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ABSTRACT
Reduction of energy consumption, fossil fuels use and carbon emissions in buildings is of paramount importance for mitigation
of climate change. Increased use of renewable energy technologies for energy generation in buildings can promote the goal of
sustainable development. Use of various reliable and cost-effective sustainable energy technologies for energy generation in
buildings in the Mediterranean region has been investigated. Technologies using renewable energies available in the region like
solar energy, wind energy, solid biomass and low enthalpy geothermal energy have been examined. Additionally, heat pumps,
co-generation of heat and power and waste heat re-use have been also considered. Most of them are used for heat generation in
buildings. These technologies have been evaluated using various non-technical methods combined with technical and economic
criteria. The most promising technologies obtaining the highest score in the evaluation are district heating systems, solar thermal
systems with flat plate collectors, high efficiency heat pumps and solar-PV panels. They are already used successfully in
buildings in Mediterranean countries. It has also been indicated that the creation of net zero energy buildings with net zero carbon
emissions is a feasible and cost-effective option in the Mediterranean region. This can be achieved with the combined use of
various sustainable energy technologies.
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1.

Introduction

Current policies in various countries try to mitigate the global threat of climate change and to increase the use of
renewable energies replacing fossil fuels. Technological improvements of renewable energy technologies have
increased their reliability and their cost-effectiveness in heat and power generation. Buildings consume large
amounts of energy during their operation, contributing significantly in carbon emissions and in the greenhouse
effect. Use of various renewable energy technologies in them, for heat and power generation, is easier compared
with their use in industry, agriculture and transportation. European directives force the new buildings, constructed
after 2020, to be nearly zero energy buildings reducing their energy consumption and carbon emissions. At the same
time the creation of net zero energy buildings with zero CO2 emissions, due to energy use, comprises an interesting
challenge. The Mediterranean basin has abundant renewable energy resources which could be used for heat and
power generation covering a large part of the energy needs of the countries located in this geographical area.
1.1

Solar thermal systems with flat plate collectors

A study concerning the advantages and drawbacks of domestic solar heating systems in the UK has been
implemented by Greening et al, 2014. The authors have compared solar thermal systems with gas boilers, electricity
and heat pumps according to eleven (11) environmental criteria. They concluded that they have many environmental
advantages but due to their poor efficiency and the need for a back-up system, their future development in the UK
seems rather limited. A review on solar water heating systems has been presented by Vinubhai et al, 2014. The
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authors stated that solar water heating is one of the most effective technologies to convert solar energy into thermal
energy and it is already a well developed and commercialized technology. However, they concluded that there are
opportunities for further improvements in the reliability and efficiency of those systems. A review on the
characterization of building-integrated solar thermal systems has been presented by Aelenei et al, 2016. The authors
stated that in the past the decision for installing a solar thermal system in a building was based on techno-economic
evaluations. However, today the decision should be based on additional criteria including architectural integration,
aesthetics, functional and environmental characteristics.
1.2

Solar parabolic collectors

Design of a solar parabolic dish with a Sterling engine has been presented by Hafez et al, 2016. The authors have
studied, with simulation techniques, the influence of various design parameters on the performance of the system.
Depending on the reflector material, the power efficiency of the solar parabolic dish has been estimated between
49.52% and 97.07%. Quintal et al, 2011 have reported on the use of parabolic trough solar collectors for air
conditioning and hot water production in buildings in Portugal. The authors stated that a small size system (10 KW)
combined with absorption technology can be roof-mounted in a building and it can provide both air conditioning and
hot water to it. They have also estimated that the system is cost-effective, having a payback period of eight (8) years
without governmental subsidies.
1.3

Solar thermal cooling

A case study for a solar cooling system in a public building in Rome, Italy has been presented by Grignaffini et al,
2012. The authors stated that during the summer the demand for electricity increases in Mediterranean countries due
to cooling requirements in buildings. The use of solar thermal energy with absorption chillers for cooling is
attractive since solar energy is abundant when cooling is needed. They estimated that the solar cooling system can
reduce the cooling load in the building by 26.5%. A report on solar air conditioning has been published by
International Energy Agency, 2011. According to that, solar absorption technology is at a critical stage. The
technology has shown that significant energy savings are possible, and it has reached a level of early market
deployment. However, the financial risks of using this technology are still too high. A review of solar cooling
technologies for residential applications in Canada has been reported by Baldwin et al, 2012. The authors stated that
the implementation of solar cooling systems could assist in reducing energy consumption for space cooling in
buildings. They also stated that limited work has been conducted in the area of small-scale systems worldwide while
most of the existing solar cooling applications are related with large buildings. The use of solar heating and cooling
in buildings has been reported by Henning et al, 2012. The authors have presented a design study of a solar thermal
system providing heat and cooling in a hotel located in Malta in the Mediterranean Sea. Their results indicated that
the life cycle cost of a solar heating and cooling system was not higher than a conventional one while primary
energy savings up to 80% can be obtained.
1.4

Solar photovoltaic use

An analysis of building-integrated solar photovoltaics (solar-PV) in the Mediterranean climate has been presented
by Salem et al, 2015. The authors have conducted a literature review regarding building-integrated photovoltaics
(BIPVs). They found that they can produce an adequate amount of energy while being at the same time part of the
building envelope. The use of solar-PVs in buildings has been studied by Hayter et al, 2002. The authors have
investigated the performance of solar-PVs integrated in three commercial buildings in the USA. They concluded that
the use of PVs in buildings offers many benefits and their use should be a standard consideration when designing a
building. A review of building-integrated PVs has been presented by Biyik et al, 2017. The authors have
investigated and compared the use of BIPVs together with the use of BIPVs combined with thermal systems for
covering both electric and thermal loads. They found that existing technologies could be improved by a) ventilating
the solar panels for lowering their temperature and increasing their yield, and b) by using thin film technologies
integrating better the solar panels into the building envelope.
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1.5 Wind turbine use
Building-integrated wind turbines have been studied by Bobrova et al, 2015. The author stated that perhaps in the
future the wind generator will become an integral part of the house. Then, she stated, the form, structure and volume
of the building will depend on integrating wind generators to them. Urban wind turbine integration in buildings has
been reported by Abohela et al, 2011. The authors stated that wind turbine integration in buildings should be studied
by multi-disciplinary teams in the early stages of building development. They also mentioned that wind generator
use should include their social acceptance as well, apart from economic, technical and environmental criteria. A new
building-integrated wind turbine system utilizing the building skin has been proposed by Park et al, 2015. The
authors have designed a wind generator which utilized increased wind speed, due to specific configuration of the
building skin, to generate electricity achieving a power coefficient at 0.381. An introduction to the small wind
turbine project has been presented by Forsyth, 1997. The author has described the effort made to improve small
wind turbines (5-40 KW) in order to have high reliability and low maintenance. He stated that the cost of the
electricity generated was at 0.6 $/KWh for average wind speeds at 5.5 m/s.
1.6 Solid biomass use
An economic assessment of biomass boiler plants in Italy has been presented by Carlini et al, 2013. The authors
have assessed the economic viability of using biomass boiler plants in residential buildings in Viterbo, Italy. They
stated that economic subsidies of the biomass heating systems by the Government has resulted in a low payback
period for these energy investments in residential buildings. A review of biomass heating for UK homes and
commercial applications has been reported by Dwyer et al, 2006. The author suggested that biomass heating of
buildings should be studied in the early stages of building design to achieve maximum benefits. However, he
mentioned that biomass heating should not be considered as a standard solution like oil or gas for heating buildings,
but rather as a green initiative to them.
1.7 High efficiency heat pumps
A general review of ground-source heat pump (GSHP) systems for heating and cooling in buildings has been
presented by Sarbu et al, 2014. The authors stated that GSHPs are suitable for heating and cooling in buildings,
having high efficiencies and reduced CO2 emissions. The annual increase in their use in buildings is remarkable due
to the fact that they are more effective than many traditional systems. An evaluation of GSHP systems for residential
buildings in warm Mediterranean regions like Cyprus has been reported by Michopoulos et al, 2016. The authors
have analyzed with appropriate software two buildings, a single- and a multi-family building for two cases. In the
former, a GSHP was used while the latter used a traditional system. Their results indicated a lower primary energy
use in both buildings and a lower cost in the multi-family building when the GSHP was used. CO2 emissions were
higher with the use of the GSHP in the single-house building but lower in the multi-family building. A study on the
energy performance of a GSHP in historical buildings in Italy has been reported by Pacchiega et al, 2017. The
authors stated that refurbishment of historical buildings, due to their characteristics, presents various difficulties
regarding the selection of the optimal energy system. They also stated that GSHPs consist of the best solution, for
heating and cooling, among those analyzed in historical buildings.
1.8 Co-generation of heat and power (CHP)
Martinez et al, 2011 have reported on energy supply in buildings with micro-cogeneration and heat pumps. The
authors stated that these efficient energy technologies are important regarding energy supply in buildings for
achieving the goals of EU legislation. An evaluation of combined heat and power generation has been published by
International Energy Agency, 2008. According to this report, penetration of CHP technology in buildings is rather
limited due to various barriers. These include electricity grid generation interconnection regulations, lack of
knowledge about CHP benefits and savings and lack of integrated urban heating and cooling supply planning.
1.9 District heating systems using biomass
The design of a biomass district heating system has been reported by Vallios et al, 2007. The authors have presented
a detailed design methodology of such energy systems which offers the possibility for their technical and economic
assessment since there is limited experience and only few applications in Southern Europe. A review on biomass use
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in the Swedish district heating systems has been presented by Ericsson et al, 2016. The authors stated that district
heating satisfies about 60% of the heat demand in Swedish buildings while biomass alone accounts for about half of
the heat supply. They concluded that biomass introduction and expansion was supported by national energy policy
tools and local municipal initiatives. The use of biomass for district heating has been reported by Chatzistougianni et
al, 2016. The authors stated that locally available biomass can support a small-scale district heating system of public
buildings especially when taking into account energy audits, in-situ measurements and energy efficiency
improvement measures.
1.10 District heating with waste heat
District heating using waste heat from thermal power-generating plants in the EU has been studied by ColmenarSantos et al, 2016. The authors stated that thermal power plants in the EU reject a large amount of heat compared
with the heat energy used in buildings. They also mentioned that about half of the installed capacity in the EU’s
conventional thermal power plants are located at an appropriate distance from cities and towns, allowing the use of
the waste heat in district heating systems. Low temperature district heating for future energy systems has been
reported by Schmidt et al, 2017. The authors stated that low temperature district heating can significantly contribute
to a more efficient use of energy resources as well as better integration of renewable energies, like geothermal
energy, solar energy and surplus heat, like industrial waste heat, to the building sector.
1.11 Creation of net zero energy buildings with zero carbon emissions due to energy use
A study on zero energy balance buildings in southern Italy has been presented by Ferrante et al, 2011. The authors
stated that zero energy balance buildings can be achieved combining solar passive systems with solar and wind
energy micro-generation. They concluded that zero energy balance and zero on-site CO2 emissions houses in the
Mediterranean climate are easily accessible goals. A study of zero CO2 emissions residential buildings due to
energy use located in Crete, Greece has been reported by Vourdoubas, 2016.The author indicates that the
combination of solar thermal energy, solar-PV and solid biomass could cover all the energy needs of a building,
zeroing its CO2 emissions due to energy use. He also stated that the same result could be achieved in the building
with the combined use of solar thermal energy, solar-PV and GSHPs.
The aims of the current work are:
a) To review the sustainable energy technologies which are currently used in buildings for providing heat, cooling
and electricity in the Mediterranean basin,
b) To assess them with technical and non-technical criteria, and
c) To investigate if their combined use could result in the creation of a net zero energy building with zero carbon
emissions due to operational energy use
2. Sustainable energy technologies for energy generation in buildings
Various sustainable energy technologies including renewable energies and high efficiency energy systems can be
used for providing energy in buildings in the Mediterranean region. They can generate heat, cooling and electricity
and their use depends on many parameters including, among others, their availability, the local climate conditions
and their cost-effectiveness. Some of them are used broadly while others have limited applications. New innovative
energy systems are also used experimentally, and they will probably be expanded and commercialized in the future.
Solar energy is used in buildings for heat, cooling and electricity generation. Solar thermal systems with flat plate
collectors have been used for many decades while co-generation systems with parabolic collectors have been
recently developed without proving their cost-effectiveness so far. Solar-PV systems are broadly used today after a
sharp decrease in their prices in the previous years. Solar cooling systems are only used in large buildings although
this technology is very challenging in the Mediterranean region. Small wind turbines have limited applications
mainly in off-grid buildings. Solid biomass burning is broadly used for heat generation, particularly in rural areas.
Heat pumps are increasingly used for heating and cooling in buildings having many advantages including their high
efficiencies. Co-generation of heat and power is mainly used in large buildings consuming mainly natural gas.
Finally, district heating systems fuelled with either biomass or waste heat are used only when the fuels are available
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nearby the building’s community. A list of various sustainable energy technologies which could be used for energy
generation in buildings is presented in Table 1.
Table 1. Various sustainable energy technologies which can be used in buildings for generation of heat, cooling and electricity in the
Mediterranean basin1

Technology

Space heating

Space cooling

Domestic
hot water

Solar thermal with flat plate collectors
Solar thermal with parabolic collectors and Stirling engine

+
+

Solar thermal cooling

1

Electricity

+

+

+

Solar-PV

+

Wind energy

+

Solid biomass burning

+

+

High efficiency heat pumps

+

Co-generation of heat and power

+

+

District heating with solid biomass

+

+

District heating with waste heat

+

+

Total

6

+

2

+

7

+

4

Source: Own estimations

Table 1 indicates that the most sustainable energy technologies can provide heat but only a few can provide cooling.
The current use of sustainable energy technologies in buildings in the Mediterranean region is presented in Table 2.
Table 2. Current use of various sustainable energy technologies in buildings in the Mediterranean area 1
Technology

Current use of the technology

Solar thermal with flat plate collectors

Yes, broadly

Solar thermal with parabolic collectors and Stirling engine

Experimentally, few commercial applications

Solar thermal with parabolic collectors and Stirling engine

Limited applications mainly in large buildings

Solar-PV

Yes, broadly
Limited applications mainly in off-grid

Wind energy
buildings

1

Solid biomass burning

Yes, broadly

High efficiency heat pumps

Yes, broadly

Co-generation of heat and power

Limited applications mainly in large buildings

District heating with solid biomass

Limited applications

District heating with waste heat

Limited applications

Source: Own estimations

The efficiency of various sustainable energy systems varies significantly since some technologies like solar-PV have
low efficiency while others like GSHPs and cogeneration systems have high efficiencies. The efficiency of various
technologies used in buildings is presented in Table 3.
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Table 3. Efficiency of various sustainable energy technologies used in buildings in the Mediterranean area1

1

Technology

Efficiency (%)

Solar thermal with flat plate collectors

30-35

Solar thermal with parabolic collectors and Stirling engine

There are not enough reliable data

Solar thermal with parabolic collectors and Stirling engine

100-120

Solar-PV

15-18

Wind energy

15-18

Solid biomass burning

70-80

High efficiency heat pumps

250-350 (COP =2.5-3.5)

Co-generation of heat and power

75-85

District heating with solid biomass

70-80

District heating with waste heat

80-90

Source: Own estimations

3.

Assessment of various sustainable energy technologies used in buildings

Assessment of the above-mentioned renewable energy technologies has been made using technical and nontechnical criteria. In the non-technical criteria are included the simplicity of the installation of the energy system, its
accessibility, its ease of use from the end user and its social acceptance. Among the technical and economic criteria
are included its cost-effectiveness, its ease of maintenance, its reliability and its efficiency. For each criterion a score
between 1 (low) to 5 (high) is given. Scores for non-technical assessment and for technical and economic
assessment are presented in Tables 4 and 5.
Table 4. Non-technical assessment of various sustainable energy technologies used in buildings in the Mediterranean area
Simplicity of

Accessibility

1,2

Easy to use for

Technology

Social acceptance
installation

Solar thermal with flat plate collectors

5

Solar thermal with parabolic collectors and
Stirling engine

1

Solar thermal cooling

2

Solar-PV

Total score

the end user
4

5

5

19

2

4

9

2

4

4

12

5

4

5

5

19

Wind energy

2

3

3

2

10

Solid biomass burning

4

4

4

4

16

5

5

5

20

High efficiency heat pumps

5

2

Co-generation of heat and power

4

3

4

4

15

District heating with solid biomass

5

5

5

5

20

District heating with waste heat

5

5

5

5

20

1
2

Score: 1=low to 5=high
Source: Own estimations
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Table 5. Technical and economic assessment of various sustainable energy technologies used in buildings in the Mediterranean area 1,2
Technology

Cost effectiveness

Solar thermal with flat plate collectors

4

Solar thermal with parabolic collectors and
Stirling engine

2

Solar thermal cooling

2

Solar-PV

Easy to maintain
5

Reliability

Efficiency
4

18

3

-

6

2

3

5

12

4

5

5

2

16

Wind energy

2

2

4

2

10

Solid biomass burning

5

4

5

5

19

4

5

5

18

High efficiency heat pumps

5

Total score

1

4

Co-generation of heat and power

4

4

5

5

18

District heating with solid biomass

5

5

5

5

20

District heating with waste heat

5

5

5

5

20

1
2

Score: 1=low to 5=high
Source: Own estimations

The total score and the ranking of the sustainable energy technologies are presented in Table 6. The best scores are
achieved in the district heating systems using either solid biomass or waste heat since the district heating operator is
providing the heat into the buildings which are the end users while the heat price is relatively low.
Table 6. Ranking of the energy technologies according to the score given 1
Score for the
Score for the
technical and
Technology

non-technical

Total score

Ranking

economic
criteria
criteria
Solar thermal with flat plate collectors

19

18

37

3rd

Solar thermal with parabolic collectors and Stirling engine

9

6

15

8th

Solar thermal cooling

12

12

24

6th

Solar-PV

19

16

35

4th

Wind energy

10

10

20

7th

Solid biomass burning

16

19

35

4th

High efficiency heat pumps

20

18

38

2nd

Co-generation of heat and power

15

18

33

5th

District heating with solid biomass

20

20

40

1st

District heating with waste heat

20

20

40

1st

1

Source: Own estimations
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4.

Creation of net-zero energy buildings in the Mediterranean basin

Creation of buildings with net zero energy balance and zero CO 2 emissions due to energy use consists of a great
challenge nowadays for mitigating climate change. Reduction of energy consumption in buildings with the use of
various energy-saving techniques combined with in-situ energy generation from benign energy sources could
achieve the above-mentioned goal. Various studies implemented so far indicate that this is feasible due to
technology improvements and the cost reduction of sustainable energy technologies. Various renewable energies
which, combined, can provide all the energy required in a grid-connected building are presented in Table 7. Solar
thermal energy can provide domestic hot water and solar-PV energy all the electricity required for lighting and
operation of various equipment with the net-metering regulations. Solid biomass can provide space heating while
GSHPs can provide space heating and cooling. Apart from the renewable energies presented in Table 7, combined
use of different renewable energy technologies could achieve the same goal. As an example, use of district heating
systems fuelled with solid biomass or waste heat can provide space heating and domestic hot water, heat pumps can
provide space cooling and solar-PV panels can provide all the electricity required in the building. All these
technologies are mature, reliable, well-proven and cost-effective. The renewable energies mentioned are abundant in
the Mediterranean region except for the limited availability of solid biomass in southern Mediterranean countries.
Table 7. Renewable energy technologies which can provide all the energy required in a building

1,2

Combined use of solar thermal, solar-

Combined use of solar thermal, solar-PV and

PV and solid biomass

GSHPs

Renewable energy

Solar thermal

Domestic hot water

Domestic hot water

Solar-PV

Electricity generation

Electricity generation

Solid biomass

Space heating

Low enthalpy geothermal energy
1
2

Space heating and cooling

Grid connected building with net-metering regulations
Source: Vourdoubas, 2016

5.

Discussion

Renewable energy technologies which can be used for heat, cooling and electricity generation like solar energy,
wind energy, low enthalpy geothermal energy and solid biomass are abundant in many Mediterranean countries.
Various mature and reliable renewable energy technologies can be used without any financial subsidy. Current EU
regulations make it obligatory in the coming years for the construction of new nearly zero energy buildings while
policies like the net-metering regulation promote the use of solar-PVs or cogeneration systems in buildings without
economic subsidies. Biomass-fuelled district heating systems have very good performance, but they are limited in
northern Mediterranean countries in areas with high availability of biomass resources. Solar thermal systems with
parabolic collectors and Stirling engines have only recently penetrated the market and the evaluation of their
performance will take some time. Energy transformation of existing buildings in order to reduce their energy
consumption and their carbon footprint due to energy use could contribute to the mitigation of climate change while
decreasing the dependence of various countries on imported fossil fuels. Solar energy is abundant in the
Mediterranean region and the use of solar-PVs is currently promoted in many countries. According to Table 1, only
two technologies are available for space cooling in buildings; however, only one is being used extensively today.
Probably technological improvements in the near future will allow the creation of more reliable and cost-effective
solar cooling systems which could be used in Mediterranean countries which have abundant solar irradiance.
Increased use of sustainable energy technologies in buildings do not require financial subsidies but rather nonfinancial support and the removal of various barriers. These include appropriate training of engineers and building
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constructors concerning the use of renewable energies in buildings, involvement of the private sector and third party
financing in energy investments in large public buildings and/or in social houses, better information for the
consumers regarding the benefits of sustainable energies and the creation of a few public buildings with net zero
energy consumption which could raise awareness among citizens and will demonstrate the use of benign energy
sources in them.
6.

Conclusions

Various mature, reliable and cost-effective renewable energies can be used for heat, cooling and power generation in
buildings in the Mediterranean region. These include solar thermal energy with flat plate collectors, solar thermal
energy with parabolic collectors, solar cooling, solar-PV energy, solid biomass burning, wind energy, high
efficiency heat pumps, co-generation of heat and power and district heating systems using solid biomass or waste
heat. Solar energy, low enthalpy geothermal heat and, at least in some countries, solid biomass are abundant in this
geographical district. The majority of the above-mentioned renewable energy technologies are related with heat
generation in buildings. Current policies and the legal framework in most Mediterranean countries support their use
of energy generation in them. The efficiency of the sustainable energy technologies examined varies broadly
between 15% to 350%. Various criteria have been used for the evaluation of the sustainable energy technologies.
These include non-technical criteria like accessibility, social acceptance, simplicityof installation and ease of use for
the end user. Additionally, technical and economic criteria include reliability, efficiency, ease of maintenance and
cost-effectiveness. Assessment of the examined technologies used for energy generation in buildings in the
Mediterranean area indicated that district heating systems, solar thermal systems with flat plate collectors, high
efficiency heat pumps and solar-PV panels have the best performance. The combined use of various renewable
energy technologies in buildings could result in net zero energy buildings and zero carbon emissions buildings in the
Mediterranean region. These technologies are mature, reliable and cost-effective and they are already used
separately in various buildings. Therefore, the creation of net zero energy buildings is currently feasible and costeffective in the Mediterranean basin. Further work should be focused on the transformation of various public
buildings in Mediterranean countries to net zero energy buildings with the combined use of the above-mentioned
renewable energy technologies.
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