operation of solar thermal collectors with heat storage
tanks [57,58], aiming to maximize solar heat penetration produced to cover a specific
heat demand, such as indoor heating for school buildings [59,60] or swimming pool
heating [61,62].

Aiming at net-zero-energy buildings and facilities, energy performance upgrade
projects are usually completed with the installation of electricity production technologies
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from renewable energy sources (RESs), such as photovoltaics or small wind turbines, often
supported by electricity storage technologies [63,64]. Apart from buildings, decentralized
electricity production and storage plants have also been proposed and applied for specific
purposes, such as street lighting [65] or municipal desalination plants [66].

The present article gathers the knowledge and experience gained from a large number
of studies and projects on the energy performance upgrading of important and emblematic
municipal buildings and facilities in the insular Greek territory. Municipal halls, historical
buildings, schools, national stadiums, indoor sports halls, and swimming pool centers
are included among the projects accomplished. The methodology adopted and results
achieved are summarized in the next sections.

2. Scope and Methodology

This article present and analyzes the experience gained and the results achieved from
a considerable number of energy performance upgrade studies, particularly for municipal
and public buildings and facilities. Specifically, these facilities are:

Four school buildings.

Two municipal halls and administrative buildings.

One historical and protected city hall.

Two indoor sports halls.

A swimming pool center.

A national stadium with an indoor swimming pool center.
A cultural center.

A museum.

All these facilities are located in Greece in a Mediterranean climate of mild winters
and relatively cool summers [67]. The ultimate objective of the article is to present some
common and general conclusions on the optimum applied energy performance upgrade
process and the anticipated economic and energy saving results for these specific facilities
and for the specific climate conditions.

The methodology adopted and applied for the energy performance upgrade studies in
the aforementioned buildings and facilities can be summarized in the following steps [68,69].

e Invitation for collaboration to the management organization (e.g., a municipality)
and initialization of an open communication line with the executives in charge of the
operation and management of the facility.

e  Visit and on-site inspection of the facility, collection of all required data for the mapping
of the facility, such as architectural and construction elements, energy consumption,
and operating schedule.

e  Execution of the initial computational simulation of the facility’s annual operation
under the existing conditions, and calculation of existing energy loads and energy
sources consumption.

e  Calculation of the annual primary energy consumption of the infrastructure in its
current operating state with existing active energy systems.

e  Selection, dimensioning, and siting of the most technically and economically viable
passive measures, with the aim of reducing the facility’s energy loads.

e  Execution of a second computational simulation of the annual operation of the facility
with the introduction of the proposed passive energy saving measures and calculation
of the new energy loads.

e  Selection, dimensioning, and siting of the most technically and economically viable
active energy saving measures to cover the new energy needs of the infrastructure.
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e  Calculation of the new annual primary energy consumption after the introduction
of the proposed passive and active energy saving measures for full coverage of the
facility’s energy needs.

e Dimensioning and siting of an electricity production technology (e.g., a photovoltaic
park), aiming at annual compensation of the remaining electricity consumption in
the facility.

e  Calculation of the achieved annual energy savings, the setup and operation cost, and
essential key performance indicators (KPIs).

All the abovementioned computational simulations were performed on the basis of
annual time series data with average hourly calculation time steps. All required meteoro-
logical data were obtained from the European Centre for Medium-Range Weather Forecasts
(ECMWE) for the period 2010-2020 [70].

The above-described methodology is presented in Figure 1.

data collection

:

Computational simulation
of existing operation

Selection and siting of \

passive measures

Initial visit ’

Compuational simulation
of the annual operation with
the introduced passive measures

v

Selection and dimensioning

of active measures

Dimensionining & Simulation of the annual Existing operation:
siting of the operatlon with all measures primary energy calculation

photovoltaic station primary energy calculatlon

\ e
energy saving & [¢ 7

KPIs calculation

Figure 1. Logical diagram of the adopted methodology of energy performance upgrade process.

The above-described methodology was applied to all the investigated municipal
facilities. Evaluation of the achieved results was accomplished in the frame of this work on
the basis of specific KPIs, such as:

The annual achieved primary energy saving.
The annual RES penetration.
The annual CO, emission drop.

The payback period of the required investment.

3. Mathematical Background and Essential Data

The mathematical background applied in the work accomplished comes from the basic
theory of heat transfer and fluid mechanics and is analyzed in the following sections.
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3.1. Indoor Heating and Cooling Load

The indoor conditioning loads were calculated by applying the basic methodology
regarding heat losses and solar thermal gains through a building envelope [71]. Specifically,
the ASHRAE transfer function method (TFM) was applied [72] with the computational
support of TRNSYS [73]. All indoor conditioning load calculations were performed with
TRNSYS for both existing and expected operating conditions of the facilities under consid-
eration after the introduction of the proposed passive energy saving interventions.

The transferred thermal power Q through a surface A of a construction element of the
building’s envelope is given by the following essential equation [72] (for the winter period):

Q= UA(Tin — Tout) (1)

where U is the surface heat transfer factor (the so-called U-factor) and Tj, and Toy; are the
indoor and outdoor air temperatures, respectively.
The heat transfer factors were calculated with the following basic relationship:

11 d 1
ﬁ_EJr]ZEJFhT) 2)

where d; and k; are the thickness and the thermal conductivity of the construction element j
of an opaque surface of the building’s envelope. The thermal transition factor for indoor
and outdoor space h; and h, were assumed equal to [74]:

e h =10W/ m2.K and ho, =25 W/ m2.K for atmospheric airflow above horizontal
surfaces with average wind velocity of 5 m/s.

e h;=77W/m?K and h, =25 W/m? K for atmospheric airflow parallel to vertical
surfaces with average wind velocity of 5 m/s.

The heat transfer factors for the openings were retrieved from the TRNSYS library and
were equal to 5 W/m?2-K or even higher for the existing openings with metallic frames and
single glazing or equal to 1.5 W/m? K for the proposed openings with double glazing and
synthetic frames. The openings’ solar gain factors were adopted within a range of 0.77.

The natural ventilation of the indoor space due to openings’ insufficient airtightness
was calculated from the following equation [75], introduced by ASHRAE:

ACH =K + Ky (Tin — Tamb) + Kz-uy 3)

where ACH (air changes per hour) is the total air volume changes per hour of the indoor
space, uy is the annual average wind speed, Tj, and T, are the indoor and ambient
temperatures, respectively, and the parameters K;, K;, and K3 were selected versus the
airtightness quality of the openings.

The thermal comfort conditions were taken from the Directive on Buildings” Energy
Performance versus the use of each facility [76].

3.2. Domestic Hot Water Production

The basic equation for the calculation of the thermal power required for the production
of domestic hot water is the following one:

Q=mp-cp'AT =1cp (Thw — Tsw) (4)

where my, is the hot water mass flow rate, ¢, = 4.187 kJ/kg-K the specific water heat, Ty,
the produced hot water temperature (typically equal to 45 °C), and Ts,, the temperature
of the water in the municipal supply network, which according to the Technical Directive
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of the Technical Chamber of Greece 20701-1/2017 [77] varies between 12.8 °C in February
and 26.6 °C in August for the A climate zone in Greece.

3.3. Swimming Pool Heating Load
The total thermal power loss from the free surface of a swimming pool is given by the

relationship [78]:
Qtot = Qeonverad + Qev + Qrep - ng ®)
where:
e Q the total thermal power loss from the swimming pool’s free surface.
° Qconv—rad: the thermal power loss with convection and radiation.
e Q. the thermal power loss with evaporation.
. Qrep: the heating load due to the replenishment of the water loss due to evaporation
with the water supplied from the municipal network.

e Qg the solar heat gains due to the incident solar radiation.

If Tomp is the ambient temperature and Tw the temperature of the water in the swim-
ming pool (typically 26 °C), the thermal power loss due to convection and radiation
Qcony-rad is given by the equation [74]:

Qconv-rad = Asp'U' (TW - Tamb) (6)

where:

e Agp: the swimming pool’s upper free surface.
e  U: the heat transfer factor from the pool to the ambient environment.

The heat transfer factor U expresses the heat transfer from the swimming pool’s free
surface by convection and radiation and is given by the equation:

U — hrw + hc (7)

where h. is the thermal transition factor for airflow over a horizontal surface, which
for an outdoor environment and an average annual wind speed of 5 m/s is taken as
10 W/m2-K [75], while h;y is the heat emission coefficient of water by radiation, which is
given by the equation:

(8)

Tw + Tamb 3
2

hiw = 4-ey-0- (
where ¢, the water emissivity, equal to 0.957, and o the Stefan-Boltzmann constant
(5.67-1078 W/m? K*). The ratio in the parentheses is the water-ambient air average temperature.
Where an insulation top cover has been placed in the swimming pool’s free surface,

the heat transfer factor is given by the equation:

1
1 de 1
et R

W C

U = ©)
where:

hy: the heat convection coefficient of still water, equal to 50 W/(m?K).
k.: the heat conduction coefficient of the insulation top cover.
dc: the insulation top cover thickness.

hg.: the thermal transition factor from the insulation top cover to the ambient environment.
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The heat transfer factor U describes the heat transfer from the surface of the insulation
top cover by convection and radiation and is given by the following equation:

th = hrc + hc (10)

where h. is the thermal convection coefficient for airflow over a horizontal surface and for
an indoor space, equal to 2.5 W/ m?2-K [74], and hyc is the radiant heat emission coefficient
of the insulation top cover, which is given by the equation:

Te + Tamb)3 (11)

hyc = 4-ec-0- ( 5

where ¢ is the emissivity of the insulation top cover, equal to 0.550, and T, is the tempera-

ture of the insulation top cover, which can be assumed equal to the water temperature in

the swimming pool. The ratio in parentheses is the average water-ambient air temperature.
The heat losses due to evaporation of water are given by the relationship [78]:

Qev = her (Poye — Poo) (12)

where:

e  he: the evaporation transfer coefficient.

®  psw: the saturation vapor pressure for water at temperature Ty, (in kPa).

e p,: the partial pressure of water vapor away from the swimming pool, at ambient
temperature Ty, (in kPa).

The evaporation transfer coefficient can be calculated from the following empirical
equation [78]:
he = 0.0563 + 0.0689-ug3 (13)

where ug 3 is the wind speed in m/s at a height of 30 cm above the pool’s surface. If the
wind speed is known at a height z; above ground, at a height z; it can be calculated from
the exponential law for the wind speed profile [79]:

Y _ <Zl>n (14)
Uz2 Z2

The exponential n is given versus the roughness height of the ground zy from the

following equation:
n = 0.04-Inzg + 0.003-(Inzg)? + 0.24 (15)

where the roughness height of ground for a semi-urban environment is estimated at 0.5 m.

The water vapor saturation pressure ps v is obtained from relevant tables as a function
of the water temperature Ty, and for atmospheric pressure [80].

The partial water vapor pressure p_, away from the reservoir can be calculated from
the following definition of the relative humidity ¢, which can also be provided as a climate
datum from the ECMWF meteorological database:

_ Po —
P =" Po= PPseo (16)
P s,00
where p, ., is the saturation pressure of water vapor at temperature Ty, and atmospheric
pressure [80].
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The additional heating load due to replenishment of the evaporation water with water
from the supply network is given by the following basic equation:

Qrep = 1'hrep‘Cp'(Tw - Tsw) (17)

where:

rhrep: the replenishment water mass flow rate.
cp: the specific water heat (4.187 k] /kg-K).
Tw: the required water temperature in the swimming pool (typically equal to Ty, = 26 °C).

Tsw: the water temperature in the municipal supply network.

The replenished water mass flow rate is given by the equation:

Qev
h

(18)

Ihrep = f
8

where hg, is the specific latent heat of water (2441.7 k] /kg at 25 °C [81]). Average monthly
values of water temperature in supply networks are provided by the Technical Directive
20701-1/2017 of the Technical Chamber of Greece [77].

Finally, the solar thermal gains from the incident solar radiation on the surface of the
tank are given by the relationship [74,75]:

Qi = aG-Agp (19)

where:

e a:solar radiation absorption coefficient by the swimming pool, typically around 0.85
for light-colored pools [78].

e  G: the total incident solar radiation on the swimming pool’s free surface.

e  Agp: the area of the swimming pool’s free surface.

3.4. Shading of Vertical Surfaces

The calculation of the openings’ shading from overhangs and vertical sunshades is
analyzed in this section with the support of Figure 2 [71].

Overhang 7 L

Vertical
sunshade

Figure 2. Opening’s shading from overhangs or vertical sunshades.
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The following distances can be found in Figure 2:

W, H the opening’s width and height, respectively.
Py, Py the width of the overhang or the vertical sunshade, respectively.
Ly, Ly the length of the overhang or the vertical sunshade, respectively.

Ry, Ry the distance of the overhang or the vertical sunshade, respectively, from the
opening’s nearest side.
SH, Sw the shade’s width caused by the overhang or the vertical sunshade, respectively.

e The angle Q) is called a “vertical shadow angle” and is the angle projected on the
vertical level, created between the horizontal plane and an inclined surface that crosses
the sun and the outer edge of the overhang.

e The angle A is called a “horizontal shadow angle” and is the angle projected on the
horizontal plane, created by a surface perpendicular to the opening’s level and a
surface that crosses the sun and the outer edge of the vertical sunshade.

o The angle ay is the minimum Q) that causes full shading of the opening from
the overhang.

e The angle oy is the minimum A that causes full shading of the opening from the
vertical sunshade.

For a vertical opening’s surface, the following equations stand:

_ tan(p)
tan(Q)) = tan(7) (20)
for Iyl <90° or |yl >270°.
Sw = Py-|tan(A)] (21)
Sy = Py- tan(Q)) (22)
tan(a) = W _ Pvltanl ) (23)
Py Py
Hence, A =y for Iyl <90° or |yl >270°.
H+R
tan(ayg) = L (24)
Py
H+R
tan(ay) = +Xw (25)
Py

According to Figure 2, in order to achieve a full opening’s shading from the overhang,
the following condition should stand:

tan(ay) < tan(Q)) = ag <O (26)

Similarly, in order to achieve a full opening’s shading from the vertical sunshade, the
following condition should stand:

tan(ay) < tan(A) = ay <A (27)

4. Examined Buildings’ and Facilities’ Initial Operation
4.1. Geographic Locations

The scope of this article is to present and analyze the process and the results achieved
from energy performance upgrade studies conducted for specific public and municipal
buildings and facilities. The ultimate objective is to highlight conclusions on the specific
topic of RUE and energy saving, which may be applicable in similar public facilities, under
the same or close climate conditions.
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All the examined cases are located in Greece, more specifically in the A climatic zone,
which includes the south of the country and the islands. In total, 13 municipal and public
facilities were chosen to be analyzed in this work: four schools, three municipal halls
(including a historical one), one cultural center, one museum, two indoor sports hall, one
swimming pool center, and one national stadium (including an indoor swimming pool
center). These are summarized in Table 1, with essential data regarding their size, type,
and location. The covered area presented for the outdoor and the indoor swimming pool
centers refers to the total upper surface of the pools. Specifically, the outdoor swimming
pool center consists of two pools of 1000 m? and 125 m? upper surface area. Additionally,

there are two more indoor swimming pools in Pancretan Stadium, with upper surface areas
of 3125 m? and 75 m?.

Table 1. The public and municipal facilities investigated.

Geographic Covered Area Conditioned

Facility Location Coordinates Type (m?) Space Area (m?)
. . . 35°11'40" N
1 2nd primary school of Agios Nikolaos Crete 25042/53" | 3254.3 2646.6
o !/ /"
2 1st high school of Rethymno Crete 3% 02 1 4,19,, N School 1998.6 1998.6
24°28'7" E
. 35°21'45" N
3 2nd high school of Rethymno Crete 24°28/51" E 4103.0 3875.8
. 35°24'57" N
4 High school of Kassos Kassos 26°55/27" E 969.0 858.0
.. 35°21’59"” N
5 Municipal hall of Rethymno Crete 24°28'39" E Administrative 1268.9 971.1
.. 35°25'1" N
6 Municipal hall of Kassos Kassos 26°55'19" E 96.0 87.6
Venetian Loggia municipal hall of 35°2023" N Historical-
7 Heraklion Crete 25°8/3" E administrative 1469.2 1219.8
Cultural center of 35°19'0" N
8 Hersonissos Crete 2590329 E Cultural center 1030.2 1163.7
Natural History Museum of Crete 35°2031" N
9 (Heraklion) Crete 550737 Museum 5750.6 5083.6
10 Indoor sports hall of Arkalochori Crete 35°8/35" N 1465.0 1426.7
P 25°16'2" E Indoor sports hall ’ )
11 Indoor sports hall of Leros Leros 37°7'36" N 1759.4 1655.3
P 26°50'24" E : :
S . 35°08'42" N, Swimming
12 Swimming pool center of Arkalochori Crete 25°16/7" E pool center 1125.0 -
Pancretan Stadium 35°20'12" N National
13 (Heraklion) Crete 25°6/22 E stadium 19,397.4 10,637.7
Indoor swimming pools 35°20'12" N Swimming
14 (Pancretan Stadium) Crete 25°6'22 E pool center 3875

Thorough energy performance upgrade studies have been conducted for all the fa-
cilities presented in Table 1. Four of the studied energy performance upgrade projects
have been implemented and three more have had funding ensured and are expected to be
implemented in the near future.

The geographic points of the towns, cities, and islands where the above-listed facilities
are located are presented in Figure 3. As seen in Figure 3, all the investigated municipal
and public facilities are located in Crete and on the islands of Kassos and Leros. The
climate in the specific geographic area is characterized as Mediterranean, with minimum
annual temperatures of 0-5 °C, except mountainous areas, and maximum temperatures of
30-32 °C, except heat wave periods. The annual rainfall height is 300400 mm in the small
islands and higher than 500-700 mm in Crete.
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1. Rethyrnno\

2. Heraklion
3. Hersonissos
4. Agios Nikolaos
5. Arkalochori
6. Kassos

7. Leros

Figure 3. The geographic locations of the towns, cities, and islands of the facilities examined.

4.2. Initial Construction Elements and Thermal Performance

All buildings investigated were constructed after 1950, including the historical Vene-
tian Loggia city hall of Heraklion [82]. Actually, Loggia was a Venetian building constructed
in 1626-1628. The building gradually deteriorated over the centuries and eventually totally
destroyed in the Second World War. The new building was constructed as an accurate
replica of the original. Its construction started in the early 1960s and was completed in the
late 1970s. The new building has a bearing structure of reinforced concrete and stone walls.
The same construction elements also apply to the municipal hall of Kassos. In both cases,
vertical walls with total thickness equal to or higher than 50 cm are met.

With the exception of Loggia and the municipal hall of Kassos, the rest of the build-
ings examined were constructed with modern materials, such as reinforced concrete for
the bearing structures and the roofs and vertical opaque surfaces of double bricks. The
two indoor sports halls have bearing structures of steel pylons and beams, and their walls
and roofs have been covered with synthetic polyurethane panels. There was and absence
of or inadequate thermal insulation in the facilities examined during the initial inspection,
apart from some very few exceptions. Openings of obsolete technology were found, either
with metallic frames without thermal brakes or wooden frames, and single or double
glazing without any reflective properties and inadequate airtightness.

The construction elements and the estimated U-factors for each of the buildings and
facilities under consideration are summarized in Table 2. The table refers only to the
buildings investigated. This means that the swimming pool center is not included.
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Table 2. Summary of the construction elements and U-factors of the examined buildings in their

initial state.

Construction Elements

U-Factor (W/m?2-K)

Facility Walls Roof Openings Walls Roof Openings
25 reinforced concrete .
. 15 cm reinforced .
2nd primary school and double-brick wall, concrete. 6 cm Aluminum frame, no
1 Pt y 5 cm polystyrene plates, / thermal break, double, 0.8-4.3 0.9-3.0 3.7
of Agios Nikolaos polystyrene only for - .
only for the - reflective glazing
[ the new building
new building
1st high school 25 c¢m reinforced Aluminum frame, no
2 St SChoo concrete and 15 reinforced concrete thermal break, 2.2 3.0 6.0
of Rethymno : . :
double-brick wall single glazing
. 35 cm reinforced . Aluminum frame, no
3 Zr(;cfl I}{t%l}ll Sr;}rllc::)l concrete and 20 Cg;;i;I;ingEd thermal break, 1.1 3.7 6.0
y double-brick wall ’ single glazing
4 High school 30 em reinforced 15 cm reinforced Wooden openings,
of Kassos concrete and concrete double glazing 22 35 28
double-brick wall
Municipal hall 25 cm reinforced 15 cm reinforced Aluminum frame, no
5 of Rectllj mno concrete and concrete, 6 cm thermal break, 2.3 0.7 6.0
Y double-brick walls polystyrene plates single glazing
6 Municipal hall 50 cm stone walls 16 cm reinforced quden openings, 25 33 32
of Kassos concrete single glazing
. 25 cm reinforced
65 em reinforced concrete—6 cm Wooden openings,
7 Loggia concrete and lvstyren. inol lpzin &8/ 1.5 0.5 2.2-3.5
stone walls powystyrene smgie glazing
insulation
Cultural center of 20 cm reinforced 15 cm reinforced Aluminum frame, no
8 Her rcﬁ ° concrete and concrete, 6 cm thermal break, 2.2 0.5 4.8
CISOMISSOs double-brick wall polystyrene plates double glazing
Natural History 25 em reinforced 25 ¢m reinforced Steel frame, no thermal
9 concrete and stone wall . 0.9-2.9 3.0 4.5
Museum of Crete - concrete break, double glazing
or synthetic panels
25 cm reinforced
Indoor sports hall concrete, 5 cm 25 cm reinforced Steel frame, no thermal
10 P . polystyrene panels, concrete, 5 cm . . 3.0-5.0 3.04.5 6.0
of Arkalochori . break, single glazing
semitransparent polystyrene panels
polycarbonate panels
Indoor sports hall 30 cm reinforced 3 em polvstvrene Aluminum frame, no
11 of Lz ros concrete and Pan}él;y thermal break, 1.4-29 5.4 3.7
double-brick wall P double glazing
Pancretan 25 cm reinforced 25 em reinforced Aluminum frame, no
12 St fﬁe m concrete and ¢ ne " to ce thermal break, 19 0.9 4.0
adia double-brick wall concrete double glazing

It should be clarified that the results presented in Table 2 constitute only an approach to

summarize the complex thermophysical properties of the buildings’ construction elements.
This is because most of them have been formulated versus time by starting with an initial
construction and then adding new sections. This means that in specific buildings, we find
different construction elements in different parts of them. For example, in the Natural
History Museum of Crete we can find the old, historical building, constructed with stones,
and the new one, constructed with synthetic panels. Similarly, in the 2nd primary school of
Agios Nikolaos, we can see that there is no insulation in the old building, while the newly
added section has been insulated. Additionally, the U-factor may vary in different parts of
the same construction element, such as vertical walls constructed partially with reinforced
concrete (bearing structure) and with another material (stone, bricks, etc.). In practice, for
all these different parts of the same construction element, different U-factors were used so
as to approach maximum calculation accuracy. Finally, the effect of damage and wear was
also considered for the U-factor calculation. For example, the inappropriate installation of
the polyurethane panels on the roofs of the indoor sports halls in Arkalochori and in Leros
enabled the penetration of rain water, which deteriorated the insulation properties of this
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construction element. This is revealed by the considerably high U-factor estimated for the
roof in these specific cases.

Another important conclusion is that for almost all investigated cases, the calculated
U-factors are higher than the maximum permissible values defined in the Greek Directive
for Building Energy Performance [76]. These values for the A climate zone are:

e  For vertical opaque surfaces: 0.55 W/m?-K.
e  For horizontal or inclined roofs: 0.45 W/m?2-K.
e  For openings and transparent surfaces: 2.80 W/m?-K.

Typical operation parameters and data were retrieved both from the executives in
charge of the facilities and the standards introduced by the Greek Directive for Building
Energy Performance [76]. There parameters are summarized in Table 3.

Table 3. Typical operation parameters for the facilities investigated.

Thermal Comfort

Facility Operation Schedule lgumber (t)f Conditions
Winter Summer ceupants Winter Summer
Schools 8:00-16:00 50-900 20 °C/45% 26 °C/45%
Municipal halls 8:00-16:00 7:30-15:30 10-80 20 °C/45% 26 °C/45%
Cultural center 10:00-22:00 80-200 22 °C/35% 26 °C/50%
Museum 9:00-15:00 9:00-21:00 70-150 20°C/45% 20°C/45%
Indoor sports halls 14:00-23:00 20-160 22 °C/50% 26 °C/50%
Stadium 8:00-22:00 1400 18 °C/35% 25°C/45%
Swimming pool 12:00-22:00 20 26°C

center

Using the mathematical background presented in Section 3.1 and with the support of
TRNSYS, the annual indoor heating and cooling load was calculated for the aforementioned
facilities. A diagram of the calculation process in TRNSYS is presented in Figure 4. As
seen in the figure, the calculation starts with the introduction of the climate data in the
form of annual time series with hourly averaged values. This is accomplished with the
“weather” subroutine. Given the introduced climate data, in the second step, the incident
solar radiation on the buildings’ vertical and horizontal surfaces is calculated with the
involvement of the “8-surfaces” and the “horizontal” subroutines. In a third preliminary
step, the “sky-temperature” subroutine is introduced for the calculation of the long-wave
solar radiation emission in the space. In the fourth and final introductory step, the wind
characteristics introduced with the “weather” subroutine are exploited for the calculation
of the infiltration parameters in the building with the “infiltration” subroutine. The output
from the aforementioned subroutines is introduced in the “building” subroutine, together
with the building’s construction elements, orientation, and geometry. The indoor heating
and cooling load are also calculated in this subroutine. Finally, in the output subroutines

7o

“temperature,” “energy,” “humidity,” and “output,” the calculation results are exported in
the form of both graphs and annual time series.

The calculated annual heating and cooling load for the facilities investigated are
summarized in Table 4. The building with the lowest specific load per square meter of
covered conditioned area is the 2nd primary school of Agios Nikolaos. This should be
expected, given that roughly half of the overall facility is a new, insulated building. With the
exception of the 1st high school of Rethymno, all the other buildings exhibit specific heating
and cooling loads higher than 70 kWh/m?. The two indoor sports halls exhibit the highest
specific heating and cooling loads, between 127 kWh/m? and 161 kWh/m?. This is because
of the coverage of the vertical walls with semitransparent polycarbonate panels and the
roof with polyurethane panels, which have deteriorated due to moisture penetration.
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Figure 4. Diagram of the model adopted in TRNSYS for the indoor conditioning load calculation.
Table 4. Annual indoor heating and cooling load calculation results for the facilities investigated in
their initial state.
. . Specific Heating and Cooling Load
Facility Annual Heating and Cooling Load (kWh) per Covered Area (KWh/m?)
Heating Cooling Total Heating Cooling Total
1 2nd primary school of Agios Nikolaos 45,351.9 18,614.0 63,965.9 17.1 7.0 24.2
2 1st high school of Rethymno 59,315.2 56,064.8 115,380.0 29.7 28.1 57.7
3 2nd high school of Rethymno 106,512.3 187,670.9 294,183.2 27.5 48.4 759
4 High school of Kassos 36,502.5 9589.2 46,091.7 425 11.2 53.7
5 Municipal hall of Rethymno 25,109.8 52,685.8 77,795.6 25.9 54.3 80.1
6 Municipal hall of Kassos 3750.4 2846.8 6597.2 42.8 32.5 75.3
7 Loggia 46,422.8 40,692.5 87,115.3 38.1 33.4 71.4
8 Cultural center of Hersonissos 65,354.8 60,531.4 125,886.2 56.2 52.0 108.2
9 Natural History Museum of Crete 220,317.4 341,916.2 562,233.6 43.3 67.3 110.6
10 Indoor sports hall of Arkalochori 79,144.6 101,981.9 181,126.5 55.5 71.5 127.0
11 Indoor sports hall of Leros 106,956.5 160,270.2 267,226.7 64.6 96.8 161.4
12 Pancretan 381,538.8 436,310.6 817,849.4 359 41.0 76.9
Stadium

Additionally, based on the mathematical background presented in Section 3.3, the
swimming pool heating load was calculated for the outdoor center in Arkalochori and the
indoor swimming pools in Pancretan Stadium. The results are given in Table 5.

Table 5. Swimming pool heating load.

. Specific Heating and
Facility Anm.lal Heating and Cooling Load per Covered
Cooling Load (kWh) Avea (KWh/m?)
Swimming pool center
1 (Arkalochori) 2,222,358.1 1975.4
5 Indoor swimming pools 112,216.1 289.6

(Pancretan Stadium)

In the initial operation condition, the indoor heating and cooling load of the buildings
and facilities investigated was calculated based on the consumption of diesel oil and



Energies 2025, 18, 5798

17 of 39

electricity. The outdoor swimming pools are heated by a diesel oil burner, while the
indoor swimming pools in Pancretan Stadium are heated by air-to-air heat pumps. The
annual consumption of these energy sources is given in Table 6. In the same table, the
corresponding primary energy consumption is also calculated, given the conversion factors
introduced in the Greek Directive of Building Energy Performance and the lowest calorific
value of diesel oil, which are [76]:

e Primary energy calculation factor for diesel oil, applied on the contained initial
energy: 1.1.

e  Primary energy calculation factor for electricity: 2.9.

e Diesel oil lowest calorific value: 10.25 kWh/L.

Table 6. Energy sources and primary energy consumption for the indoor heating and cooling of the
buildings investigated and the swimming pool heating in their initial state.

Facility

Energy Source Annual Consumption Specific Primary Energy
Diesel Oil (L) Electricity (kWh)  Total Primary Energy (kWh)  Consumption (kWh/m?)

O XTI Uk WN —

=
= W= O

2nd primary school of Agios

4 5660.0 5937.9 81,036.4 30.6
Nikolaos

1st high school of Rethymno 6001.0 33,720.0 165,449.3 82.8
2nd high school of Rethymno 15,195.7 80,823.6 405,720.0 104.7
High school of Kassos 5279.0 4538.3 72,681.8 84.7
Municipal hall of Rethymno 3800.1 22,548.0 108,235.3 111.5
Municipal hall of Kassos 0.0 31323 9083.7 103.7
Loggia 0.0 24,994.3 72,483.5 59.4

Cultural center of Hersonissos 0.0 51,002.8 147,908.1 127.1
Natural History Museum of Crete 0.0 266,430.8 772,649.3 152.0
Indoor sports hall of Arkalochori 11,845.5 28,993.8 217,640.0 152.5
Indoor sports hall of Leros 19,181.6 77,169.8 440,065.0 265.9
Pancretan Stadium 0.0 371,749.7 1,078,074.2 101.3
Outdoor swimming pool center 307,940.4 0.0 3,472,028.0 3086.2
Indoor swimming pools 0.0 52,197.5 151,372.8 390.6

In Table 6, it can be seen that the facilities with the highest annual heating and
cooling specific load (presented in Table 4) also exhibit the highest primary energy-specific
consumption for indoor heating and cooling. The active indoor conditioning systems
involved in the initial state of the facilities examined exhibit more or less the same features:

e  Diesel oil burners with efficiency around 80%, derived from the official maintenance
annual reports.

e  Air-to-air heat pumps or split air-conditioning units with COP and EER within a
range of 2.0-2.5, derived from the official data sheets of the air conditioning units
initially available.

The annual specific load of the swimming pool heating was calculated versus the total
area of their upper surfaces. Also worthy of mention is the considerably high diesel oil
consumption for the outdoor swimming pool heating. Given that (approximately) there is
no need for heating for 90 days per year, the annual diesel oil consumption (307.9 kL) gives
a daily diesel oil consumption of 0.84 kL.

4.3. Other Consumption—Summary

Apart from indoor heating and cooling and swimming pool heating, energy is also
consumed in the facilities investigated for the following final uses:

e Domestic hot water consumption in the sports facilities examined, namely the
two indoor sports halls, the swimming pool center, and the national stadium.

e  Outdoor and indoor lighting in all facilities.

e  Other consumption not related to energy performance upgrade, such as office ma-
chines, elevators, pumps etc.
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The mathematical background for the calculation of the heat required for domestic hot
water production is presented in Section 3.2. The required data and parameters were either
given by the executives in charge of the facilities” operation or by the standards defined in
the Greek Directive of Building Energy Performance [76]. They are summarized in Table 7.

Table 7. Heat production and energy source consumption for the production of domestic hot water.

Facility Number of Annual Heat Energy Source Annual Consumption Primary Energy Annual
Users per Day Demand (kWhy,) Diesel Oil (L) Electricity (kWh) Consumption (kWh)
Indoor sports hall 150 41,3272 3262.9 19,388.1 93,014.7
of Arkalochori
Indoor sports hall of Leros 120 41,337.3 0.0 45,802.8 132,828.1
Pancretan Stadium 1400 261,014.7 16,500.0 139,436.4 590,403.1
Swimming pool center 150 65,253.7 10,610.3 0.0 119,631.1

Finally, the electricity consumption for outdoor and indoor lighting was calculated on
the basis of the installed lighting electrical input power and the annual operation time.

In Table 8, the overall energy consumption in the facilities examined is presented
separately for each discrete final energy use and in total.
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Table 8. Primary energy consumption analysis versus final energy use in the facilities investigated in their initial operation state.

Facility Primary Energy Consumption (kWh) Specific Primary Energy
Indoor Heating and Cooling ~ Swimming Pool Heating  Domestic Hot Water Production Lighting Total Consumption (kWh/m?)
1 2nd primary school of Agios Nikolaos 81,036.4 0 0 38,148.4 119,184.8 45.0
2 1st high school of Rethymno 139,536.2 0 0 29,141.0 168,677.2 84.4
3 2nd high school of Rethymno 405,720.0 0 0 78,872.0 484,592.0 125.0
4 High school of Kassos 72,681.8 0 0 13,522.4 86,204.2 100.5
5 Municipal hall of Rethymno 112,900.3 0 0 53,796.0 166,696.3 171.7
6 Municipal hall of Kassos 9083.7 0 0 1573.6 10,657.3 121.7
7 Loggia 72,483.5 0 0 52,874.5 125,358.0 102.8
8 Cultural center of Hersonissos 147,908.1 0 0 136,142.1 284,050.2 2441
9 Natural History Museum of Crete 772,649.3 0 0 220,984.9 993,634.3 195.5
10 Indoor sports hall of Arkalochori 217,640.0 0 93,014.7 50,486.7 361,141.4 253.1
11 Indoor sports hall of Leros 440,065.0 0 132,828.1 41,744.2 614,637.3 371.3
12 Pancretan Stadium 1,078,074.2 151,372.8 590,403.1 1,977,898.0 3,797,748.2 357.0
13 Swimming pool center 0.0 3,472,028.0 119,631.1 265,093.8 3,856,752.9 3428.2
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5. Passive Measures and Heating—Cooling Load Reduction

5.1. Proposed Passive Measures

The first step towards the energy performance upgrading of the public and munic-

ipal facilities investigated is the introduction of passive measures, aiming to reduce the

heating and cooling load of the conditioned indoor space and the heating load of the

outdoor swimming pool center and the indoor swimming pools hosted in the national

stadium. Additionally, passive measures can be introduced to maximize natural lighting

during daytime.

The selected and proposed passive measures for the facilities under consideration are

listed below.

Thermal insulation of all opaque vertical and horizontal surfaces, applied in the walls
and roofs constructed with conventional reinforced concrete or bricks. In all cases,
external insulation was proposed to avoid any disturbances in the facilities normal
operation and reduction in available indoor space, as well as to provide holistic
protection (including waterproofing) for the buildings” envelopes. A typical layout
of the proposed external insulation for vertical walls and horizontal roofs are given
in Figure 5. For the specific geographic region, it can be seen that an insulation layer
of polyurethane or stone wool of 7 cm thickness is required to ensure achievement of
U-factors within a range of 0.4 W/m? K, satisfying the prerequisites set in the Greek
Directive for Building Energy Performance [76] (see Section 4.2).

Replacement of old openings with new ones with synthetic frames, double, reflective,
low-E glazing, and high airtightness. The glazing total thickness ranges from 24 mm to
32 mm. The U-factors of the new openings achieved are within a range of 1.6 W/m? K.
In buildings with extensive transparent surfaces, such as schools, outdoor inclined
overhangs were proposed for all of them with southern, eastern, and western orien-
tation, aiming to provide adequate shading and reduce solar gains from spring to
autumn due to direct solar radiation penetration. The sizing and the installation posi-
tion with regard to the openings’ location are crucial so as to ensure shading during
the summer period without preventing solar radiation from entering indoors during
winter by exploiting the low and high solar heights in winter and summer, respec-
tively. The relevant mathematical background is given in Section 3.4. Two indicative
installation layouts and sizing are presented in Figure 6. The overhang’s length is at
least twice that of the opening’s width.

Particularly for the indoor sports hall, the installation of solar light tubes has been
proposed on their roofs, in order to maximize the natural lighting in the main halls
during daytime. This intervention is necessary in order to compensate the reduction
of natural lighting that will be caused by the replacement of the semitransparent
polycarbonate sheets with opaque stone wool panels. The siting layout for the indoor
sports hall in Leros is given in Figure 7, together with the results of the photometric
calculation during a cloudy day in winter at 12:00 noon. As seen in this figure, a
grid of 6 x 8 = 48 light tubes has been designed. With this solar light tube number
and installation topology, the illuminance achieved on the hall’s floor ranges from
250 lux to 350 lux for the aforementioned time and weather conditions. The required
illuminance according to Technical Directive 20701-1/2017 of the Technical Chamber
of Greece is 300 lux [77].

Facilitation of natural ventilation in the indoor sports hall in Arkalochori, with the
installation of two new series with 18 windows each in the opposite long sides of the
main hall.

Upgrading of the outdoor swimming pool center to an indoor one, with the construc-
tion of an enclosure and placement of an insulating top cover on the pools” upper



Energies 2025, 18, 5798

21 of 39

= W N =

g © o o ©fo o [o © 5
o «=> o o o o ofo o
o d o o o oo ol o o >

O
o

1.90

surface whenever they are not in use. A 3D drawing of the proposed enclosure is
presented in Figure 8.

In summary, the proposed passive energy saving measures aim to:

e  Reduce the indoor heating and cooling loads by reducing the U-factors of the buildings’

and facilities” construction elements and preventing direct solar penetration during
summer from the transparent surfaces with shading overhangs.

e  Reduce swimming pool heating load by upgrading the outdoor center to an indoor
one and using the upper-surface-insulation top cover.

e  Maximize natural lighting in the indoor sports halls with solar light tubes.

e  Facilitate natural ventilation with the installation of new openings in the opposite long
sides of the indoor sports hall in Crete.

(a) Water-proofing
protective layer of varnish

Water-proofing
two cross-layers

Water-proofing |

Cement rendering

Reinf fabri
1. External surface roughcast einforcement fabric

2. Grid Polyurethane plates

3. Expanded polystyrene Cementitious

4. Adhesive water-proofing

5. Main wall construction

6. Inner surface roughcast (b) Concrete roof
7. Plastic bolts

Figure 5. External insulation layout for: (a) vertical and (b) horizontal opaque surfaces.
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Figure 6. Indicative installation layout and sizing of inclined overhangs for opening shading.
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Figure 7. Solar light tube installation layout for the indoor sports hall in Leros and illuminance
achieved on the hall’s floor.

Figure 8. 3D image of the proposed enclosure for the outdoor swimming pool center.

5.2. Heating and Cooling Load Reduction

The indoor conditioning load and the swimming pools” heating load were calculated
again by applying the same computational process presented in Sections 3.1 and 3.3, this
time assuming that the proposed passive energy saving measures have been introduced in
the facilities. The results are summarized in Tables 9 and 10.
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Table 9. Indoor annual heating and cooling load calculation results for the facilities investigated after
the introduction of the proposed passive energy saving measures.

Annual Heating and Cooling Load (kWh) Specific Heating and Cooling Load

Facility per Covered Area (kWh/m?)

Heating Cooling Total Heating Cooling Total
1 2nd primary school of Agios Nikolaos 20,647.2 6264.6 26,911.8 7.8 2.4 10.2
2 1st high school of Rethymno 27,883.0 36,882.9 64,765.9 14.0 185 324
3 2nd high school of Rethymno 31,218.5 143,263.9 174,482.4 8.1 37.0 45.0
4 High school of Kassos 13,990.0 14,916.0 28,906.0 16.3 17.4 33.7
5 Municipal hall of Rethymno 11,912.3 18,989.3 30,901.6 12.3 19.6 31.8
6 Municipal hall of Kassos 1711.2 1502.8 3214.0 19.5 17.2 36.7
7 Loggia 32,2523 34,622.9 66,875.2 26.4 28.4 54.8
8 Cultural center of Hersonissos 32,320.4 53,180.8 85,501.2 27.8 45.7 735
9 Natural History Museum of Crete 126,823.2 240,814.5 367,637.7 249 47.4 72.3
10 Indoor sports hall of Arkalochori 32,154.0 39,180.8 71,334.8 225 27.5 50.0
11 Indoor sports hall of Leros 39,938.9 52,537.7 92,476.6 24.1 31.7 55.9
12 Pancretan Stadium 318,375.7 411,332.0 729,707.7 29.9 38.7 68.6

Table 10. Swimming pool heating load after the introduction of the proposed passive measures.

. . Specific Heating Load
Facility Annual Heating Load (kWh) per Pool Area (kWh/m?)
Outdoor swimming pool center
1 (Arkalochori) 96,465.5 857
2 Indoor swimming pools 54620.0 141.0

(Pancretan Stadium)

Table 11 summarizes the annual heating and cooling load percentage drops achieved

with the introduction of the proposed passive energy saving measures.

From Table 11, we can come to the following conclusions.

There is impressively high potential for energy saving in swimming pool centers.
The heating load achieved reaches almost 96% in the outdoor center thanks to the
enclosure construction, while it exceeds 51% in the indoor swimming pools, with only
the placement of the upper surface top cover.

The lowest drop for the indoor conditioning load is achieved for Pancretan Sta-
dium. This is because for this facility, due to its large dimensions and the conse-
quent significantly increased budget for energy performance upgrading (higher than
3,000,000 euros) and the fact that the floor level is practically in contact with the
earth, limiting considerably the heat losses or gains from the ambient environment,
it was decided only to replace the openings without applying any other type of
passive measures.

The indoor conditioning load drop achieved for the historical Loggia city hall was
also rather low, because only the replacement of the existing openings with faithful
replicas of the existing ones was permitted by the antiquities authority in charge. No
other passive measure was allowed. The building’s roof was already insulated, while
the vertical walls of 65 cm thickness keep the U-factor relatively low (within a range
of 1.5 W/m?-K).

There is also the case of the high school in Kassos, where the passive measures
introduced cause cooling load increase. Thanks to the low airtightness of the existing
openings, the natural ventilation contributes to the reduction in cooling load. On
the contrary, the improved airtightness of the proposed openings, while having an
important positive contribution towards the heating load reduction (62%), causes a
55% increase in cooling load.

If we exclude the aforementioned cases, the percentage drop achieved for the indoor
heating and cooling load ranges between 40% and 70%, highlighting the important
contribution of the passive measures towards building energy performance upgrading.
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Table 11. Annual heating and cooling load percentage drop with the introduction of the proposed passive energy saving measures.
Annual Heating and Cooling Load (kWh) Annual Heating and
Facility Initial Operation State Proposed Operation State Cooling Load Percentage Drop (%)

Heating Cooling Total Heating Cooling Total Heating Cooling Total
1 2nd primary school of Agios Nikolaos 45,351.9 18,614.0 63,965.9 20,647.2 6264.6 26,911.8 54.5 66.3 57.9
2 1st high school of Rethymno 59,315.2 56,064.8 115,380.0 27,883.0 36,882.9 64,765.9 53.0 34.2 439
3 2nd high school of Rethymno 106,512.3 187,670.9 294,183.2 31,218.5 143,263.9 174,482.4 70.7 23.7 40.7
4 High school of Kassos 36,502.5 9589.2 46,091.7 13,990.0 14,916.0 28,906.0 61.7 —55.5 37.3
5 Municipal hall of Rethymno 25,109.8 52,685.8 77,795.6 11,912.3 18,989.3 30,901.6 52.6 64.0 60.3
6 Municipal hall of Kassos 3750.4 2846.8 6597.2 1711.2 1502.8 3214.0 54.4 47.2 51.3
7 Loggia 46,422.8 40,692.5 87,1153 32,2523 34,6229 66,875.2 30.5 14.9 232
8 Cultural center of Hersonissos 65,354.8 60,531.4 125,886.2 32,320.4 53,180.8 85,501.2 50.5 12.1 32.1
9 Natural History Museum of Crete 220,317.4 341,916.2 562,233.6 126,823.2 240,814.5 367,637.7 424 29.6 34.6
10 Indoor sports hall of Arkalochori 79,144.6 101,981.9 181,126.5 32,154.0 39,180.8 71,334.8 59.4 61.6 60.6
11 Indoor sports hall of Leros 106,956.5 160,270.2 267,226.7 39,938.9 52,537.7 92,476.6 62.7 67.2 65.4
12 Pancretan Stadium 381,538.8 436,310.6 817,849.4 318,375.7 411,332.0 729,707.7 16.6 5.7 10.8
13 Swimming pool center (Arkalochori) 2,222,358.1 0.0 2,222,358.1 96,465.5 0.0 96,465.5 95.7 - 95.7
14 Indoor swimming pools (Pancretan Stadium) 112,216.1 0.0 112,216.1 54,620.0 0.0 54,620.0 51.3 - 51.3
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6. Active Measures and Final Energy Saving

The proposed and introduced active measures in the facilities examined sensibly focus,
on the improvement in efficiency and energy saving for the following final uses.

Indoor conditioning and ventilation.
Swimming pool heating.

Domestic hot water production.
Indoor and outdoor lighting.

Electricity production from RESs.

The proposed active energy saving measures are presented in the following sections.
The sizing of all active energy systems was executed on the assumption that all the proposed
passive energy saving measures presented in Section 5.1 have been installed.

6.1. Indoor Conditioning

Open-loop geo-exchange plants can be considered the most effective technology for
indoor conditioning. These leverage the stable thermal properties of underground or
surface water resources (aquifer, lakes, or rivers) for heating or cooling with water-to-water
heat pumps [83,84]. Statistically, the anticipated annual electricity saving can be higher than
40% [85] compared to the electricity consumption for indoor conditioning with air-to-air
heat pumps. Roughly, the indoor cooling load is disposed of through a heat exchanger
and the primary open loop in the water resources. On the contrary, the heating load is
covered by pumping heat through the heat exchanger and the primary open loop from the
water resources.

Open-loop geo-exchange plants were proposed for two of the facilities examined—Pancretan
Stadium and the National History Museum of Crete (NHMC)—given that both facilities are
located on the coast. Seawater will be pumped in both cases from the aquifer through four and
two boreholes, respectively, from 50 m depth.

Given the peak heating and cooling demand in the national stadium and the NHMC
after the installation of the proposed passive energy saving measures, the sizing and the
main features of two open-loop geo-exchange plants are given in Table 12.

Table 12. Main technical features of the designed open-loop geo-exchanged plants.

Magnitude Natural History Museum of Crete Pancretan Stadium
Total heating capacity (kWy,) 510 8800
Total cooling capacity (kWy,) 449 640
SEER >6.0 >6.0
SCOP >5.0 >5.0
Number of boreholes and submersible pumps 2 4

Submersible pumps nominal water volume

flow rate (m3/h) 2% 85 4% 80
Submersible pumps nominal head (m) 60 60
Heat exchanger capacity (kWy,) 570 2 x 500

A detailed layout of the installation in NHMC is presented in Figure 9.

For all the other facilities, air-to-air heat pumps were proposed for indoor heating and
cooling, with SCOP and SEER higher than 4.0 and 5.0, respectively. Hydraulic networks
of polypropylene (PPR) glass reinforce pipelines with water as the working medium,
and hydronic terminal units were proposed for heating and cooling distribution in the
indoor space.

By executing a computational simulation of the annual operation of the open-loop
geo-exchange plants and the newly introduced air-to-air heat pumps, with average hourly
values, the annual electricity and primary energy consumption and the annual average
COP and EER were calculated. The results are presented in Table 13.
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Figure 9. Detailed connection layout of the open-loop geo-exchange plant in the NHMC.

Table 13. Energy sources and primary energy consumption for the indoor heating and cooling

of the buildings investigated after the introduction of the proposed passive and active energy

saving measures.

Facility Energy Source Annual Consumption Specific Primary Energy

Diesel Oil (L) Electricity (kWh)  Total Primary Energy (kWh) Consumption (kWh/m?)
1 2nd primary school of Agios Nikolaos 0.0 7185.5 20,838.0 7.9
2 1st high school of Rethymno 0.0 8654.0 25,096.6 12.6
3 2nd high school of Rethymno 0.0 37,590.0 109,011.0 28.1
4 High school of Kassos 0.0 6933.0 20,105.7 234
5 Municipal hall of Rethymno 0.0 12,599.4 36,538.3 37.6
6 Municipal hall of Kassos 0.0 644.9 1870.2 21.3
7 Loggia 0.0 17,719.9 51,387.7 42.1
8 Cultural center of Hersonissos 0.0 21,650.2 62,785.6 54.0
9 Natural History Museum of Crete 0.0 55,829.7 161,906.1 31.8
10 Indoor sports hall of Arkalochori 0.0 16,993.4 49,280.9 34.5
11 Indoor sports hall of Leros 0.0 23,790.4 68,992.2 417
12 Pancretan Stadium 0.0 116,743.0 338,554.7 31.8

In Table 14, the achieved primary energy saving for the indoor conditions of the

facilities investigated is listed, assuming that all the proposed passive and active energy

saving measures have been introduced.
As seen in Table 14, with the exception of the Loggia historical building, the achieved

annual primary energy saving is impressive, ranging from 58% to 85%.
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Table 14. Primary energy annual saving achieved with the introduction of the proposed passive and
active energy saving measures in the facilities investigated.

Primary Energy Annual . .
Facility Con;};mpti ogg (KWh) Primary Energy Annual Saving

Initial Operation State Proposed Operation state (kWh) (%)
1 2nd primary school of Agios Nikolaos 81,036.4 20,838.0 60,198.5 74.3
2 1st high school of Rethymno 165,449.3 25,096.6 140,352.7 84.8
3 2nd high school of Rethymno 405,720.0 109,011.0 296,709.0 73.1
4 High school of Kassos 72,681.8 20,105.7 52,576.1 72.3
5 Municipal hall of Rethymno 108,235.3 36,538.3 71,697.1 66.2
6 Municipal hall of Kassos 9083.7 1870.2 7213.5 79.4
7 Loggia 72,483.5 51,387.7 21,095.8 29.1
8 Cultural center of Hersonissos 147,908.1 62,785.6 85,122.5 57.6
9 Natural History Museum of Crete 772,649.3 161,906.1 610,743.2 79.0
10 Indoor sports hall of Arkalochori 217,640.0 49,280.9 168,359.2 77.4
11 Indoor sports hall of Leros 440,065.0 68,992.2 371,072.8 84.3
12 Pancretan Stadium 1,078,074.2 338,554.7 739,519.5 68.6

6.2. Swimming Pool Heating

In Pancretan Stadium, a biomass heater of 1 MWy, capacity was proposed, given the
already existing infrastructure in the stadium, powered currently by a diesel oil burner, and
the abundant available biomass resources in the area, coming from olive trees pruning and
olive kernel. This biomass heater will be used for swimming pool heating and domestic
hot water production. For the outdoor swimming pool center, an air-to-air heat pump with
150 kW, nominal heating capacity was proposed, supported by a biomass heater, during
days of low ambient temperature (below 5 °C).

The sizing of both heating systems was executed on the assumption that the presented
passive measures in Section 5.1 have been installed. This means that it was assumed that
the outdoor swimming pool center will have been upgraded to an indoor one, with the
construction of the enclosure presented in Figure 8. Additionally, it was assumed that the
insulation top cover will be also put on the pools” upper surface when they are not in use.

The results for annual energy sources and primary energy consumption for swimming
pool heating after the integration of the proposed passive and active energy saving measures
are presented in Table 15. The annual average COP of the air-to-air heat pumps for the
outdoor swimming pool center was calculated to be 3.9.

Table 15. Energy sources and primary energy annual consumption for swimming pool heating after
integration of the proposed passive and active energy saving measures.

- Electricity . Primary Energy
Facility Consumption (kWh) Biomass Pellets (in) Consumption (kWh)
Swimming pool center
(Arkalochori) 24,847.2 0.0 72,056.9
Indoor swimming pools 0.0 10,588.0 61,326.0

(Pancretan Stadium)

The primary energy saving achieved for the swimming pool center heating is presented
in Table 16. The remarkably high energy saving percentage, particularly for the current
outdoor swimming pool center, is noteworthy.
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Table 16. Primary energy annual saving for the swimming pool center heating after the integration of
the proposed passive and active energy saving measures.

Primary Energy Annual Primary Energy
Facility Consumption (kWh) Annual Saving
Initial Operation State  Proposed Operation State (kWh) (%)
Swimming pool center 3,472,028.0 72,056.9 33999711 979
(Arkalochori)
Indoor swimming pools 151,372.8 61,326.0 90,046.8 59.5

6.3. Domestic Hot Water Production

Domestic hot water is consumed in all the sports facilities investigated: the two indoor
sports halls, the swimming pool center, and the national stadium. The heat demand and the
current primary energy consumption are presented in Table 7, Section 4.3. The fundamental
active system proposed for domestic hot water production in these facilities is the “solar-
combi system.” It consists of solar thermal collectors and heat storage tanks. As back-up
units, either biomass heaters or air-to-air heat pumps have been proposed. The essential
layout of the solar-combi system introduced is given in Figure 10.
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Figure 10. Layout of the solar-combi system designed for the indoor sports hall in Arkalochori.

As seen in Figure 10, both the solar thermal collectors’ field and the heat pump are
connected to the heat tanks. The hot water demand is covered by the heat tanks. The system
is sized versus the computated simulation of its annual operation, following a specific
operation algorithm. Both the operation algorithm and the mathematical background have
been presented in detail in former articles [59,62], and they are omitted from this work
for space purposes. The sizing computational process is iteratively executed, introducing
as optimization criteria the minimization of the specific heat production cost and the
achievement of solar heat penetration higher than 45% versus the total annual heat demand.
The fundamental results of this sizing process are summarized in Table 17.

Table 17. Essential results from the computational optimization sizing process of the proposed
solar-combi systems for domestic hot water production.

Heat Solar Heat Electricity . Primary Energy
Facility SolarfCollec%or Storage Tank Penetration Consumption CBmmaSStI.’elk(’lt(S ) Consumption
Surface (m*) Capacity (L) (kWh) (%) (kWh) onsumption fig (kWh)
Indoor sports hall 24 x 2.4m? =57.6m? 2 x 2000 L = 4000 L 19,692.7 476 73234 0.0 21,237.9
of Arkalochori
Indogrf ip;;);tss hall 20 x 2.4 m? = 48.0 m? 2 x 2000 L = 4000 L 18,695.4 452 6415.9 0.0 18,606.1
Pancretan Stadium 128 x 2.5 m? = 320 m? 4 x5000L=20,000L  169,7000  65.0 0.0 20,609.0 119,367.9
Swimming 36 x 2.4m? = 86.4 m? 3 x 2000 L = 6000 L 32,8313 50.3 10,902.5 0.0 31,617.3

pool center

Finally, in Table 18, the primary energy consumption achieved with the introduction of
the proposed solar-combi system is presented, revealing very high primary energy saving
results for this final energy use too.
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Table 18. Primary energy annual saving achieved with the proposed solar-combi system for the
production of domestic hot water.

Primary Energy Annual . .
Facility Con;};mpti ogg (KWh) Primary Energy Annual Saving
Initial Operation State Proposed Operation State (kWh) (%)
Indoor sports hall of Arkalochori 93,014.7 21,237.9 71,776.8 77.2
Indoor sports hall of Leros 132,828.1 18,606.1 114,222.0 86.0
Pancretan Stadium 590,403.1 119,367.9 471,035.2 79.8
Swimming pool center 119,631.1 31,617.3 88,013.9 73.6

6.4. Lighting Consumption, Summary, and Electricity Production from RESs

Regarding the lighting consumption, electricity saving is approached with the installation of
new bulbs, luminaires with reflective surfaces, and floodlights, all of them using LED technology.
Additionally, the installation of BEMS systems for lighting management is proposed.

Finally, for all facilities examined, the installation of small photovoltaic stations is also
proposed in order to cover the remaining electricity consumption after the application of
all the proposed passive and active energy saving measures. The remaining electricity
demand coverage is based on the so-called net-metering operation mode, according to
which the electricity consumption is compensated by the photovoltaic stations” production
on an annual basis. This means that there is no need for real-time demand coverage.
This approach is highly favorable, since there is no need for electricity storage devices
procurement or installation, thus avoiding a considerable increase in the investments’ cost.
The sizing of the photovoltaic stations was based on the available meteorological data [70].
The electricity production from each photovoltaic station should be at least equal to the
remaining electricity consumption of the corresponding facility. Usually, the facilities’
roofs or potentially available outdoor space were occupied for the photovoltaic stations’
installation. In cases of flat roofs, the panels were installed with a southern orientation and
30° inclination with regard to the horizontal plane. In cases of inclined roofs, the panels
were installed tangentially to the roof surface. A fundamental mathematical background
was used for the calculation of the electricity production [86].

The results from the sizing and the electricity produced from the photovoltaic stations
are presented in Table 19. As seen in Table 19, the annual capacity factor of the photovoltaic
stations varies from 14.7% to 19.9% depending on the orientation and the inclination of the
panels’ installation, as well as the selected technology. The highest capacities factors are
met for the most recent studies, for which the improved photovoltaic technology regarding
their operational efficiency was taken into account. For the municipal hall of Kassos and
for the Loggia, the panels were requested by the antiquities authorities to be installed
horizontally so as to avoid the deterioration of the buildings” volume.

In Table 20, the final summary of the new primary energy consumption is presented
after the introduction of the proposed passive and active energy saving systems in the
facilities investigated. Negative total primary energy consumption means that the facil-
ity becomes a zero-energy facility. This is achieved when the electricity produced from
the photovoltaic station is higher than the remaining electricity consumption. This was
achieved for 7 out of the 13 facilities investigated. In the other six cases, the achievement of
zero energy was not possible due to the following.

e  Violation of the maximum acceptable budget for energy performance upgrading
(Pancretan Stadium).

e  Lack of the required space for the installation of the required nominal power of the
photovoltaic station, in order to fully cover the remaining electricity production in the
facility after the application of the proposed passive and active measures (all the rest
of the facilities).
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Table 19. Photovoltaic station installation features.
Electricity Primary Energy Compensation from
Facility Photovoltaic Power (kWp) Capacity Factor (%) Production from Phort};voltainro dlfction (KWh) Orientation Inclination (°)
Photovoltaics (kWh)
1 2nd primary school of Agios Nikolaos 18.0 19.9 31,310.2 90,799.6 South 30.0
2 1st high school of Rethymno 18.9 18.0 29,785.4 86,377.7 South 30.0
3 2nd high school of Rethymno 71.5 16.7 104,792.8 303,899.1 South 30.0
4 High school of Kassos 8.0 18.9 13,254.6 38,438.3 South 30.0
5 Municipal hall of Rethymno 24.6 18.0 38,768.3 112,428.1 South 30.0
6 Municipal hall of Kassos 7.5 16.9 11,1141 32,230.9 - 0.0
7 Loggia 19.5 15.3 26,109.4 75,7173 - 0.0
8 Cultural center of Hersonissos 16.1 18.2 25,601.8 74,245.2 South 30.0
9 Natural History Museum of Crete 30.8 16.9 45,672.5 132,450.3 South 30.0
10 Indoor sports hall of Arkalochori 31.8 14.4 40,194.8 116,564.9 West 5.0
11 Indoor sports hall of Leros 55.0 16.7 80,318.2 232,922.8 South 30.0
12 Pancretan Stadium 300.0 16.5 433,617.0 1,257,489.3 West 3.0
13 Swimming pool center 325.0 14.7 418,509.0 1,213,676.1 West 3.5

Table 20. Summary of the new primary energy consumption after the introduction of the proposed passive and active energy saving systems in the facilities

investigated.
Primary Energy Consumption (kWh) Primary Energy . . Final Specific
Facility Indoor Heating ~ Swimming Pool Domestic Hot Lichti Other Compensation from Ignal an?ry ]Elt(l‘e,\r,i})’ Primary Energy
and Cooling Heating Water Production 1ghing Consumption Photovoltaics (kWh) onsumption Consumption (kWh)
1 2nd primary school 20,838.0 0.0 0.0 24,181.0 33,461.4 90,799.6 ~12,319.3 —47
of Agios Nikolaos
2 1st high school of Rethymno 25,096.6 0.0 0.0 11,103.0 35,960.0 86,377.7 —14,218.1 —7.1
3 2nd high school of Rethymno 109,011.0 0.0 0.0 48,133.2 144,026.8 303,899.1 —2728.2 —-0.7
4 High school of Kassos 20,105.7 0.0 0.0 6102.2 28,345.8 38,438.3 16,115.3 18.8
5 Municipal hall of Rethymno 36,538.3 0.0 0.0 16,423.0 139,896.0 112,428.1 80,429.1 82.8
6 Municipal hall of Kassos 1870.2 0.0 0.0 1573.6 23,563.4 32,2309 —5223.7 —59.6
7 Loggia 51,387.7 0.0 0.0 22,530.7 12,412.6 75,717.3 10,613.7 8.7
8 Cultural center of Hersonissos 62,785.6 0.0 0.0 81,037.0 73,514.2 74,245.2 143,091.5 123.0
g  Natural istory Museum 161,906.1 0.0 0.0 129,471.4 52,327.6 132,450.3 211,2549 416
10 Indoor sports hall 49,280.9 0.0 21,2379 21,074.0 22,7749 116,564.9 —2197.3 ~15
of Arkalochori
11 Indoor sports hall of Leros 68,992.2 0.0 18,606.1 24,331.0 119,840.5 232,922.8 —1153.0 —-0.7
12 Pancretan Stadium 338,554.7 61,326.0 119,367.9 943,671.0 547,731.0 1,257,489.3 753,161.3 70.8
13 Swimming pool center 0.0 72,056.9 31,617.3 77,204.0 1,027,014.7 1,213,676.1 —5783.3 —5.1
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7. KPIs and Discussion

In Table 21, essential key performance indicators (KPIs) are presented, together with
the projects’ setup costs and the achieved energy procurement cost saving, thanks to the
energy performance upgrade projects. A primary energy saving higher than 100% implies
energy performance upgrading to a zero-energy facility. CO, emission percentage drops
similar to the primary energy percentage savings are achieved. The RES penetration is
calculated as the ratio of the primary energy that corresponds to the electricity or the
heat produced by RES technologies (photovoltaics, solar thermal collectors, and biomass
heaters) over the new primary energy consumption in the facilities after the introduction of
the proposed passive and active energy saving measures. Finally, the payback period is
calculated from the division of the setup cost by the annual monetary saving.

The calculated payback periods vary from 13 to 45 years. This indicator strongly
depends on two parameters:

e The initial annual energy procurement cost before the introduction of the
proposed interventions.

e Particularly for buildings, the introduction of passive energy saving measures, es-
pecially opaque surface insulation and opening replacement, which considerably
increase the project’s setup cost.

For example, in the case of the outdoor swimming pool center and the museum, the
high annual monetary saving is achieved because of the initially high existing energy
procurement cost, which is minimized with the proposed energy saving measures. In these
two cases, the payback periods are the minimum ones (within a range of 13 years). Similarly,
in the case of the national stadium, the high initial energy procurement cost creates a margin
for corresponding high annual monetary saving. For this case, additionally, limited passive
energy saving measures were proposed for the reasons explained in Section 5.2. The
combination of these two parameters leads to a relatively low payback period (19 years).
The extensive energy needs in the indoor sports halls for indoor heating and domestic hot
water and the corresponding energy saving achieved, leads to payback periods lower than
30 years. In all other cases (school buildings and municipal halls), the payback periods
vary from 30 to 45 years.

Another interesting indicator is the specific annual setup cost, calculated as the ratio
of the investment over the achieved primary energy annual saving and the payback period.
By introducing in the ratio’s denominator the payback period, the total investment is
distributed over the total payback period. In this way, a corresponding annual setup cost is
calculated, which is divided by the primary energy annual saving, leading to a new KPI
that gives the projects” annual specific setup cost/kWh of annual primary energy saving.
This KPI ranges from EUR 0.05/kWh to EUR 0.32/kWh. Most projects, however, exhibit
specific annual setup cost within a range of 0.10-0.15 EUR/kWh.

To conclude, a primary energy saving higher than 100%, which practically means
upgrading to zero energy, definitely leads to the minimization of energy consumption and
the environmental footprint from the facilities” operation. It also leads to the minimization
of the facilities” operation cost, particularly regarding the energy procurement cost. On the
other hand, upgrading to zero energy does not necessarily exhibit the optimum investment
indicators, such as the payback period, especially when expensive passive energy saving
measures are proposed or if the initial energy procurement cost is not high.
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Table 21. Setup cost and key performance indicators for the studied energy performance upgrade projects.

Facility Setup Cost Annual Payback Period Primary Energy Saving Specific Annual Setup Cost RES CO; Emission Drop
(EUR) Monetary Saving (EUR) (Years) (kWh) (%) (EUR/KWh-PP) Penetration (%) (tons) (%)
1 2nd primary school of Agios Nikolaos 1,125,000 26,700 42.1 131,504.1 108.1 0.2030 115.1 494 109.0
2 1st high school of Rethymno 775,000 25,500 304 208,808.4 100.0 0.1221 126.7 71.8 100.0
3 2nd high school of Rethymno 1,980,000 61,223 323 487,320.1 100.5 0.1256 100.9 178.9 100.5
4 High school of Kassos 810,000 22,500 36.0 70,088.9 90.1 0.3210 77.2 30.6 88.8
5 Municipal hall of Rethymno 550,000 16,000 344 81,602.2 86.0 0.1961 85.8 103.1 93.5
6 Municipal hall of Kassos 65,000 2000 325 15,881.0 101.5 0.1259 101.9 39.0 101.5
7 Loggia 598,000 14,500 41.2 114,744.2 41.0 0.1264 1024 125.7 1014
8 Cultural center of Hersonissos 766,000 17,000 45.1 140,958.7 40.5 0.1206 26.4 48.0 40.5
9 Natural History Museum of Crete 1,440,000 110,000 13.1 782,379.4 79.8 0.1406 38.5 285.0 79.8
10 Indoor sports hall of Arkalochori 955,000 36,000 26.5 363,338.7 100.6 0.0991 133.2 122.5 100.6
11 Indoor sports hall of Leros 1,690,000 58,000 29.1 615,790.3 100.2 0.0942 115.2 238.0 100.2
12 Pancretan Stadium 3,200,000 165,000 19.4 3,044,586.8 61.3 0.0542 66.4 1305.8 68.1
13 Swimming pool center 6,200,000 485,000 12.8 3,862,536.2 100.9 0.1256 108.7 1433.5 101.2
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The most cost-effective projects, with simultaneously the highest achieved annual
energy saving, are the sports facilities” upgrades, with the outdoor swimming pool center
exhibiting the highest feasibility, as revealed by the corresponding calculated KPIs. The
upgrade of outdoor swimming pool centers to indoor ones and the substitution of diesel
oil with biomass pellets or electricity for swimming pool heating is highlighted as the most
energy saving and cost-effective investment.

Except sports facilities, the research indicated that considerable cost-effective energy
saving was also achieved in the museum. For the other administrative and educational
facilities, the energy and monetary savings were lower, due to the relatively lower initial
energy consumption.

Apart from the type, the size of the facility and the corresponding energy saving
margin also have an important impact on the energy upgrade project’s economic viability.
This is clearly depicted in the specific annual setup cost, which ranges from EUR 0.05/kWh
for the largest project (Pancretan Stadium) to EUR 0.32 /kWh for the smallest one (municipal
hall of Kassos).

Additionally, the achievement of a net-zero-energy upgrade is highly affected by the
following potential limitations.

e The large dimensions of a facility, which may imply a corresponding increase in
the setup cost that cannot be covered by the available funding. This is the case for
Pancretan Stadium and the high school of Kassos.

e The highest photovoltaic power that is permitted to be installed and can be li-
censed for a specific facility, which for public and municipal facilities is defined
at 300 kWy,. This limitation was also applied in the case of Pancretan Stadium, which
requires photovoltaic power higher than 600 kW, for the full coverage of its electricity
annual consumption.

e  The space available for photovoltaic installation, which may determine the maximum
possible installed photovoltaic capacity. This limitation affected the cultural center,
the Natural History Museum, the high school of Kassos, and the municipal hall
of Rethymno.

e  Restrictions regarding the architectural, cultural, and historical identity of the building,
which may affect the potential installation of passive energy saving measures. This is
the case for the Venetian Loggia municipal hall.

Except the aforementioned cases, all the rest are upgraded to net-zero-energy facilities
with the proposed energy saving measures.

Finally, all the proposed passive and active energy saving measures are highly adapted
to local climate conditions, as follows.

e Regarding the proposed passive measures, the opaque surface insulation and the
opening replacements are typical, obvious solutions aiming to reduce the indoor
conditioning loads. Additionally, given the high solar radiation available, overhangs
are proposed for most cases to protect indoor overheating from direct solar radiation
penetration. Finally, solar-light tubes are sensibly proposed to maximize natural
lighting in large indoor spaces, such as the indoor sports halls.

e  Solar thermal collectors and photovoltaics are proposed for heat and power production,
given the high solar radiation available in the geographic area under consideration.

e  For those facilities located in the coastline or close to the sea, the installation of open-
loop geo-exchange plants is proposed for maximum energy saving for indoor condi-
tioning. For all the other cases, high-efficiency air-to-air heat pumps are proposed.

e  For large facilities with extensive heat demand, such as Pancretan Stadium and the
outdoor swimming pool center, biomass heaters operating with locally available solid
biomass resources are proposed.
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Given the above analysis, it is conceivable that all the proposed measures are tech-
nically mature, with numerous installations worldwide. They exhibit high technical ap-
plicability, with the best possible economic indicators. From the presented projects, the
energy performance upgrading of the Natural History Museum of Crete, Loggia city hall,
municipal hall of Rethymno, and the 1st high school of Rethymno have been implemented,
while funding for the retrofitting of the high school of Kassos and the indoor sports hall of
Leros have been ensured and are expecting to be implemented. As a direction for future
work, in a follow-up article, which will complement this one, the real achieved energy
saving results from the operation of the upgraded facilities can be presented and compared
with the results of the studies. In this way, the current work, limited exclusively to the
theoretical calculation phase, will be verified with the measured achieved energy saving
results in the municipal facilities examined.

8. Conclusions

Energy performance upgrading of municipal buildings and facilities constitutes a
major energy transition. The energy saving margin is large, while the environmental
footprint of the facilities” operation, thanks to the achieved both energy and CO, emission
saving, can be minimized.

Zero-energy upgrading can be achieved with the remaining electricity annual con-
sumption coverage from an electricity production technology from RESs, most typically a
photovoltaic station. This can be possible depending on the following major limitations.

e  The availability of enough territorial space for the installation of the photovoltaic station.

e  The highest photovoltaic power that is permitted to be installed and can be licensed
for a specific facility according to the relevant legal framework.

e  The availability of the required funding resources.

e Potential restrictions imposed by the historical, cultural, and architectural identity
and value of the facility, which may affect the type and the size of the energy saving
measures that can be applied.

Even if a zero-energy upgrade is not possible, the achievement of primary energy
annual saving from 60% to 80% can be easily achieved with the combination of passive and
active energy saving measures. Specifically, on average, a typical indoor conditioning load
drop of 50% can be approached with the installation of the appropriate passive measures,
while in extreme cases, it can reach 70%. Additionally, 30-40% electricity saving for indoor
conditioning can be achieved with the installation of effective active systems (open-loop
geo-exchange plants or high-efficiency air-to-air heat pumps). Primary energy saving up to
70% can also be achieved with the installation of solar thermal collectors and heat storage
tanks for domestic hot water production, while the anticipated saving for the lighting
equipment upgrade is around 50%.

The energy saving potential, especially for sports facilities, is huge. Payback periods
for the corresponding investments can be lower than 15 years. Particularly regarding
swimming pool centers, primary energy savings higher than 95% can be achieved with the
upgrading of outdoor swimming pools to indoor ones.

For administrative and school buildings, the energy saving margin is lower than in
sports facilities and the corresponding investments do not exhibit attractive economic
indicators. However, the regularly available European or national funding calls for the
implementation of municipal and public buildings’ energy retrofitting can help to overcome
the obstacle of these projects’ funding and the poor economic indicators.

Additionally, it must be underlined that energy performance upgrade projects applied
to educational buildings, apart from their direct energy and monetary saving benefits, can
also have an additional and highly important positive side effect, which is their contribution
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to the education of students on energy saving and on RUE. Educating the next generation
about RUE can be of major importance for a more sustainable and effective use of energy.

For all the cases investigated, the achieved energy savings are important and their
contribution to the elimination of their environmental footprint is crucial. The monetary
annual saving achieved can also be quite important, given the (in general) limited funding
resources of these facilities. The money savings from the energy performance upgrades
can be invested in the improvement of facilities” infrastructure and the administrative,
educational, cultural, and sports services supplied.

The application of energy performance upgrades for public and municipal buildings
and facilities can act as pilot projects for the introduction of similar energy saving measures
and technologies in the private sector also: households and commercial buildings. For this
reason, their significance is further increased.
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