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Abstract
This dissertation was written as part of the MSc in Energy Building Design at the
International Hellenic University. The purpose of this project is to look into the quality
of indoor air in different hospital rooms, as well as its correlation to energy
requirements and CO2 concentrations in each room. For this objective, a patient ward,
a waiting room, and an operating room were chosen. A systematic investigation is
attempted, in particular, into both the existing problems of indoor air quality in
hospitals and their energy consumption. In addition, the necessary design components
and calculation methodology are presented in accordance with international and
Greek standards. Then, in order to conduct the energy analysis, different scenarios are
assumed for each room. Finally, the dissertation's overall conclusion is illustrated using
the end results.
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Preface
For many years, research has emphasized the importance of energy efficiency, but this
has not resulted in a reduction in energy consumption, despite the fact that traditional
energy design techniques are known to engineers and have, on the whole, been
successfully implemented. Energy building design today aims to ensure thermal
comfort and indoor air quality, in addition to reducing energy consumption. The
pursuit of the best possible energy efficiency of buildings results in the degradation of
the indoor environment, with negative consequences for human health, well-being,
and productivity. To the foregoing is the effort to improve buildings in terms of the
environmental impact they have, either locally or globally, as a result of emissions or
overexploitation of energy and natural resources. Achieving optimal energy planning
based on economic, energy, and environmental criteria is now inextricably linked to
new conditions such as modern energy systems and materials, the urban microclimate,
changes in the buildings themselves, the human factor, and, of course, the institutional
framework. At the same time, the adoption of modern technological solutions in
energy systems opens up a new horizon in the field of energy design to these
conditions.
Energy building design includes: a) economic, energy, and environmental efficiency
variables; b) constraints on building type, building regulations, climate, and
microclimate; c) requirements for indoor air quality and thermal comfort in
accordance with applicable standards; and, finally, d) the integration of the preceding
into the final design of the buildings. Simultaneous implementation of these objectives
is frequently impossible because they are sometimes mutually exclusive. The high
demands imposed by the design and construction of buildings with high economic,
energy, and environmental efficiency necessitate an accurate evaluation of the energy
behavior of the buildings, which, in conjunction with the use of effective tools, will
result in the best possible choice between different design and construction solutions.
The proposed thesis aims at combining the energy analysis with the Indoor Air Quality
requirements. It specifically investigates the effect of increased natural ventilation on
energy requirements, ensuring low CO2 levels and acceptable IAQ in general. The case
of hospitals was chosen because of the stringent IAQ requirements they raise as a
result of the burdened (physical, chemical, biological) indoor environment, as well as
the vulnerable health of the patients. The proposed correlation between IAQ and
energy is infrequent in the relevant literature, especially for the case of hospitals.
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1. Introduction
This introductory chapter will clarify concepts that will be crucial to the dissertation's
outcome.
1.1. Energy building design
Structures must be planned according to regulations and specifications that
save energy for heating and cooling (heat minimization and refrigerant) while also
utilizing mild types of energy to satisfy their thermal and refrigeration load with the
modern objective of eliminating ecological consequences [1]. The term ΄΄energy
building design΄΄ attributes to a design that responds to climate ecological factors such
as solar radiation, wind, and so on in such a manner that the dwelling envelope
modifies them to design an interior that grants the best thermal and visual comfort
conditions for users while using the least amount of energy for heating and cooling [1].
Energy-efficient structures are built or modified to get the most work through the
energy they are provided by adopting measures to prevent energy loss, such as
minimizing heat loss through the structure's shell [2]. Buildings that are energy
efficient, whether they have been rebuilt to be more efficient or created with energy
efficiency in mind, bring a slew of advantages. These structures are beneficial for the
planet, more pleasant to live in, and less costly to maintain [2].
There are a variety of techniques to enhance a building's energy efficiency, and
many different sections of the structure can be upgraded to do so. Improved
insulation, extra effective fenestrations, doors, and roof lights, along with highefficiency air conditioning and heating systems, can all help to make a building more
efficient by preserving heated air into or out of the building. Broadly speaking, the
overall way to attain high efficiency buildings involves reducing building energy needs,
generating power regionally from renewable energy sources, and spreading energy by
building constructions that produce an energy deficit that can be recirculated through
an innovative grid system. [2]
1.2. Nearly Zero & Net Zero Energy Buildings
According to the recast Energy Performance of Buildings Directive (EPBD,
2010/31/EU), the term Nearly Zero Energy Building (frequently abridged as NZEB)
refers to a structure with exceptional energy efficiency. The nearly zero or quite low
amount of energy required should be covered to a great extent by renewable energy,
including renewable energy produced on-site or nearby. [3]
The term Net Zero Energy Building refers to a structure with net zero energy
utilization, which means that the total amount of energy used by the building on an
yearly basis is equal to the amount of renewable energy generated on site or, in other
words, by renewable energy sources offsite, using technology such as heat pumps,
high efficiency fenestration and insulation, and photovoltaic systems [4]. The primary
objective is for these dwellings to emit fewer greenhouse gases into the atmosphere
during function than comparable non-ZNE dwellings. They occasionally utilize
exhaustible energy and release greenhouse gases sometimes, but they also mitigate
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energy usage and greenhouse gas pollution elsewhere by the same quantity. Zeroenergy buildings are motivated by a desire to save money as well as a desire to have a
lower environmental impact. Zero-energy buildings are financially viable due to tax
breaks and energy cost savings. [5]
1.3. Indoor Environmental Quality (IEQ)
Indoor environmental quality or most commonly (IEQ), applies to a broad topic
that contains several smaller topics that have an impact on human existence within a
structure. As shown in Figure 1, these include indoor air quality (IAQ), ergonomics,
acoustics, lighting, thermal comfort, drinking water, electromagnetic radiation, and
many more variables. Improved environmental quality can enhance the occupants'
quality of life, boost the dwelling's resale value, and eliminate consequences for
building managers. IEQ at companies and other working environments has a significant
impact on an industry's rate of return. Employees' well being and attitude gain from a
working environment with a high IEQ, which leads to higher productivity. As a result,
the supplemental expenditure of sustaining high IEQ levels at work will be reimbursed
within a realistic time frame, and actual financial earnings will be derived beyond that.
It should be mentioned that a building's certification as "sustainable and green" does
not imply that it meets the intended IEQ standard. Consequently, while constructing
new structures or retrofitting existing ones, IEQ should be given special consideration.
[6], [7], [8]

Figure 1: IEQ components (Source: Muhammad Α. Mujeebu, 2019)

1.4. Energy efficiency and IEQ
Simply defined, energy efficiency implies decreasing the amount of energy used
to accomplish the same quantity of effort - in other words, minimizing energy misuse.
Energy efficiency has a wide range of advantages, including lowering home and
economy-wide expenses, lowering CO2 and other greenhouse gas emissions, and
decreasing interest in energy imports [9], [10]. These goals can be achieved with the
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help of various technologies related to renewable energy sources. The use of fossil
fuels can be reduced by improving a building's energy efficiency, which is the most
cost-effective and rapid solution to this problem. Every part of the economy, including
buildings, transportation, companies, and energy production, has tremendous
potential for improvement in terms of energy efficiency [9], [10] Despite the fact that
this is not considered acceptable, it is believed that a reduction in energy consumption
can be achieved if there is a simultaneous reduction in indoor air quality. This
necessitates the inclusion of the IEQ in the Energy Performance of Buildings Directive
(EPBD).
The updated Energy Performance of Buildings Directive (EPBD, 2018/844), the
EU's key legislation in this field, states that energy performance requirements set by
governments in all EU nations should optimize wellness, indoor air quality, and
comfort levels. The combination of IEQ and energy efficiency is presented as an ideal
opportunity by the directive although it does not specify how to achieve an adequate
IEQ and harmonize internal comfort standards in the participating nations. Since the
Directive has been incorporated into national legislation (March 2020), there are
numerous opportunities to elevate IEQ's prominence. EU participating nations should
make certain that they: [12], [13].
1. Incorporate IEQ-promoting policies into long-term retrofitting initiatives.
A long-term renovation strategy's goal is to "support the renovation of the
national stock of residential and non-residential buildings, both public and private, into
a highly energy efficient and decarbonized building stock by 2050, facilitating the costeffective transformation of existing buildings into nearly-zero energy buildings" [14].
Covenants should support the cost-effective transformation of current structures to
nearly zero-energy buildings (nZEBs) and incorporate in their approach a prediction of
estimated energy savings and wider advantages, such as those associated with
wellbeing and pollution levels. Long-term refurbishment programs provide Member
Nations the liberty to choose which sector of the construction industry they want to
deal with first and how they want to do it. This is a chance to increase knowledge
regarding the seriousness and advantages of healthy indoor air quality while also
serving as a motivation for refurbishment. A high energy performance in combination
with the improvement of the indoor air quality and the quality of life of the occupants
of a building can be easily achieved by its renovation. The goal of remodeling
techniques should be to minimize building energy consumption and enhance the
convenience, hygiene, and health of those who use them, while limiting both
structural and communal expenses [15].
2. Involve IEQ in energy performance certificates (EPCs).
EPCs are a vital source of information on the energy performance of the EU's
infrastructure. Since energy efficiency and IEQ improvements are strongly associated
and can be achieved concurrently, they have the ability to be effective methods for
monitoring buildings' energy performance and also their total IEQ condition. Currently,
most EPCs do not include IEQ. The IEQ must unquestionably include suggestions for
financial or cost-effective upgrades to a building's energy efficiency in order to ensure
the health and well-being of its tenants. [12]
3. Undergo extensive quality check methods to assist in reaching the desired IEQ.
HVAC (heating, ventilation, and air conditioning) systems are important for
ensuring a balanced indoor climate while also consuming a tremendous amount of
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energy. By optimizing HVAC functional performance, energy efficiency and IEQ can be
improved.
4. Revise the cost-optimal method of analysis and include variables for examining the
influence on IEQ.
According to a significant review of papers, extremely efficient new or
refurbished structures with acceptable indoor air quality offer important health
advantages. According to a report published by the Joint Research Centre (JRC) on
'Promoting healthy and energy efficient buildings in the European Union,' various
researches in Europe have analyzed the advantages in the form of better living
standards, absenteeism decrease, state expenditures, and enhanced permeability, but
not in a methodical or consistent manner:
 The cost savings from health-related advantages are expected to be exactly
equal to the cost savings from energy savings [16].
 Despite the fact that thermal comfort, indoor air quality, adequate natural
lighting, and sound quality are some of the most important motivators and
advantages of remodeling, energy refurbishments seldom include measures to
evaluate the impact on the total IEQ [17].
1.5. Energy consumption in hospital buildings
Energy conservation has been a key priority in the European Union for the past
five years. The building sector has the greatest potential for energy savings. Residential
and tertiary sector buildings (hospitals, shops, offices, sports centers, hotels, etc.) are
currently the highest energy consumers in Europe (40%) [18]. Consequently,
production and usage account for 94% of carbon dioxide emissions into the
atmosphere, with the construction industry accounting for 45% [18].
Healthcare facilities are the structures with the greatest energy consumption
rates in the tertiary sector. Such an energy usage is made to satisfy thermal needs such
as space heating, hot water production, steam production for heating, sterilization,
and cooking, as well as electrical needs like as air conditioning, lighting, medical
equipment operation, and so on [19]. The underlying determinants of care facilities'
great energy consumption are their year-round function and the necessary confidence
levels necessary for public care, as well as the unique operating circumstances of
distinct venues, such as surgeries [19]. Numerous studies and energy audits of public
buildings, with special emphasis on Greek hospitals, reveal the following reality [18]:
 The energy consumption of public buildings is quite high, and significant energy
losses have been observed, with care buildings showing nearly the highest
energy consumption per unit area.
 The average annual energy consumption in hospitals is 400 kWh/m2/year.
 In hospitals, the distribution of energy consumption for thermal and electrical
processes is approximately 75% and 25%, respectively.
 They are large, old buildings with a vast amount of mechanical equipment, so
they have unique features and high requirements.
The following technical and construction issues have been observed in public
hospitals: old boiler and burner systems with low efficiency, lack of automation,
insufficient heating, insufficient management of electric charges, lack of heat
exchangers, insufficient utilization of solar systems, dependence on oil, and finally non-
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utilization of energy that has been released for other purposes make energy savings in
hospitals a wide range of applications with attainable and fast results and benefits
(20% savings energy) [18].
According to the literature, some indicative examples of energy consumption in
hospitals and healthcare units around the world are the following (table 1) [20, 21, 22,
23, 24, 25]:
Table 1: Energy consumption in hospitals.

Location of hospital

Annual Energy Consumption
(kWh/m2/year)

Malaysia
Thailand
Korea
Spain
United Kingdom
United States

234,00
148,80
452,00
270,00
279,00
738,00
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2. Literature Review
This chapter refers to indoor air quality, systems used related to indoor air conditions,
variables that affect indoor air quality, indoor air pollutants in hospital buildings,
impact on caretaker’s and patient’s health and designed conditions for hospital
building based on scientific data.
2.1. Indoor air quality in hospital buildings
The air quality inside buildings is pertained to as indoor air quality (IAQ). A
place with acceptable indoor air quality contains low levels of pollutants and smells, as
well as adequate CO2 and moisture levels. Indoor air pollution sources must be
restricted and controlled, as well as proper ventilation, to provide good indoor air
quality [26]. In the health department, Indoor Air Quality (IAQ) can be expressed as a
cluster of parameters that include thermal conditions such as air temperature, air
velocity and relative humidity, as well as the existence of harmful pollutants from
chemical ingredients and the infiltration of the contaminated outdoor air [27].
According to a survey conducted by Jung et al in 37 hospitals in Taiwan, the two
essential elements that appear to have the most influence on air quality in hospitals,
appear to be human activities and the type of air-conditioning system employed.
Therefore, it is easily perceived that the indoor air quality in buildings that house
healthcare facilities is pivotal, as it affects the health status of patients [27]. Also, the
concepts of "Sick Building Syndrome" and "Building Related Illnesses" must definitely
be mentioned, as they are associated to the indoor air quality. Sick Building Syndrome
is connected with the amount of time inhabitants spend within a building, which can
have an impact on their physical health as well as the level of comfort they feel in the
place. The most important aspect of this instance is that no particular ailment or
reason can be determined [28]. On the other hand, when diseases can be recognized
and ascribed to the poor indoor air quality of a space, it is referring to "Building
Related Illness"[28]. Approximately 80 thousand people die each year from HAI
(Hospital Acquired Infections), while also occupational illness have harmful effects on
people working or leaving as a patient inside the healthcare institutions. As a result, in
order to avoid being exaggerated in this condition, proper IAQ is required; otherwise,
Building Related Illnesses symptoms would arise [27].
People spend most of their time inside a building either it is a workplace, their
home or in the worst case a hospital. Despite the fact that the typical individual
consumes 15 kilogram of air daily, compared to just 2 kilogram of water and only 1
kilogram of food, the standards of acceptable air quality within structures have yet to
be determined. Ramaswamy et al [29] made a survey in Indoor Air Quality of hospital
buildings, from which have been conducted some useful information. Starting from the
concept of today's hospital facilities, which are the largest industry in the field of
health, it is observed that in addition to the diagnosis and treatment of patients, they
also serve as centres of learning, research and a variety other activities. This space,
houses a large number of people who are present throughout the year, creating a wide
range of social developments. Consequently, it is important for healthcare institutions
to take special effort in the indoor air quality issues.
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The design phase of a hospital building as well as its subsequent proper
maintenance, play a significant role in the preclusion of infections, as according to
Dikmen et al [30] it is observed an increment in the indoor air contamination which is
due to the construction of tighter-sealed buildings and in the use of chemical products
indoors. In the World Health Organization research is detected that around 1.4 million
people worldwide acquired HAI diseases at any particular moment while 2 million
instances documented in a calendar year [27]. To support this survey, it was
discovered in Shaikh's [31] book that a significant amount of 5% of all people admitted
to hospitals for a treatment, they acquire a different infection during their stay. Also, in
indoor air there are harmful contaminants that can reach a value of 70 times higher
than that from the outside air and in combination with the existing complex
environment of hospital buildings, the need to protect patients and working staff
become imperative. According to the World Health Organization, indoor air quality has
an influence on life expectancy [32].
2.2. Systems used related to indoor air conditions
Dascalaki et al [33] studied 17 operating rooms in Greek hospitals and came to
some important results, where the most significant is the exposure of health care
workers to various harmful gases even if a mechanical ventilation system or/and an
active scavenging one is used. The solution for preventing this problem is to use a
combination of an adequate mechanical ventilation system and a scavenging system
which identifies waste gases but without neglecting the constant monitoring of the air
[34]. The hazardous chemical substances prevalent in medical facilities that emanate
from their gaseous waste, including anesthetic and disinfectant sprays, are the cause
for continual monitoring of the air quality in these areas [34].
In hospitals, HVAC systems are vital not only for maintaining appropriate
temperature and humidity regulation, but also for keeping a clean, germ-free
atmosphere that contributes to the well-being of patients and prevents the spread of
disease [35]. Because of these influencing elements, the design of air conditioning
systems for hospitals must take into account a number of criteria that, while significant
in other industries, must be given special consideration in this one [35]. HVAC system
is responsible for 67% indoor air quality issues [29]. This large percentage indicates the
need for an extensive and thorough study on the installation of ventilation systems
from the initial stage of construction of the hospital building. Specifically, at the design
stage, the installation of an appropriate ventilation system should be provided, taking
into account the characteristics of each area and not using a single system for the
entire hospital [29]. In all healthcare buildings the air pressure is required to be either
positive or neutral and this is achieved by replacing the exhaust air with that of a
treated mechanical air supplied to all areas of the facility [29]. In the case of medical
spaces, they should have a suitable system that manages the air in the coils and filters
so that there is no inward leakage [29]. The provision of fresh air in critical areas of
hospitals, such as operating rooms and intensive care units, is vital. Thus, the terminal
units that provide fresh air should be located peripherally on the ceiling, while the air
escape ducts should be located on the floor [29]. Also, all the structural elements of
the space as well as the openings should be well sealed [29]. For easy observation,
humidity indicators and thermometers should be placed in the proper positions [29].
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The ASHRAE recommendation for filter efficiency should be followed [36]. Outdoor
pollutants are not controlled by poor filtering. Fine dust particles collect in the air
ducts when recycled air is used [36]. It has been observed that airway systems
promote the growth of fungi and bacteria. Also, it has been shown that 17% of people
suffering from allergies are due to their direct or indirect contact with these
microorganisms evolving in the airways [36]. Consequently, thorough filter
maintenance and preserving the entire air duct system clean and dry are critical for
improving the quality of the interior air.
2.3. Factors that affect indoor air conditions in buildings and their sources
The indoor environment has an impact on one's healthcare and creativity [37].
Indoor air quality (IAQ) is becoming a more pressing concern for both workplaces and
health services [37]. In all buildings, but notably in hospitals and other healthcare
facilities, indoor air quality is critical. The quality of the ambient air, building design,
construction and equipment [38], warming, aeration and conditioning (HVAC) systems,
temperature, moisture, pollutant sources, inhabitants, and probable contaminant
routes are only a few of the fundamental aspects that influence indoor air quality [39],
[41]. The above and some extra factors can be classified into physical, chemical and
organic (Table 1) [40].
Table 2: Factors that affect indoor air quality [40].

Factors of Indoor Air Quality (IAQ)

Physical

Chemical

Biological

Temperature
Relative Humidity
Ventilation
Lighting
Noise
Dust
Suspended particles (combustion products, asbestos fibers,
fiberglass)
Heavy metals, toxic elements (Pb, Cd, As, Hg, etc.)
Ions
Volatile Organic Compounds
Inorganic gaseous compounds (SO2, NOx, O3, Rn, etc.)
Microorganisms (viruses, bacteria, fungi, etc.)
Allergens (pollen, insects, animals, etc.)

The factors that affect the indoor air quality are divided into those that
originate from the outdoor and those that originate from the indoor building's
environment. Both of them are going to be further discussed.
Outdoor springs are especially important in urban areas because they
contribute to poor air quality entering the building, as well as inadequate or inefficient
air cleaning in naturally ventilated or mechanically ventilated buildings [40]. The
following are important outdoor resources of factors that affect IAQ [40]:
1. Industrial emissions:
High concentrations of nitrogen and sulfur oxides, ozone, lead, volatile organic
compounds, tobacco, molecules, and fibers may be caused by industrial emissions
(local or remote) [40].These pollutant effects are dependent on specific climatic
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conditions, particularly in urban areas where the influence of results such as the
influence of islands heat distribution and / or the distribution of air flows around
buildings is critical [40].
2. Traffic pollution:
Another significant source of pollution in urban areas is traffic pollution, which
accounts for the majority of outdoor pollution near roads, tunnels, and parking lots
[40]. Carbon monoxide and carbon dioxide, carbon dust, lead, and nitrogen oxides are
some of the most significant pollutants caused by traffic [40].
3. Nearby sources:
Combustion emissions from nearby piles and infectious agents from the
emissions of cooling towers can cause problems when are close to air suppliers [40].
4. Pollutants from the soil:
Soil-contaminated sources in the vicinity of the building may include radon
(which occurs in nature as a radioactive gas), methane (product of organic
decomposition) and moisture [40].
Indoor pollutants can be either natural or the result of human activity [40].
Inside the air of each building, there are several potential sources of infectious agents.
Some emit continuously, such as building materials and furniture, while others, such as
cooking, smoking, and the use of infectious soluble paints and cleaning products,
release infectious factors on a periodic basis [40]. The following are important indoor
resources of factors that affect IAQ [40]:
1. Occupant’s metabolism and activities:
There is a relationship between oxygen consumption and release carbon
dioxide that occurs due to human and animal metabolism [40], [41]. In addition to CO2,
some volatile organic compounds (VOCs) are also produced by this process. In general,
they can lead to air quality and odor problems, but health risks arise only in high
concentrations. In this case the ventilation requirements are usually low [40], [41]. The
atmospheric quality of an interior is strongly related to how the space is used and, of
course, the activities of the inhabitants [40], [41]. Activities such as smoking, cooking,
and cleaning, for example, have a direct impact on IAQ and can help increase the
concentration of various pollutants [40].
2. Building materials and equipment:
Pollution is also produced by building materials and equipment [40], [41]. Toxic
and ecotoxic pollutants have been recognized as side effects of a variety of building
materials and manufacturing methods, as well as environmental changes caused by
chemical pollution, for many years [40], [41]. As a result of the rigorous measures now
implemented toward the use of building materials in the environment, substantial
reorganizations in the building production industry have occurred [40], [41]. At the
same time, building equipment such as carpets, furniture, paints, varnishes, and other
materials generate pollutants, which, depending on their chemical composition, can
have a significant impact on IAQ levels [40]. Low-emissions materials may lower the
requirement for ventilation and, as a result, the building's energy usage [40].
3. Cooling, Heating and Ventilation System (HVAC):
The equipment that provides heating, cooling, ventilation, and humidity control
to generate and maintain comfortable conditions in a building is referred to as HVAC
(Heating Ventilation Air Conditioning) [40], [41]. Furthermore, a well-designed HVAC
system separates and eliminates impurities and odors from the indoor environment
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through pressure management and filtration, ensuring indoor air quality [40].
However, certain HVAC systems are not intended to successfully conduct the above
functions. As a result, the HVAC system is frequently blamed for an increase in the
concentration of internal contaminants, resulting in poor indoor air quality and health
risks for building occupants [40], [41].
4. Relative humidity of the atmospheric air:
Humidity is defined as the amount of water vapor present in the atmosphere
[40], [41]. Some of the impacts linked with relative humidity include a sense of 'stale'
air, the strongest perception of numerous odors, dry skin that causes itching, rashes,
and allergic reactions, and pain from increased bonding pressures between the skin
and the fibers of garment textiles [40]. Because the condensation of air vapor leads to
the emergence of mold and is a suitable setting for the production and growth of
germs that risk human health, relative humidity is a critical metric for indoor air quality
[40].
5. Ventilation:
The mechanism by which fresh air is supplied to an indoor environment is
known as ventilation [40], [41]. The purpose of a building's ventilation system is to
meet the oxygen needs of its occupants, as well as to remove and dissolve undesirable
odors and pollutants, hence reducing indoor pollution [40], [41]. Therefore,
inadequate ventilation is associated to the appearance of health symptoms in
buildings. Reduced ventilation rate, for example, is associated with increased
bacteriological concentration [40]. However, one space contains more than one
pollutant, and one pollutant is typically produced from multiple sources [40]. As a
result, the ventilation rate is determined by the amount of ventilation required to
control the dominant pollutant [40]. The pollutant concentration is a function of the
pollutant emission rate and the rate at which the space is ventilated [40].
6. Noise:
Noise is defined as an undesirable sound that causes annoyance, impairs
speech comprehension and productivity, and may be a contributing factor in Sick
Building Syndrome [40]. Noise is produced by either internal sources such as heating,
cooling, and ventilation systems, as well as speech and building equipment, or external
sources such as airplanes, cars, and other anthropogenic activities [40]. Noise has an
indirect effect on indoor air quality because it is linked to building user behavior in
relation to ventilation (natural and mechanical) [40]. In terms of natural ventilation,
the outside noise levels influence the frequency and duration with which they ventilate
their space by opening windows [40]. It has been demonstrated that users of naturally
ventilated buildings frequently avoid opening windows in order to avoid being
disturbed by external noises, thereby reducing the rate of room ventilation and
negatively impacting indoor air quality [40]. However, noise is also associated with
mechanical ventilation because it is produced by the forced flow of air in the air ducts
and fans, particularly in the case of return air recirculation systems, which require
higher air speeds [40]. To avoid the risk of reducing required ventilation and, as a
result, degrading indoor air quality, noise reduction by systems heating, cooling, and
ventilation should not be supported by a change in air flow [40].
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2.4. Indoor air pollutants in hospital buildings
Indoor pollutants are one out of two (indoor and outdoor) types of pollutants
that can cause poor IAQ and play a very important role in a hospital’s function [29]. In
the indoor environment humans are exposed to a variety of pollutants, containing
organic contaminants such as pathogens and microbial particles, pollen grains,
danders, and mammal bristles, as well as inorganic substances such as metals, fibers,
particulate matter, and vapor pollutants [42]. Below the most common indoor air
contaminants are being further described [43].
2.4.1. Biological Pollutants
Pathogens, infectious agents, pet bristles and spittle, household dirt, mites,
insects, and fungal spores are examples of biological pollutants. These contaminants
come from a variety of places [44]. The growth of some biological pollutants can be
avoided by managing the relative humidity level in a building [44]. Humid surfaces,
stagnant water or even materials that have been damaged by water are some of the
conditions that encourage the growth of mold, microbes and insects. Residential dust
mites, one of the most potent biological irritants, thrive in moist, warm conditions
[44].
The most common sources of biological pollutants are [44]:
1. Pollen grains are plant-derived substances;
2. Infections that are spread by humans and animals;
3. Mold;
4. Microbes brought by humans, pets, ground, and organic residues;
5. Household animals that originate spittle and hair;
6. Feces and body parts from rodents and other parasites or insects;
7. The protein found in rodent urination is a significant irritant. It has the
potential to become airborne once it has dried;
8. Mold, fungus, and other harmful particles can thrive in polluted centralized air
conditioning equipment, which can subsequently spread these pollutants
throughout the structure;
Most of these biological pollutants are capable of being inhaled. Biological
contaminants are either living organisms or are created by living organisms. Biological
pollutants are frequently known to occur in regions where nourishment, humidity, or
water are provided. Consider the following scenario [44]:
1. Mold can grow in damp or humid environments, such as cooling system, air
purifiers, compressor pans, and unpressurised restrooms.
2. Biological pollutants can rack up in curtains, mattresses, carpeting, and other
dust-settling areas.
2.4.2. Asbestos
Asbestos is an association of minerals that can be found in serpentinite and
other metamorphic rocks [45]. Because of its excellent heat durability, asbestos was
primarily used for fire prevention, roofing, and insulation coating. It was also used as
an ingridient to make roof and wall finishes, strip joints, floor tiles, and mastic easier to
make and apply [45], [46]. Asbestos is found in more than 6.000.000 tons in
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educational and healthcare facilities, ships, office buildings, and industries — as well as
our own homes. It can also be located in a wide variety of products, including: sprayed
insulating coatings on steelwork and concrete; lagging on pipes and boilers; insulation
board in walls, doors, and ceilings; asbestos cement for roof and wall coverings, pipes,
and tanks; and floor tiles, sealants, textured decorative coatings (such as artex), rope
seals, millboards, paper products, fire doors, and cloth (e.g. fire blankets) [45], [46].
The construction of most healthcare facilities is well behind the time and
although new hospitals are being constructed, the number of hospitals and healthcare
units constructed using asbestos-containing materials is very large [45]. Not long ago,
it was used in large burner rooms, lagging on pipe lines located in underfloor
void/subways, and asbestos insulation material board was attempting to cover
ductwork in medical settings [45]. While asbestos is not dangerous in its natural state,
it becomes extremely hazardous when the material is damaged and asbestos fibers are
inhaled [45].
2.4.3. Carbon monoxide (CO)
Carbon monoxide (CO) is a poisonous gas that results from incomplete
combustion. It is colorless and odorless [47], [42]. CO exposure can have a variety of
consequences depending on your age, general wellbeing, and the degree and duration
of your exposure [47]. Volcanoes and bushfires are two natural sources of CO. The
consumption of fossil fuels for energy production, automobile exhaust, petroleum and
metals refining, various construction industries, and food production are all examples
of anthropogenic sources [47]. Indoors, CO is produced through the combustion of
cigarettes and incense, internal combustion engines, oil or gas fuelled boilers,
furnaces, stoves, and water heaters, wood heaters, solid fuel stoves, and other sources
[47]. The most dangerous combustion devices are those that are improperly fueled or
under-ventilated [47].
2.4.4. Carbon dioxide (CO2)
Carbon dioxide (CO2) is a colorless, odorless, and non-toxic chemical substance
of the atmosphere in low concentrations [48], [42]. Respiration, biological life, decay
processes, and volcanoes are all natural sources of CO2. The main manmade source of
CO2 in the environment is the burning of fossil fuels. The main causes of pollution in
indoor environments are metabolic functions and burning devices [48]. CO2 is
produced by the burning of carbon-containing compounds, and unfueled or
inadequately fueled heating systems and kitchen appliances, automobile exhaust in
enclosed parking areas or garages, and ambient cigarette smoke are all possible indoor
sources (note that smoking is not permitted in most non-residential buildings in
Greece) [48], [42]. When combustion devices are not present, metabolic activities
often take over as the dominant source of CO2 indoors [48], [42].
2.4.5. Ozone (O3)
Ozone (O3) is a colorless gas with an odor that is described as "electric." Both
stratosphere (high atmosphere) and troposphere (lower atmosphere) contain ozone
[49], [42]. Stratospheric ozone is not a contaminant and is referred to as the "ozone
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layer" because it defends natural life on Earth by lowering the levels of harmful UV-B
radiation approaching the Earth's crust [49]. On the contrary, ground-level ozone, is
classified as an air contaminant since it is hazardous to both public health and the
environmental contamination [49].
Ground level or tropospheric ozone is formed in the lower atmosphere when
ozone precursors, generally oxides of nitrogen (NOx), carbon monoxide, and volatile
organic compounds (VOCs), react in warm, sunny conditions [42]. Emissions from
industrial infrastructures, power plants, automobile exhausts, motor gases, dye,
particles, and solvents are all manmade sources of these ozone precursors [49], [42].
Deciduous trees (which release considerable quantities of volatile organic
compounds), wildfires, and hazard mitigation activities are all primary producers of
ozone byproducts that can actually affect ozone concentrations [49], [42]. Ozone is
produced indoors by energized electrical equipment such as copy machines, toner
cartridges, and ozone-producing air-cleaning machines [49].
2.4.6. Nitrogen dioxide (NO2)
Nitrogen dioxide (NO2) is a foul-smelling, suffocating, brownish oxidizing gas
that combines with oxygen in the air to produce corrosive nitric acid and poisonous
organic nitrates [50], [42]. It's a big part of the atmospheric reactions that cause smog
and ground-level ozone [50], [42].
Some NO2 is created by plants, soil, and water, while some is produced
physically in the surrounding air by thunderstorms [50]. However, traffic congestion
automobile emissions and other coal burning operations are responsible for the
majority of NO2 detected in the outdoor air [50]. The origins of NO2 in the outside air
are similar to those of CO. The combustion of fuels for energy production, car
emissions, petroleum and metals refining, various construction industries, and food
production are all major contributors [50]. Motor vehicle exhaust accounts for up to
80% of NO2 in cities. Nitric oxide quickly converts to NO2 when exposed to sunshine
[50]. Indoor sources of NO2 include unfueled gas heaters and stoves, as well as
possible NO2 transport from attached garages and parking areas [50].
2.4.7. Lead (Pb)
Lead is a naturally occurring element that can be found in trace levels in the
crust of the earth. While it has some advantages, it is harmful to humans and animals
and can cause health problems [51]. Lead is found in all aspects of our environment,
including the air, soil, water, and even the interiors of buildings [51]. Human activities,
such as the use of fossil fuels, including the use of leaded gasoline in the past, some
types of industrial facilities, and the use of lead-based paint in buildings, are
responsible for much of our exposure [51]. Paint, ceramics, pipes and plumbing
materials, solders, fuel, batteries, ammunition, and cosmetics are just a few of the
things that include lead or lead compounds [51].
2.4.8. Radon (Rn)
Radon is a dense, colorless, and odorless noble gas that occurs naturally in soil
as a byproduct of radium's radioactive decay; it is a decay product of uranium and

-14-

thorium, both of which are found naturally in the Earth's surface [52]. Radon is found
in rocks such as granite, shale, phosphate rock, and pitchblende, and has a range of
origins, including uranium. Radon can escape from these sources and contaminate the
air and water resources in the area. It's present in well water, natural gas, and
construction materials [52], [53]. Because of its high density, radon tends to float
downhill and is frequently found in basements [52], [53].
2.4.9. Total Volatile Organic Compounds (TVOCs)
The term "volatile organic compounds" (VOCs) refers to carbon-containing
compounds that evaporate at room temperature [54], [42]. This means they have a
high enough vapor pressure to vaporize from materials and surfaces into the indoor air
at room temperature, a process known as off-gassing [54], [42]. Alkanes, aromatics,
aldehydes, ketones, alcohols, and ethers are all examples of volatile organic
compounds (VOCs) [54]. Many of these pollutants can be found in indoor air. They are
frequently present in low concentrations as sophisticated combinations of several
substances, with up to hundreds distinct substances present in small quantities in the
indoor environment [54]. They are referred to as "Total" VOCs or TVOCs when they are
assessed as a whole and in combination [54].
Most materials, whether manmade or natural, emit volatile organic compounds
(VOCs) [54]. VOCs emissions are gases that are released at room temperature from
materials or products [54]. New materials including office furniture, adhesives, paints,
caulking, fillers, pressed wood goods, carpets and underlays, stored supplies, printers
and photocopiers, electrical equipment, cosmetics, cleaning products, and personal
hygiene items are among the sources [54].
2.4.10. Formaldehyde (CH2O)
Formaldehyde is a colorless gas with a strong odor that is one of the most
frequent indoor VOCs [55], [42]. Indoors, formaldehyde is typically produced as a
byproduct of off gassing from a variety of common building materials such as
particleboard, fiberboard, and plywood [55]. Indoor formaldehyde concentrations
typically exceed outdoor concentrations [55]. Formaldehyde is an industrially
important substance, with downstream applications including synthetic resins,
industrial chemicals, preservatives, and the production of paper, textiles, cosmetics,
disinfectants, medicines, paints, varnishes, and lubricants [42].
Formaldehyde is formed naturally in the environment by processes like
combustion and decay, and it is emitted normally by all wood species. Formaldehyde
can also be found in vehicle emissions, wood smoke, and household appliances like
combustion heaters [55]. Although formaldehyde can be found in the outdoor air, the
primary sources are found in the indoor environment: construction materials,
insulation materials, finishing materials, burning equipment, cigarette smoke, and a
wide range of commercial products [55].
Formaldehyde polymers are typical resins used in the fabrication of numerous
building products due to their exceptional bonding capabilities and inexpensive cost
[55]. Floor coverings include formaldehyde polymers, and formaldehyde resins are
employed in the textile industry as binders, fire retardants, or to give materials rigidity,
wrinkle resistance, and water repellence [55]. Aldehydes can be found in fertilizers and
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pesticides used on indoor plants. Formaldehyde can also be released by gas-fired
stoves and heaters. Formaldehyde is utilized in a variety of places, including biological
laboratories, hospitals, and hobby and craft shops [42].
2.4.11. Particulate Matter (PM)
Particulate matter, or simply PM, is the term for airborne particles [56], [42].
Particulates can range in size and visibility and include dust, dirt, soot, smoke, and
liquid droplets [56]. Particles are categorized according to their size and aerodynamic
diameter [42]:
1. Coarse particles are those between 10 and 2.5 micrometers (µm) in diameter.
2. Fine particles are smaller than 2.5 µm.
3. Ultrafine particles are smaller than 0.1 µm.
Particles are also classified based on their chemical composition. The health
effects of particulate air contaminants are determined by their size as well as their
chemical composition [56], [42]. Dust, mists, fumes, smoke, and other particulate byproducts of combustion can all be sources of particulate matter [56]. Bushfires, dust
and sand storms, pollens, and sea spray salt are all natural sources [56]. Electricity
generation, motor vehicle emissions, industrial processes, incinerators, mining and
stone crushing, agricultural processes, construction activities, unpaved roads, and
wood heaters are all examples of anthropogenic sources [56].
Particulate matter generation sources indoors include activities such as
material and surface abrasion, printing and paper handling, cooking and food
preparation, and combustion-based heating equipment [56]. Particles are also
introduced into the building by the outside air [56]. Dust can accumulate on floors,
furniture, carpets, and soft furnishings and be disturbed during maintenance and
cleaning activities (sweeping and vacuuming), where dust particles that had previously
settled onto surfaces are frequently re-suspended in the indoor air [56].
2.5. Impact on caretaker’s and patient’s health
In terms of indoor air quality, hospitals are more complicated and differ greatly
from other public buildings or buildings in general where people live, work, or are
entertained. The fundamental distinctions between hospitals and other buildings are
primarily two: the numerous chemical components that are present in the space and
their continuous operation 24 hours a day, 365 days a year [57], [58]. As previously
stated, internal pollutants can be up to 70 times more damaging than exterior
pollutants [31]; nevertheless, this does not indicate that external pollutants are not
detrimental. External pollutants enter the building through ventilation whether it is
mechanical or natural, and, when combined with highly harmful internal pollutants,
harm the users of the building, whether they are patients, visitors or employees [41].
Aside from the fact that poor indoor air quality has a negative impact on their health,
research [41] has revealed that healthcare personnel' work performance is also
negatively affected. Regarding the patients, they have a weaker organism due to their
condition and thus are more vulnerable to gaseous chemical or biological
contaminants. Furthermore, a survey [60] indicates that particulate matter is more
contagious and more harmful in enclosed spaces, let alone in hospitals. The internal
environment also influences the occurrence of deadly diseases such as cancer or
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chronic diseases and other sorts of impairment [58]. Other natural or manmade
factors influence the development of cancer [59], while the rate of increment in
chronic diseases is substantially in the past two or three decades [64],[65]. The
exacerbation of chronic diseases can be owing to a causative factor as well as to a
variety of other circumstances [58]. Therefore, people are exposed to chemical
substances that have been identified as hazardous environmental agents which
aggravate the presence of these diseases, such as asthma or obesity [64]. In addition
to these health problems, fluctuations in behavior and learning difficulties appear in
young ages [64]. Therefore, chemical agents have attracted increasing attention, as
also evidenced by Harrison et al [66] research which examines the magnitude of the
chemical effect of particulate matter. In addition, hospital acquired infections plays an
in important role since airborne or droplet transmissions are not the only way to get a
disease, as the presence of bioaerosols in hospital buildings significantly affects the
frequency of transmission of these diseases [67], [68], [69], [70].
Jung et al [71] investigated 7 different working areas of 37 hospitals in Taiwan
in order to evaluate the relationship between ventilation systems and indoor air
quality of these spaces. From this research emerged that central air-condition system
is more efficient in removing aerosol contaminants, while human activity has a
significant impact in the indoor air quality. The areas with high levels of both CO2 and
TVOCs are hospital wards and the areas with high level of TVOCs are pharmacies, while
the other contaminants did not differ significantly among other areas. In Bessonneau
et al [72] study in six areas of a teaching hospital in France has been found that
alcohols, ethers and ketones are the dominant compounds in the indoor air. Also,
Ferro et al [73] discovered the high concentration of aromatic hydrocarbons in the
area of pharmacies.
The health hazards linked with poor indoor air quality have begun to be
identified by society [74], [75], [76]. According to a study by Klepeis at al [78], it is
observed that people spend 87% of their time inside a building as well as patients have
the same or higher rate in enclosed spaces [77]. Consequently, protracted exposure to
harmful contaminants enhances the presence of health hazards. Asbestos is one such
dangerous element that is prevalent in healthcare facilities due to the construction
year of most of them. Thus, asbestos is visible in hospitals after being found in the old
piping network. However, the presence of this asbestos does not affect the health of
patients or medical workers as they do not come into direct contact with it. But the
hospital's maintenance staff have been exposed to this material and so either they
have died, or they will face serious health problems in the future [45]. Most studies
have concentrated on the evaluation of tiny, suspended particles, as Polichetti et al
[79] did, who investigated the influence of these particles on CVD (cardiovascular
diseases). Also, according to other surveys [80] [81], these microscopic particles are
responsible for other chronic diseases that affect the respiratory and cardiopulmonary
systems and lead to deadly diseases such as lung cancer. As a consequence, medicines,
disinfection and generally all chemical elements and activities carried out in a hospital
building have a significant impact on the indoor air quality in each working area
[67][82].
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2.6. Design conditions based on directives for hospital buildings
2.6.1. Patient ward
A patient ward is a hospital room that accommodates patients who require
similar treatment while being supervised by healthcare personnel [85], [86]. Patient
wards typically have 1 to 4 beds [87]. Every patient ward must have an attached
hygiene unit, which will include a sink, a basin, and a shower and the hygiene unit’s
doors will open to the exterior [87]. Each patient ward must provide [87]:
1. Access to the beds from 2 sides;
2. Intermediate space between the beds for approaching a stretcher 0.90 m wide;
3. Visual isolation curtains for each bed;
4. One closet per bed;
5. Possibility to call the nurse, special lighting and supply of oxygen and
compressed air per bed;
6. Natural lighting and ventilation with the possibility of protecting patients from
the fall of lateral morning and afternoon sun rays;
7. Sound protection: The treatment wards fall into category A of high acoustic
comfort;
In Greece the minimum required floor area of a single bed patient ward is
23,50 m2, while of a four bed is 70 m2 (Figures 2&3) [88]. The minimum required
standards of the indoor designed conditions that a patient ward must fulfill are defined
by the Technical Directive of Technical Chamber of Greece (TOTEE 20701-1/2017).
Those designed conditions include [84]:
1. Operating period: 24 hours/day, 7 days/week, 12 months/year;
2. Temperature: 22 oC (winter period), 25 oC (summer period);
3. Relative humidity: 35% (winter period), 50% (summer period);
4. Fresh air: 25 m3/h/person, 5,50 m3/h/m2;
5. Lighting level: 100lx;
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Figure 2: Single bed patient ward floor plan. (Source: NHS, 2008)
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Figure 3: Four bed patient ward floor plan. (Source: NHS, 2008)

2.6.2. Waiting rooms
The areas of the hospital where patients wait till they enter for an examination
and their attendants wait for the results of the patient's examination are known as
waiting rooms. In Greece the minimum required floor area of a waiting room is 20 m2
[89]. Natural light and ventilation should be provided in waiting areas [89]. Waiting
rooms should also incorporate a WC (men-women) of at least 6 m2 in its design [89].
The minimum required standards of the indoor designed conditions that a waiting
room must fulfill are defined by the Technical Directive of Technical Chamber of
Greece (TOTEE 20701-1/2017). Those designed conditions include [84]:
1. Operating period: 8 hours/day, 5 days/week, 12 months/year;
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2.
3.
4.
5.

Temperature: 20 oC (winter period), 26 oC (summer period);
Relative humidity: 35% (winter period), 50% (summer period);
Fresh air: 45 m3/h/person, 24,75 m3/h/m2;
Lighting level: 200 lx;
2.6.3. Operating rooms

An operating room (also known as an operating theatre) is a medical facility
where surgical procedures are performed in an aseptic environment. Operating rooms
are large, cleanroom-like spaces that are well-lit with ceiling surgical lights and may
include viewing screens and monitors [90]. Operating rooms are typically windowless,
though windows are becoming more common in newly constructed theatres to
provide clinical teams with natural light, as well as controlled temperature and
humidity [90]. Special air handlers filter the air and keep the pressure slightly raised. In
the event of a blackout, electricity support has backup mechanisms [90]. Wall suction,
oxygen, and perhaps other anesthetic gases are provided in the rooms [90]. The
operating table and the anesthesia cart are essential pieces of equipment [91]. There
are also tables where instruments can be set up. There is space for standard surgical
materials to be stored [91]. Disposables have their own containers. Prior to operation,
surgeons, anesthetists, ODPs (operating department practitioners), and nurses use a
designated scrubbing area outside or sometimes incorporated within the operating
room [91]. During cleaning, the terminal cleaner will be able to realign the operating
table and equipment to the intended arrangement using a map [79]. An anesthetic
room, prep room, scrub room, and a dirty utility room are all common additions to
operating rooms [91].

Figure 4: Minimum required operating room size. (Source: Hiroshi Yasuhara, 2018)
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Figure 5: Standard required operating room size. (Source: Hiroshi Yasuhara, 2018)

In Greece the minimum required floor area of an operating room is 36 m 2,
while the standard is 48 m2 (Figures 4&5) [90], [91]. The minimum required standards
of the indoor designed conditions that an operating room must fulfill are defined by
the Technical Directive of Technical Chamber of Greece (TOTEE 20701-1/2017). Those
designed conditions include [84]:
1. Operating period: 8 hours/day, 5 days/week, 12 months/year;
2. Temperature: 18 oC (winter period), 20 oC (summer period);
3. Relative humidity: 35% (winter period), 55% (summer period);
4. Fresh air: 150 m3/h/person, 30 m3/h/m2;
5. Lighting level: 1.000 lx;
Examples of international standards for acceptable air changes in the abovementioned rooms are provided by the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) and the American Institute of Architects (AIA).
Both ASHRAE and AIA recommend 6 and 12 air changes per hour in patient wards and
waiting areas, respectively [92, 93]. The perspectives in operating rooms are different.
The ASHRAE standard recommends 20 air changes per hour, while the AIA
recommends 15 [92, 93].
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3. Methodology
The calculation method for monthly and annual energy demands, air flow due to
natural ventilation, and CO2 concentration will be explained in detail in this chapter.
3.1. Energy Demand Calculation
The monthly-based semi-transient method of the European standard ELOT EN
ISO 13790 was used to calculate the monthly energy demands of each separate roomthermal zone [94]. All required variable values are derived from national directives
TOTEE 20701-1/2017 and TOTEE 20701-3/2010 [84, 95]. The total monthly energy
demand for heating, cooling, lighting/equipment, and hot water is the end result of
this analysis.
The total monthly energy demand for space heating, QH,tot,i arises from the loss
balance and profit, and is provided by the equation [1]:
[1]

Where:
 QH,loss,i: Monthly heat losses, kWh
 QH,gn,i: Monthly heat gains, kWh
 ηH: Gain utilization factor
Accordingly, the total monthly energy demand for space cooling, QC,tot,i is
provided by the equation [2]:
[2]
Where:
 QC,gn,i: Monthly heat gains, kWh
 QC,loss,i: Monthly heat losses, kWh
 ηC: Loss utilization factor
The utilization factor for heating and cooling, η, is a function of the profit-loss
ratio, γ, and the building's thermal inertia, and is given by the equation [3]:
For γH, γC >0 or γH, γC ≠0 [3.1]
[3.1]
For γH, γC = 1 [3.2]
[4.2]
For γH, γC <0 [3.3]
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[5.3]
The function of the profit-loss ratio, γ, is given by the equation [4]:
[4]
Where:
 Q,gn,: Monthly heat gains, kWh
 Q,loss,: Monthly heat losses, kWh
The dimensionless parameter, a, which is dependent on the building's time
constant, is provided by the equation [5]:
[5]
Where:
 αH/C,0: Dimensionless reference parameter, α,0=1
 τ: Time constant of the building for the cooling period, h
 τH/C,0,: Reference time constant of the building for the cooling period, τ,0=15h
The building's time constant, τ, characterizes its thermal inertia and is given by
the equation [6]:
[6]
Where:
 cm: Heat capacity of the building, J/K
 Hcon: Heat transfer coefficient, W/K
 Hvent: Ventilation heat transfer coefficient, W/K
The heat transfer coefficient and the ventilation heat transfer coefficient are
calculated by equation [7] and [8] respectively:
[7]
[8]
Where:
 U: Heat loss coefficient, W/m2∙K
 A: Building element surface, m2
 V: Fresh airflow rate, m3/h
 ρ: Air density, ρ= 1,20 kg/m3
 Cp: Air heat capacity, Cp= 1,005 kJ/kg∙K
Building heat losses include transport losses through building shell construction
elements and ventilation losses through cracks, openings, and mechanical ventilation
systems. For each month of the heating/cooling season, the total heat losses of the
building, Qloss, is computed using the equation [9]:
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[9]
Where:
 Qcon: Transport heat losses through building shell construction elements, kWh
 Qvent: Ventilation losses through cracks, openings, and mechanical ventilation
systems, kWh
Total heat transfer (loss) from transmission (through building shell), Q con,
depends on the total heat transfer coefficient (heat loss coefficient) and the internal external temperature difference and is calculated for each month by equation [10]:
[10]
Where:
 U: Heat loss coefficient, W/m2∙K
 A: Building element surface, m2
 Tb: Indoor temperature, oC
 Ta,i: Monthly average outdoor temperature, oC
 t: Month duration, s
The total heat transfer (loss) from ventilation, Qvent, depends on the air supply
and the difference between indoor and outdoor temperature and is calculated for
each month by equation [11]:
[11]
Where:
 V: Fresh airflow rate, m3/h
 ρ: Air density, ρ= 1,20 kg/m3
 Cp: Air heat capacity, Cp= 1,005 kJ/kg∙K
 Tb: Indoor temperature, oC
 Ta,i: Monthly average outdoor temperature, oC
 wb: Indoor air set humidity value, kg water vapor/kg air
 Ta,i: Ambient humidity value for month i, kg water vapor/kg air
 hg: Vapor condensation enthalpy, hg= 2445 kJ/kg water vapor
 t: Month duration, s
Building heat gains include gains from incident solar radiation on the
transparent (direct profits) and opaque (indirect profits) structural elements of the
building shells, as well as profits from users, equipment, and artificial lighting. For each
month of the heating/cooling season, the total heat gains of the building, Q gn, is
computed using the equation [12]:
[12]
Where:
 Qsol: Solar heat gains (direct & indirect) for the heating/cooling season, kWh
 Qint: Internal heat gains from users and electrical appliances for
 heating/cooling season, kWh
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Total solar heat gain (direct & indirect) Qsol, is calculated for each month by
equation [13]:
[13]
Where:
 Fsh,ob,k: reduction coefficient due to shading by external obstacles, F sh,ob= 0 for
full shading, Fsh,ob= 1 for no shading
 Asol: Useful element surface, m2
 Hsol: Solar radiation in the surface of each element, kWh/m2
The coefficient of reduction of solar radiation due to external shading, Fs h,ob
represents the reduction of incident sunlight due to permanent external shadows on
the surface and is given by the equation [14]:
[14]
Where:
 Fhor: Shading coefficient by obstacle in the horizon
 Fov: Shading coefficient by other horizontal surfaces of the building
 Ffin: Shading coefficient by other side surfaces of the building
The useful collecting surface of solar radiation of a transparent element of the
building shell, Asol is given by the equation [15]:
[15]
Where:
 Fsh,gl: Shading factor
 ggw: Solar gain coefficient
 Aw,p: element area, m2
The solar gain coefficient ggw is calculated by equation [16]:
[16]
Where:
 Fs: The ratio of the frame's surface to the total surface of the opening
 ggw: Solar gain coefficient of the element's transparent part
The useful collecting surface of solar radiation of an opaque element of the
building shell, Asol is given by the equation [17]:
[17]
Where:
 aS,c: Absorptivity factor
 Rse: External thermal resistance of element solar gain coefficient, m 2∙K/W
 UH,C: Heat loss coefficient, W/m2∙K
 Aw,C: element area, m2
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Internal heat gains are generated by electric lighting, user heat release and
equipment. The internal heat gain, Qint, is calculated for each month by the equation
[18]:
[18]
Where:
 Qhu,ligh,appliances: Heat rate emitted by humans, lighting and appliances, kWh
 t: Operation time, h
The internal heat gain due to lighting devices, Qint,light, is calculated for each
month by the equation [19]:
[19]
Where:
 Φlight: Lighting power, W/m2
 A: Surface area, m2
 t: Operation time, h/year
The internal heat gain due to human presence, Qint,hu, is calculated for each
month by the equation [20]:
[20]
Where:
 Φhu: Human thermal load, W/person
 Nhu: Number of humans, persons
 A: Surface area, m2
 t: Operation time, h/month
 ηpr: Presence coefficient
The internal heat gain due to appliances, Qint,appliances, is calculated for each
month by the equation [21]:
[21]
Where:
 Φappliances: Appliances power, W/m2
 A: Surface area, m2
 t: Operation time, h/month
 ηop: Operation coefficient
The monthly energy demand for the production of hot water, Q hw, is calculated
for each month by the equation [22]:
[22]
Where:
 Vw: Daily demand, l
 ρ: Water density, kg/l
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C: Water specific heat capacity, C= 4,18 kJ/kg∙K
θw,t: Cold water temperature, oC
θw,i: Hot water temperature, θw,i= 45 oC
Ndays: Days of month

3.2. Air Flow Calculation
The air flow due to natural ventilation is calculated by utilizing the European
Standard prEN 15242:2006 [96]. This European standard specifies the method for
calculating ventilation air flow rates for buildings, which can be used for energy
analysis, heat and cooling energy demands and indoor air quality assessments [96].
The air flow due to natural ventilation, Qv, is calculated by equations [23] &
[24]:
[23]
[24]
Where:
 Aow: Window opening area, m2
 Ct =0.01 takes into account wind turbulence
 Cw= 0.001 takes into account wind speed
 Cst= 0.0035 takes into account stack effect
 Hwindow: Free area height of the window, m
 Vmet: Meteorological wind speed at 10 m height, m/s
 θi: Room air temperature
 θe: Outdoor air temperature
3.3. CO2 Concentration Calculation
The CO2 concentration was determined by following the calculation method
that is presented in a recent research held for healthy classroom ventilation [97]. This
calculation method determines CO2 concentrations in an occupied room under stable
conditions. The dimensions of the room, the number of people in it, and the air change
rate are all critical variables that must be known.
The CO2 concentration, Csteady-state, is calculated by equation [25]:
[25]
Where:
 CO2 generation, lpm
 Outdoor air flow, lpm
 CO2 concentration outdoors, ppm
 10-6 is a conversion factor for units
The rate of CO2 generation per person depends on age, sex, weight, and
metabolic activity. The CO2 generation is the next variable to be calculated and it is
given by equation [26]:
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[26]
Where:
 N,hum: Number of people in the room, persons
 GR,CO2: Rate of CO2 generation per person
The outdoor air flow is calculated by equation [27]:
[27]
Where:
 V: Volume of the room, m3
 ACR: Air changes per hour, h-1
The volume of the room is calculated by equation [28]:
[28]
Where:
 L: Length of the room, m
 W: Width of the room, m
 H: Height of the room, m
3.4. Case studies description
In order to establish the quality of indoor air in relation to the energy demands
of each room independently, the calculations outlined above will be performed for
patient wards, waiting and operating rooms. All calculations will be carried out for
various scenarios in each room, and then the results will be compared. These scenarios
contain (tables 3, 4 & 5):
Table 3: Scenarios developed.

Patient ward

Scenarios
Waiting room

1.Natural Ventilation
2.Natural Ventilation + Air Cleaner
3.Mechanical Ventilation

1.Natural Ventilation
2.Natural Ventilation + Air Cleaner
3.Mechanical Ventilation

Operating room
1.Mechanical Ventilation

Table 4: Patient ward sub-scenarios developed.

Patient ward sub-scenarios
Occupancy of 1 patient
Occupancy of 6 patients
1.1 Natural Ventilation
1.2 Natural Ventilation + Air Cleaner
1.3 Mechanical Ventilation

2.1 Natural Ventilation
2.2 Natural Ventilation + Air Cleaner
2.3 Mechanical Ventilation

-29-

Table 5: Operating room sub-scenarios developed.

Operating room sub-scenarios
Located in Thessaloniki
Located in Athens
1.Mechanical Ventilation

2.Mechanical Ventilation

→ Patient Ward:
The patient ward that is examined is considered to be a single bed patient ward
with total area of 23,5 m2 located in Thessaloniki, Greece. The room has one external
and three internal walls, it is south oriented and contains only one window. It’s length,
width and internal height are 6,00 m., 3,90 m. and 2,90 m. respectively. The two main
calculation scenarios are (1) a patient ward occupied by one patient and (2) a patient
ward occupied by six patients (number suggested by TOTEE 20701-1 for this specific
room area). The target of air changes rate (ACH) is 6 h-1 according to the ASHRAE
Standard [93]. The remaining variables are all derived from TOTEE 20701-1/2017 &
TOTEE 20701-3/2010 [84], [95]. There will be 3 sub-scenarios for each scenario
described above and those are analyzed below:
 NatVent: Only natural ventilation utilized (whole window open);
 NatVent+AirCleaner: Natural ventilation and Air cleaner utilized ( half window
open);
 MechVent: Only mechanical ventilation utilized;
→ Waiting Room:
The waiting room that is examined is considered to be located in Thessaloniki,
Greece and has a total area of 35 m2. The room has two external (south & west) and
two internal walls, it is south oriented and contains only one window. It’s length, width
and internal height are 7,00 m., 5,00 m. and 2,90 m. respectively. The target of air
changes rate (ACH) is 12 h-1 according to the ASHRAE Standard [93]. The remaining
variables are all derived from TOTEE 20701-1/2017 & TOTEE 20701-3/2010 [84], [95].
In this case there will be 3 scenarios which are analyzed below:
 NatVent: Only natural ventilation utilized (whole window open);
 NatVent+AirCleaner: Natural ventilation and Air cleaner utilized ( half window
open);
 MechVent: Only mechanical ventilation utilized;
→ Operating Room:
The operating room that is examined is considered to be a standard sized
operating room with total area of 48,00 m2. The room has two external (south & west)
and two internal walls, it is south oriented and doesn’t have any window. It’s length,
width and internal height are 8,00 m., 6,00 m. and 2,90 m. respectively. The two main
calculation scenarios are (1) an operating room located in Thessaloniki, Greece and (2)
an operating room located in Athens, Greece. The target of air changes rate (ACH) is 20
h-1 according to the ASHRAE Standard [93]. The remaining variables are all derived
from TOTEE 20701-1/2017 & TOTEE 20701-3/2010 [84], [95]. There will be 1 subscenario for each scenario described above and that is analyzed below:
 Thessaloniki: Only mechanical ventilation utilized; located in Thessaloniki
 Athens: Only mechanical ventilation utilized; located in Athens
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Climatic Zone A
Climatic Zone B
Climatic Zone C
Climatic Zone D

Figure 6: Schematic representation of the climatic zones of the Greek territory. (Source:
Monodomiki, 2021)

Thessaloniki and Athens are two Greek cities located in different climatic zones.
As it is depicted in figure 6, Thessaloniki belongs to climatic zone C while Athens
belongs to B. Heating period is considered to be from 15 October to 30 April and
cooling period from 15 June to 31 August in climatic zone C and respectively from 1
November to 15 April and from 15 May to 15 September in climatic zone B.
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4. Results
This chapter summarizes the findings for each reported scenario for patient wards,
waiting and operating rooms. In addition, indoor air quality is associated with energy
consumption, and some upgrading options are suggested.
4.1. Interpretation of results for each scenario
→ Patient Ward
Case of one patient:
The loads per category of heat gain-heat loss for every scenario of the patient
ward with total occupation of one patient are depicted in graph 1, 2 &3. As it is
expected the solar heat gains (Qsol) and the transfer heat losses through building
elements (Qcon) remain stable in all scenarios as they are not related to the room’s
ventilation system. In contrary, internal heat gains (Qint) and ventilation heat losses
(Qvent) seem different in each scenario. Internal heat gains increase from scenario 1
(NatVent) to scenario 3 (MechVent) as the load that occurs from appliances used is
increased too. In scenario 2 (NatVent+AirCleaner) the extra appliances load occurs
from the addition of the air cleaner, while in scenario 3 (MechVent) occurs from the
mechanical ventilation system. The ventilation heat losses in scenarios 2&3 are the
same as they both meet the minimum ASHRAE standard required for air changes rate
(ACH) which is 6 h-1. Ventilation heat losses in scenario 1 (NatVent) are higher than the
other two as the air changes rate achieved by natural ventilation (ACH= 7,7 h-1) is
higher than the minimum ACH (ACH=6 h-1) required from the ASHRAE standard for
patient wards. In general high energy demands occur from ventilation processes.
Negative ventilation loads (Qvent) in graph 3 implies that there aren’t heat losses
through ventilation but they are heat gains.

Annual loads per category of heat
gains/heat losses [kWh/m2]
Qsol

435,9

Qint

Qcon

Qvent

340,8

340,8

101,3

101,3

101,3

83,5
70,5

102,9

109,4

70,5

70,5

NatVent

NatVent+AirCleaner

MechVent

Graph 1: Loads per category of heat gains/heat losses in patient ward with one patient.
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Load per category of heat losses/heat gains
during heating period [kWh/m2]
Qsol

493,3

Qint

Qcon

Qvent

385,7

385,7

100,8

100,8

100,8

55,7
40,3

68,6
40,3

72,9
40,3

NatVent

NatVent+AirCleaner

MechVent

Graph 2: Loads per category of heat losses/heat gains in patient ward with one patient during
heating period.

Load per category of heat gains/heat losses
during cooling period [kWh/m2]
Qsol

Qint

Qcon

Qvent

0,6

0,6

27,8

34,3

36,5

30,2

30,2

30,2

NatVent

NatVent+AirCleaner
-44,8

MechVent
-44,8

0,6

-57,4

Graph 3: Loads per category of heat gains/heat losses in patient ward with one patient during
cooling period.
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As it is depicted in graph 4, total heat losses are much more than total heat
gains for every scenario during heating period. On contrary, as graph 5 indicates,
during cooling period there are only heat gains as the heat losses have negative values.
This fact is absolutely expected and can be attributed to bad construction techniques
(e.g. lack of insulation, low fenestration’s quality) and room’s location (only one façade
is in contact with the external ambient). Once again it is observed that Qloss,tot that is
affected by Qvent is higher in scenario 1 (NatVent) as the ACH (ACH=7.7 h-1) achieved
from natural ventilation with the whole area of the window open is higher that the
ASHRAE required ACH (ACH=6 h-1) that scenarios 2&3 follow. The air change rate also
affects the total annual energy demand (graph 6).

Total heat losses/heat gains during
heating period [kWh/m2]
Qgn

594,0

Qloss

486,4

486,4

96,0

108,9

113,3

NatVent

NatVent+AirCleaner

MechVent

Graph 4: Total heat losses/heat gains in patient ward with one patient during heating period.

Total heat gains/heat losses during cooling
period [kWh/m2]
Qgn

Qloss

58,0

64,5

66,7

NatVent

NatVent+AirCleaner
-44,3

MechVent
-44,3

-56,8

Graph5: Total heat gains/heat losses in patient ward with one patient during cooling period.
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Total annual energy demand [kWh/m2]
NatVent

NatVent+AirCleaner

MechVent

663,0
556,6

550,3

Graph 6: Total annual energy demand in patient ward with one patient.

Since Thessaloniki belongs to climatic zone C, it is normal for a patient ward
which operates 24 hour a day and 365 days a year to have high energy demands for
heating (graph 7). It is also expected scenario 1 (NatVent-whole window open) to have
higher energy demand for heating and lower energy demand for cooling as it has much
more heat losses than scenarios 2&3. Energy demands for light and appliances is
higher in scenarios 2&3 due to the presence of air cleaner and mechanical ventilation
system.

Annual energy demand per category of need
[kWh/m2]
Heating

Cooling

Light/Appliances

480,3

358,9

357,1

107,8
64,2

83,6

109,4

90,1

32,4
NatVent

NatVent+AirCleaner

MechVent

Graph 7: Total annual energy demand per category of need in patient ward with one patient.
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CO2 concentration in hospital rooms is a very important issue as CO 2 is
considered a poisonous air pollutant with a list of health problems that it causes to
humans. As scenario 1 (Nat Vent) is the one with the highest ACH (ACH=7,7 h-1)
achieved, it is also the one with the lowest CO2 concentration (graph 8). Despite the
fact that scenarios 2&3 both fulfill the standard ACH (ACH=6 h-1), scenario 2
(NatVent+AirCleaner) has much higher CO2 concentration than scenario 3 (MechVent)
(graph 8). This is attributed to the fact that air cleaners are effective with most air
pollutants except from CO2, as they do not involve fresh air exchange.

CO2 concentration [ppm CO2]
NatVent

NatVent+AirCleaner

MechVent

475,8

455,7
447,9

Graph 8: CO2 concentration in patient ward with one patient.

Graph 9 points out the relation between energy demand and CO2
concentration in a room. Scenario 1 (NatVent) has the greatest energy demand but the
least CO2 concentration. Scenario 3 (MechVent) has a slightly lower energy demand
but a higher concentration of CO2. Scenario 2 (NatVent+AirCleaner) has the lowest
energy demand of the three but the highest CO2 concentration.

Relation between energy demand and CO2
concentration
Energy Demand (kWh/m2)

CO2 Concentration (ppm CO2)

663,0
556,6

550,3
447,9

NatVent

475,8

NatVent+AirCleaner

455,7

MechVent

Graph 9: Relation between total energy demand and CO2 concentration in patient ward with
one patient.
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Graph 10 presents the total annual loads per category of heat gains-heat losses
for a patient ward occupied by one and by six patients. All variables remain stable
apart from the internal heat gains which are strongly related to the number of people
existing in that room. As graph 12 illustrates, as the number of occupants is increased
the internal heat gains are almost doubled.

Loads per category of heat gains/heat losses
[kWh/m2]
Qsol

Qint

Qcon

435,9
435,9

340,8

340,8

340,8

101,3

101,3

180,0

199,4

205,9

70,5

70,5

70,5

340,8

101,3
101,3

101,3

83,5

102,9

109,4

70,5

70,5

70,5

101,3

Qvent

Graph 10: Loads per category of heat gains – heat losses in patient ward with one and with six
patients.
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Annual energy demand per category of need
[kWh/m2]
Heating

Cooling

Light/Appliances

480,3
446,7
358,9

357,1

333,8

142,6
32,4

107,8
83,6

64,2

109,4
90,1

64,2

332,2

133,5
90,1

131,9
83,6

Graph 11: Total annual energy demand per category of need in patient ward with one and six
patients.

Internal heat gains [kwh/m2]
Qint 1 Patient

Qint 6 Patients

205,9

199,4
180,0

109,4

102,9
83,5

NatVent

NatVent+AirCleaner

MechVent

Graph 12: Internal heat gains in patient ward with one and six patients.
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Graph 13 demonstrates the increase in CO2 concentration in relation to the
increase of occupants in the patient ward.

CO2 concentration [ppm CO2]
1 patient

6 patients
754,5
633,9

587,3
475,8

447,9

NatVent

455,7

NatVent+AirCleaner

MechVent

Graph 13: CO2 concentration in patient wards with one and with six patients.

→ Waiting Room
The results for the waiting room are listed below in the same order as the
results for the patient ward.

Total annual energy demand [kWh/m2]
NatVent

NatVent+AirCleaner

154,4

MechVent
159,1

86,4

Graph 14: Total annual energy demand in waiting room.
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Annual energy demand per category of need
[kWh/m2]
Heating

Cooling

Light/Appliances

111,7

110,6

48,5
37,5

36,3

32,4

NatVent

11,0

6,4

5,5

NatVent+AirCleaner

MechVent

Graph 15: Total annual energy demand per category of need in waiting room.

Relation between energy demand and CO2
concentration
Energy Demand (kWh/m2)

CO2 Concentration (ppm CO2)

1.008,3

714,1

86,4

NatVent

659,4

159,1

154,4

NatVent+AirCleaner

MechVent

Graph 16: Relation between total energy demand and CO2 concentration in waiting room.
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→ Operating Room
The total annual energy demand for an operating room located in Thessaloniki
and in Athens is presented in graph 17. Since Thessaloniki is located in climatic zone C
and Athens in climatic zone B, they have significant differences in energy demands for
heating and cooling purposes. Heating energy demand is higher in climatic zone C as it
has colder winters while cooling energy demand id higher in climatic zone B as it has
hotter summers. The energy demand for lighting and appliances remains the same in
both cases.

Total annual energy demand [kWh/m2]
Thessaloniki

Athens

198,6
164,3
126,0

59,7
36,6

Heating

Cooling

36,6

Light/Appliances

Graph 17: Total annual energy demand in operating room.

As graph 18 illustrates, the CO2 concentration remains stable as the building
has the same characteristics (e.g. number of people, ventilation system, etc.) while the
energy demand is different owing to the different location of the room.
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Relation between energy demand and CO2
concentation
Energy Demmand (kWh/m2)

CO2 Concentration (ppm CO2)

462,7

462,7

327,0

294,9

Thessaloniki

Athens

Graph 18: Relation between total energy demand and CO2 concentration in operating room.

4.2. Relation between indoor air quality and energy consumption
Controlling gaseous pollutant concentrations inside buildings is accomplished
by using three primary methodologies, which are organized hierarchically as follows: a)
pollution sources from the interior are removed, b) local ventilation is provided, and c)
ventilation is provided. However, implementing the first two strategies is frequently
impossible because the sources of pollutant emissions, such as building occupants,
cannot be removed or are not fixed in an area. As a result, ventilation is often the only
viable option for dealing with indoor air pollution. Indeed, ventilation is required in
addition to providing oxygen for metabolism, combustion, and cooling of the premises,
as well as maintaining good indoor air quality through pollutant dissolution and
removal mechanisms. While heating and air conditioning are two relatively simple
functions, ventilation entails more complex processes (entry of ambient air, air
conditioning and mixing of ambient air with part of the interior, distribution of the
mixed air at each point of the building, and export of some of the indoor air to the
environment), which are also the most important in determining indoor air quality.
When one or more of the above procedures is inadequate, indoor air quality
deteriorates.
As a result, the issue's complexity focuses not only on the effects of indoor air
quality on human health, but also on its direct correlation to energy consumption. The
amount of ventilation required to achieve acceptable indoor air quality is determined
by the amount and type of pollutants existing. The greater the rate of ventilation, the
lower the pollutant concentration observed. The amount of energy used is determined
by the amount of fresh air provided by ventilation and the amount of conditioned air
required to provide thermal comfort. The importance of ventilation in energy
consumption is enormous, and of particular interest is the fact that a higher ventilation
rate than the minimum allowed by current standards and guidelines benefits health,
comfort, and productivity, implying that even more energy consumption will be
required to meet the increased ventilation needs.
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4.3. Possible refurbishment scenarios
Hospitals are structures that house thousands of personnel, patients, and
visitors 24 hours a day, seven days a week. They consume a lot of energy for things like
operating room illumination, air exchange, and filtration. Improving a hospital's energy
efficiency can assist the institution save money, allowing it to purchase new equipment
and ultimately benefit patients. There are two basic categories of solutions that help
reduce energy consumption in hospital buildings. These categories are [98]:
→ The temporary solutions, which are adapted when the hospital has very tight
budget and immediately needs low or no cost reductions in its energy
expenditures. The temporary solutions include [98]:
1. Turn off things; Lights in unoccupied rooms, hospital and kitchen equipment
that is not in use.
2. Installation of automatic controls; Occupancy sensor and timers.
3. Insulation of hot water pipes; Especially pipes in unconditioned spaces.
4. Check and maintain HVAC systems;
5. Clean or change filter regularly;
→ The long-term solutions, which are adapted when the hospital needs a more
permanent way to reduce it energy consumption and drastically improve indoor
air quality in the facility. The permanent solutions include [98]:
1. Investment in automation system; They will control the HVAC, lighting,
security, and other systems from one central location.
2. Purchase air cleaners and/or efficient HVAC systems;
3. Incorporation of low consumption or zero energy consumption systems;
heats pumps or geothermal heat pumps.
4. Purchase new lighting devices; LED lamps and T8 lamps.
5. Insulation of the building;
6. Replacement of fenestration;
7. Replacement of medical equipment with more efficient ones;
The majority of the solutions suggested above is generic and would not make a
substantial difference in the case studies examined in this dissertation. In these
circumstances, installing air purifiers/cleaners or replacing the HVAC system would
offer the necessary energy and pollution reduction. Apart from CO2, adding air
cleaners will result in considerable reductions in air pollutants and energy
consumption. On the other hand, while incorporating efficient HVAC systems will
increase energy demands, the concentration of air pollutants, including CO 2, will be
noticeable. With these considerations in mind, combining air cleaners with HVAC
systems is a smart strategy for achieving both low energy consumption and low air
pollutants concentrations.
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5. Conclusions
The rapid spike in energy costs during the two oil crises of the 1970s
demonstrates the necessity of sensible energy use in the global economy. The
construction industry, which contributes significantly to the global energy balance,
could only be included in energy saving programs enacted in the effort to address the
energy problem. The necessity to optimize the thermal behavior of the building shell
as well as the utilization of renewable energy sources, particularly solar, has resulted in
the development of basic principles of so-called energy or bioclimatic design. The
pursuit of the greatest possible energy savings, on the other hand, has created other,
significant problems in buildings in terms of thermal comfort and indoor air quality, as
a key parameter in ensuring adequate internal conditions for their users. In the
attempt to protect the environment, the environmental impact of building
development and operation has become increasingly significant. As a result, energy
planning must ensure not only the rational use of energy, but also satisfactory
conditions of thermal comfort and indoor air quality, as well as the minimization of
environmental impact, while always keeping in mind the correct energy behavior of
the building at all times of the year, taking into account the triptych "building-energyenvironment."
Air pollution is a long-standing and significant environmental health issue. For
many decades, efforts have been made around the world to record, predict, and
control ambient air pollution, whereas indoor air quality has only recently attracted
the interest of researchers. However, the risk of long-term and short-term health
effects from poor indoor air quality has prompted an increase in both research and
administrative measures to address the issue. Since the 1970s, efforts have
concentrated on the development of indoor air quality guidelines and regulations as
tools for determining minimum ventilation rates in order to reduce the risk of adverse
effects on human health while avoiding adversarial buildings. This challenge persists in
the twenty-first century, as ventilation is the most significant source of energy
consumption, particularly in modern, well-insulated buildings. In this context, and as a
result of a dynamic process, guidelines and regulations defining acceptable levels of
human exposure to indoor gaseous pollutants that are not harmful to human health
were developed. Ventilation rates have also been recommended to combine a
performance-based strategy with a method based on reaching acceptable levels of
pollutants, because ventilation plays a significant part in maintaining a suitable indoor
quality. Indoor air quality problems in developed countries are similar in nature, but
there are significant differences in indoor air quality guidelines and regulations
between the various organizations and countries involved. Guidelines and regulations
are now based on the assumption that building users are the most significant source of
pollutants. However, new research indicates that building materials are a significant
source of gaseous pollutants. In this regard, indoor air quality guidelines and
regulations must consider all major sources of indoor pollutants, i.e. building materials
other than humans.
The research conducted in this dissertation focused on determining the impact
of ventilation on energy consumption, or, in other words, attempting to link the
formation of in-house conditions to energy consumption in buildings. According to the
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research, proper ventilation quantity regulation in accordance with indoor air quality
directives and regulations, as well as the improvement of the urban microclimate, are
critical interventions for energy savings in buildings, while increasing our demands for
better indoor air quality results in increased energy costs. The current energy analysis
was carried out in patient wards, waiting rooms, and operating rooms. The first two
cases were investigated using natural ventilation, natural ventilation combined with air
cleaner and mechanical ventilation. Τhe third case was studied in conditions of
mechanical ventilation in both Thessaloniki and Athens. According to the findings of
this study, where there is adequate natural ventilation, there are large heat losses and
low levels of carbon dioxide (CO2). As a result, there are high energy requirements but
also high indoor air quality. In general high energy demands are correlated to
ventilation processes. Furthermore, in cases where natural ventilation is insufficient, it
is possible to support it with air cleaners. Then there are observed lower energy
demands, but also lower indoor air quality, because air cleaners are very effective at
removing all air pollutants except carbon dioxide (CO2). Finally, when only mechanical
ventilation is used, there is an increase in energy requirements and a decrease in
carbon dioxide (CO2) concentration. As a result, there are high energy requirements as
well as high quality indoor air. The concentration of dioxide is unaffected by the fact
that the rooms are located in different climatic zones. The energy requirements are
impacted by the climate zone. More energy is required for heating in Thessaloniki,
which is in a colder zone than Athens, and more energy is required for cooling in
Athens, which is in a warmer zone. In Thessaloniki, which is in a colder zone than
Athens, more energy is required for heating purposes, whereas in Athens, which is in a
warmer zone, more energy is required for cooling purposes.
Combining high-quality indoor environment quality with traditional energy
planning techniques, which are in fact extremely limited in a densely populated urban
environment, is frequently impossible. In contrast, using modern, high-energy
mechanical heating, cooling, and ventilation systems to ensure satisfactory indoor
environmental quality is a more realistic and successful option.
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