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ASSESSING THE APPLICABILITY OF PASSIVE COOLING AND HEATING TECHNIQUES
THROUGH CLIMATE FACTORS: AN OVERVIEW

Abstract

A review on climate parameters affecting applicability of passive and low energy heating and
cooling techniques is presented. The study has been developed from existing research work
results, and aims to serve as a first-stage assessment tool of the viability of these solutions at a
particular location, depending on outdoor conditions to be faced. This contribution starts with
a justification of comprehensive climate analysis as the first step to evaluate whether a specific
passive or low energy solution would be efficient, or on the contrary, it would incur in higher
energy consumption. Comfort requirements indoors as well as building typology and use are
then briefly tackled as they would determine actual applicability. It continues gathering the
weather variables affecting passive solar, natural ventilation, free cooling and evaporative
cooling technologies. Key climatic information is then studied for 4 cities selected for their
different summer climate conditions. Finally it ends with an overview of existing tools for
representing climate information in bioclimatic design. Thus, the main target of this paper is to
serve as a guide for an adequate preselection of the optimal passive energy solutions in
buildings at a specific site, from existing research on climate analysis.
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1 Introduction

The current increase in primary energy consumption is widely recognized to be unsustainable.
Consequently, actions are being driven in order to either avoid the misuse of resources or
reduce the energy demand. Buildings are targeted as they constitute one of the most potential
sectors in this sense. Particularly, they accounted for 40% of the total energy consumption in
Europe in 2010 [1], percentage that has been increasing by around 1% per year since 1990 [2].
The largest contributors to this high and rising energy consumption are Heating, Ventilation and
Air Conditioning (HVAC) systems.[3]. Moreover, the situation is worsened by the continuous
development that leads to a rise in urban population [4], which spends more time indoors (85—
90% on average) [5]. Provided that high quality of life is expected, consequent indoor comfort
conditions result into a foreseeable increase of the percentage of energy consumed by HVAC
systems.

Besides, it is estimated that most of the energy consumed in buildings could be saved.
Consequently, legislation as the Energy Performance of Buildings Directive in Europe [1] is being
introduced, and is constantly being revised to enhance energy savings within the sector. In this
context, solutions to reduce energy consumption from its origin (demand) arises as the first step
to be considered, before implementing further procedures proposed by current legislation.
Having this into concern, climate analysis is a key point, due to the intrinsic relation between
climate and energy demand for thermal comfort. It also highlights the importance of climate
change on future energy trends [6].

1.1 Evaluation of passive techniques applicability

Passive techniques stand out among the possible solutions to reduce energy demand. They
actually represent the oldest way to reduce heating and cooling loads, and nowadays are
enhanced for having repeatedly proved to be sustainable alternatives to current conventional
techniques [7], [8]. However, their effectiveness depends directly on site conditions, varying not
only from season to season but also along the daytime. Consequently, not every alternative
might be a solution for one given location, but local climatic conditions must be carefully
considered.

Thereby, to evaluate applicability of any passive solution a comprehensive analysis of the
heating and cooling demand is needed. This requires a thorough study of the climate, as well
as the provision of detailed information about the target building and about the indoor comfort
expectations [9]. The evaluation of these three issues (climate, building and indoor conditions)
constitutes an exhaustive study to determine whether the implementation of any technique is
feasible or not at a particular location according to its specific conditions.

If we aim at simplifying the analysis, we might try to omit any of these three aspects as a first
approach. Thermal comfort requirements are far from being a negligible factor on building
energy consumption, as less strict conditions lead to lower energy demand [10]. Indeed,
energy savings from 32% to 73% depending on climate conditions have been achieved in
HVAC systems by loosening setpoint restrictions [11]. For their part, building characteristics
(envelope, building use, etc.) directly determine wall conduction and internal heat loads. In
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fact, it has been calculated that around one third of the total cooling load in a building might
be due to its envelope design, which is also closely related to the outdoor environment [12].
However, according to its direct and indirect influence, deep knowledge of climatic conditions
is the principal requirement to perform a building design intended for the improvement of
energy efficiency [13]. Moreover, it should be remarked that building characteristics are not
easily modifiable once it is built. What is more, sometimes, implementation proposals of passive
heating and cooling techniques are addressed in the early design stage, so no specific building
can be considered. On the contrary, the aim at that point usually consists of refining possible
building designs based on the application of viable passive techniques [9]. Therefore, a
simplified analysis limited to climatic data could supply conclusive information on the feasibility
of application of these passive heating and cooling strategies at a particular location.

In this respect, commercial environmental bioclimatic design tools are complex and not
extensively used, which demonstrates that a simpler climate analysis tool for the initial design
planning is necessary [13]. With this aim, analysis of local climatic conditions must be stated as
the first step when estimating heating and cooling loads to analyze equipment viability and
optimize systems sizing [12].

1.2 Scope of the review

The purpose of this review work is to compile existing results on the applicability and potential
of selected passive and low-energy strategies, according only to climate operating conditions.
Once the possibility of focusing the analysis on the climate has been justified in the first part of
this introduction, Section 2 relates climate variables with the heating and cooling loads that
these strategies must face. Then the importance of the reliability of climatic data is also
highlighted.

Target passive and low-energy solutions have been selected for being mainly dependent of
climate variables. To pursue the objective of studying their interest according to the climate, in
Section 3 we identify specific climate factors studied in different research work for each
proposed conditioning solution, together with those results concerning applicability ranges or
degree of interest. This information is gathered into tables to provide a global overview.
Subsection 3.1 describes how climate conditions need to be studied so that they can
contribute to the adaptation of passive solar heating solutions during summer periods.
Possibilities for using outdoor air as a heat sink through natural ventilation and free-cooling are
then analyzed in Subsection 3.2. Particularly, it focuses on key values to be considered in free-
cooling control. Besides, Subsection 3.3 addresses the examination of several evaporative
cooling implementation options appropriate for different climate conditions.

In order to illustrate the discussion of the compiled results, a comparative analysis for various
climates has been simultaneously introduced throughout Section 3. Climates have been
selected taking into consideration only summer conditions. This is justified given that the interest
of target passive techniques is highly dependent on their adaptability during summer periods
(which is the case of passive solar heating) if not directly intended for cooling. Then,
combinations of “temperate” and “hot” with “dry” and “humid” summers are considered.
“Cold” summers are disregarded in the study for being undoubtedly interesting for free cooling
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applications or summer adaptability of passive solar heating. According to the Kdppen-Geiger
climate classification, the following examples have been chosen [14], [15]: Valladolid (Spain)
for temperate and dry summers (“Csb”: Temperate climate with dry, warm summers); Las
Vegas (US) for hot and dry summers (“Bwh”: Arid, desert, hot climate); London (UK) for
temperate, humid summers (“Cfb”: Temperate climate without dry season, warm summer);
and Sidney (Australia) for hot, humid summers (“Cfa”: Temperate climate without dry season,
hot summer).

Finally, Section 4 of this the paper summarizes the existing methods to collect and present
climatic data, aiming to serve to the decision-making process at the early steps of a building
passive design.

Thereby it could be possible to approach the evaluation of the local applicability of a
particular passive technique without further information on the building use or comfort
conditions, by referring to existing research work.

2 Heating and cooling demand due to the climate

Climate conditions can entrain the potential to reduce demand if the adequate passive
strategy is followed. But at the same time, these conditions affect the heating and cooling
demand that this strategy has to face. This makes the study of the energy savings introduced
by passive systems an intricate study usually approached through dynamic building simulation.
However, simplified approaches can be developed for a first rough evaluation. Campanico et
al. [16] propose a performance indicator called “Climatic Cooling Potential” to estimate
energy savings introduced by passive ventilation-dependent cooling techniques, only from
climate data on a monthly basis. The various passive options studied are characterized by
supply temperature achieved and corresponding airflow, through climatic hourly cooling
potential.

Since the weather has such great impact on heating and cooling energy demand, it is possible
to estimate loads through quite simple tools such as the Degree-Days (DD) or the Bin-method.
Measuring the environmental conditions by the DD can also predict energy efficiency of a
building. Tzikopoulos et al. [17] observed on Mediterranean bioclimatic buildings that energy
efficiency decreased by 7% each 50 Degree-months, also affected about a 17% by the
location of the building.

Furthermore, climate change scenarios are being studied to characterize how it affects the
energy demand associated to the achievement of thermal comfort in indoor spaces [18], [19],
[20]. Santamouris [21] demonstrates how temperatures are affected due to urban heat islands,
and consequently how real operating conditions and final energy consumption for cooling
can also differ.

However, outdoor conditions do not only affect air-conditioning demand. Actually, they also
influence system's operation. Both comfort set-points and outdoor temperatures are essential
for the Coefficients of Performance (COPs) of conventional compression cooling systems [22].
Consequently, this highlights the future effect of climate change scenarios in terms of HVAC
equipment efficiency and applicability [23]. Yau and Pean [24] calculated that every 1 °C
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temperature increase can reduce COP in a 2%. On the other hand, Sobrinho and Tuna [25]
proved that relative humidity also influences systems’ COP when exceeding 65%.

Then, beyond the impact of weather on systems’ performance, final energy consumptions will
differ from estimations due to reliability of climatic data, which become obsolete as climate
changes [12]. This happens because hourly weather data is obtained from a Typical
Meteorological Year (TMY), which is built collecting selected months from data of a number of
past years. Hence, this available climate information, as obtained from historical data, only
foresees probable occurrence of conditions. Nonetheless, errors between expected and
measured energy consumptions might be minimized if the origin of data is validated, as studied
by Radhi for Bahrain [26]. They obtained a difference of 14.5% between simulated results with
actual measured data and old climatic information, whereas results obtained with more recent
data only differed a 1.4%. They justified their results on the continuous rising of typical outdoor
temperature and irradiance levels together with decreasing wind velocities and humidity.

Consequently, countless research work has been developed concerning reliability of climatic
data sources at different particular locations. These works seek improving the quality of data
by either reviewing databases or estimating a new “non-real” typical year. Some recent
examples study these effects in Thailand [27], China [28], Hong Kong [29], Nigeria [30] and other
different climates [31]. Skeiker and Ghani [32] deepen into the selection criterion of a typical
meteorological year, from typical meteorological months. Particularly, they developed a new
software selection tool focusing on key meteorological parameters: DBT, RH, wind velocity and
global solar radiation.

Despite all these efforts, meteorological data are sometimes incomplete and required
information is not available. To overcome this, Guan et al. [33] study correlations among the
main weather variables (solar irradiation, DBT, atmospheric pressure, RH, and wind velocity)
using the DBT as a reference, to render a method to estimate the missed information. They
obtained strong direct correlations between DBT and solar irradiation, and also inverse
correlations between this same parameter and RH. These results are quite interesting for
interpretation of passive techniques potential focusing the analysis on selected parameters.
However, correlations between DBT and atmospheric pressure and wind speed are weaker
and thus less useful for the case of study.

Nonetheless, when weather forecast is available, it is decidedly preferable to directly measure
the real conditions at the specific site. Actually, energy efficiency is more probable to be
improved through those analyses and control strategies based on real measured climatic
variables, rather than through those ones resorting to TMY information [34].

Provided that available data are reliable, climatic parameters could be defined not only to
characterize heating and cooling loads, but also to determine the feasibility of application and
potential of different target passive techniques. Hereunder, relevant climatic parameters are
gathered from results of research work developed on the reviewed passive solutions.
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3 Climatic parameters studied for passive and low-energy heating
and cooling techniques

Climate data provides information about a number of psychrometric variables of the ambient
air, as well as solar and wind parameters. When evaluating the interest of any passive strategy
for building conditioning at a given location, before having any knowledge on the particular
building design, some among these variables can be of great utility.

Regarding heating applications, passive solutions focus on minimizing losses and maximizing
gains. On the contrary, concerning cooling design the goals are both avoiding these gains and
removing heat to the environment: to the air, water, ground or the sky [35], [8].

Psychrometric variables represent the capacity of some of the available environmental heat
sinks to absorb such heat removal. These sinks are: the ambient air, used through ventilation
strategies; and water, exploited through evaporative cooling processes. Moreover, wind
information broadens the analysis of ventilation possibilities, as favorable winds enhance
natural ventilation if considered for the future design of the building. On the other hand, solar
parameters are useful for the evaluation of passive solar heating solutions as well as for shading
designs to prevent solar heat gains during the cooling season. Nighttime radiant dissipation
relies on sky temperature, but falls beyond the scope of this contribution for being excessive
dependent on building characteristics. Finally, despite the fact that the ground stands among
the possible environmental heat sinks, climate data usually do not provide information for a
preliminary analysis in this sense, and consequently it also exceeds the purpose of this work.

When handling large amounts of climate data, a definition of parameters and analysis tools
are needed to ease the characterization of the associated operating conditions throughout
the year. Once these characteristic conditions for a particular location are determined, the
interesting ones for implementing a certain passive solution can be identified among them. This
paper here reviews the main climatic parameters considered to study the applicability and
effectiveness of passive conditioning techniques and their consequent conclusions. To illustrate
how to read and use this information, alternative representation of key parameters is given for
the different climates chosen in Subsection 1.2, according to the available TMY data for
Valladolid [36] and the remaining climates studied [37].

3.1 Passive solar heating and cooling

Solar heating of indoor environments during winter periods is based on maximizing direct solar
gains and storing the heat into the building thermal mass. There are various passive solar
strategies involving either the building facade or roof, such as solar facades or Trombe walls.
Solar facades designs favor the direct solar gains to heat the building during winter, or transform
it into indoor air movement with cooling purposes. They can be opaque or translucid and are
extensively reviewed by Quesada et al. [38], [39]. Their operation can be improved if ventilation
through a double skin is permitted, broadening their application to hot-summer and cold-
winter climates as studied by Zhou and Chen [40]. Trombe walls basically consist of a massive
wall that can store the heat from the radiation that goes through a glazing, an air layer in
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between, vents and dampers to modify its operating mode, but a number of different designs
are reviewed by Saadatian et al. [41].

However, although mainly intended for heating, these solutions rely on fixed equipment that
cannot be removed during the summer period. Then, they must be designed to face also
cooling demand, or, at least, not to harm indoor thermal comfort under such circumstances.
Otherwise, their application would be limited to cold climates, due to overheating problems in
mild and harsh conditions. Consequently, the study of these strategies for heating must be
conceived together with their cooling applications. However, their efficiency when operating
in summer mode is intrinsically related to the design and operation of its elements as well as by
occupants's behavior and conditions indoors, as studied by Stazi et al. for Trombe walls [42].
This adaptability lies on the possibility of operating either as insulation or ventilation systems,
together with appropriate shading. To help achieving comfort through ventilation, they must
benefit from solar gains to create stratification of indoor air temperature, which leads to air
movement.

On the contrary, solar chimneys are particularly designed to enhance natural ventilation
indoors in summer, by driving airflow inside through thermal buoyancy, optimized by solar
radiation. To be effectively applied in winter, heated air is supplied indoors with the aid of a fan
[43].

Although available radiation is the key factor concerning solar heating, existing research work
in this field highlights further parameters other than solar data to evaluate solar cooling options:

Solar irradiation and solar path: Available radiation comprises basic information required for
predicting heating potential and viability of ventilation strategies through stratification. Solar
path (zenith and azimuth) is also needed for a proper shading design that also ensures effective
lighting. It enables an accurate design of shading devices and direct solar gains according to
local and seasonal requirements. Ralegaonkar and Gupta [44] make a concise review in this
sense within the context of passive solar architecture, referring to existing work developed on

estimating solar irradiation available and the key parameters to be considered.

However, surrounding elements might create undesired shading that limit viability of passive
strategies, so they need to be considered together with the solar data of the location,
especially in urban environments [45]. Moreover, shading control also must account for
cloudiness in order to maximize diffuse radiation for lighting [46]. Consequently, extensive
analysis of solar passive technologies expands from merely considering solar parameters,
including, at least, cloud cover proportion; but this falls beyond the scope of the present paper.

Because solar cooling seeks enhancing natural ventilation, its effectiveness will depend not
only on the received solar radiation but also on the outdoor air DBT and its temperature
difference with the indoor environment (hereafter referred as ‘DBT-Indoor temperature
difference’).

DBT-Indoor temperature difference: The interest of solar cooling in hot and humid climates lies
in the inefficiency of simple stack ventilation due to low indoor/outdoor temperature
difference. In such situations, the effect of solar radiation on the temperature increase is a
feasible solution. Chungloo and Limmeechokchai [47], obtain for the hot and humid climate
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of Thailand that performance of a solar chimney results to be more interesting during February
to March than from June to October, due to higher temperature differences between the
ambient air and indoors.

Wind velocity: Considering existing research on solar chimneys reviewed by Zhai et al. [48],
these systems are appealing in locations where high solar irradiation is available, but also low
wind speeds are desirable to avoid negative airflows that could be generated during long
periods of negative DBT-indoor temperature differences. To limit the effect that prevailing wind
on solar chimney operation, a wind shield could be utilized [47].

For poor solar irradiance and high outdoor DBT, when solar-induced ventilation is susceptible
to be detrimental to indoor thermal comfort, thanks to their design, solar chimneys can be
closed to act as mere thermal insulation [43]. Nonetheless, the possibility of integrating them
with auxiliary natural cooling systems such as evaporative cooling can also be considered.
Maerefat and Haghighi [49] demonstrated that a solar chimney could be beneficial to indoor
conditions even for outdoor DBT up to 40 °C and solar intensity being limited to 200 W/m?2
(including zero-radiation conditions during nighttime). This is possible if the system is properly
combined with an evaporative cooling cavity when relative humidity stays below 50%.
Actually, in these cases relative humidity arises as a further parameter to be considered.
Nevertheless, feasibility of evaporative cooling is studied in more detail in Subsection 3.3.

Chungloo and Limmeechokchai [47] propose spraying water on the roof to increase the
temperature differences that enhance the buoyancy effect in the solar chimney. Raman et al.
[50] demonstrate that a solar chimney equipped with an adequately designed evaporative
cooling solution could achieve summer cooling expected in order to be applicable in
composite climates like the case of India. Other research work approach this combination of
Solar chimney- Evaporative Cooler [48], [49], [51], [52], highlighting that for harsher conditions
in which also relative humidity avoids feasibility of evaporative cooling, even dehumidification,
active solar and conventional air-conditioning systems might be necessary.

PASSIVE and LOW . .
) Optimal climate
ENERGY STRATEGIES for  Climate Key Parameters Reference

conditions
thermal comfort

Solar passive: Trombe

Solar irradiation Cold climates [42, 41, 44]
wall
Trombe wall +shading .

o Outdoor DBT* Acceptable for mild and

+ventilation and )

) ) ; Solar path hot climates

insulation options

) Solar irradiation** i ) o

Solar passive: Solar High solar irradiation and

) Outdoor DBT* ) [48, 51]
chimney low wind speed

Wind direction**.

) Solar irradiation
Solar chimney Acceptable for hot
) ) i Outdoor DBT* ) [43]
+insulation options i ) ] climates
Wind direction.
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Solar irradiation
Acceptable for lower

solar irradiation and high [49, 52, 47]
DBT; RH<50%

Solar chimney Outdoor DBT*
+evaporative cooling Wind direction.
Relative Humidity

*Requires further information about *indoor conditions or **the particular location.

Fig. 1 shows the average solar irradiation that could be expected during a typical day for each
month, for the climates selected in Subsection 1.2. Although these data are required to foresee
passive solar strategies potential, it is given together with daytime typical DBT oscillation in order
to analyze possibilities of adaptation during summer period.
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Regarding the ideas previously reviewed, high extreme daytime DBT would make solar
strategies not recommendable as ventilation devices during cooling season, despite high
iradiance levels. This is the case for Las Vegas (Fig. 1c) for the whole summer and the inter-
seasonal periods; and for Valladolid (Fig. 1a), for the months from June to September.
Consequently, at these locations passive solar systems would probably need to act as thermal
insulation during long periods, and an adequate design of shadow devices regarding the
corresponding solar chart would be essential. Further possibilities by combination with
evaporative cooling devices could be considered, having into account the considerations
developed in subsequent Section 3.3.

Concerning the case of Sidney, for the months from October to February (summer period in
the southern hemisphere) the highest expected temperatures rarely exceed 30 °C. This could
be compatible with indoor comfort if the available irradiation succeeds to achieve important
air velocities indoors, as reviewed by Givoni [53], as air velocities and turbulence improve
comfort sensation indoors in warm humid climates [54]. However, lower levels of the available
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iradiation could make it difficult to improve the buoyancy effect to achieve these air speeds.
In this sense, London shows the most restricting conditions, because despite milder DBT during
cooling season, it is unlikely that the passive solar systems could have enough potential to
enhance ventilation, due to the low irradiance levels.

Because solar heating of air is only one of the many factors that favor ventilation for comfort,
the next section goes into detail about natural ventilation.

3.2 Natural ventilation and free-cooling

In order to cover the needs for a proper Indoor Air Quality, ventilation is always required to
replace foul air by fresh clean air. Interest on natural ventilation in terms of energy efficiency
relies on the fact that it avoids mechanical devices to renew the air, with the consequent
economic and environmental implications [55]. Moreover, if outdoor conditions are adequate
or considerable air speed is originated indoors, air renewing may directly achieve comfort
conditions. Results reviewed by Givoni [53] demonstrate that such comfortable indoor
environments can be provided for outdoor air temperatures of up to 29 °C (and even 34 °C) if
air velocity reaches 2-3 m/s. Parys et al. [56] also proved that office buildings in temperate
climates can be successfully cooled simply by window opening control.

Because forces that enable it are buoyancy effect and wind, these have to be defined
precisely to predict natural ventilation rates, despite difficulties inherent to this task. The different
parameters studied in the reviewed works are described next.

DBT-Indoor temperature difference: Outdoor DBT affects ventilation rates, as difference to
indoor air temperature, and thus density difference, is responsible of buoyancy effect [57].
However, further factors directly related to the building and indoor environment such as
internal heat sources or envelope are crucial to this effect and DBT is insufficient to characterize
it. Li and Desante [58] study this effect on a single-zone naturally ventilated building and outlines
the influence of the heat loss of the building.

Solar radiation: As stated before, stratification enhances air movement indoors due to
buoyancy effect, and this can be increased by solar radiation [57]. Different passive
constructive designs have been developed to benefit from solar heating for ventilation as
reviewed by Abreu et al. [59]. Due to this interest, a first-stage design would focus on available
radiation, studied through the parameters previously cited in Section 3.1.

wind velocity and direction: Many studies deal with the issue of how wind interacts with
buoyancy effect. Li&Desante [58] observe that the influence of the building heat loss on natural
ventilation is importantly affected by wind force. Lishman&Woods [60] focus their study on the
causes that transform natural ventilation between wind-dominated and buoyancy-
dominated, which could lead to indoor discomfort. As an interesting result from the point of
view of the climate is that for typical buildings they identify a minimum level of wind of 2-3 m/s
for which natural ventilation is dominated by this effect. It is also essential to determine which

effect is dominant, because for cooling needs wind-driven flows might be preferable than
buoyancy-driven patterns, as studied by Yuan&Glicksman [61]. They determined that if the first
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situation was originated when initial room temperature was lower, whereas the second one
occurred when this initial temperature was relatively high. Nonetheless, even the simplest ways
to ventilate such as single-sided ventilation are determined by wind speed and also the
incident angle [62]. In fact, the angle of incidence is crucial to ascertain the dominating force
among wind pressure or temperature difference in these cases [63] and will depend on
building characteristics but also on wind’s direction fluctuation. Ji et al [64] concluded that on
the overall the most expected wind directions concentrate within £45° the prevailing direction,
and that it fluctuates in periods from 5 to 30 minutes, and despite little work exists on this subject,
it should be taken into account for importantly influencing the performance of natural
ventilation. On the other hand Omer [54] states that Single-sided windows are not considered
to be adequate for winter ventilation, being only interested in mild climates, and cleverly
designed mixed-flow ventilation could favor the buoyancy effect for more exigent cases.

PASSIVE and LOW
ENERGY STRATEGIES for  Climate Key Parameters Optimal climate conditions Reference
thermal comfort

Wind velocity™ Prevailing favorable wind

Ventilation i , , directions
i Wind direction** . .
Natural (daytime) High wind speed [53, 65, 57, 60, 66]
o Outdoor DBT* )
ventilation ) o Outdoor DBT slightly over
Relative Humidity
comfort
Wwind velocity
Single-sided Wind direction [62, 63]
Outdoor DBT*
Cross ventilation Wind direction [64]
Outdoor DBT*
Stack ventilation Wind velocity [67, 68]
Wind direction
Wind towers Wind direction** [69]

*Requires further information about *indoor conditions or **the patrticular location.

However, these parameters also depend on further location-related factors that are not
directly involved with the climate, namely altitude, land topography or urban areas. Threrefore,
they have to be considered for studying any passive ventilation solution [68, 70].

Free-cooling techniques can aim to minimize cooling load of the building through its thermal
inertia or diminishing the chiling requirements of the auxiliary cooling system [71]. Taking profit
of thermal inertias can be exploited through Phase Change Materials and has been recently
and exhaustively reviewed by Alizadeh&Sadrameli [72]. This approach falls beyond the scope
of this work for being intrinsically dependent of the PCMs.

Being driven from outdoors, ventilation usually penalizes the heating and cooling energy
demand. Nevertheless, when outdoor conditions drop below the comfort levels during cooling
periods, increasing ventilation rates turns to be beneficial [73]. This way of cooling is actually
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called “free-cooling”. Although favorable conditions for such mode of operation is usually
associated to night ventilation during the cooling season, effectiveness also depends on
outdoor diurnal temperatures.

Givoni [53] stated that only if daily temperature drifts are greater than 8°C, (which normally
corresponds to hot and dry regions), it seems to be possible to cool the building thermal mass
enough to act as a heat sink during day time. This is for example the case of the city of Madrid,
where different passive strategies have been successfully implemented due to the high
temperature differences along the day [74]. Consequently, passive cooling potential through
night ventilation focus on continental regions, where high daytime and low nighttime
temperatures occur [75].

Next, these and other relevant parameters for the estimation of free-cooling potential are
commented:

Minimum night-DBT: The minimum temperature reached at night is thus the key climatic

parameter to determine night ventilation cooling capacity. This potential can be approached
through the calculus of degree-hours without specifying any building parameter, by
considering as a reference the harmonically variable building temperature defined by
Artmann et al. [70]. Their results highlight the nighttime ventilation cooling potential in Northern
Europe, and the existent possibilities in the remaining regions, with the exception of the warmest
part of Southern Europe.

Wind velocity and direction: either nighttime or daytime ventilation is affected by wind (leaving

behind building design to enhance favorable air flows indoors); consequently wind parameters
previously described in subsection 3.2.1 have to be examined.

Relative Humidity: Results for warm climates show that free-cooling performance also heavily

depends on the ambient humidity. Natural ventilation enlarges energy savings only in case of
dry conditions, whereas for humid climates night ventilation is preferable. However, in addition
to humidity information, savings depend on the building heat capacity, as stated by Oropeza-
Perez&Ostergaard [76].

In Figure 2, minimum night-DBT during cooling months are represented for the four analyzed
climates. It is shown in contrast to the maximum daytime-DBT occurring on the 24-hour period
after or before the minimum night-DBT condition. Coincident Relative Humidity is also given to
understand the expected humidity levels.
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Night ventilation during summer attains its maximum potential when high temperature drifts are
obtained from nighttime to daytime. Consequently, this will be a key option for climates such
as those of Valladolid or Las Vegas, where temperature drifts of up to 22 °C and 16 °C
respectively can be expected. This solution is particularly interesting for Valladolid since
nighttime DBT can drop below 12 °C.

As far as it concerns to London and Sidney, the observed lower temperature drifts make night
ventilation less appealing in contrast to natural ventilation during daytime, when milder
outdoor DBT would favor comfort. Actually, given that relative humidity does not exceed 60%
in any case, natural ventilation in these climates could still be interesting without harming
energy savings due to dehumidification needs. To optimize either nighttime or daytime
ventilation, paying attention to wind data is also crucial.

Free-cooling simply uses ventilation to remove heat from indoors when outdoor conditions are
favorable; consequently it is of great effectiveness [9]. Because cooling potential through
ventilation relies on how much favorable outdoor conditions are, appropriate control is
essential and so it is the study of the climate. Numerous research works have focused on the
interest of performing free-cooling control through different parameters and set points.

DBT: A rough but clear indicator for the free-cooling potential is the outdoor air dry bulb
temperature, as it determines the operation of a building free-cooling system [77]. A possible
way to analyze the applicability of free-cooling is to provide a probabilistic distribution of the
outdoor temperature, as performed by Inard et al. [78]. When DBT falls down the value upon
which cooling needs are expected, these might be covered through free-cooling. According
to this, applicability of free-cooling can be illustrated by the number of hours of application
through the bin weather data, considering the supply air temperature as the reference value.
However, it is of vital importance to fairly estimate this base temperature, because it clearly
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affects the calculations on the free-cooling potential. Results obtained by Bulut and Acktacir
in Istambul [79] for various base temperatures demonstrate that inter-seasonal months
constitute the ideal period to use this cooling technique. If cooling demand extends to the
whole year, free-cooling applicability does not restrict to inter-seasonal periods and attains
interest that is even more notable. This happens in particular cases such as data centers, for
which a fixed supply air temperature of 15°C can be considered to ensure the required indoor
thermal conditions [80, 81]. Free-cooling acquires here such interest, that numberless research
works have been developed.

DBT-Indoor temperature difference: One possibility is to consider indoor dry bulb temperature

as the reference value (base Temperature) to estimate free-cooling potential [79]. As indoor
temperature also depends on the building information, for a general study it can be defined
within the comfort ranges [82, 83, 84]. When this difference is favorable, it indicates that at least
no ventilation gains are to be covered by an existing air-conditioning system. In order to
perform a careful study of the potential for covering additional gains through free-cooling
strategies, more information on the particular application would be needed.

Free-running temperature: When only natural ventilation exists and adaptive thermal comfort

models are applicable [85], a more adequate tool to predict free-cooling potential might be
the free-running temperature. The building free-running temperature characterizes the thermal
building behavior and the frequency distribution of the outdoor temperature to describe the
climate, similar to the bin method. However, as indicated by Inard et al. [78] additional
information on building characteristics is needed, namely supplied airflow and heat gains.

Yet, dry bulb temperatures are not always sufficient to determine whether the direct supply of
outdoor air is efficient or not. Actually, enthalpy control is recommendable when the outdoor
air relative humidity may reach extreme conditions, because the energy consumption
increases due to the humidification or dehumidification requirements. In this sense, interesting
outdoor conditions can be limited regarding Relative Humidity and the Dew Point Temperature
(DPT):

DPT and RH: Especially for data center applications, the supplied relative humidity should be
restricted because of the potential risks for the equipment. Nonetheless, humidification and
dehumidification processes are usually disregarded because of the involved energy
consumption. Some authors [86, 87] demonstrated that energy required for dehumidification
hinders potential energy savings by free-cooling when outdoor DPT falls significantly below the
DPT indoor level. They proposed conditions to be between DPT from 5.5°C to 15°C for data
centers with DBT of 18 to 27°C, which correspond to RH of 60%. This restriction is also
implemented in table 4. Consequently, climates with mixed-humid, warm-marine, and mixed-
marine conditions achieved high energy savings through free-cooling implementation,
whereas it was not recommendable for very cold, subarctic, cool-dry, and cold-dry climate
zones [14, 15].

On the other hand, weather effect on the building’s thermal response is more complex, being
the wind speed and direction, solar radiation, etc. also influencing variables. Consequently,
according to Dovrtel&Medved [77] an optimal free-cooling control would require all this
information.

uIC 053 14



ASSESSING THE APPLICABILITY OF PASSIVE COOLING AND HEATING TECHNIQUES
THROUGH CLIMATE FACTORS: AN OVERVIEW

PASSIVE and LOW . . . .
Climate Interesting Optimal climate
ENERGY STRATEGIES for » Reference
Parameters conditions
thermal comfort

Free-cooling . . High daytime DBT and low
) o Min. Night DBT* i ) [53, 75]
Night ventilation nighttime DBT

QOutdoor DBT below

[9, 77,78, 79, 80,
Qutdoor DBT comfort.

81]
Outdoor DBT<15°C
Free-cooling :
) ) Outdoor DPT Inter-seasonal periods
Daytime free-cooling
mixed-humid, warm-
Outdoor RH marine, and mixed-marine [87]

climates

*Requires further information about *indoor conditions or **the particular location.

The number of hours of free-cooling availability according to the base temperatures proposed
by Bulut&Aktacir [79] (24°C, 21°C, 18°C and 15°C) are gathered in Table 4 for each one of the
analyzed climates. Results are presented both on a yearly basis and limited to a standard
cooling period (May to September for locations in the Northern hemisphere and October to
February for Sidney). Moreover, data are provided according to three different conditions for
the target period of evaluation. The first one considers every hour along the day (24h/day
condition), the second one limits the evaluation to a common office working schedule (from
8.00 a.m. to 8.00 p.m.), and finally, the third one is based on the 24h/day condition with an
additional restriction on the relative humidity level (only hours with RH < 60% are evaluated).
This last restriction is proposed to show the free-cooling potential for data center applications
according to the work of Dai et al. [86] and Lee and Chen [87].

VALLADOLID
(24 h/day) (8a.m.-8p.m.) (24 h/day) & (RH < 60%)
T_base Whole Cooling Whole Cooling Whole Cooling
©) year season year season year season
24 8032 2954 4022 1276 2985 1811
21 7482 2451 3544 845 2435 1308
18 6713 1780 3064 461 1706 677
15 5647 1000 2532 193 922 149
LONDON
(24 h/day) (8Ba.m.-8p.m.) (24 h/day) & (RH < 60%)
T _base Whole Cooling Whole Cooling Whole Cooling
©) year season year season year season
24 8659 3571 4648 1892 783 517
21 8367 3279 4399 1643 639 373
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18 7676 2598 3873 1127 423 164
15 6627 1656 3202 559 252 43
LAS VEGAS
(24 h/day) (8a.m.-8p.m.) (24 h/day) & (RH < 60%)
T_base Whole Cooling Whole Cooling Whole Cooling
©) year season year season year season
24 5640 886 2618 184 4960 826
21 4919 470 2282 94 4254 425
18 4111 205 1825 57 3471 185
15 3346 93 1333 25 2720 79
SIDNEY
(24 h/day) (8a.m.-8p.m.) (24 h/day) & (RH < 60%)
T _base Whole Cooling Whole Cooling Whole Cooling
©) year season year season year season
24 7775 2851 3880 1301 1335 378
21 6181 1805 2851 667 960 176
18 4391 841 1840 206 574 42
15 2632 246 924 29 211 0

For the case of Valladolid, despite large periods of free-cooling applicability during summer
(near half of the total number of hours for the most restricted base temperature, of 15°C), this
period of application is limited to less than a fifth if restricted to working hours. This can be
explained considering the high temperature drifts along a day during the cooling season, what
was already observed in Figure 2. Considering the additional limitation on the relative humidity
required for data centers in a whole year, free-cooling would provide the required supply
conditions during about 10% of the time for the most exigent base temperature and 35% of the
time for a Tbase of 24°C.

In the case of Las Vegas, the number of hours when free-cooling would be interesting,
diminishes from the values for Valladolid for every reference temperature. This is because of
the harsher conditions, especially during the cooling season. However, due to the low relative
humidity expected, appropriate conditions for data centers would be also provided during the
same period.

London and Sidney present ideal conditions for free-cooling application for the whole year if
not very exigent base temperatures are set. In addition, the restriction to a typical working
timetable in summer does not introduce so big differences as for Las Vegas or Valladolid, what
can be explained according to the lower daily temperature drifts. However, higher outdoor
DBT temperatures expected in Sidney during daytime in summer notably reduce its potential
within this period. Besides, higher humidity makes these climates less interesting for data center
applications.

3.3 Evaporative cooling

Evaporative cooling phenomenon enables heat dissipation using water as a sink, thanks to the
energy required in the heat and mass transfer due to water evaporation into the ambient air.
It might be the oldest air-conditioning option, and there are indeed a number of examples of

uIC 053 16



ASSESSING THE APPLICABILITY OF PASSIVE COOLING AND HEATING TECHNIQUES
THROUGH CLIMATE FACTORS: AN OVERVIEW

traditional applications, sometimes implemented in combination with natural ventilation
strategies [48] and solar passive cooling systems [50]. Nevertheless, its interest persists mainly
due to its cheapness, simplicity and low energy consumption.

Evaporative cooling systems can be classified into three types: direct, indirect and multi-stage
systems (which benefits from different combinations of the other two) [88]. Evaporative cooling
strategies can also be implemented in the own windows or roof of the target space [89]. They
are expected to be appealing in hot and dry regions, but every previous work in this field
agrees on the fact that careful analysis of specific climate conditions is needed to ensure
particular feasibility of each option. Those relevant parameters for the estimation of the
evaporative cooling potential are discussed next:

Dry Bulb Temperature (DBT): In Direct Evaporative Coolers (DEC), the amount of energy
required to evaporate water is obtained from the same airflow being conditioned, which
reduces its DBT along the process. On the overall, thermal effectiveness increases with DBT of
the inlet air, as observed in tests performed on DEC devices: DBT drops of up to 7.4 °C were
shown on the research conducted by Camargo et al. [90] and similar results were obtained for
a 540 m3/h airflow in ceramic prototypes by Velasco et al. [91]. For mild temperatures, as the
typical ones in temperate climates, evaporative cooling has been demonstrated to still be
appealing, by using Indirect Evaporative Coolers (IEC) [92]. However, considering DBT is far
from being enough to determine evaporative cooling potential.

Wet Bulb Temperature (WBT) and Wet Bulb Depression (WBD): The key climatic variable to
determine whether evaporative cooling is of interest is the WBT, or similarly the Adiabatic
Saturation Temperature (AST) [92, 93], because it determines the limit for the achievable
cooled temperature. Regarding the WBT, evaporative cooling potential can be measured
through the WBD as the difference between the DBT and its coincident WBT [94, 95, 96].
Actually, achieved temperature drops increase with the WBD, which justifies the expected

interest of evaporative cooling in arid regions, as demonstrated by Kriiger et al [97]. Besides,
according to Smith et al. [98] the prediction of WBD increase in future scenarios due to climate
change broadens the applicability of evaporative cooling in temperate climates, where
nonetheless [EC are always interesting.

Enthalpy difference outdoors-indoors: Lazzarin&Noro [71] study the cooling potential of DEC

and IEC techniques applied to four cities representative of three climates among the most
common in Europe. The parameters they analyze are the air enthalpies and humidity ratios:
DEC would then be useful if outside air enthalpy is lower than inside’s, together with an also
lower humidity ratio. On the contrary, [EC could be applicable even if outside air enthalpy is
over that of indoors, provided that it succeeds to decrease below that value after the [EC. This
idea enables them to divide the psychrometric chart into 7 operating regions for DEC and IEC.
They present the percentage of time during which DEC and I[EC would operate within each of
the respective 7 zones of psychrometric conditions. Corresponding cooling potential and
energy savings demonstrate that IEC results more interesting for every city studied, but
particularly for those corresponding to Csa climates.

Figure 3 shows bin data of wet bulb depression temperatures during cooling season for the four
analyzed climates. Climates with dry summers such as Valladolid and Las Vegas present WBD
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values of up to 20°C and 26°C respectively, which makes DEC of great interest (provided that
water resources are always available). However, for humid summers like the case of London or
Sidney, where WBD are not relevant during long periods, the application of IEC or combined
systems would be preferable according to the results reviewed. In these cases, efficiency could
be improved by using exhaust air as the secondary air stream when possible.

Wet-bulb depression (WBD)
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Taking into consideration those limitations highlighted by WBD, |[EC broadens the applicability
of evaporative cooling despite being less efficient than DEC [99]. Nonetheless, Wong and
Chong [100] have implemented DEC systems even with high humidity rates observing
acceptable results on the occupants’ thermal sensation. However, the disadvantages derived
from working with high Relative Humdity (RH) values are not only referred to the loss of
effectiveness and thermal comfort, but also to the risk of organic growth. Consequently, for
slightly high WBT (over 21°C), combining stages of DEC and IEC may be an effective choice
[101]. Morgado-Baca et al. [102] propose a methodology to evaluate combinations of DEC
and [EC for different Spanish climates and calculate percentages of comfort achieved.
Rodriguez-Ubinas et al. [74] demonstrate that direct water evaporation into the air expands
the hours of indoor thermal comfort up to 98% of the cooling period in Madrid, and also analyze
two-stage possibilities. Nonetheless, for even higher outdoor humidity conditions these options
should be disregarded. In such situations, a recommendable alternative is based on energy
recovery, which uses return air from the conditioned space as secondary airflow for IEC [103],
[104].

It must be noted that there are other factors, apart from the parameters DBT and WBT, which
affect feasibility of the different evaporative cooling systems. Although indoor conditions do
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not influence IEC effectiveness if operating with outdoor air, they do limit evaporative cooling
applicability if restricted humidity values are required indoors. Consequently, further
parameters than those strictly related to the climate are needed for a complete study. Among
these possible parameters the following deserve mentioning: the cooling potential index, which
is the difference between outdoor and indoor temperature [105]; the space sensible heat
factor, which represents the quality of space load; and the performance index of the system
[106]. Considering all these factors, restricting the study to the climate conditions can result in
a fair first evaluation regardless of the influence of building and comfort conditions.

PASSIVE and LOW

Climate Interesting Optimal climate
ENERGY STRATEGIES for N Reference
Parameters conditions
thermal comfort
Outdoor DBT Hot and dry climates [90, 91]
Evaporative cooling Outdoor RH (WBT) Humid climates (limited) [100]
DEC Outdoor-indoor Enthalpy )
: Cfb, Csb, Csa climates [71]
difference
) ) Hot and dry climates [97, 99]
Evaporative cooling Outdoor DBT )
Temperate climates [92, 93, 98]
IEC Indoor enthalpy X
Cfb, Csb, Csa climates [71]
. ) Hot and dry, or
Evaporative cooling
Outdoor DBT temperate and more [101, 102]

DEC+IEC . .
humid climates

Evaporative cooling

(None directly)* Humid climates [103, 104]
IEC + heat recovery

*Requires further information about *indoor conditions or **the patrticular location.

4 Collection and representation of climatic data

The previous review work of targeting the key climate parameters underlines the importance
of weather when selecting the most appropriate passive alternatives. To quicken this decision,
selected climate data can be gathered into different tools that ease the representation of
such amount of information.

There exist a proposal of compilation of parameters on a table by ASHRAE [107], for a simple
gathering of design conditions and most relevant climatic information. Concise weather design
data provides a useful tool to estimate heating and cooling requirements and analyze
equipment dimensioning, provided that available data is updated [108], [109]. Besides,
tabulation of probable and extreme climate conditions can be useful to classify climate regions
and select passive strategies accordingly, which in most cases coincides with vernacular
architectural designs, as it happens, for instance, in North-east India [110].

Apart from this simple collection of data, the objective of using climate information to seek
sustainable methods intended for thermal comfort provision, leads to a number of more or less
complex data representations. Tables given by Mahoney do not only provide interesting
climatic variables, but also identifies different climates according to humidity, propose climatic
indicators and introduce recommendations. This method is used to approach the analysis of
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the climate of Nicosia (Cyprus) for an efficient passive design [111]. Besides, alternative indices
have been defined and compared, turning to be interesting for all climates with the exception
of hot and humid ones [112].

Psychrometric diagrams offer a more illustrative option to represent the TMY conditions of a
particular site, in contrast to gathering climate data on a table. A bioclimatic chart is a sort of
graph, based on a psychrometric diagram, which results to be a clearer way to give an idea
of the local outdoor conditions to be faced, as well as target comfort conditions. Thus, the
actual possibilities of passive resources to simultaneously achieve comfort indoors and reduce
energy consumption are revealed [113]. Climatic charts are the graphical result of an old study
on the relationship between man and climate, and the variables involved in this relationship.
Szokolay defines the Control Potential Zone (CPZ) to identify psychrometric conditions with
optimal conditioning strategies. It is constructed from existing bioclimatic work, considering the
approach given by the Mahoney tables, showing the monthly maximum and minimum DBT
and corresponding RH [114], [111].

Among the numerous climate charts developed, the first proposal by Olgyay [115] and the
most spread chart of Givoni [116] stand out. For the first time, Olgyay implements a region of
thermal comfort within the psychrometric diagram, accounting for the DBT (°F) and RH (%) as
the basic variables that affect to human thermal sensation. This region is also identified as the
one that requires minimum energy consumption for comfort to be achieved. However, it does
not consider important factors about the modification of outdoor climate conditions or about
comfort aspects, such as the metabolic rate or the radiant mean temperature.

For his part, Givoni proposes a widespread alternative to overcome some of the problems
highlighted in the Olgyay’s proposal and extends the ASHRAE comfort standards. This
bioclimatic chart is based on a psychrometric diagram where outdoor climate conditions are
represented, usually in the form of segments showing monthly oscillation from minimum DBT
and maximum RH to maximum DBT and minimum RH. These segments are represented for
Valladolid in Figure 4.
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This sort of view of outdoor conditions results clearer than cluster of dots representation, as the
diagram given in Figure 5.

Additionally, boundaries are defined for applicability of different passive design strategies or a
combination of them, based on the expected indoor conditions achievable through them
(Figure 6 [116], [117], [118]).
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Passive strategies, including those previously reviewed, have been studied for particular
climates from the viewpoint of the Givoni bioclimatic chart. This analysis demonstrates the utility
of this asset for evaluating the most favorable sustainable strategy. Existing research on this
issue can be of great interest as a guide for future sustainable designs. By means of this it can
be determined the percentage of hours during which thermal comfort is achieved through
different passive options.

Multiple authors have worked on determining the periods when thermal comfort is achievable
through different techniques. Indeed, this study has been developed for multiple climates in
Egypt, focusing on outdoor resources [119]. In this way, nine different zones have been
distinguished for China, where optimal passive techniques have been proved to be effective
in summer and winter, restricting the percentage of operation of conventional air-conditioning
systems in summer to 25-50% corresponding to the most unfavorable region [120]. Also for
Madagascar different climate zones have been defined according to the solar potential,
proposing the optimal passive strategies all throughout the year [121]. Assessment of the
different passive techniques has also been possible through bioclimatic charts for the different
climate regions in Oman, as climate variables have most weight than the remaining factors
such as cultural or situational ones [113]. Besides, passive solutions recommended through the
study of bioclimatic charts can be identified in traditional buildings cleverly constructed for the
different climates, as the case of Nepal [122]. Anyway, such thorough studies can lead to a
revision of the applicability of the boundaries defined by Givoni, as happensin the case of DEC
and night ventilation in Seville [117]; or for composed climates as that of the city of Belo
Horizonte in Brazil, where recommendations might be contradictory [123].

Knowledge on the exact periods of applicability can overcome possible problems of lessening
energy efficiency due to an inadequate selection of passive techniques, which in some cases
are counterproductive during certain seasons. With this aim, a regression model has been
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proposed relating environmental conditions and passive technologies (as well as building
characteristics) to energy efficiency, for a better assessment of the design or even to be
considered in new regulations on energy savings and control of CO2 emissions [17].

To implement a bioclimatic approach, different software tools have been developed. Guan
et al. [118] propose a tool to identify regions of outdoor air conditions on a psychrometric chart,
which are suitable for operation of different combined solutions. In their proposal, parameters
affecting the desired thermal comfort conditions are also identified. This assessment tool
provides as well the number of hours of occurrence of the different regions distinguished.
Further software is CLIMATE_ CONSULTANT from the University of Los Angeles [124]. However,
application of these assets for hot and humid climates could be limited, and in these cases the
comfort zone must be redefined according both to the climate and the passive strategy
considered. This is the case of Vietnam, for which a specific climate analysis tool has been
recently proposed [13]. On the other hand, also for hot and humid climates Givoni bioclimatic
chart proved to be preferable among ASHRAE standards [125].

These software also provide other weather information than psychrometric variables, such as
wind and solar data, which have been previously highlighted as of interest for passive solutions
viability and effectiveness. As an alternative to tabulated wind data, wind roses offer a visual
tool to collate monthly prevailing wind directions, frequencies or even velocities. Radiation and
solar position can also be gathered monthly, into tables or charts.

Finally, sometimes for a proper feasibility assessment it might be also necessary to study the
uncertainty of climate characteristics. This is actually the case when only passive cooling is
implemented and adaptive models are considered. Its relevance lies in the fact that passive
cooling cannot cover heating and cooling demand to the same range as active cooling does.
Monte Carlo uncertainty method has been successfully proposed to evaluate two ventilation
passive strategies (window opening and night cooling) considering both building and climate
uncertainties, which serves as an example for other strategies [56].

Taking all this into account, a bioclimatic approach is a powerful tool to determine the optimal
passive and low energy solutions if appropriate data is available. But, as the end is to achieve
comfort indoors, comfort requirements have to be defined in addition to weather information
[114].

5 Conclusions and future work

Many research works have been developed to provide a tool for engineers, architects and
government bodies, to design or chose effective passive heating and cooling techniques for
a certain climate, as well as to draft legislation accordingly. With this aim, identifying climate
parameters affecting effectiveness is a key issue. In this paper, an overview of existing results
on the climate factors affecting the passive techniques studied is presented. This would be of
great help to foresee viability of any passive solution considered for its installation at a particular
location. The following conclusions and issues of further analysis are extracted.

- Careful use of available climate data must be always done, as derives from
historical data and thus only represents probable occurrence of conditions.
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Therefore, extreme conditions cannot be expected from this data. Besides, most
climate data is given for a particular point not interfered by surrounding elements,
creating unexpected shadowing or protecting from the wind. If possible, it is then
always preferable to base the design on weather forecast rather than on the TMY.

- Solar radiation availability is not only interesting for heating during winter, but also
to assist buoyancy for ventilation during cooling periods. Solar passive solutions can
effectively enhance ventilation in summer through improving the buoyancy effect,
if high irradiance levels are expected. However, these data must be contrasted with
outdoor DBT. For particularly high DBT values (over 30°C) the operation of solar
passive solutions as insulation systems with an adequate shadowing design is more
recommendable. On the other hand, solar position is also crucial for an adequate
planning of the shading strategy. Moreover, cloudiness would need to be
considered in these applications within an expanded analysis.

- Climates with particularly harsh outdoor DBT conditions during summer may show
an interesting night-ventilation potential, if high temperature drifts from daytime to
nighttime occur. On the other hand, when temperature drifts are not so important,
natural ventilation during daytime can still be interesting in climates when summer
temperatures are milder, provided that relative humidity keeps relatively low in
order to avoid dehumidification needs. Considering wind data is crucial either for
daytime or nighttime natural ventilation and should be considered into a next step.

- Regarding the number of hours of applicability referred to different base
temperatures, free cooling potential is particularly interesting in mild climates, but if
relative humidity frequently exceeds 60% it loses its interest for data center
applications. On the other hand, high temperature drifts expected along a typical
day notably reduce the period of applicability of this strategy if daily requirements
are restricted to office hours.

- Direct evaporative cooling can approach comfort during summer in a wide range
of conditions, despite obtaining lower effectiveness at high relative humidity rates.
Besides, DEC is also restricted depending on humidity levels accepted for supplied
air. The study of WBT and WBD define the applicability limits for DEC, IEC and various-
stages options, as well as in combination with other alternatives.

- After having reviewed the key climate parameters to be observed when studying
applicability of the proposed passive and low energy solutions, these can be
gathered together to provide a quick overview on the climatic potential according
to actual research studies (Figures 1 to 3 and Table 4). A compilation of these
different data representation then appears as a simpler alternative to existing
bioclimatic tools.

Nonetheless, climate conditions are not the only factor to be considered when considering
every possible passive strategy. Those further variables are to be studied in a more extended
analysis that surpasses the mere climate analysis faced in this work. Some passive and low
energy techniques are based on night cooling by radiant dissipation to the sky, which would
depend on the sky temperature. However, as it depends heavily on the characteristics of the
implemented solution, it is not dealt with here. Concerning the possibility of coupling systems
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(or even the building) to the ground, this review work could be broadened covering these
aspects if information about ground temperatures is available within the weather databases.

Furthermore, climatic conditions at a given location are not just determined by weather data,
but are also affected by topography and urban areas. Surrounding geometry modifies wind
patterns and also sunlight, as solar radiation might not access obstructed areas. Actual solar
radiation falls far from expected levels in the densest urban areas, so better methods to provide
accurate determination of the actual radiation incidence are needed. Likewise, climate
change and urban heat islands affect real operating conditions and consequently cooling
energy consumption. Deepening into these aspects is recommended when studying low-
energy possibilities at any site. Finally, a more comprehensive analysis would require information
on indoor comfort expectations and building characteristics.
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