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Abstract: The increase in global air temperature is well documented, as during the last several
years each decade has been consecutively warmer than the preceding. As climatic conditions affect
the energy performance of buildings, the changes in outdoor air temperature and humidity will
inevitably lead to significant alterations in energy consumption and costs for the heating, ventilating
and air conditioning (HVAC) of buildings. The availability and quality of climatic data play an
important role in the accuracy of energy analysis results. In this study, the hourly temperature and
relative humidity of outdoor air measurements, for a period of three decades (1983–2012), recorded
at the climatic station of the National Observatory of Athens were processed, and an up-to-date set
of specific data for the application of bin methods was produced and presented. The data were then
used to calculate changes in the energy demands in a typical office building throughout the specified
period. Results showed a progressive reduction in the low and increase in the high temperature
intervals, leading to an increase in the building’s annual energy requirements for air conditioning of
up to 14.5% from the first to the third decade, with decrease in the energy demands for heating and
increase in the energy demands for cooling.

Keywords: air temperature; humidity ratio; building energy analysis; bin methods; bin data

1. Introduction

During the last few decades it has become apparent that climate change is an imminent
threat. Climate change is the shift of climate on a global scale, because of both natural
processes and human activities which extend over time and can cause serious impacts
on the natural ecosystem, the economy and the well-being of humanity as a whole. The
effects are already apparent and are likely to intensify in the coming decades [1]. The rising
average temperature of the planet, the high incidence of extreme weather and the melting
glaciers in the Antarctic are just a few examples of the climate alterations that have raised
the concern of the global scientific community in recent years [2].

According to the Intergovernmental Panel on Climate Change (IPCC) [1], the increase
in the surface air temperature is reported and well documented on both global and regional
scales, and each of the last three decades has been consecutively warmer than any preceding
decade. Moreover, the National Oceanic and Atmospheric Administration (NOAA) reports
that the ten warmest years on record on a global scale have occurred since 2005 [3], while
the years from 2015 to 2019 are the warmest years ever recorded in NOAA’s 1880–2019
record. The year 1998 is the only year from the 20th century among the 10 warmest years
on record [4]. The results of modeling studies indicate a high probability of a further air
temperature rise in the future and an increase in the frequency of hot and extremely hot
days, whereas extremely cold days will likely be decreased [5].
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The main cause of climate change is the increased combustion of fossil fuels which
releases vast amounts of CO2 into the atmosphere, which is one of the most important
greenhouse gases (other than methane, nitrogen oxide and fluorinated gases) and the main
culprit for global warming.

The Mediterranean region has been characterized as a “hot-spot” with respect to future
heat-related risk [6], which means that impacts on sectors such as energy, biodiversity,
urbanism and health are expected to be particularly pronounced in the coming years [7].
Greece is considered to be a country which will face the impact of climate change on a large
scale, especially considering its geographical location (between temperate Europe and the
desert of North Africa), extensive coastline and large biodiversity [1]. More specifically,
by 2071–2100, Greece’s temperature is expected to rise by an average of 3.4 ◦C in winter
and 4.5 ◦C in summer (compared to the 1961–1990 reference period), with an even higher
increase in continental areas [5].

Presently, 41% of all energy used and 36% of CO2 emissions in Europe are attributed
to the building sector, with over two thirds of them for heating and air conditioning [8].
The increase in outdoor air temperature, due to climate change and global warming, will
inevitably affect the energy consumption of buildings energy systems and lead to increased
costs for summer air conditioning and cooling (especially in warmer locations), while
reducing the corresponding heating costs (especially in colder locations) [9]. This means
that the contribution of the built environment to the overall energy consumption will be
even more significant than before.

Today, the way that a building’s heating and cooling demands are dealt with has
changed considerably. In the past, the interest of practitioners was mainly focused on pro-
viding thermal comfort and favorable conditions for human health in living and working
areas [10]. Today, special emphasis is placed on energy savings and improved energy effi-
ciency, in order to minimize the cost of the energy systems and their indirect environmental
impacts [11].

Addressing the last two issues requires an accurate assessment of the energy needs
of a building through appropriate computational methods. By accurately estimating the
energy requirements of a building, it is possible to consider a variety of heating, ventilation
or air conditioning (HVAC) system’s alternatives or building energy refurbishments, which
can lead to both energy savings and the consequent reduction of the indirect effects of
HVAC systems on the environment [12]. Energy analysis over the whole temperature range
of outdoor air, by considering outdoor humidity as well, is important in the overall design
of HVAC systems, which mostly operate under part load conditions, while humidity affects
the latent load of ventilation and infiltration.

In this framework, in the present study, the hourly temperature and relative humidity
of outdoor air measurements recorded at the climatic station of the National Observatory of
Athens (NOA) [13] were statistically processed for the 1983–1992, 1993–2002 and 2003–2012
decades separately, and the following data were calculated:

(a) The frequency (in hours) of outdoor air dry-bulb temperature, at temperature intervals
of 2 ◦C and in six daily 4-hour shifts, for each month;

(b) The corresponding values of the mean coincident humidity ratio at each temperature
interval of 2 ◦C, as well as the range (maximum–minimum) of humidity ratio;

(c) The corresponding values of the mean coincident wet-bulb temperature (MCWB) at
each temperature interval; and

(d) The average monthly ambient temperature for the three decades. The data were
also integrated in three periods of the year for each decade: heating, cooling and
transitional between summer and winter period.

The results are presented in diagrams and tables. Due to space limitations, only parts of
them are presented in this manuscript; more analytical results are included elsewhere [14].
Scope of this work is to provide a data set, based on recent historical climatic records,
which is useful for performing energy analysis of HVAC systems with simplified multiple
measure methods such as the classical bin method [15,16], the modified bin method [17]
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and the monthly method according to ISO 52016-1:2017 [18]. Such data were published in
the past [19] but are outdated because of the effects of climate change on the local climate.
They present a thorough analysis of the dry-bulb temperature and humidity of the outside
air for three 10-year periods and present for the first time the changes of humidity ratio and
wet-bulb temperature in a 30-year period. The data presented in this work may serve to
update the bin data of the Warmer zone of EN14825 [16]. Furthermore, the results indicate
significant temperature variations, as well as fluctuations in the mean humidity ratio values
and humidity ratio range between the three decades of the survey which provide useful
insights regarding climate change during the examined period. The data are then used
to calculate changes in the energy demands in a typical office building throughout the
specified period, highlighting the differences in the heating and cooling loads.

2. HVAC Systems Energy Requirements Assessment

The energy consumption of an HVAC system is affected by a complex interaction
between building design, system operation and the surrounding environment. It depends
on many factors, among which the most important are the local climate, the typology
and the energy design of the building in which it is installed. Also of significance are the
influence of the occupants’ presence and behavior characteristics, the use of lights, electrical
and electronic devices, the efficiency of the HVAC equipment, proper maintenance and
appropriate operation and control of the system [20].

In more detail, the climatic parameters which mostly influence the energy demands of
buildings for heating, cooling and ventilation are the outdoor air temperature, the moisture
content of the air and the solar radiation. The building characteristics that affect energy
demand are its size, surface-to-volume ratio, orientation, the level of thermal insulation
of walls, roofs and floors, the quality and energy performance of windows, doors and
glazing, the color of outside walls and roofs, the window-to-wall ratio and the existence of
shading devices. Occupants influence energy use with their presence and type of activity,
which are associated with the use of lights, electric devices and HVAC equipment, and
with their preferences related to indoor thermal comfort. Energy efficient primary (boilers,
chillers, furnaces, heat pumps) and secondary (pumps, fans, terminals) HVAC equipment,
proper operation and control, as well as regular maintenance play an important role in
overall energy and fuel consumption [10]. To a very large extent, if the construction of
a building adheres to the principles of energy design, then the energy consumption for
heating, cooling and ventilation depends primarily on the intensity of the external climate
factors and on the efficiency of the HVAC system/equipment [21].

For the estimation of the energy consumption of HVAC systems in existing build-
ings, the most appropriate method consists of monitoring the system and taking annual
measurements and observations on the operation of these systems. Nevertheless, in many
cases, due to the lack of available measured data or in the case of new constructions, the
only way to calculate energy consumption is to apply an appropriate method of estimating
energy requirements for heating, cooling and ventilation.

Several different energy calculation methods and tools with varying degrees of ac-
curacy are available to estimate energy consumption. Each of them has its strengths and
weaknesses. The accuracy of the final data produced by each method depends mostly
on the availability of high-quality climatic data and the time step of the calculations. In
general, they can be divided into the following three categories:

• Single-measure methods. The traditional degree-day procedure and the variable-
base degree-day method are paramount examples. They are called “single-measure”
because one single climate parameter is used, namely the local degree-days. The ap-
plicability of these procedures is limited to residential buildings with simply designed
systems, especially for heating purposes, where the indoor temperature remains un-
changed, and the heating system operates throughout the winter season with constant
efficiency. If the above conditions apply, these methods give an easy and fast estimate
of annual energy requirements, but in commercial buildings, with highly varying
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internal loads and partial loads as well as climate-dependent efficiency, they are totally
inadequate [15,22].

• Simplified multiple-measure methods. These are quasi steady-state methods which
calculate the energy balance of a building and estimate the energy consumption of an
HVAC system, without ignoring dynamic phenomena and effects. The term “multiple-
measure” implies that the variation of outdoor air temperature is considered along
with the variation of air moisture content. These methods are appropriate for systems
in which the efficiency of the primary equipment varies with partial loads and outdoor
air temperature (e.g., heat pumps, chillers or condensing boilers). Moreover, solar heat
gains, internal heat loads and humidity are considered in more detail than in steady-
state methods. The most representative among these methods, with applicability to
commercial buildings, is the modified bin method [23].

• Detailed simulation methods. These methods/tools allow the detailed calculation
of the energy required to maintain the specified building indoor conditions, under
the influence of external factors. Detailed heat-balance calculations are carried out in
short time-steps (e.g., 5 min, 30 min or hourly) based on the physical properties of the
building and HVAC systems, as well as on the dynamic external and internal inputs
(weather, occupancy, lighting, equipment loads, etc.) [24]. Detailed calculations of this
kind are generally performed over the course of a full year and require high-resolution
measurements of all climatic parameters and the internal loads of a building.

2.1. The Basic Bin Method

The basic bin method is based on the concept that the building envelope loads (con-
duction, transmission) and the sensible infiltration/ventilation loads can be expressed as a
linear function of the outdoor air dry-bulb temperature [15]. This procedure can account
for the partial load performance of HVAC equipment and is suitable for the energy analy-
sis and the estimation of seasonal coefficient of performance (SCOP) of heating systems
with air-to-water or air-to-air heat pumps [16]. In cooling applications, for the estimation
of energy demands and the heat pump seasonal energy efficiency ratio (SEER) [16], the
building design cooling load is used, while the variation of solar loads and latent loads is
not considered. Because of these limitations, the basic bin method has limited applicability,
namely in air-source heat pump systems and heating systems with condensing boilers [25].

2.2. The Modified Bin Method

The modified bin method is a refinement of the standard bin method and includes
separate consideration of internal and solar loads. In this procedure, transmission and
infiltration/ventilation loads are considered as temperature-dependent and the solar and
internal heat loads (from people, lights, appliances) are recognized as time-dependent. The
time-dependent loads are averaged and added to the conduction and ventilation loads, so
the building load is expressed as a function of outdoor air temperature [17]. Likewise, the
latent infiltration/ventilation loads can be expressed as a linear function of the outdoor
humidity ratio. The modified bin method is suitable for commercial buildings with complex
HVAC systems which include boilers, chillers and heat pumps. It is simple enough to be
applied and account for the significant parameters affecting the energy usage of HVAC
systems (time dependency of loads, variation of equipment’s energy efficiency, part-time
operating conditions).

The application of bin methods requires specific weather data, which are called bin
data, and are calculated with statistical analysis of long-term outdoor air temperature and
humidity measurements. The range between the maximum and minimum values of the
outdoor dry-bulb temperature is divided into intervals, which are called bins, and the
frequency in hours during a month, season or year, when a particular temperature interval
(bin) occurs, is counted. Simultaneously, the mean coincident humidity ratio or wet-bulb
temperature corresponding to each interval is calculated.
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During the statistical analysis of air temperature measurements, the 24 h of the day
are divided into six 4-h shifts and the frequency (in hours, h) of each temperature bin is
calculated in these six time intervals separately. This type of data is very convenient for
estimating energy demands or consumption in cases where the building is intermittently
used and HVAC system does not operate, or when the building’s thermostat is set to lower
or higher temperatures, respectively, for heating and cooling.

The energy demands and consumption calculation procedure is as follows: for each
temperature interval (bin), the instantaneous sensible loads (in W) are calculated by apply-
ing the linear equation of the building load and the results are multiplied by the number of
hours of occurrence of each bin, resulting in the energy requirements for heating or cooling
(in Wh). Usually, the outdoor temperature is the midrange value of each bin. In the same
way, the instantaneous latent infiltration/ventilation loads (in W) are calculated with the
coincident value of humidity ratio in each bin, and then by multiplying with the number
of hours of occurrence of each bin, the latent energy (in Wh) either for air humidification or
dehumidification is determined. Once the building’s energy requirements are determined,
the energy consumption of the HVAC equipment (chillers, boilers, heat pumps, etc.) is
then calculated by considering the effects of outdoor temperature and part load operation
on their performance.

Usually two calculation periods, namely the “occupied” and the “unoccupied”, are
considered [17]. During the “occupied” period, the HVAC system operates normally and
provides heating and cooling. Throughout the “unoccupied” period, the building is empty,
and the equipment is turned off or the thermostats are set to lower or higher temperatures
for heating and cooling, respectively. In cases when the internal temperature is set to
different conditions during the operation of the building, more than one “occupied” period,
with different temperature settings, is considered.

Bin methods also provide the possibility of considering various system design alterna-
tives to select the optimal and most energy and environmentally cost-efficient system in a
building installation [26]. In several studies, bin data for various cities in the world have
been calculated and provided in tabular form. The calculation of bin data was performed
either by using long-term records of hourly dry-bulb temperatures [27–29] or typical me-
teorological years (TMY) [30], or reliable estimating methodologies, based on long-term
monthly average outdoor temperature and solar clearness index [31–33].

3. Analysis of Air Temperature and Relative Humidity Records

The hourly time series of ambient air temperature and relative humidity of a thirty-
year period (1983–2012) for the city of Athens were thoroughly analyzed in the frame of
the current study. The data records were obtained from the meteorological station of the
NOA [13], located on a small hill near the Acropolis (38◦00′ N, 23◦433′ E) at an elevation
of 107 m above sea level and at a distance of about 5 km from the coastline. The station is
situated near the historic city center, but it is isolated from heavy traffic and densely built
areas, thus it is not influenced by possible urban heat island effects. The elevation of the
station is similar to the average elevation of the city of Athens. Data have been checked for
homogeneity [34] and missing values were negligible (less than 0.04%), thus not affecting
the reliability and quality of the results.

Athens, the capital of Greece, is a large metropolis situated at the Eastern Mediter-
ranean. The Athens metropolitan area hosts approximately 3.2 million residents and
concentrates the largest part of the commercial, financial, societal and cultural activities of
the country. The city center and most municipalities around it are densely built and only
distant suburbs are more spacious. Athens enjoys the typical Mediterranean climate with
wet, mild winters and warm, dry summers [35]. The climate type of the city, following the
updated Köppen–Geiger climate classification is (Csa). July and August are the hottest
months of the year, whereas January and February are the coldest.

Athens’ average temperature has been increasing during the last decades [36,37].
Rapid and intensifying urbanization combined with the effects of global and regional
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warming have affected local climate conditions [35,38]. In 2007, the highest temperature
ever since the mid-19th century (44.8 ◦C, on 26 June 2007) [39] was recorded, in 2010 the
highest mean annual temperature was observed, and the summer of 2012 was the hottest
summer ever recorded [40]. According to recent studies [39], hot summer conditions that
rarely occurred during the historical 160-year air temperature records of NOA may become
the norm by the middle and the end of the 21st century. The results of the analysis are
given in the following sessions.

3.1. Mean Monthly Air Temperatures

The mean monthly air temperature values were calculated from hourly measurements
and then integrated for each of the 10-year time periods, namely 1983–1992, 1993–2002 and
2003–2012. The results are presented in Table 1 and plotted in Figure 1. From the results, it
is concluded that the average annual temperature in Athens increased by 0.73 ◦C from the
first time period (1983–1992) to the second time period (1993–2002) and by 0.38 ◦C from
the second to the third time period (2003–2012). The total increase of the annual average
temperature for the 30-year time period was 1.12 ◦C.

Table 1. Mean monthly and average annual air temperatures of the three time periods, Athens.

10-YEAR PERIOD JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC AVER

1983–1992 9.46 9.35 11.47 15.78 19.95 24.44 27.14 26.77 23.50 18.32 13.88 10.13 17.52

1993–2002 9.51 10.23 11.78 15.54 21.10 26.05 28.45 27.96 23.90 19.16 14.36 10.96 18.25

2003–2012 9.75 9.45 12.55 16.07 21.31 26.35 29.20 29.07 24.10 19.34 14.85 11.55 18.63
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Figure 1. Average values of mean monthly air temperatures in Athens (NOA) for the three decades 1983–1992, 1993–2002
and 2003–2012.

The rise in temperature ranges from 0.60 ◦C in September to 2.30 ◦C in August during
the summer period. Respectively, the rise in temperature ranges from 0.10 ◦C in February
to 1.42 ◦C in December over the winter. The only exception in the rising trend between
the 10-year time periods is February, which in the third time period (2003–2012) shows
a lower mean monthly air temperature compared to the second time period (1993–2002),
but by comparing the last and the first period the final temperature increase is 0.10 ◦C, as
mentioned above.
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In May and October, which are considered transient months between the hot and
the cold period, the increase is 1.35 ◦C and 1.03 ◦C, respectively. The comparisons are
between the first and the third time period, leading to the conclusion that the mean monthly
temperatures have increased in both winter and summer during the whole period, a fact
highlighting the effects of global and regional warming in the area.

The positive trend of the mean air temperature in Athens has also been reported
in other studies [35,37] and is consistent with the observed trends on a regional scale
concerning many areas of the Eastern Mediterranean [41].

3.2. Dry-Bulb Air Temperature Bin Data

Annual or monthly aggregated values are useful for energy calculations only in the
case that an average efficiency or performance of the HVAC equipment over the entire
heating or cooling season is considered. The main problem with the mean annual and
monthly temperature data and average efficiency ratings is that they do not account for
equipment performance variations that occur hourly in response to weather changes. In
the case of air source heat pumps, air cooled chillers and even condensing boilers, the
efficiency varies with outdoor air temperature, thus disaggregated data are needed. Bin
data, as mentioned in the previous section, are temperature data sorted into discrete groups
(bins) of dry-bulb temperature conditions. Each bin contains the average number of hours
of occurrence during a month, period or year of a particular range of dry-bulb temperature
conditions along with the corresponding mean coincident wet-bulb temperature or hu-
midity ratio. Thus, instead of using a single design condition for an entire month or year,
heating, cooling or ventilation loads of a building can be calculated for each bin condition.
In this work, binned distributions of outdoor air temperature for the 1983–1992, 1993–2002
and 2003–2012 time periods were calculated from hourly measurements. The frequency of
occurrence (in h) of outdoor temperature in each equally sized temperature interval (bin)
was calculated for each year separately, and then the results (the bin data) were averaged
for the whole 10-year period. The cumulative results for the frequency of occurrence of
2 ◦C-wide temperature bins during the summer season (June to September), when build-
ings usually need cooling, during the winter season (November to April), when buildings
need heating, and the transient months (May and October) when normally neither cooling
nor heating is needed, but in buildings with forced ventilation systems the ventilation loads
have to be considered, are presented in Figures 2–4, respectively. The figures show the
average number of hours that a particular temperature interval (bin) occurs in each season,
for the three 10-year time periods separately. It is evident that the frequency distribution of
temperature bins is shifting to the right, with a decrease in the low temperature bins and
an increase in the high temperature bins every decade. It must be noted that some extreme
temperature bins, with very low frequency, which represent very small percentages of
hours during the heating season, the cooling season and the transient months (0.2%, 0.1%
and 0.1%, respectively), were excluded from the results that appear in the figures.
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During the cooling season (Figure 2), the frequency of occurrence (in h) of the temper-
ature bins which are lower than 26 ◦C decreases progressively, (with some exceptions in
some bins during the third decade), while it increases above this temperature threshold in
every decade. The 24/26 ◦C interval is the most frequent temperature bin in the cooling
season during the first 10-year period, 1983–1992 (Figure 2), with a frequency of 542 h
of occurrence and a percentage frequency of 18.5%. The frequency of occurrence of this
bin decreased to 497 h (17%) during the last 10-year period 2003–2012. In this last period,
a higher temperature bin of 26/28 ◦C was the most frequent, with 529 h frequency of
occurrence and a percentage frequency of 18.1%. Furthermore, the frequency of occurrence
of the high temperature bins (>30/32 ◦C) almost doubled from 473 to 793 h, while peak
temperature bins (>34/36 ◦C) more than tripled from 60 to 216 h.

During the heating season, the temperature threshold under which the frequency of
temperature bins has decreased (and above which, respectively, it has increased) is 14 ◦C
(Figure 3), a typical balanced temperature for very well-insulated buildings.

The corresponding most frequent temperature bin during the heating season is the
10/12 ◦C interval, with 758 h frequency of occurrence and a percentage frequency of
17.2%, but the frequency of this bin decreased to 698 h (16%) during the last 10-year
period 2003–2012 and it was substituted by the 12/14 ◦C interval, with 780 h frequency
of occurrence and a percentage frequency of 17.9%. On the other hand, a reduction from
976 to 757 h was observed in the occurrence of low temperature bins (<6/8 ◦C) while the
occurrence of the temperature bins below 0/2 ◦C was reduced from 70 to 55 h. During the
transient months, the same tendencies are observed (Figure 4).

The same trends, namely the increase of the frequency of hot days as well as the
increase in number and duration of heat wave episodes (sequence of consecutive hot days),
are observed by other researchers [35,37,42,43]. It is apparent that summers are becoming
increasingly hotter, while the differences between the three decades during wintertime are
less pronounced, although not insignificant. In general, the results confirm that for the city
of Athens, the mean air temperature is constantly increasing and the climate is changing to
relatively milder winters and harsher summers, which in turn leads to a decrease of energy
consumption for heating purposes but also to a steep increase in energy consumption for
cooling purposes [44–46].
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The above analysis for the mean monthly air temperatures and dry-bulb air tempera-
ture bin data of Athens was also performed in a previous work [47]; nevertheless, the study
did not make use of the revised version of NOA’s temperature data after the correction
of detected inhomogeneity related to instruments change [34], as at the time they were
not available. More specifically, two discontinuities were detected in the air-temperature
time series at the meteorological station of the NOA. The first discontinuity reflects the
instrumental change which took place in June 1995 and the second discontinuity (and
most pronounced) reflects the application of a correction factor to the temperature val-
ues (in January 1997) after a calibration of the new thermometers. Before applying these
changes, a significant number of temperature measurements during the second period of
the present study (1993–2002) were incorrect. The present study makes use of the revised
(homogenized) air temperature time series. Furthermore, in addition to the calculation of
frequency (in hours) of outdoor air dry-bulb temperature, the corresponding values of the
mean coincident humidity ratio and the mean coincident wet-bulb temperature (MCWB)
at each temperature interval were calculated.

Namely, in this study, a humidity analysis was performed in addition to the tempera-
ture analysis in the three 10-year periods.

3.3. Estimation of the Mean Coincident Humidity Ratio

Hourly measurements of outdoor air dry-bulb temperature and relative humidity for
the same period were used to calculate the humidity ratio of the air. The missing values in
the examined period were about 1177 out of 262,992 observations recorded (0.4%) and the
effect on the results was negligible.

Air humidity influences the energy consumption of an HVAC system, making the use
of accurate data of paramount importance in the precise estimation of its energy consump-
tion. Furthermore, when applying the modified bin method, the mean coincident absolute
humidity values or the mean coincident wet-bulb temperature values corresponding to
every temperature bin are necessary for the calculation of latent energy ventilation loads
when evaluating HVAC systems.

Several constituents, including water vapor and other components, are found in
atmospheric air (e.g., smoke, pollen, gaseous pollutants, etc.). The term “dry air” refers to
air that is free of water vapor and other contaminants. Dry air and water vapor form moist
air, which is a binary or two-component mixture. Humidity ratio of moist air is defined as
the ratio of the total mass of water vapor to the mass of dry air contained in the mixture at
the same temperature and pressure [48].

W =
mw

ma
= 0.622

pw

pa
= 0.622

pw

p− pw

(
kg

H2O
kg

dry air
)

(1)

where:
p the atmospheric pressure, in Pa;
pa the partial pressure of dry air, in Pa;
pw the partial pressure of water vapor content in air, in Pa.
To calculate the humidity ratio W, the calculation of p and pw is required. The value

of the atmospheric pressure depends on the altitude according to the following equation:

p = 101.325
(

1− 2.25577× 10−5Z
)5.2559

(kPa) (2)

where Z is the altitude in m above sea level. The partial pressure of water vapor pw is
related to the relative humidity ϕ as:

pw = pws ϕ (Pa) (3)

where:
ϕ the relative humidity of moist air;
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pws the saturation pressure of water vapor at the air dry-bulb temperature correspond-
ing to ϕ in Pa.

The saturation pressure can be determined as a function of dry-bulb temperature.
For the temperature range from −100 ◦C to 0 ◦C, it is given by Equation (4), while for
temperatures above 0 ◦C and up to 200 ◦C it is given by Equation (5) as follows:

ln pws =
−5674.54

T
+ 6.4− 0.0097T + 0.622× 10−6T2 + 0.207× 10−8T3 + 0.95× 10−12T4 + 4.16 ln T (4)

ln pws =
−5800.22

T
+ 1.39− 0.0486T + 0.417× 10−4T2 + 0.144× 10−7T3 + 6.545 ln T (5)

where T is the absolute dry-bulb temperature in K.
The calculation procedure of the mean coincident humidity ratio for every temperature

bin of 2 ◦C, in each month of the 30-year period, was the following:
For each month, a file with pairs of dry-bulb temperature and the corresponding

relative humidity (t, ϕ) from the hourly records of NOA was created. In this file, the
24 h of the day were divided into six 4-h periods. For each pair of (t, ϕ) the humidity
ratio was calculated using Equations (1)–(5). The values of dry-bulb temperature were
categorized in bins of 2 ◦C and the average, maximum and minimum value of humidity
ratio at each bin and 4-hour period of the day were calculated. Additionally, the average
(mean coincident) humidity ratio and its range were calculated at each bin of 2 ◦C, for
the whole day (24-h period). This procedure was followed for all months of each year
of the three 10-year periods, namely 1983–1992, 1993–2002 and 2003–2012. Finally, the
mean coincident humidity ratio values for each month and at each temperature bin were
integrated for the whole 10-year period, and seasonal (winter, summer and transient)
values were extracted. A comparison of the results between the three 10-year periods is
shown in Figures 5–7. As in the previous section, extreme temperature bins with very low
frequency of occurrence were excluded from the results presented in figures.
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In the cooling season (Figure 5), the humidity ratio has increased in almost all temper-
ature bins (except for very high temperatures), when comparing the last 10-year period
(2003–2012) with the first (1983–1992). The average increase of humidity ratio in the whole
range of temperature bins is 0.0007 kg H2O/kg dry air (approximately 7.2%). During the
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heating season (Figure 6), it rises in all temperature bins above 10/12 ◦C with an average
increase of 0.0002 kg H2O/kg dry air (2.1%). The temperature bin 24/26 ◦C is an exception,
probably because the sample is very small. The same trends are observed during the
transitional months (Figure 7) with an average increase of 0.0004 kg H2O/kg dry air (5.3%)
between the two 10-year periods.

During the winter months, and particularly in January and February, there was an
average rise in mean absolute humidity of 0.0003 (5.2%) and 0.0002 kg H2O/kg dry air
(4.2%), respectively. During summer months the mean humidity ratio appears to have a
stronger upward trend, with August showing a 0.0012 kg H2O/kg dry air increase (10%),
while the average increase in July and September was 0.0008 and 0.0007 kg H2O/kg dry
air, respectively (7.3% in both months). No noticeable changes were observed during
the remaining summer or winter months. An upward trend of the maximum values of
humidity ratio is also observed in all months, with its peak during the summer season.

From these comparisons it becomes apparent that there is an increase of the mean
absolute humidity ratio in the outdoor air, with a gradual increase throughout the 30-year
study period. This increase has an impact on the energy consumption required for the
mechanical ventilation in buildings [49]. The energy consumption for dehumidification of
outdoor air during the summer season is increased and for humidification during winter is
decreased in HVAC systems.

3.4. Estimation of the Mean Coincident Wet-Bulb Temperature

The mean coincident wet-bulb (MCWB) temperatures were calculated with the use
of Daikin Psychrometrics software [50]. First, the middle temperature value in each tem-
perature bin was considered as the dry-bulb temperature. For every couple of dry-bulb
temperature and coincident mean humidity ratio, the coincident wet-bulb temperature
was estimated. The calculation procedure was as follows: the value of dry-bulb air tem-
perature was kept constant, and the relative humidity was modified until the humidity
ratio converged to the value of the mean coincident humidity ratio. The corresponding
wet-bulb temperature was the MCWB temperature of the temperature bin. This method
was applied for all temperature bins, in every month of the three 10-year periods.

The variations of the MCWB temperature follow the same trend with those of the
mean coincident humidity ratio. In general, an increase of 0.6, 0.8 and 0.6 ◦C for July,
August and September is evidenced between the first and the third 10-year period, while
during the overall summer period it has increased by 3%. In the transient months, there
was also a significant increase of the MCWB temperatures by 2.1%, while in the winter
period there was a small rise of 1%, with the highest increase of 0.3 ◦C and 0.2 ◦C observed
in January and February, respectively.

In similar works, observations and/or simulations indicate that the increase in air
temperature is accompanied by an increase in the humidity ratio but also in changes in the
maximum wet-bulb temperatures [51]. There is the danger that simultaneous occurrence
of higher air temperature and humidity could make climate conditions in some areas
intolerable to humans in the future [52].

3.5. Tables of Bin Data for Athens (NOA)

In the following Tables 2–4, the most recent (for the 2003–2012 period) bin data from
the analysis that was performed, namely dry-bulb temperature, mean coincident absolute
humidity and MCWB temperature for the city of Athens are presented.
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Table 2. Bin data for Athens (NOA). Cooling season (June to September)—Period 2003–2012.

Temperature
Interval (Bin) (◦C)

Time Period of Day/Hours Observed Mean Coincident
Humidity Ratio (kg

H2O/kg Dry Air)
MCWB (◦C)

01:00–04:00 05:00–09:00 09:00–12:00 12:00–16:00 16:00–20:00 20:00–24:00 Total h–Served

12.0/14.0 0 0 0 0 0 0 0 0.0076 11.3
14.0/16.0 3 3 0 0 1 1 8 0.0084 12.9
16.0/18.0 10 12 1 0 2 5 30 0.0085 13.8
18.0/20.0 44 44 5 1 6 19 119 0.0111 16.8
20.0/22.0 67 65 13 5 19 58 227 0.0107 17.2
22.0/24.0 89 88 29 12 45 67 330 0.0112 18.3
24.0/26.0 136 122 46 30 59 104 497 0.0115 19.1
26.0/28.0 99 95 67 49 83 136 529 0.0116 19.8
28.0/30.0 34 45 88 56 100 71 394 0.0115 20.4
30.0/32.0 6 12 107 92 89 23 329 0.0116 21.0
32.0/34.0 1 1 79 110 53 4 248 0.0115 21.5
34.0/36.0 0 0 37 82 22 0 141 0.0116 22.1
36.0/38.0 0 0 13 35 8 0 56 0.0116 22.7
38.0/40.0 0 0 3 11 1 0 15 0.0109 22.7
40.0/42.0 0 0 1 3 0 0 4 0.0116 23.7
42.0/44.0 0 0 0 1 0 0 1 0.0081 21.9
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Table 3. Bin data for Athens (NOA). Heating season (November to April)—Period 2003–2012.

Temperature
Interval (Bin) (◦C)

Time Period of Day/Hours—Observed Mean Coincident
Humidity Ratio (kg

H2O/kg Dry Air)
MCWB (◦C)

01:00–04:00 05:00–09:00 09:00–12:00 12:00–16:00 16:00–20:00 20:00–24:00 Total h–Served

−6.0/−4.0 0 1 1 0 0 0 2 0.0025 -5.0
−4.0/−2.0 1 0 0 0 1 1 3 0.0026 -3.6
−2.0/0.0 2 3 1 1 1 2 10 0.0032 -1.5
0.0/2.0 11 11 5 2 4 6 39 0.0030 -0.5
2.0/4.0 24 29 13 6 12 22 106 0.0033 1.0
4.0/6.0 47 52 32 17 32 37 217 0.0037 2.7
6.0/8.0 79 86 58 37 49 70 379 0.0044 4.7

8.0/10.0 114 129 81 50 74 94 542 0.0052 6.8
10.0/12.0 149 144 102 71 100 132 698 0.0061 8.7
12.0/14.0 146 133 121 95 135 150 780 0.0069 10.5
14.0/16.0 97 83 114 123 139 123 679 0.0075 12.0
16.0/18.0 38 37 90 125 92 61 443 0.0079 13.2
18.0/20.0 14 12 57 96 52 21 252 0.0083 14.3
20.0/22.0 3 3 34 61 25 6 132 0.0084 15.1
22.0/24.0 0 0 12 31 8 1 52 0.0093 16.6
24.0/26.0 0 0 3 10 1 0 14 0.0087 16.8
26.0/28.0 0 0 1 2 0 0 3 0.0087 17.5
28.0/30.0 0 0 0 0 0 0 0 0.0058 15.7
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Table 4. Bin data for Athens (NOA). Transitional months (May and October)—Period 2003–2012.

Temperature
Interval (Bin) (◦C)

Time Period of Day/Hours Observed Mean Coincident
Humidity Ratio (kg

H2O/kg Dry Air)
MCWB (◦C)

01:00–04:00 05:00–09:00 09:00–12:00 12:00–16:00 16:00–20:00 20:00–24:00 Total h–Served

6.0/8.0 0 0 0 0 0 0 0 0.0046 5.1
8.0/10.0 2 2 1 0 0 0 5 0.0056 7.3
10.0/12.0 5 7 1 1 3 4 21 0.0061 8.8
12.0/14.0 15 15 5 3 6 12 56 0.0067 10.4
14.0/16.0 38 40 10 5 12 21 126 0.0077 12.2
16.0/18.0 64 64 21 11 26 48 232 0.0088 14.0
18.0/20.0 69 66 38 23 45 70 311 0.0095 15.4
20.0/22.0 41 35 45 32 53 58 264 0.0099 16.5
22.0/24.0 12 13 48 44 54 27 198 0.0101 17.3
24.0/26.0 2 4 39 51 32 7 135 0.0101 18.0
26.0/28.0 0 1 24 40 12 1 78 0.0102 18.7
28.0/30.0 0 0 11 24 6 0 41 0.0099 19.1
30.0/32.0 0 0 4 9 2 0 15 0.0100 19.8
32.0/34.0 0 0 1 3 0 0 4 0.0096 20.1
34.0/36.0 0 0 0 1 0 0 1 0.0121 22.4
36.0/38.0 0 0 0 0 0 0 0 0.0118 22.8
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Table 2 contains the data for the cooling period, Table 3 contains the data for the
heating period and Table 4 the data for the transient months. The period of the day was
divided into six 4-h shifts for a better part load energy analysis. The results are derived from
monthly data [14]. These datasets can be used for the estimation of energy requirements
and fuel consumption according to the bin and modified bin method [15,17], and may
serve for updating the bin data of the Warmer zone of EN14825 [16].

4. Case Study

The energy demands for heating and cooling of an office building were estimated
using the modified bin approach, in order to evaluate the influence of temperature data
variations on building energy requirements [18,19]. Energy demands account for both
sensible and latent loads, since the energy analysis presented refers to dry-bulb and wet-
bulb temperature data, without taking into account the efficiency of the HVAC systems.

The structure used for this study is a typical university campus structure in Thessa-
loniki, which, for the purpose of this research, is assumed to be placed in the city of Athens.
It has a rectangular shape and a sectional view of 16 × 49 m. The normal floor height is 3 m.
The structure consists of nine levels with a ground floor with the main entrance, offices, a
computer room, an assembly hall, a meeting room and a basement with different utilities.
Figures 8 and 9 depict the standard floor and ground floor, respectively.
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The building has two main elevations, one to the north and one to the south. Without
being overshadowed by any other structure, the apertures’ surfaces cover around 24% of
the north, 32% of the south and 12.5% of the east and west perimeter areas of the building.

The thermal characteristics of the building elements are provided in Tables 5 and 6.

Table 5. Thermal properties of structural elements.

Building Element Heat Transfer Coefficient (W/m2K)

Exterior wall with thermal insulation 0.6
Flat roof 0.454

Windowsill 2.25
Concrete pillar/beam 2.25

Floor 0.566

Table 6. Heat transfer coefficients U (W/m2K) and shading coefficients SC of windows.

Window Types
(Layer/Frame) Room/Space U (W/m2K)

(Summer)
U (W/m2K)

(Winter)
Shading

CoEfficient SC

Double, metal Floors’ offices/corridors 3.3 3 0.85
Single, metal Ground floor offices/rooms 4.6 4.7 1
Single, metal Staircases 6 6.4 1

The operating hours of the building are from 9:00 a.m. to 20:00 p.m., with an internal
temperature of 20 ◦C in the heating season and 26 ◦C in the cooling season. Temperatures
of 15 and 30 ◦C were assumed for the rest of the day. For the heating and cooling periods,
the temperature of the stairwells and the entrance area was set at 15 and 30 ◦C in each
case. Throughout the year, the ventilation rate was set at 1 and 0 ACH in operation and
non-operation periods, respectively. The office building was simulated using the 3 decades
(1983–1992, 1993–2002 and 2003–2012) temperature bin data of the city of Athens.

Resulting Impact of Climate Change on the Energy Demands for Heating and Cooling

It is obvious that there is a noticeable increase in the total energy requirements of the
office building for cooling and dehumidification during the period from May to October,
as highlighted in Figure 10 and in Table 5. There is an increase of approximately 10% per
decade (11.4% in the second decade and 8.2% in the third), while overall cooling loads
increased by 20.6%.

On the other hand, there is a noticeable decrease in the total energy requirements of
the office building for heating and humidification during winter (from November to April),
with a decrease of approximately 14.2% per decade (17.1% in the second decade and 11.4%
in the third) and an overall heating load decrease of 26.5%, as evidenced in Figure 11 and
in Table 5.

It should be pointed out that Figures 10 and 11 present the sensible and latent energy
requirement of the building, the performance coefficients of the primary equipment not
being accounted for.

In particular, the increase in sensible loads accounts for 11.3% over the period consid-
ered, while in contrast, the increase in latent loads totals 62.6% in the three decades. The
total increase in the energy requirements of the building for both heating and cooling from
the first to the last decade is 14.5% (Table 7).
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Time Period
Cooling Loads Heating Loads

Sensible Latent Total (kWh) Sensible Latent Total (kWh)

1983–1992 94.8% 5.2% 413,009 86.7% 13.3% 60,804
1993–2002 95.0% 5.0% 460,184 87.0% 13.8% 50,403
2003–2012 91.8% 8.2% 497,963 83.7% 16.3% 44,665
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The trend of cooling loads is increasing in all summer months, especially in June, July
and August, and is decreasing in all winter months (Figure 10). The decrease in the heating
loads cannot offset the increase in cooling loads during the specified period, so overall
energy requirements are increased. This is also reflected in the building’s specific energy
requirements for heating and cooling.

5. Conclusions

In the present work, a 30-year long (1983–2012) time series of hourly outdoor air
temperature and relative humidity records from the meteorological station of NOA in
Athens, Greece was used to produce specific data for the application of bin methods. To
that end, the outdoor air temperature and relative humidity hourly measurements were
analyzed and the frequency of outdoor air dry-bulb temperature at intervals of 2 ◦C, as
well as the corresponding mean coincident humidity ratio or wet-bulb temperature values,
was calculated. The main goal was to provide an up-to-date bin data set for the city of
Athens, based on recent records.

Some conclusions concerning the behavior of the calculated climate parameters during
the selected time period and the impact of changes observed on local climate are discussed
as well. From the results it is obvious that the annual average dry-bulb temperature
increased by 1.12 ◦C over the 30-year period. The increase rate varies between summer and
winter months, with an increase of up to 2.30 ◦C for August but only 0.29 ◦C in January. The
temperature increase during the transient months is less pronounced. The same trend is
evident in the distribution of temperature bins that were calculated as they shift to the right,
namely in every decade a reduction of the low and an increase of the high temperature bins
is observed. The most frequent temperature bin, during the heating season, was initially the
10/12 ◦C one but, during the period examined, it fell into second place and was replaced
with the 12/14 ◦C bin (17.9% frequency). Likewise, for the cooling period, the 24/26 ◦C
bin was replaced as the most frequent temperature bin by the 26/28 ◦C (18.1% frequency).
Furthermore, the frequency of occurrence of the high temperature bins (>30/32 ◦C) almost
doubled from 473 to 793 h, while peak temperature bins (>34/36 ◦C) more than tripled
from 60 to 216 h.

The mean humidity ratio in the outdoor air also gradually increased throughout the
study period, with an average increase of 7.2%. This increase is significant as it has an
impact on the energy consumption required for the mechanical ventilation in buildings.
The same trend is observed in the MCWB temperature as well, with an average increase of
2.1%. It is interesting to note here that analogous findings are reported in relevant studies.
Nevertheless, it is beyond the scope of this study to investigate the causes behind the
observed trends.

In conclusion, the total reduction in energy requirements for heating from the first
(1983–1992) to the third decade (2003–2012) is 26.5%. Specifically, the decrease for sensible
heating is 29.1%, because of the rising trend of ambient temperature, and the decrease for
humidification is 10.2%, because of the rising trend of absolute humidity of the outdoor
air. The corresponding total increase in energy requirements for cooling is 20.6%. More
specifically, the increase for sensible cooling is 16.8%, and the increase for dehumidification
is 90.1%. Thus, there is a particularly significant increase in the energy requirements for
dehumidification, because of the increase in the absolute humidity of the outdoor air
during the summer.

The total increase in the building’s annual energy requirements for air conditioning
from the first to the third decade amounts to 14.5%.

The above results have important implications for power generation and supply
systems, and changes in ambient air temperature will also have a significant impact on the
performance of the cooling and heating equipment, if heat pumps are used, and the ability
to use outside air for “free cooling”.

From the above it is clear that these data can be used for detailed estimation of the
energy requirements in the built environment for practitioners to achieve an easy and
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qualitative energy assessment of an HVAC system. Accurate estimation of heating and
cooling energy needs is the key to successful design of HVAC systems which leads to
reduced operational cost. Today, HVAC energy analysis simulation tools supported by
recent climate data which include the effects of climate change are necessary to accurately
predict HVAC energy performance and to develop and preserve indoor comfort conditions
in buildings.
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