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Featured Application: The article highlights the huge potential for energy saving in the building
stock in the Mediterranean region and analyzes the parameters and possibilities for their upgrade
to zero energy facilities.

Abstract: This article aims to present the results from studies on the energy performance upgrade of
buildings and facilities located in Crete, Greece, in a typical Mediterranean climate. In Mediterranean
islands, the most buildings remain uninsulated, classified in C or even lower energy performance
rank. In this article four reference buildings and one sports facility are investigated: a residential
building, a municipality building, a school building, a museum and the Pancretan Stadium. Detailed
calculations based on the computational simulation of each examined facility were executed, giving
accurate results on the heating and cooling loads, both for the existing conditions and after the
integration of the proposed passive measures. Thorough dimensioning and energy calculations
have been executed for specific active energy systems too, particularly proposed for each examined
case. With this parametric approach, the article indicates the effect and the economic efficiency of
the proposed active or passive measures for each examined facility, expressed with specific key
performance indicators. The common conclusion for all investigated cases is the huge margin for
energy saving, which can reach 65% with regard to the existing annual consumptions. The payback
period of the introduced energy upgrade measures can be as low as 15 years.

Keywords: energy buildings energy performance upgrade; energy active and passive measures;
thermal storage; solar-combi systems; rational use of energy; geothermal heat pumps exchangers

1. Introduction

1.1. Energy Performance Upgrade of Buildings and Facilities in Mediterranean Climate

Mediterranean climate is characterized with mild winters and cool summers, especially as far
as the insular territories are concerned. Minimum winter temperatures rarely fall below 0 ◦C, with
most frequent minimum values above 5 ◦C. On the other hand, the normal peak daily temperature
during summer ranges around 30 ◦C, due to the cool sea-blowing winds [1,2], apart from some very
specific regions, mainly in the eastern Mediterranean basin (Cyprus and Middle East) and the north of
Africa. These seasonally fluctuating mild climate conditions result to the configuration of moderate, yet
absolutely certain, heating and cooling loads of buildings. In most Mediterranean regions, these loads
are exclusively restricted during winter and summer, respectively. In spring and autumn, the outdoor
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climate conditions are quite close to the indoor space thermal comfort conditions, eliminating any
needs for indoor space active conditioning [3,4].

Yet, despite this favorable climate background, the energy consumption in buildings in the
Mediterranean region remains disproportionally high, mainly because of the inadequate insulation
of the existing buildings’ envelope, regarding both the opaque and the transparent surfaces. This is
clearly depicted in Figure 1 [5]. In this Figure, the annual specific energy consumption for heating
per m2 of indoor conditioned space covered area is depicted for several insulated and uninsulated
buildings in Denmark, Finland, Greece, Poland and Switzerland. It is clearly seen that there are
uninsulated buildings in Greece which exhibit higher annual energy specific consumption for heating
than insulated buildings in Denmark, in Finland and in Switzerland, namely in countries with
considerably colder climates.
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Given the above inadequate situation in the Mediterranean basin, a significant effort has been
initiated during the last two decades from the National States to support the energy performance
upgrade of buildings for both the residential and the industrial—commercial sector. This is practically
realized with specific funding calls for the insulation of the buildings’ envelope and the replacement
of old and low-efficiency air conditioning and lighting systems. This effort has been supported and
accompanied with a large number of innovative systems and methods from the academic community
and the technological stakeholders involved in the design and the commercial production of relevant
products. It is truly impossible to present all the achievements of these last two decades, maybe even
the advancements on the various topics of the very recent years. Hence, in the next paragraphs of
this introductory section, only some indicative recent references will be provided, which, in no case,
should be considered as exhaustive, aiming just to provide a general image on the field of the buildings’
energy performance upgrade.

Firstly, a major parameter is the global warming trend of the plant, due to the climate change,
and how this can affect the energy consumption for indoor space conditioning, especially in warm
climates, like the Mediterranean. The effect of the evolved climate change is investigated in [6] for
two different time periods, in the middle and at the end of the 21st century. Certain warmer ambient
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temperature profiles are introduced, under two emission scenarios, RCP4.5 and RCP8.5. The results
show clear reduction on the heating demand and definite increase on the cooling demand. The most
effective measures against the latter trend are proved to be increased insulation (thicker insulating
layers or materials with lower thermal conductivity factor) and reduction in air infiltration.

A favorite topic in the relevant literature is the energy performance evaluation and upgrade of
school buildings. This can be justified because school buildings represent a high percentage of public
buildings. The total number of school building only in mild Mediterranean climates is estimated
at 87,000 [7]. Additionally, many school buildings operate with significant thermal discomfort and
without any heating strategy, due to economic restrictions [8]. The energy upgrade of school buildings
has been investigated in several articles. Two of them [9,10] examine this topic for warmer and colder
climate in Greece and Spain, respectively. The introduction of all the possible passive measures is
examined and a variety of potential active measures for indoor space conditioning, lighting and energy
management. Both articles conclude that the achieved saving on the consumption of non-renewable
primary energy sources can be at the range of 65% and the reduction on CO2 annual emissions can
exceed 70%. The introduction of the appropriate essential passive measures in school buildings
(insulation, openings replacement, shadings) can lead to annual reduction of the heating the cooling
demand of 17.7% and 15.9% respectively, with a total specific set-up cost of 146 €/m2 [7].

Green rooves constitute a special passive measure, despite the fact that we find its origin in the
traditional architecture from the southern to the northern geographical latitudes [11]. The installation
of green rooves is investigated for a typical office building under warm Mediterranean climate in
Cyprus [12] and a typical for residential buildings in Catania, Sicily [13]. The results showed that a
primary energy annual saving of 25% for heating and 20% for cooling is achieved for the office building
in Cyprus. The case studies executed in Sicily resulted to annual energy saving between 31% and 35%
for cooling and between 2% and 10% for heating. Green rooves, apart from the achieved energy saving,
also exhibit significant environmental benefits. In Sicily, for example, the annual saving on the CO2

and NO2 emissions, due to the installation of green rooves, was estimated to be equal to 1.35 kg/m2

and 0.03 kg/m2 respectively [13].
A special parameter which can significantly affect the final thermal energy consumption both for

heating and cooling is the air infiltration, mainly due to inadequately sealed openings. It has been
shown that the contribution of air infiltration on the total final energy specific consumption can be
between 2.43 kWh/m2 and 16.44 kWh/m2 for heating and between 0.54 kWh/m2 and 3.06 kWh/m2 for
cooling [14], basically dependent on three major parameters: the location of the building in urban,
countryside, mountainous or coastal environments, the climate zone and the quality of the installed
openings, configured essentially by the used material and the achieved airtightness between the
opened and the fixed frame of the opening.

Regarding the active energy systems, an integrative research has been accomplished and presented
in [15]. In this work, alternative heating systems are investigated, based on the use of diesel oil, natural
gas, biomass pellets and electricity, consumed either in panel heaters, infrared heaters, radiative heaters,
electric boiler, electrical fireplace or in air-to-air or air-water heat pumps. The work is also expanded in
all four different climate zones established for the Greek territory, starting from the warmest zone A
(southern insular territory) and ending at the northern and coldest regions in Western Macedonia (zone
D). The results indicated were evaluated on the achieved total life cycle cost. Heat pumps were proved
to be the most cost-effective solutions for zone A, while, for the colder climates in northern Greece
(Western Macedonia), the use of biomass pellets was proved to be the optimum approach.

Particularly, old and inefficient air-to-air heat pumps, used for indoor space cooling, are proposed
to be replaced with new, with the seasonal energy efficiency ratio (EER) being between 3.2 and 4.8. This
intervention can lead to an annual primary energy saving of up to 16% [16]. Even higher EER values
can be achieved with the installation of geothermal source heat pumps [17,18]. In this case, the most
cost-effective layout is the installation of an open-loop geothermal system, in case of the availability of
an underground aquifer. The achieved annual primary energy saving can be from 25% to 75%. In case
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of a lack of aquifer, of course the installation of closed loop geothermal heat exchangers constitutes an
alternative solution with similar annual energy saving percentages, yet with higher set-up costs [19].

A special geothermal heat pumps application is the swimming pools heating. In this case, the high
heating demand creates a highly favorable application field for the introduction of geothermal heat
pumps [20]. Given the fact that in most cases swimming pools heating is still based on conventional
heaters operating with diesel oil, the payback period of a geothermal heat pump can be as low as three
years, accounted on the avoided diesel oil procurement cost [21].

Solar collectors have also been proposed and studied, starting from the installation of simple flat
plate collectors for hot water production [22] to advanced systems, involving solar-combi systems for
hot water production and indoor space heating [23–25], solar cooling with absorption chillers [26] and
the newly introduced hybrid solar thermal photovoltaic panels for combined electricity and thermal
energy production [27,28]. Solar-combi systems exhibit excellent applicability under the rich available
solar radiation in the Mediterranean basin. They can be introduced either with flat-plate collectors
or vacuum tubes to undertake the heating loads of residential, commercial, public and educational
buildings and the swimming pools heating. In case of combined operation with a biomass heater,
the heating load is totally covered with renewable energy sources (RES). In this way, any primary
energy source consumption is totally eliminated.

A special case of active energy systems is the combined heat and power cogeneration systems.
In case of biomass fuel, both electricity and thermal energy needs can be covered with renewable
energy sources, exhibiting a total efficiency higher than 85% [29,30]. Such systems can be introduced
for residential [29] and commercial [30] buildings, sports facilities, hospitals etc., implemented either
with small compact steam turbines, or with biomass gasification units and internal combustion engines.
Their feasibility seems higher in colder climates, where higher heating needs are met, even though
they can be combined with absorption chillers for cooling production. They also seem to be ideal for
swimming pools, where heating is required during the whole annual period.

Lighting needs in commercial and residential buildings constitute the second most important
need in raw consumption sector after indoor space conditioning. With an installed lighting power
density of 10 W/m2 to 30 W/m2, the annual electricity consumption for a commercial building can be
from 20 kWh/m2 to 25 kWh/m2 [31]. The contribution of natural lighting can be significant towards the
reduction of the consumed primary energy sources for the lighting needs coverage of indoor space.
The annual electricity consumption saving with the proper orientation of the building’s openings and
the exploitation of natural lighting can be from 40% to 80% in commercial buildings, depending mainly
on required lighting luminosity [32].

Finally, in a more advanced and sophisticated approach, smart buildings can incorporate smart
energy management systems, smart metering, decentralized energy storage devices and decentralized
production [33]. Being integrated within smart grids, apart from electricity and thermal energy saving,
they can also contribute to the reduction of the energy procurement cost, approached from several
alternative directions: power peak demand shaving, improvement of energy use efficiency, direct
load curtailment, decentralized production and storage and involvement in the electricity liberalized
wholesale market [34,35].

The aforementioned literature survey can only be considered as indicative. The amount of work
accomplished in this particular field is huge and impossible to be covered within the available space of
the introductory section. Nevertheless, this literature survey aims to provide a general, yet clear, image
of the most popular technologies, systems and methods employed towards the energy performance
upgrade of buildings. As already underlined, in no case should it be considered exhaustive.

1.2. Scope of the Article

The present article gathers and presents, in a comprehensive approach, the methodologies,
the occupied active and passive measures and the results obtained from the energy performance
upgrade of five buildings in Crete, which are:
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1. a residential detached building at the town of Heraklion;
2. a school building at the town of Rethimno;
3. the municipality building of the town of Rethimno;
4. the Natural History Museum of Crete (NHMC), at the town of Heraklion;
5. the Pancretan Stadium, the biggest sports facility in Crete, at the town of Heraklion.

With the aforementioned investigated cases, five fundamental buildings’ categories in a typical
insular Mediterranean urban environment are covered. Their locations are depicted in Figure 2.
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The scope of this article is to present and compare a series of passive and active measures
introduced in these different building categories, currently of different energy performance ranks,
located in a typical Mediterranean climate. In a sense, it could be considered as a review article, yet,
with specific innovation points regarding the introduced active energy systems in the investigated
buildings. The strong point of the article is the comparative investigation of buildings with different
uses and different current energy performance ranks, through which the contribution and the technical
and economic feasibility of each cluster of applied interventions towards energy performance upgrade
is evaluated. Conclusions will be made on the energy saving contribution and the cost-effectiveness of
each type of measure for each alternative examined type of building and existing energy performance
rank, evaluated with the calculation of typical key performance indicators.

2. Energy Consumption in the Examined Buildings

Table 1 summarizes the U-factors of the constructive elements of the examined buildings’ envelope.
Most of them are old buildings, constructed without any specific insulation regulations. Hence, they
remain uninsulated, exhibiting quite high U-factors. It should be underlined, that according to the Greek
Directive on Buildings’ Energy Performance [36], the maximum permissible U-factors for Crete (A climatic
zone) are 0.45 W/m2K for rooves, 0.55 W/m2K for vertical opaque surfaces and 2.8 W/m2K for openings.
As seen in Table 1, only the residential building exhibits U-factors close or below the maximum
permissible for its constructive elements. For all the other examined buildings and facilities, the opaque
vertical and horizontal surfaces remains uninsulated, apart from the municipality building’s roof.
Additionally, all the openings are with aluminum frame without thermal brake, very bad airtightness
and single or double glazing, exhibiting very high U-factors. The different U-factors presented for the
same constructive elements of a building refer to different constructive synthesis of the same element
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at different parts of the building. For example, the NHMC building constitutes a synthesis of an old
construction, set up with physical stone walls, and a new one, constructed with synthetic materials [37].

Table 1. U-factors of the examined buildings’ envelope constructive elements.

Constructive
Element

Existing U-Factors (W/m2K) Maximum
Permissible

U-Factors
(W/m2K)

Residential
Building

School
Building

Municipality
Building

Natural History
Museum of

Crete (NHMC)

Pancretan
Stadium

Vertical walls 0.5 2.20 2.20 0.9, 1.8 1.6 0.55
Bearing structure

(reinforced concrete) 0.5 3.40 3.40 2.9 1.9 0.55

Roof 0.5 3.1 0.7 3.2 1.7 0.45
Openings 3.6 5.7 5.7 4.5 3.3, 5.7 2.8

In Table 2, fundamental features regarding the size, the occupants, the thermal comfort conditions
and the operation schedule of each examined building are presented. These features are annually
averaged for all buildings. For example, for the school building, there is no use and no occupants
during July and August. Additionally, the number of visitors in NHMC increases gradually from
January to August and vice versa. Furthermore, the number of users in the Pancretan Stadium
presented in Table 2 is the total average number per day. This number varies for the different sports
halls and the swimming pools center. Conclusively, it must be understood that the figures presented
in Table 2 are average values, shown indicatively to offer a picture for the size and the usage of the
examined buildings. Behind these figures, there is a detailed analysis for all the examined buildings,
regarding all these parameters involved in the heating and cooling loads calculation. For the case of
NHMC and the Pancretan Stadium, the accomplished works have been published in detail in former
articles [38,39], hence, thorough information can be retrieved from these.

Table 2. Fundamental features regarding the size, the occupants, the thermal comfort conditions and
the operation schedule of the examined buildings.

Description Residential
Building

School
Building

Municipality
Building NHMC Pancretan

Stadium

Total covered area (m2) 120 1998 1269 5750 19,397
Covered area of conditioned

space (m2) 120 1998 971 5084 10,638

Floors number 1 2 4 6 2
Operation
schedule

Winter Continuously 7:00–15:00 8:00–16:00 9:00–15:00 8:00–22:00
Summer Continuously 7:00–15:00 7:30–15:30 9:00–21:00 8:00–22:00

Number of
occupants

Winter 4 800 80 70 1400
Summer 4 800 100 150 1400

Thermal comfort
conditions

Winter 20 ◦C/45% 20 ◦C/45% 20 ◦C/45% 20 ◦C/45% Depended
on the hallSummer 26 ◦C/45% 26 ◦C/45% 26 ◦C/45% 26 ◦C/45%

The above presented data are used for the calculation of the annual indoor space heating and cooling
loads in the investigated buildings. All buildings were computationally simulated, by introducing
their profile in TRNSYS (Transient System Simulation Tool), along with all the aforementioned
operating and thermos-physical parameters. Typical meteorological data regarding the ambient
temperature, the global horizontal irradiance, the wind velocity and the ambient relative humidity
were also employed. For space economy reasons, the reader is kindly requested to seek the adopted
meteorological data in [37,38].

The developed TRNSYS logical diagram is presented in Figure 3. As seen in this Figure, firstly,
the climate data are introduced in the form of annual time series with hourly average values with
the sub-routine “weather”. The incident solar radiation is then calculated on vertical surfaces with
8 different fundamental orientations with the sub-routine “8 surfaces” (southern, northern, southeastern,
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northwestern etc.) and on horizontal surfaces, with the sub-routine “horizontal”. The long-wave
radiation loss in the space is finally calculated with the “sky temperature” sub-routine. The building’s
geometry, orientation and qualitative features are introduced with the “building” sub-routine, where
the main heating and cooling load calculations are also executed. The results of the process are
presented in the form of graphs and in the form of output text files with the “OUTPUT” sub-routine.
The structure of the introduced TRSNSYS logical diagram is obvious and simple. It has been validated
with its application in tens of studies on buildings’ energy performance evaluation and the comparison
of the computational results, with the real diesel oil or electricity annual consumptions for the heating
and cooling load coverage.

Energies 2020, 13, x FOR PEER REVIEW 7 of 29 

 

southeastern, northwestern etc.) and on horizontal surfaces, with the sub-routine “horizontal”. The 
long-wave radiation loss in the space is finally calculated with the “sky temperature” sub-routine. 
The building’s geometry, orientation and qualitative features are introduced with the “building” sub-
routine, where the main heating and cooling load calculations are also executed. The results of the 
process are presented in the form of graphs and in the form of output text files with the “OUTPUT” 
sub-routine. The structure of the introduced TRSNSYS logical diagram is obvious and simple. It has 
been validated with its application in tens of studies on buildings’ energy performance evaluation 
and the comparison of the computational results, with the real diesel oil or electricity annual 
consumptions for the heating and cooling load coverage. 

 
Figure 3. The introduced logical diagram in TRNSYS (Transient System Simulation Tool) for the 
simulation of the buildings’ thermal performance. 

The annual heating and cooling loads were calculated in the form of annual time series with 
average hourly values. They are presented in Figure 4 for all the examined buildings. From these 
figures we can observe: 

• The high heating load and the relatively low cooling load for the residential building, which is 
located in higher absolute altitude in the mainland of the island, namely in more harsh weather 
conditions during winter. 

• The cooling loads are null for two months in the summer for the school building because it 
remains inoperative. Sensibly, the main indoor space conditioning demand is heating. 

• The considerably higher cooling load of the municipality building, compared to the heating load, 
a common feature for a public or a municipal administrative building in Mediterranean climates. 

• The annual thermal peak demand for heating is higher than for cooling in NHMC and in 
Pancretan Stadium, due to their vicinity with the coastline and their exposure to strong 
northwest winds during winter. 

Figure 3. The introduced logical diagram in TRNSYS (Transient System Simulation Tool) for the
simulation of the buildings’ thermal performance.

The annual heating and cooling loads were calculated in the form of annual time series with
average hourly values. They are presented in Figure 4 for all the examined buildings. From these
figures we can observe:

• The high heating load and the relatively low cooling load for the residential building, which is
located in higher absolute altitude in the mainland of the island, namely in more harsh weather
conditions during winter.

• The cooling loads are null for two months in the summer for the school building because it remains
inoperative. Sensibly, the main indoor space conditioning demand is heating.

• The considerably higher cooling load of the municipality building, compared to the heating load,
a common feature for a public or a municipal administrative building in Mediterranean climates.

• The annual thermal peak demand for heating is higher than for cooling in NHMC and in Pancretan
Stadium, due to their vicinity with the coastline and their exposure to strong northwest winds
during winter.
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existing situation ((a): residential building, (b): school building, (c): municipality hall, (d): NHMC,
(e): Pancretan Stadium).

The results presented in Figure 4 are also presented in tabular format on a monthly aggregated
basis in Table 3, levelized per m2 of indoor conditioned space. It is clarified that these results refer
only to the final heating and cooling loads. These loads are covered with the following means and
energy sources:

• remote air-to-air split units for the residential building, for both heating and cooling;
• a central heating system supplied by a diesel oil burner and remote, air-to-air split units exclusively

for cooling, for the school building and the municipality building;
• electrical resistances for heating in the municipality building;
• a central variable air volume (VAV) system supplied by a central air-to-air heat pump for the

NHMC for both heating and cooling;
• remote, autonomous air-to-air heat pumps units, particularly for heating of offices in the Pancretan

Stadium, while the sports halls remain unconditioned during winter;
• a central chiller for the cooling of all the conditioned indoor space in the Pancretan Stadium.

According to the aforementioned, the only energy sources consumed in the examined buildings
are electricity, in all of them, and diesel oil for indoor space heating in the school building and the
municipality building. Diesel oil is also consumed for the swimming pools’ heating and hot water
production in the Pancretan Stadium. These are the main final energy uses in the examined buildings.
Apart from these uses, electricity is sensibly consumed for indoor space lighting and the operation
of the commonly met electrical and electronic devices in the examined types of buildings. Among
them, of considerable contribution in the annual energy consumption is the electricity consumed for
the indoor and outdoor space lighting in the Pancretan Stadium. Finally, as already mentioned above,
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there is no heating distribution for the sports halls in the Pancretan Stadium, regardless of the existence
of certain heating loads, as shown in Figure 4. This is exclusively for economy reasons. Hence, there is
a definite thermal discomfort in the stadium in its current operation, as far as the sports halls heating
is concerned.

Table 3. Heating and cooling loads monthly analysis, levelized per m2 of indoor conditioned space, for
the examined building in the existing operation.

Month

Residential Building School Building Municipality Building NHMC Pancretan Stadium

Aggregated Monthly Levelized Heating (H) and Cooling (C) Loads (kWh/m2)

H C H C H C H C H C

1 21.4 0.0 8.5 0.0 7.9 0.0 13.9 0.0 9.4 0.0
2 18.4 0.0 7.5 0.0 7.3 0.0 10.5 0.0 8.7 0.0
3 13.4 0.0 4.9 0.0 4.3 0.0 5.3 0.0 6.1 0.0
4 4.0 0.0 1.1 0.6 0.4 0.2 0.2 0.3 1.6 0.0
5 0.5 0.0 0.0 3.4 0.0 2.2 0.0 4.8 0.3 1.8
6 0.0 5.4 0.0 12.6 0.0 9.4 0.0 14.8 0.0 7.8
7 0.0 15.3 0.0 0.1 0.0 15.9 0.0 21.0 0.0 11.7
8 0.0 12.3 0.0 0.0 0.0 16.0 0.0 18.3 0.0 11.7
9 0.0 2.2 0.0 9.0 0.0 7.8 0.0 7.2 0.0 6.3

10 0.7 0.0 0.0 0.0 0.0 2.4 0.1 0.8 0.3 1.8
11 7.6 0.0 1.7 0.0 0.8 0.2 2.7 0.0 2.5 0.0
12 18.3 0.0 5.9 0.0 5.2 0.1 10.6 0.0 7.0 0.0

Annual 84.3 35.1 29.7 25.8 25.9 54.3 43.3 67.3 35.9 41.0

All these final energy consumptions were, in detail, calculated for each one of the examined
buildings. For example: all the involved technical specifications of the existing heating and cooling
active systems were introduced: efficiency of the central heaters, the heating distribution network
and the radiators, coefficient of performance (COP) and EER curves for the employed heat pumps
versus the ambient temperature. Additionally, all the existing indoor and outdoor lighting apparatus
was listed, along with the nominal electrical power consumption of the installed bulbs and the daily
operation schedule for each one of them and for the whole annual period. For further details on the
adopted methodology for the calculation of the current electricity and diesel oil consumption in the
NHMC and the Pancretan Stadium, please refer to [37,38]. Similar approaches are also applied for the
other three buildings.

In Table 4, the calculated annual primary energy consumptions are presented for the existing
operation of the examined buildings. The results presented in Table 4 reveal the current energy status
in the examined buildings. Before analyzing the results in Table 4, it should be clarified that the
percentage shares of each consumption are calculated only for the active electricity consumptions
(reactive electricity consumptions are not included).

The only building that exhibits an acceptable energy performance is the residential building. This is
because it is a new building, constructed according to the relevant insulation directives. New or renovated
residential buildings in Mediterranean countries are gradually aligned with the national insulation
directives. Particularly regarding the hot water consumption, it is estimated that the required final
thermal energy is 60% covered by solar collectors, hence, the primary energy consumption presented
in Table 4 only refers to the electricity consumption for the coverage of the rest of the 40%.
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Table 4. Primary energy consumptions in the examined buildings in their current operation.

Final Energy Use

Residential Building School Building Municipality Building NHMC Pancretan Stadium

Primary Energy Consumption

kWh kWh/m2 % kWh kWh/m2 % kWh kWh/m2 % kWh kWh/m2 % kWh kWh/m2 %

Heating 6070 50.6 60.9 61,516 30.8 63.2 91,885 94.6 38.5 307,891 60.6 28.2 74,214 7.0 1.3
Cooling 2197 18.3 22.0 3089 1.5 3.2 70,054 72.1 29.3 464,758 91.4 42.6 574,792 54.0 10.1

Hot water 1160 9.7 11.6 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 590,402 55.5 10.4
Lighting 548.6 4.6 5.5 29,141 14.6 29.9 53,796 55.4 22.5 220,985 43.5 20.3 1,977,899 185.9 34.9

Swimming pools 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 151,373 14.2 2.7
Other 1.625 13.5 16.3 3573.84 1.8 3.7 23,040 23.7 9.6 97,424 19.2 8.9 2,296,033 215.8 40.5

Reactive 0 0.0 - 0 0.0 - 33,408 34.4 - 683,587 134.5 - 1,126,380 105.9 -
Total 9.975 83.1 100.0 97,320 48.7 100.0 272,184 280.3 100.0 1,774,645 349.1 100.0 6,791,092 638.4 100.0

Energy performance rank B+ D D E D
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All other buildings fall into the D or even E energy performance rank. For the four of the
examined buildings the highest energy consumption comes from indoor space heating and cooling,
with annual percentage shares from 65% to 72% over the total active primary energy consumption.
Only for the Pancretan Stadium is the indoor space heating and cooling not the most important
energy consumption. Instead, the lighting needs, essentially configured by the outdoor space needs,
have almost an equal electricity consumption percentage with the electricity annually consumed
by the pumps and circulators of the irrigation and the hot water distribution hydraulic networks
(other consumptions). Significant reactive electricity consumption is also calculated for the NHMC and
the Pancretan Stadium, due to the frequent switches on and off of the motors for the air conditioning
and the water distribution system, respectively.

The proposed interventions towards the energy performance upgrade of the examined buildings
should precisely focus on the energy saving for the most energy consuming processes; namely the
indoor space heating and cooling, the lighting and the reactive power compensation.

3. The Proposed Passive Energy Systems

The proposed energy performance upgrade measures for the examined buildings should focus
on the most energy consuming applications, which, for the four of the examined buildings, are the
indoor space heating and cooling and the indoor and outdoor space lighting. Significant energy
consumption is also met in Pancretan Stadium for hot water production and the swimming pools’
heating. The reduction of heating and cooling loads was approached with both the introduction of
passive measures adapted to the conditions met at each building and the upgrade of the existing air
conditioning active systems.

Regarding passive measures, full buildings’ envelope insulation (vertical and horizontal opaque
surfaces) and the replacement of existing ineffective openings was proposed for the School Building,
the municipality building (apart from the already insulated roof) and the NHMC. The scope of the
introduced passive measures in the buildings’ envelope is to meet the requirements of the relevant
Directive on Buildings’ Energy Performance (see Section 2) [36]. The installation of external insulation
is specifically proposed, in order to minimize the disturbances on the regular operation of the buildings.
Specifically, the installation of 7 cm thickness extruded polystyrene with thermal conductivity factor
lower than 0.035 W/mK can ensure the achievement of the required U-factors for both the vertical and
the horizontal opaque surfaces. The applied insulation layout for vertical and horizontal surfaces is
presented in Figure 5. The proposed insulation technique is a widely used one in the Mediterranean
basin, and not only, which ensures cost-effective and quick applicability, through the availability locally
of the required materials and of experts specialized on the installation process.
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Additionally, openings with synthetic frames are proposed, equipped with thermal brake and
double-glazing with 6 mm glass thickness and 12 mm air gap between them. With these technical
specifications, total U-factors between 1.7 W/m2K and 2.4 W/m2K are achieved, depending on the
geometry of each opening. To avoid any deterioration of the buildings’ aesthetics and architectural
identity and to minimize the set-up cost of the proposed interventions and any potential disturbances
on the buildings’ regular operation, no modification of the existing openings area was examined.

Specific openings at the western and the southern vertical surfaces of the residential building have
a negative impact on the indoor space overheating during summer, through direct solar gains, leading
also to degraded lighting conditions due to the direct solar radiation penetration in the building and
the causing of the optical blur effect. To treat this inadequacy, the construction of permanent, outdoor
horizontal overhangs is proposed for all the openings at the western and southern vertical surfaces
in the building. In this way, the contribution solely of shading interventions on the cooling loads
reduction of a building with adequate insulation and acceptable energy performance rank (B+) is
investigated, justifying the role of this particular case study in the article.

The size and the position of these overhangs are in detail studied, following the essential principles
of solar geometry [39,40], aiming at the openings’ total shading from the 10th of May until the 20th of
September. The final dimensioning and positioning of the horizontal overhangs, presented in Figure 6,
can be considered as typical for locations with geographical latitudes around 35◦, aiming at the indoor
space shading during the aforementioned period. As seen in Figure 6, the opening is totally shaded for
solar heights higher than 32◦. The solar height becomes lower than 32◦ at 10:00 a.m. and at 17:00 p.m.
on the 20th of September and at 9:00 a.m. and at 18:00 p.m. on the 10th of May.
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Speaking of shading, a special treatment is required for the municipality building and, particularly,
for the Municipal Board conference hall. As shown in Figure 7a, this hall is extended in two floors
(first and second) with a transparent southern surface of 22.80 m × 5.90 m = 134.52m2. This surface
has a considerable contribution on the cooling loads of the specific hall, while, on the other hand,
it constitutes a characteristic feature of the building’s architecture, hence, it was requested not to
abolish it. The solution is presented in Figure 7b. All the existing glazing will be replaced with new
with high reflectivity, while the currently existing aluminum frame will also be replaced with synthetic.
Additionally, vertical banners will be placed during the summer months, advertising the cultural events
of the local Municipality or cultural clubs, also providing natural shading on the transparent surface.
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Despite the inadequate insulation of the external walls in the Pancretan Stadium, no insulation
installation was proposed for two main reasons. Firstly, because almost all sports halls and all the
offices are hosted in the first floor of the Stadium, which is semi-basement. Hence, roughly half of
the vertical external surfaces are in contact with the ground, instead of the ambient environment,
exhibiting, thus, considerably reduced thermal losses. Secondly, the remaining vertical surfaces, which
are exposed in the ambient environment, are mostly covered with windows. Consequently, instead of
the insulation installation, the replacement of the existing openings is proposed.

From the aforementioned presentation, it is seen that rather typical passive measures are proposed.
This is because all the investigated cases refer to already existing and operating buildings, with
restrictions of different nature on the potentially applied interventions. For example, some of these
buildings are old, like the western half of the NHMC (1920) and the municipality building (1950),
so the outdoor passive interventions should be selected and applied with respect to their already
configured architectural identity through the decades. Additionally, all of them are integrated inside
the urban environment, so there were also several practical restrictions regarding the introduction of
passive interventions in the surroundings (e.g., planting of deciduous trees at the northern sides of the
buildings for shading during summer). Finally, the introduction of more sophisticated passive solar
systems, such as a Trombe wall, a solar greenhouse or a solar chimney, would require considerable
destructive works on the existing buildings’ envelope and would impose significant disturbances
on their daily use, also increasing the set-up cost of the overall proposed measures, without adding
significantly to their energy performance upgrade.

4. The Proposed Active Energy Systems

The introduced active measures are different from the one building to the other, depending on
the size of the heating and cooling loads and the existing infrastructure. For the residential building,
given its small size and the lack of any central heating and cooling system, only the replacement of the
existing remote split-units with new, split air-to-air heat pumps, with higher COP and EER values, can
be proposed as a feasible measure.

In the municipality building, the following active measures are proposed:

• the replacement of the existing diesel oil burner with a new, biomass burner, for the heating
load coverage;

• the replacement of all the existing remote split units with a central air-to-air heat pump and the
installation of a variable refrigerant volume (VRV) cooling distribution network;

• the replacement of all the existing lighting systems and bulbs with new, energy-efficient ones and
the installation of a central building management system (BMS) for the automatic operation of the
lighting system.
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Typical COP and EER curves for air-to-air VRV heat pumps are given in Figure 8, retrieved from a
commercially available model.
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The same measures are also proposed for the school building, apart from the installation of the
VRV heat pump and distribution network, because of the low cooling needs of the building, given its
limited operation during the summer period. Instead of the central VRV heat pump, the replacement
of the existing air-to-air heat pumps is proposed with new, equipped with inverter and exhibiting
higher COP and EER values.

The size of the Pancretan Stadium and the NHMC, the corresponding heating and cooling loads
and the vicinity of both facilities to the coastline, create highly favorable prerequisites for the installation
of open loop geothermal system. Corresponding COP and EER curves for geothermal heat pumps are
given in Figure 9.
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The overall layout of the introduced geothermal system in NHMC is indicatively presented in
Figure 10. A similar layout has also been applied in the Pancretan Stadium.

According to Figure 10, seawater is pumped through two boreholes and led to two hydro-cyclones
to remove any solid particles. Through a closed loop, it is passed from the source heat tank, where
thermal energy is removed from the seawater in winter or disposed in the seawater in summer, before
it is returned back to the aquifer. In heating mode operation, a secondary closed loop is used to
transfer the supplied thermal energy from the source heat tank to the geothermal heat pumps, at which,
it is pumped to be provided for the next in sequel closed loop, through which warm water will be
stored in the load heat tank, from which it will be finally distributed in the conditioned indoor space.
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The reverse operation is executed during cooling mode. Heat pumps dispose heat in the source heat
tank, returning cool water in the load heat tank.
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The above presented geothermal system is combined with hybrid photovoltaic thermal panels, in
the case of NHMC, constituting a major innovation of the proposed cluster of energy performance
upgrade measures. The overall layout is presented in Figure 11. As seen in this figure, during winter,
the removed heat from the hybrid photovoltaic thermal panels is supplied to the load heat tank of the
geothermal system. In this way, the required thermal power production from the geothermal heat
pumps is reduced, leading to further energy saving. In summer, the removed thermal power from the
hybrid photovoltaic thermal panels will be disposed of in an enclosure space in the sea, which can be
used by the elderly people to have therapeutic baths.
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Figure 11. Combined operation concept of the open loop geothermal system with hybrid photovoltaic
thermal panels.

Of considerable importance, towards energy saving in the Pancretan Stadium, is the reduction of
the currently consumed electricity and diesel oil for hot water production and swimming pools heating.
These two discrete final energy uses are handled together with the introduction of a solar-combi system,
which is highly favored, in this particular case, given the existing of final thermal power demand for
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both of the aforementioned uses during the whole annual period. The proposed system has been
proposed and constructed for two school buildings in Crete, aiming at the coverage of the indoor space
heating load [23]. The layout of the proposed system is presented in Figure 12 [23].
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In the case of the Pancretan Stadium, the solar-combi system will exploit the already existing
warm water distributing network, originating from four thermal storage tanks, evenly allocated at the
four corners of the Stadium. Each thermal storage tank serves specific hot water consumptions. Two of
them are for the swimming pools heating. The computational dimensioning of the overall system
concluded in the configuration of four independent solar-combi systems, each one of them supported
with one thermal storage tank and 32 flat-plate solar collectors of selective coating. The existing
diesel oil burner will be substituted by a new biomass heater, which will support the operation of the
solar-combi systems.

The operation algorithm is simple, presented in detail in [23]. The produced thermal power from
the solar collectors is stored in the thermal storage tanks, on the condition of higher temperature of the
working mean in the solar collectors’ primary loop than in the thermal storage tank. The computational
dimensioning of the system and the connection layout of the solar collectors aim to maximize the
annual penetration of the thermal power production from the solar collectors. The biomass heater
is employed whenever thermal power storage from the solar collectors is lower than the concurrent
thermal power demand. Priority is given for hot water production, given its higher annual thermal
energy demand (see Table 4).

Regarding lighting, both in NHMC and in Pancretan Stadium, all the existing lighting systems and
bulbs are proposed to be replaced with corresponding lighting equipment, with the minimum possible
electrical power consumption. Central building energy management systems (BEMS) are additionally
proposed to control and optimize the operation of both lighting systems. Particularly for the Pancretan
Stadium, the lighting system of the main stadium was studied according to the standards of IAAF
and FIFA for international sports and football events, respectively [38]. Furthermore, the introduced
BEMS for the Pancretan Stadium was studied to control not only the lighting system, but also the air
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conditioning, the hot water production and distribution and the swimming pools heating systems.
The goal is not only the primary energy saving from the main operation of the essential thermal power
production units (geothermal heat pumps, biomass heater), but also from operation of the pumps
and the circulators employed in the hydraulic distribution networks through the optimization of their
operation algorithms.

Further details on the adopted approach of the energy performance upgrade of the NHMC and
the Pancretan Stadium can be found in [37,38]. It is reminded that the objective of this article is not
the thorough presentation of all the adopted methods and systems, but the evaluation, through the
comparative analysis of the achieved results, of the contribution of each introduced system on the total
energy performance upgrade and its economic feasibility.

Finally, reactive power compensation panels are proposed for the NHMC and the municipality
building, given their considerable reactive power consumption and the low power factors.

5. Summary of the Proposed Measures—Applied Methodology

The proposed passive and active systems towards the energy performance upgrade of the
examined buildings are summarized in Table 5.

As seen in Table 5, the type, the size of the building and the different final energy uses impose
the optimum cluster of the introduced interventions. For example, the extensive final thermal energy
needs in the Pancretan Stadium for hot water production and swimming pools heating and the existing
infrastructure regarding the thermal energy distribution network ensures the feasibility of the proposed
solar-combi system. Additionally, the high heating and cooling load in the NHMC and the Pancretan
Stadium and their vicinity to the coastline creates positive perspectives for the installation of an
open-loop geothermal system for indoor space conditioning. Similarly, high heating and cooling load,
concentrated during the operating hours in the municipality building, imposes the installation of a
centralized VRV heat pump. On the contrary, the reduced cooling load in the school building and the
heating load coverage with a biomass heater does not create favorable conditions for the installation of
a centralized cooling system. In this case, autonomous split units with high EER are proposed for each
teaching class or office separately.

For all the above studies, regardless of the proposed passive and active measures, the calculation
process remains the same and is roughly depicted in Figure 13. Firstly the annual heating and cooling
load calculation is executed with the computational simulation of the buildings’ performance in
TRNSYS. In case of ineffective performance, passive measures are proposed, adapted and designed
according to the buildings constructive elements. They are introduced in the computational model
and the heating and cooling load calculation is executed again. In this way, the annual heating and
cooling load reduction is calculated due to the passive measures application. In the second step,
active measures are proposed for the coverage of the expecting heating and cooling load after the
passive measures application and the primary energy consumption for the indoor space conditioning
is eventually calculated, as a result of both passive and active interventions. At the same time, parallel
active measures are studied, designed and proposed for the coverage of any other final energy use in the
buildings, apart from indoor space conditioning: indoor and outdoor lighting, hot water production,
any other special energy-consuming uses (e.g., swimming pools heating) etc. The total primary energy
consumption is then calculated for the coverage of all the final energy uses with the proposed, effective
active energy systems. To approach a zero energy building, an electricity production technology from
RES is proposed, with nominal power adequate to compensate, on an annual basis, the remaining
primary energy consumption calculated in the previous step. In case of high reactive electricity
consumption, a power correction panel can also be introduced.
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Table 5. Summary of the proposed passive and active systems in the examined buildings.

Measures Scope Residential
Building

School
Building

Municipality
Building NHMC Pancretan

Stadium

Openings overhangs Cooling loads reduction YES YES YES
Opaque surfaces insulation Heating and cooling loads reduction YES YES YES
Installation of green rooves Heating and cooling loads reduction YES

Installation of new openings Heating and cooling loads reduction YES YES YES YES
Outdoor bioclimatic interventions Outdoor micro-climate improve YES

Installation of biomass heater Elimination of oil for heating YES YES YES

Installation of VRV heat pumps Reduction of electricity consumption for indoor
space conditioning YES YES

Installation of open-loop geothermal system Reduction of electricity consumption for indoor
space conditioning YES YES

Installation of low consumption lumps Reduction of electricity consumption for lighting YES YES YES YES
Installation of building energy management

systems (BEMS) Reduction of electricity consumption for all final uses YES YES

Installation of a solar-combi system Swimming pools heating and hot water production YES
Reactive power correction panel Reduction of reactive consumption YES YES YES

Photovoltaic station Electricity production YES YES YES
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6. Results

The operation of all the examined buildings, upgraded with the integration of the proposed passive
measures, described in Section 3, was computationally simulated again using TRNSYS and the annual
heating and cooling loads fluctuation versus time was calculated. All the parameters involved in the
corresponding calculation for the buildings’ existing operation, presented in Table 2 (Section 2), were
maintained, apart from the U-factors of the opaque and transparent surfaces and for all the buildings.
All the new U-factors were formulated below the maximum permissible values of 0.45 W/m2K for



Energies 2020, 13, 2159 20 of 28

rooves and 0.55 W/m2K for vertical opaque surfaces [36], apart from the Pancretan Stadium, for which
only the existing openings were replaced, as explained in Section 3. Additionally, the total U-factors
for the transparent surfaces were formulated below 2.4 W/m2K. The annual heating and cooling
load fluctuations are presented for each building separately in Figure 14, after the integration of the
proposed passive measures.
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the integration of the proposed passive measures ((a): residential building, (b): school building,
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Additionally, in Table 6, the newly calculated heating and cooling loads are presented, levelized
per m2 of indoor conditioned space. For a better understanding of the impact of the proposed passive
measures, a comparison of the examined buildings’ annual levelized heating and cooling loads is
presented in Table 7, between their existing operation and their operation after the integration of the
proposed passive measures.

The comparative results presented in Table 7 are sensible, given the type and the operation of each
building. For example, in the school building, the heating load percentage reduction is almost twice
as high than the cooling load reduction, due to the limited operation of the building in the summer
months and the corresponding low cooling needs.

The installation of new openings with adequate airtightness in NHMC results in lower air
infiltration, which, in turn, has a negative effect on the building’s cooling load. It should be underlined
that the openings in NHMC always remain closed, due to the vicinity of the building with the coastline
and the strictly required indoor space conditions for the maintenance of the exhibits.
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Table 6. Heating and cooling loads monthly analysis, levelized per m2 of indoor conditioned space,
after the integration of the proposed passive measures.

Month

Residential Building School Building Municipality Building NHMC Pancretan Stadium

Aggregated Monthly Levelized Heating (H) and Cooling (C) Loads (kWh/m2)

H C H C H C H C H C

1 21.4 0.0 4.2 0.0 3.8 0.0 8.3 0.0 0.0 0.0
2 18.4 0.0 4.0 0.0 3.8 0.0 6.1 0.0 7.4 0.0
3 13.4 0.0 2.5 0.0 2.3 0.0 2.8 0.0 5.2 0.0
4 5.7 0.0 0.3 0.3 0.1 0.0 0.0 0.3 1.3 0.0
5 1.0 0.0 0.0 1.9 0.0 0.0 0.0 3.7 0.3 1.6
6 0.0 3.7 0.0 8.3 0.0 2.8 0.0 10.5 0.0 7.2
7 0.0 11.4 0.0 0.1 0.0 6.9 0.0 14.3 0.0 10.9
8 0.0 8.6 0.0 0.0 0.0 6.8 0.0 12.5 0.0 11.0
9 0.0 1.3 0.0 6.3 0.0 2.7 0.0 5.4 0.0 6.1

10 0.7 0.0 0.0 1.6 0.0 0.3 0.2 0.7 0.2 1.9
11 7.6 0.0 0.3 0.0 0.0 0.0 1.4 0.0 1.9 0.0
12 18.3 0.0 2.6 0.0 2.2 0.0 6.3 0.0 5.8 0.0

Annual 86.5 24.9 14.0 18.5 12.3 19.6 24.9 47.4 29.9 38.7

Table 7. Heating and cooling loads reduction with the integration of the proposed passive measures.

Annual Levelized Load (kWh/m2) Load Reduction

Existing Operation Upgraded Operation Heating Cooling

H C H C kWh/m2 % kWh/m2 %

Residence 84.3 35.1 86.5 24.9 −2.2 −2.6 10.2 29.1
School building 29.7 25.8 14.0 18.5 15.7 53.0 7.3 28.3

Municipality building 25.9 54.3 12.3 19.6 13.6 52.6 34.7 64.0
NHMC 43.3 67.3 24.9 47.4 18.4 42.4 19.9 29.6

Pancretan Stadium 35.9 41.0 29.9 38.7 5.9 16.6 2.3 5.7

The higher airtightness achieved with the installation of the new openings, combined with the
considerable indoor space cooling loads from the humans under exercise in the Pancretan Stadium’s
sports halls, also leads to lower cooling loads’ percentage reduction. The restricted passive interventions
in the Pancretan Stadium (only replacement of existing openings) leads sensibly to lower percentage
reduction for both the heating and cooling loads, with regard to the other examined buildings.

Regarding the municipality building, the high cooling loads configured by the southern oriented
Municipal Board conference hall (see Section 3) create the margin for the high achieved reduction
percentage on the building’s total cooling loads.

Finally, in the residential building, the appropriate shading of all the openings leads to annual
cooling loads percentage reduction of 29.1%. At the same time, due to partial shading during late
autumn and early spring, there is a slight increase (2.6%) of the annual heating load.

In general, with the exception of the Pancretan Stadium and the residential building, heating and
cooling loads reduction percentages from 30% to 64% are calculated. These percentages highlight the
inadequate current condition of the examined buildings regarding their insulation and their alignment
with the guidelines of the relevant directives, as well as the high existing margin for energy saving
through the appropriate integration of passive measures in the buildings’ envelope.

The total primary energy consumptions, with the application of both the proposed passive and
active energy measures, is presented in Table 8 for all the examined buildings, categorized per different
final energy use. For a more integrative picture of the achieved primary energy saving, the results
presented in Table 8 are compared with the corresponding primary energy consumptions in the existing
operation of the examined buildings, presented in Table 4 (Section 2). The primary energy savings per
building and different final energy use are summarized in Table 9.
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Table 8. Primary energy consumptions in the examined buildings after their energy performance upgrade.

Final Energy Use
Residential Building School Building Municipality Building NHMC Pancretan Stadium

Primary Energy Consumption

kWh kWh/m2 % kWh kWh/m2 % kWh kWh/m2 % kWh kWh/m2 % kWh kWh/m2 %

Heating 6221 51.8 56.0 36,746 15.4 36.0 11,912 12.3 8.1 51,890 10.2 13.6 159,793 15.0 4.8
Cooling 1557 13.0 14.0 19,032 9.5 18.6 9952 10.2 6.8 103,939 20.4 27.2 178,762 16.8 5.4

Hot water 1160 9.7 10.4 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 119,365 11.2 3.6
Lighting 549 4.6 4.9 11,101 5.6 10.9 16,423 16.9 11.2 129,471 25.5 33.8 943,672 88.7 28.6

Swimming pools 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 61,326 5.8 1.9
PCs 0 0.0 0.0 32,387 16.2 31.7 90,480 93.2 61.5 0 0.0 0.0 0 0.0 0.0

Other 1625 13.5 14.6 2859 1.4 2.8 18,432 19.0 12.5 97,424 19.2 25.5 1,837,289 172.7 55.7
Reactive 0 0.0 0.0 0 0.0 - 15,854 16.3 - 36,038 7.1 - 650,844 61.2 -

PVs production 11,114 104,202 112,428 115.8 152,673 30.0 1,257,490 118.2
Total −3 0.0 100.0 −2077 −1.0 100.0 50,626 52.1 100.0 266,089 52.3 100.0 2,693,561 253.2 100.0

Energy performance rank Zero Energy Building Zero Energy Building A+ A+ B+

Table 9. Primary energy annual achieved savings in the examined buildings with the introduction of all the proposed passive and active measures.

Residence School Building Municipality Building NHMC Pancretan Stadium

Primary Energy Annual Saving

kWh/m2 % kWh/m2 % kWh/m2 % kWh/m2 % kWh/m2 %

Heating −2.3 −2.3 15.4 50.1 82.4 87.0 50.4 83.1 −8.0 −115.3
Cooling 40.8 40.8 −8.0 −516.2 61.9 85.8 71.0 77.6 37.2 68.9

Hot water 0.0 0.0 - - - - - - 44.3 79.8
Lighting 0.0 0.0 9.0 61.9 38.5 69.5 18.0 41.4 97.2 52.3

Swimming pools - - - - - - - - 8.5 59.5
Other 0.0 0.0 0.4 20.0 4.7 20.0 0.0 0.0 43.1 20.0

Reactive - - - - 18.1 52.5 127.4 94.7 44.7 42.2
Total 83.1 100.0 49.7 102.1 228.2 81.4 296.7 85.0 385.2 60.3
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With a first glance at the results presented in Table 9, three negative figures are observed. This means
that with the introduced interventions, the primary energy annual consumption for the corresponding
final energy use and buildings increases. This is simply because, in the existing operation of the school
building and the Pancretan Stadium, the existing cooling and heating loads respectively are not fully
covered. With the proposed measures, this inadequacy is appropriately treated, with the expansion of
the existing indoor space conditioning active systems, assuring the achievement of thermal comfort
conditions in both facilities for the whole year. This, however, leads to the increase of the corresponding
primary energy annual consumption, with regard to the existing operation. Nevertheless, despite
the aforementioned increases on these particular final energy uses, even in these facilities, the overall
annual primary energy achieved savings are considerably high. Additionally, as already clarified
previously, the shading of the openings in the residential building leads to a slight increase of the
heating loads.

Before proceeding to any further analysis on the achieved results, it must be clarified that the
final primary energy annual saving is calculated by also accounting the contribution of the electricity
production from the photovoltaic panels introduced in all the examined facilities.

Moving on the analysis of the achieved energy performance upgrade, firstly it is seen that the
annual primary energy saving for the school building is higher than 100%. This, practically, means, that
the building is upgraded to a zero energy building, as also highlighted in Table 8. This is approached,
in practical terms, after the introduction of the energy saving measures, with the installation of a
22.8 kWp photovoltaic station on the building’s roof. Similarly, the complete compensation of the
annual electricity consumption in the residential building can also be achieved with the installation of
a 2.5 kWp photovoltaic station, leading to another zero energy building. The high primary energy
annual saving for the cooling needs coverage in the residential building is also remarkable, since it is
achieved only with the appropriate shading of the transparent surfaces.

Annual primary energy saving percentages higher than 80% are achieved for the municipality
building and the NHMC. These total percentages are mainly formulated by the high achieved primary
energy savings on the coverage of the heating and cooling (from 77% to 87%). The nominal power of
the photovoltaic stations was configured at 24.6 kWp for the municipality building and at 28.6 kWp for
the NHMC (photovoltaic hybrid thermal panels). These values were formulated by the available space
on the buildings’ rooves. Both buildings were upgraded at A+ energy performance rank.

Considerable primary energy annual saving percentages, from 41% to 69%, are also achieved for the
lighting consumptions and for all the investigated buildings with corresponding proposed interventions.

Particularly regarding the Pancretan Stadium, the largest and most energy consuming facility
among the examined cases, the introduced solar-combi system results in significant primary energy
annual saving percentages for both the hot water production (almost 80%) and the swimming pools’
heating (almost 60%). These energy savings, along with the achieved saving on the cooling loads
coverage (almost 69%), result in a 60% total primary energy annual saving percentage. The building
is upgraded to B+ energy performance rank, with the installation of a 300 kWp photovoltaic station,
which is the maximum permissible value for a photovoltaic installation in the non-interconnected
system of Crete for a single, non-profit facility and under net metering operation mode.

A further 20% primary energy annual saving is also approached with the introduction of BEMS
in the municipality building, the school building and the Pancretan Stadium. Finally, a significant
reduction on the annual reactive electricity consumption is also achieved.

7. Key Performance Indicators—Discussion

In this section, the proposed passive and active measures are evaluated and the achieved results
are discussed through the calculation of the following key performance indicators (KPIs):

• the primary energy annual saving, with regard to the existing annual consumption (already
presented in Table 9);



Energies 2020, 13, 2159 24 of 28

• the payback period of the required investment, calculated over the avoided annual energy
procurement cost;

• the annual RES penetration, calculated with regard to the primary energy consumption in the
upgraded buildings’ operation;

• the CO2 emissions annual reduction, with regard to the existing operation.

The aforementioned KPIs are presented in Table 10.

Table 10. Key Performance Indicators.

Primary Energy
Annual Saving

(%)

Total
Set-Up
Cost (€)

Energy
Procurement Cost

Reduction (€)

Payback
Period
(Years)

Renewable Energy
Sources (RES)

Penetration (%)

CO2 Emission
Reduction

(tn) (%)

Residence 100.0 4500 588 7.7 110.8 11.0 100.0
School building 102.1 728,573 11,592 62.8 104.2 98.2 101.8

Municipality
building 81.4 535,645 15,653 34.2 76.2 219.2 82.1

NHMC 85.0 806,338 24,574 32.8 57.4 1492.0 85.0
Pancretan Stadium 60.3 2,585,646 166,193 15.6 66.4 4164.0 63.8

As seen in Table 10, with the proposed interventions, the primary energy annual saving achieved
percentages are quite high, starting from 60% in the Pancretan Stadium and exceeding 100% for the
two zero energy buildings. These high percentages are mainly achieved through the reduction of the
energy consumption for the indoor space heating and cooling for all buildings, and additionally for
hot water production and swimming pools, heating in the Pancretan Stadium. The effect of the indoor
space conditioning on the total achieved annual primary energy saving is presented in Figure 15a.
In this Figure, it is seen that the total primary energy annual saving percentage increases as the primary
energy percentage saving on indoor space conditioning increases, depicting its strong impact on the
total primary energy saving margin.
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Significant energy reduction is also calculated for the lighting systems of the examined facilities,
especially in the case of the Pancretan Stadium, due to the high existing energy consumption for the
indoor and outdoor space.

The lowest payback period is calculated for the residential building, obviously because no passive
measures are proposed, apart from the installation of the openings’ overhangs. In this case, with the
installation of the shading overhangs and a photovoltaic station, the building is easily upgraded to a
zero energy building, while the corresponding investment is payed back within less than eight years.
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The payback period for the Pancretan Stadium is also quite satisfying. This is another case with
limited interventions on the facility’s envelope (only the existing openings are replaced). The lower
payback period, achieved despite the complexity and the size of the proposed active systems (open-loop
geothermal plant, solar-combi system etc.), should be justified with the high final thermal energy needs
met in the Stadium, for hot water production, swimming pools’ heating and indoor space conditioning.
The economic feasibility of the proposed measures is further strengthened by the fact that these thermal
energy needs are partially covered by expensive diesel oil.

With the introduction of the passive measures, the payback period of the overall proposed
measures is remarkably increased above 30 years for the municipality building and the NHMC and
above 60 years for the school building. Payback periods close to 30 years are typical in cases of extensive
insulation application and openings’ replacement. In the case of the school building, the payback
period is doubled, because of its large size and, furthermore, the extensive outdoor wall surfaces,
imposed by its configuration. Specifically, the building actually follows the shape of a closed orthogonal
shape, with a quadrangle also in the middle of it, formulating, in this way, outdoor wall surfaces in
both parts of the shape (outer and inner). The impact of the passive measures set-up cost on the total
payback period of the investigated investments is presented in Figure 15b. In this Figure, the payback
period fluctuation is depicted versus the percentage of the proposed passive measures set-up cost over
the total set-up of the introduced interventions. The increasing attitude of the payback period versus
the passive measures set-up cost percentage contribution is clearly shown.

However, despite the high payback periods, it should be underlined that the introduction of
passive measures on the buildings’ envelope should be considered only as an energy performance
upgrade measure. Practically, they constitute essential renovation elements of the building itself, adding
on the safety for its occupants, on its durability against adverse weather conditions, and prolonging its
life period.

Regarding the RES penetration, this is calculated on the basis of the electricity injected from the
photovoltaic station, for the school building and the municipality building. Additionally, the contribution
of the solar collectors also accounts for hot water production in the residential building, for swimming
pools’ heating and hot water production in the Pancretan Stadium. Finally, in case of the NHMC,
the support of the photovoltaic hybrid thermal panels for the geothermal heat pumps is also taken
into account. By eliminating, or minimizing, the energy consumption in the examined buildings,
the thermal energy or electricity production technologies exhibit high technical and economic feasibility.

Two buildings are upgraded to zero energy buildings with the installation of adequate photovoltaic
stations (school building) and solar collectors’ power. This achievement is not always feasible. Even if
all possible passive and active measures have been applied and the maximum possible energy saving
has been achieved, there will always be some energy still consumed, for the coverage of any remaining
energy consumptions. The building’s energy performance upgrade to a zero energy building implies
the compensation of this remaining energy consumption with the production of at least equal energy
from a RES technology, e.g., a photovoltaic plant or a wind turbine. The power of these plants should
be determined according to the remaining energy consumptions. Yet, the installation of the required
photovoltaic or wind power is not always possible, most probably due to space limits, licensing issues
or grid restrictions; mainly met in insular, non-interconnected systems. In the investigated cases,
the lack of available space has not enabled the upgrade of the NHMC and the municipality building to
zero energy facilities. In the case of the Pancretan Stadium, the maximum permissible photovoltaics
power for a single consumer and for net metering operation, defined at 300 kWp for the insular system
of Crete, was the exclusive reason for upgrading the facility’s energy performance rank only to B+.
In cases that such restrictions do not exist, the abundant solar radiation and, in plenty of cases, wind
potential met in the Mediterranean region, offers the required renewable primary energy source for the
achievement of zero energy facilities.
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8. Conclusions

The article proved the huge potential for the energy performance upgrade of buildings and facilities
in the Mediterranean region. This potential springs mainly from the inadequate envelope conditions
met in the vast majority of the existing building stock in this geographical area, referring to the insulation
of the opaque surfaces, the quality of the existing openings, regarding both their thermos-physical
properties and airtightness, and the appropriate exploitation of the solar gains, through the effective
shading of the transparent surfaces. The ineffective operation of the buildings’ envelope leads to high
energy consumptions for the indoor space conditioning. This existing overconsumption sets the basis
for annual primary energy saving above 70%, with the introduction of the appropriate passive and
active measures, particularly for the upgrade of the indoor space conditioning processes. The most
energy and cost-effective active systems for indoor space conditioning are the open-loop geothermal
systems and the VRV heat pumps.

Apart from indoor space conditioning, other final thermal energy needs always have a crucial
role on the configuration of the total energy consumption, with the most common of them being
the hot water production or, for sports facilities, the swimming pools’ heating. In the case of the
examined Pancretan Stadium, the estimated annual primary energy saving is almost 80% for hot water
production and almost 60% for the swimming pools heating. This energy saving is achieved with the
introduction of a clever solar-combi system and the substitution of the existing diesel oil burner with a
biomass heater.

Significant energy saving percentages can be approached for the lighting needs, especially when
they exhibit a considerable share on the building’s energy consumption balance (e.g., like the school
building, the municipality building and the Pancretan Stadium). The most feasible measures for the
lighting system upgrade are the replacement of ineffective bulbs with new, low-consumption ones
and, in case of complex facilities with multiple users, the installation of a central BEMS (NHMC and
Pancretan Stadium).

Finally, particularly for the Mediterranean region, the availability of high solar radiation and,
often, wind potential, creates a favorable environment for the upgrade to zero energy facilities. This
can be easily approached if the existing restrictions on the available space for installation, from the
licensing process and due to grid stability issues (for non-interconnected insular grids) do not affect
the installation of the required power for the annual energy production at least equal to the remaining
energy consumption after the implementation of the energy saving measures.

The present article also proved the energy saving potential in different buildings and facilities
consumptions, from small residential buildings to large sports facilities and museums. With the optimum
mixture and dimensioning of passive and active energy saving systems, high primary energy saving
percentages can be approached. The payback period of the overall energy performance upgrade
interventions can be quite attractive in cases of buildings and facilities with low requirements for
passive measures integration in their envelope.
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