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Abstract 

The objective of this article is to develop and test a simplified method to compute the savings in building cooling demand by 

use of passive cooling systems based on ventilation (direct night ventilation, air-soil heat exchangers, controlled thermal phase-

shifting, evaporative cooling, as well as possible combinations thereof). The systems are characterized in terms of a climatic 

cooling potential, independently of any building, which is then compared to the cooling load of a particular building. The 

method is tested against an extensive numerical simulation campaign, combining diverse passive cooling systems and sizes 

with diverse constructive and operational modes for an administrative building situated in Geneva. The key point of the 

simplified method is to choose an appropriate time resolution, for taking into account the building thermal inertia. Although 

best results are obtained with a daily resolution, good results are also obtained with monthly data, where an overestimation of 

the passive cooling fraction remains less than 20% in half of the cases. This opens way for using the method for first assessing 

the potential of these passive cooling techniques on a large spatiotemporal scale, for which integrated building and system 

simulation becomes prohibitive. 
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1. Introduction 

1.1 State of the art 

In most parts of Europe, electricity demand for air-conditioning of buildings is in rapid increase [1,2], and will be further 

boosted by the global warming issue [3,4]. Mitigation of this demand requires as well adequate architectural and constructive 



measures (reduction of the solar and internal gains, access to the thermal mass), as development of passive cooling techniques. 

Such techniques make use of naturally available heat sinks, which are usually closely related to local meteorological variables. 

The viability of such systems/techniques has been proved in several works, either by the use of simulation tools or in situ 

measurements [5]. State of the art can be divided in studies of effectiveness, implementation, modelling and prediction of the 

cooling demand reduction in buildings by the use of the referred passive cooling techniques. 

Within this study we will focus on passive cooling systems which are linked to ventilation, namely direct ventilation, 

evaporative cooling, buried pipes and phase-shifter.  The simplest of the mentioned techniques and certainly the most widely 

used is direct ventilation. Direct ventilation techniques use the ambient cool air to reduce the building´s inner temperature, 

therefore the building´s structure is used as a heat sink, allowing the inside air temperature to be reduced. Direct ventilation can 

be mechanically forced (by fans), natural (by openings and use of thermal gradients) or both natural and mechanic [6]. The use 

of direct ventilation to cool a building is often used during the night period and is referred as night cooling. The direct 

ventilation cooling effect on the reduction of cooling loads depends on three main parameters:  the difference between indoor 

and outdoor temperatures (mostly during the night), the air flow rate, and the building´s thermal mass [7]. The effectiveness of 

night ventilation techniques on the reduction of the cooling loads of a building has been proven in several studies [8-11]. As a 

second technique, evaporative cooling is a process where the latent heat of vaporization of water is used. Evaporative cooling 

can be direct or indirect. Direct evaporative cooling is the process where cooled and humidified air is directly brought into the 

building. This process can have low efficiency in the case of humid climate, where air can be close to its saturation point. In 

order to improve the cooling efficiency the air is sometimes forced into a membrane that allows separation of the water vapor 

from the air. The indirect evaporative cooling is a similar process but using a heat exchanger (permeable wall) between the air 

flow and the cooled air, allowing the air inside a room to cool down without increasing its humidity, therefore decreasing the 

eventual condensation and the consequent release of heat into the room [12]. The evaporative cooling techniques have been 

largely studied and its efficiency has been shown both from technical and economical stand points [13-16]. It is expected that 

the indirect evaporative cooling systems will take up 20% of the air-conditioning market in buildings in the next 20 years in 

particular for the dry and hot climes [17]. The third technique, namely buried pipes or earth to air heat exchangers, act like a 

damper for the outside temperatures, so that at times of the day when temperatures are high the outlet air is at a lower 

temperature. There are several modelling and validation studies of buried pipes systems [18-22], as well as on its economic 

viability and effectiveness on the reduction of buildings cooling loads [23-25]. Finally, thermal input signal delay or phase 

shifting is a phenomena first discovered in a study concerning a buried pipes system [26]. The thermal phase-shifting device is 

a storage device were the storage material is homogeneously distributed within a ventilating duct in order to increase the heat-

transfer surface of inlet air, and to decrease the penetration distance to thermal mass. In this way a homogeneous airflow and a 



good convective exchange are provided, permitting to delay the day/night temperature´s oscillation almost without dampening, 

and allowing the night cooling peak to be available in the middle of the day [27]. 

All of preceding systems are linked to the ventilation system of the building (possibly with some thermal storage) so as to 

activate the available cooling resource and distribute it within the building. As will be mentioned further down, several 

analytical and numerical models allow computing the achievable cooling temperature of these systems in a particular climatic 

situation, in function of specific design properties. However, determination of the effective cooling potential for a particular 

building usually needs further integrated dynamic building simulation, with ventilation from the available cooling source 

[8,28]. 

Despite the extensive literature and numerous validation models on the referred techniques, a model relating the output 

temperatures from a given passive cooling system and the cooling demand savings in a building has not yet been developed in 

a way independent of building thermal simulation. Ideally such a model would enable the computation of the cooling demand 

savings in buildings by the use of the aforementioned passive systems in a simplified and accessible way without the need for 

detailed knowledge on thermal simulation software and of the building properties. In this regard, Artmann et al [6] proposed a 

new integrated index named “climatic cooling potential” (CCP), defined as the summation of products between building and 

external air temperature-differences and time interval, that was computed for several locations across Europe. Their results 

pointed out that for the Northern Europe there is a very significant potential for passive cooling by night-time ventilation, and 

that even in some regions of Southern Europe the climatic cooling potential is still significant. Nonetheless, these authors 

didn’t address the relation between potential and effective savings, not emphasizing that even high CCP may have low utility 

(if there is no cooling needs then even a high CCP represents zero savings). Furthermore, the CCP was computed regardless of 

any building properties, such as internal gains, cooling demand, thermal inertia and insulation. Finally, the CCP was computed 

for night cooling only, neglecting some eventual day time potential that may be useful.  

Another study in that direction was developed by Belarbi et al [29]. These authors suggested two approaches in order to 

evaluate the passive cooling potential. The first one is independent of any building characteristics, and the second is based on 

thermal simulation of the building. Both methodologies provide helpful information on the viability of the passive cooling 

techniques, however, the first only characterizes the “effectiveness” of a certain passive cooling system relatively to different 

climatic zones. The second approach allows a more detailed view, nevertheless, it requires expertise and detailed knowledge 

on thermal simulation software and of the building properties. A more recent study by V.I. Hanby et al [30] used UK climate 

projections (UKCP09) to access the wet-bulb depression and the effects of climate change on the performance of evaporative 

cooling systems. They simulated a simplified single zone building model combined with an evaporative cooling plant. The 

results provided by simulations showed that the evaporative cooling plant was able to decrease the cooling demand, however 



this decrease was lower than the one provided by the meteorological evaporative potential. Nevertheless, it was concluded that 

the evaporative cooling systems are a viable solution for cooling buildings presently and in the context of a changing climate. 

Although, this study showed a comparison between the potential provided by the weather data and the simulated building, no 

relation between savings and potential was established. Additionally, the evaporative cooling potential was simulated only for 

the summer period (taken as April to September) and for the occupation hours (07:00 to 19:00), neglecting some eventual 

potential, mostly during night, which might be used to take advantage of the building´s thermal inertia decreasing the cooling 

loads on the day after.  

A.T.Nguyen et al [31] presented a method to assess the thermal comfort using passive systems (natural ventilation and passive 

cooling). This method was applied for the hot humid climate of Vietnam, and it relies on the selection of an appropriate 

comfort zone on a building psychometric chart, the extraction of data from the chart and printing, and on the analysis and 

assessment of thermal comfort, heating and cooling potential of passive strategies. It is a helpful tool for a quick assessment of 

the availability of thermal comfort by way of passive systems. Regardless of the simplicity of the method and its applicability 

do different climates, the results only express the potential percentage of time within thermal comfort that can be achieved in a 

certain climate using some passive systems, not relating it with savings in energy demand. Furthermore, in the referred study 

the method was not validated against simulations or in situ measurements, which raises questions regarding its effectiveness.  

 

1.2 Objectives 

The main goal of this paper is to develop and test a performance indicator for passive cooling systems based on ventilation. 

This indicator, to be called climatic cooling potential, should be sufficiently robust to allow the estimation of the potential 

savings in cooling demand of buildings, without need for integrated building-system simulation. The fundamental outcome of 

such an indicator is, for ongoing work, to allow the characterization of the diverse cooling techniques on a large geographical 

area (some hundreds of km) and a large time horizon (some decades, including future climate change scenarios), for which 

overall building simulation becomes computationally unaffordable, due of the many possible architectural and operational 

configurations. In this sense, the objective of the climatic cooling potential is not to replace integrated building simulation, 

which will give finer results, but to allow for rough estimation of the potential of the aforementioned cooling techniques on a 

large geo-referenced spatial and temporal scale. 

For this purpose, we will develop a method which allows: i) to characterize the diverse passive cooling techniques linked to 

ventilation in a coherent way, independently of any building, in terms of output temperature and associated airflow; ii) in a 

second step, to evaluate their effective contribution in terms of thermal energy savings for a particular building, as 

characterized by its cooling demand in absence of passive cooling. In this respect, one of the crucial points is to determine the 



temporal precision at which the cooling sources (and separately the building cooling demand) have to be characterized. For this 

sake, the simplified method developed hereafter will be validated against integrated building simulation, for the case of an 

administrative building located in Geneva, for an important set of passive cooling techniques, as well as a variety of 

constructive and operational configurations (solar protection, thermal mass and insulation, internal gains). 

This paper is organized as follows. In Section 2 we present the studied cooling passive systems, as well as their physical 

properties and a brief reference to related analytical models. Section 3 is devoted to the description of the proposed method, 

which allows the computation of the climatic cooling potential and the associated cooling demand saving. For the sake of 

validation, in Section 4 the method will be compared to integrated building-system simulations. Section 5 shows a brief 

description on the behavior (provided by integrated simulation) of some of the passive systems, followed by the results and 

validation of the proposed method. Finally, the main conclusions of the present study are presented in section 6. 

 

2. Passive cooling with ventilation 

2.1 System description 

As an alternative to direct ventilation, for which the available cooling temperature is given by the outdoor condition, we will 

consider two types of passive cooling systems based on thermal storage of the meteorological day/night oscillation that is 

carried by ventilation (figure 1). The first concerns air-soil heat exchangers, in which the air passes through an array of pipes 

buried under or next to the building, for the meteorological day/night oscillation to be dampened by charge/discharge in the 

soil. Previous work allowed for the analysis of several case studies, as well as for development of well validated numerical and 

analytical models [18, 19, 26, 27]. As the daily heat wave propagation around the pipes extends on approximately 15-20 cm, 

latter can be arranged in a compact geometry, with inter-axial distance of approximately 50 cm, immediately under the 

building, if necessary in multiple layers.  Although such systems may in principle also be designed for dampening of the 

summer/winter oscillation, the associated size (approx. 2 m depth and 4 m inter-axial distance) generally turns out 

incompatible with the available soil, at least in urban context and for buildings of a certain size. 

As a second storage technique, we will consider controlled thermal phase-shifting, a device in which the storage material is 

homogeneously distributed within the ventilating duct, in order to increase the heat-transfer surface and to decrease the 

penetration distance to the thermal mass. Providing a homogeneous airflow and a good convective exchange, it becomes 

possible to delay the day/night oscillation almost without dampening, for the night cooling peak to be available in the middle 

of the day. This technique, which arises from a theoretical work, recently gave rise to the development of a first series of lab 

prototypes [32]. 
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As an optional downstream complement to preceding techniques (or to direct ventilation), we will finally consider direct 

evaporative cooling, for further decrease of the air temperature brought to the building by ventilation. 

 

2.2 Models 

Within this study, modeling of the thermal storage systems (buried pipes, thermal phase-shifting) is performed by way of 

previously developed and validated analytical models, for a constant airflow. In the case of buried pipes [27], a set of two 

coupled differential equations account for the convective heat exchange between air and pipe, as well as cylindrical heat 

diffusion in the soil around the pipe, with adiabatic boundary condition at inter-axial pipe-pipe distance. In the case of the 

phase-shifting device [32], the physical phenomenon under consideration takes place in a thermal storage similar to a packed-

bed, with storage elements sufficiently small for their individual temperature to be regarded as homogeneous (no intra-element 

temperature gradient), leading to a simplified set of differential equations known as the Schuman model. 

 

In both cases, the core of the model concerns the case of a sinusoidal temperature input: 
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Explicit resolution of the associated set of differential equations leads to following temperature output, which is characterized 

by amplitude-dampening and phase-shifting of the input signal: 
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In preceding equations, 𝑚𝑎̇  (kg/s) and 𝑣𝑎 (m/s) are the airflow rate and velocity, and 𝑐𝑎 (J/kg.K) the specific heat of air. 

 

In the case of the buried pipes 𝑆 = 2𝜋𝑟0𝑥 is the pipe exchange surface, with 𝑟0 (m) its radius and 𝑥 (m) its length. The 

amplitude-dampening and phase-shifting coefficients h (W/K.m2) and k (W/K.m2) account for the serial link of (i) convective 

heat exchange between air and pipe; (ii) heat diffusion in the soil around the pipe. They are given by decomposition in real and 

imaginary part of: 
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 In preceding equations ℎ0 (W/K.m2) is the air-pipe convective exchange coefficient, 𝜆𝑠 (W/K.m) and 𝑎𝑠 (m2/s) are the thermal 

conductivity and diffusivity of the soil,  𝑟0 (m) is the pipe radius and 𝑅0 (m) the total pipe and soil radius (half of the inter-axial 

distance between the pipes). 𝐼𝑛 and 𝐾𝑛are modified Bessel functions of order n. 

 

In the case of the phase-shifting device, S represents the total exchange surface of the particles over the system length x. In this 

case, the amplitude-dampening and phase-shifting coefficients h (W/K.m2) and k (W/K.m2) account for the serial link of (i) 

convective heat exchange between air and pipe; (ii) heat storage in the particles. They are given by: 
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In preceding equations ℎ0 (W/K.m2) is the air-particle convective exchange coefficient, 𝑉𝑠 (m3), 𝑆𝑠 (m2), 𝑐𝑠 (J/K.m3) and 𝜌𝑠 

(kg/m3) are the volume, exchange surface, specific heat and density of the storage particles. 

 

For the case of hourly meteorological data over an entire year, Fourier analysis allows to decompose the input temperature into 

a complete sum of harmonics (from yearly up to hourly frequency), so that the hourly system output temperature can be 

recomposed by applying preceding models to each one of the harmonics.  

 

Finally, as a complement to these storage techniques (or to direct ventilation from outdoor), evaporative cooling is modelled 

by:  

 inwetin TTTT    (Eq. 5) 



In preceding equation 𝑇𝑖𝑛 is the input temperature of the evaporative cooling device (given by outdoor, buried pipe or phase-

shifting), 𝑇𝑤𝑒𝑡  is the associated wet-bulb temperature, and 𝜂 the evaporative cooling efficiency. 

 

In the following, the results of these models will be used: (i) for determination of the climatic cooling potential of these 

techniques, independently of any building (section 3); (ii) as an input to building simulation, for determination of the effective 

savings in cooling demand (section 4). 

 

2.3 System configuration 

In the case of buried pipes, we will here adopt a configuration which consists of 12 cm diameter pipes with 50 cm inter-axial 

distance, for a specific airflow of 100 m3/h per pipe (2.5 m/s). According to the model, with such a configuration and a typical 

soil (1.9 W/K.m conductivity, 1.9 MJ/K.m3 heat capacity) a 10 m pipe reduces the day/night input amplitude to 41%, whereas 

a 20 m pipe reduces it to 17% (exponential damping), with a phase-shift which remains lower than an hour (figure 2b). 

In the case of the thermal phase-shifting device, we will here adopt a configuration which consists of 16 mm diameter PVC 

tubes that are filled with water, piled up perpendicular to the airflow, with 2 mm spacing between tubes. With a duct cross-

section of 50 x 50 cm subject to a specific flow of 100 m3/h (0.39 m/s average interstitial velocity between tubes), the system 

enables an 8 h phase-shift within 1.6 m length, respectively a 12 h phase-shift within 2.4 m (linear phase-shifting), for a 

residual amplitude higher than 80% (figure 2c). Note that his system not only differs from the buried pipes in terms of thermal 

behavior, but also in storage volume, which is almost 10 times inferior. 

As can be seen in figure 2 b and c, the outlet of the thermal storage systems is at times warmer than the ambient air, in 

particular at night. It hence becomes interesting to combine the use of the aforementioned storage systems with direct 

ventilation, taking at each moment the cooler of the two sources (however, such a setup requires a second ventilation fan, since 

the thermal storage needs to be regenerated at night). We hence will consider following passive cooling 

systems/configurations, as schematically depicted in figure 1: 

 Direct: direct ventilation from outdoor 

 Pipe10m: 10 m buried pipes, resulting in 41% residual amplitude of day/night oscillation 

 Pipe20m: 20 m buried pipes, resulting in 17% residual amplitude of day/night oscillation 

 Shift8h: 8h thermal phase-shifting device 

 Shift12h: 12h thermal phase-shifting device 

 Pipe10m&Direct: combination of 10 m buried pipes with direct ventilation 

 Pipe20m&Direct: combination of 20 m buried pipes with direct ventilation 
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 Shift8h&Direct: combination of 8 h phase-shifting with direct ventilation 

 Shift12h&Direct: combination of 12 h phase-shifting with direct ventilation 

We finally consider direct evaporative cooling as an optional complement to the preceding techniques (dashed box in figure 1), 

which will be simulated with a constant efficiency of 50% (humidification up to 50% of the potential, as given by the 

difference between dry and wet bulb temperatures). As a result, we end up with 18 possible passive cooling systems (9 

combinations of thermal storage and direct ventilation, with or without evaporative cooling). For a representative set of these 

systems, figure 2 shows the simulated temperature dynamic over a hot summer week, as simulated with meteorological data of 

Geneva. 

 

2.4 Ventilation rate, control and system size 

Like for direct night ventilation, in which the airflow may be increased at night to bring fresh air into the building, we can 

consider the preceding systems with a larger airflow rate than the strict minimum air-change value, as long as the system 

output temperature is lower than the one of the building. So as to maintain the same system performance (same output 

temperature), such increased ventilation strategies obviously imply proportional sizing of the evaporative cooling unit as well 

as of the storage device (buried pipe, phase shifter). Such increased ventilation strategies also imply electric overconsumption, 

which is to be kept as low as possible. While we will limit our study to the thermal contribution of such systems, we stress that 

the problem of electricity should eventually be studied carefully. 

 

3. Climatic cooling potential and energy savings in buildings 

While, for a given climate, the passive cooling systems can be simulated and characterized independently of any building, their 

effect on the cooling demand of a particular building must in principle be determined by way of integrated dynamic building´s 

simulation (with ventilation temperature given by the associated passive cooling system). As an alternative, we here develop a 

simplified method for assessing these energy savings from the knowledge of: i) the characteristic of the passive cooling 

system, in terms of a climatic cooling potential (CCP) which relates to the temperature of the cooling source and the associated 

airflow; ii) the characteristic of the building, merely and alone in terms of its cooling demand (Qcool) in absence of passive 

cooling. Comparison of both values on an appropriate time step leads to the useful cooling potential (UCP) of the passive 

cooling system for the specific building. The method, which is developed below, is schematically depicted on following 

flowchart (figure 3). 

 



The first step, for a given passive cooling system and associated airflow, is to define its climatic hourly cooling potential 

(CCP), which expresses the cooling load that the system can bring to a building as compared with ventilation at standard 

reference flow rate from outdoor:  

 

𝐶𝐶𝑃 = 𝑐𝑚(𝑇𝑠𝑒𝑡 − 𝑇𝑣𝑛𝑡) − 𝑐𝑚𝑟𝑒𝑓(𝑇𝑠𝑒𝑡 − 𝑇𝑒𝑥𝑡)

𝑚 = {
𝑚𝑣𝑛𝑡   𝑖𝑓  𝑇𝑣𝑛𝑡 < 𝑇𝑏𝑙𝑑

𝑚𝑟𝑒𝑓  𝑖𝑓  𝑇𝑣𝑛𝑡 ≥ 𝑇𝑏𝑙𝑑

 (Eq.6) 

 

In equation 6: CCP is the climatic cooling potential for a given hour, in kWh; c is the heat capacity of air in kWh/K.kg; m and 

mref are the rate of ventilation and the reference rate of ventilation in absence of passive cooling, respectively, both in kg/h; Tset 

is the building´s set point temperature in °C; Tvnt is the hourly average output temperature of a given passive cooling system in 

a given hour, in °C; Text is the hourly average outdoor temperature in a given hour, in °C; mvnt is rate of ventilation for a given 

passive cooling system, in kg/h; Tbld is the building´s hourly average temperature in a given hour, in °C. 

Note that the CCP is computed by using Tset (typically 26°C) instead of the effective building temperature, of which there is no 

prior knowledge (see discussion further down). It is in this sense that CCP represents a climatic index (dependent on the 

climate under consideration, the passive cooling system and the flow rate, as well as the comfort set point), independently of 

any building´s characteristics. 

As discussed before, the enhanced flow rate mvnt is reduced to the reference value mref when its temperature exceeds that of the 

set point. In this regard, the CCP can also be expressed by: 

 

𝐶𝐶𝑃 = 𝑐𝑚𝑟𝑒𝑓(𝑇𝑒𝑥𝑡 − 𝑇𝑣𝑛𝑡) + 𝑐(𝑚𝑣𝑛𝑡 − 𝑚𝑟𝑒𝑓)(𝑇𝑠𝑒𝑡 − 𝑇𝑣𝑛𝑡)+ (Eq.7) 

 

In the latter expression, reduction of the airflow is taken into account by considering only the positive values of the second 

term. As compared to the reference case, the climatic cooling potential of the passive system hence divides in: i) a first term 

concerning the reference flow rate, which relates to the input – output temperature differential of the passive cooling system; 

ii) a second term concerning the additional flow rate, which relates to the set point – system temperature differential, and 

which is only active when the latter is positive. Note that for the particular case of direct night ventilation, where Tvnt equals 

Text, the first term reduces to zero, obviously indicating that in this case only increased flow rates can provide a cooling 

potential as compared to the reference case. 

In a second step, for a particular building, the CCP is compared to the cooling load Qcool in absence of passive cooling, which 

is needed for the building temperature not to rise above Tset. Since the CCP is a climatic index, it will at certain times be higher 



than the actual cooling load of the building (especially during winter season, but possibly also at certain periods of the summer, 

typically at night). We hence cut off the CCP to its corresponding value of Qcool, over a selected integration time step (hourly, 

daily, weekly, monthly). Depending on the integration time step, we hence define the annual useful cooling potential (UCP) as 

follows: 

 

𝑈𝐶𝑃ℎ𝑜𝑢𝑟𝑙𝑦 = ∑ 𝑀𝐼𝑁(𝐶𝐶𝑃, 𝑄𝑐𝑜𝑜𝑙)8760
ℎ=1

𝑈𝐶𝑃𝑑𝑎𝑖𝑙𝑦 = ∑ 𝑀𝐼𝑁(∑ 𝐶𝐶𝑃24
ℎ=1 , ∑ 𝑄𝑐𝑜𝑜𝑙

24
ℎ=1 )365

𝑑=1

𝑈𝐶𝑃𝑤𝑒𝑒𝑘𝑙𝑦 = ∑ 𝑀𝐼𝑁(∑ 𝐶𝐶𝑃7×24
ℎ=1 , ∑ 𝑄𝑐𝑜𝑜𝑙

7×24
ℎ=1 )52

𝑤=1

𝑈𝐶𝑃𝑚𝑜𝑛𝑡ℎ𝑙𝑦 = ∑ 𝑀𝐼𝑁(∑ 𝐶𝐶𝑃30×24
ℎ=1 , ∑ 𝑄𝑐𝑜𝑜𝑙

30×24
ℎ=1 )12

𝑚=1

 (Eq.8) 

  

In equation 8, UCP stands for the annual useful cooling potential in kWh, and the subscripts h, d, w and m stand for hour, day, 

week and month, respectively. Qcool is the building´s hourly cooling demand at a given hour, in kWh. Note that in all four 

cases UCP is an annual value, which represents the global savings on cooling demand one might expect from a given passive 

cooling technique and associated airflow. 

In principle, the suitable choice of the integration time step for comparing CCP and Qcool relates to the thermal inertia of the 

building. As a matter of fact, when there is no cooling demand from the building and a certain cooling potential is present, the 

latter can be stored into the building thermal mass for subsequent use, which is not taken into account by a too small 

integration time step. On the other hand, a too long time step might lead to overestimation of the passive cooling load that can 

effectively be absorbed by the building when there is no cooling need. Furthermore, storage of the passive cooling potential 

will result in lowering the building temperature, which tends to invalidate the use of Tset in the calculation of the CCP. 

In practice, the choice of the integration time step for comparing CCP and Qcool will condition the resolution at which latter 

data should be available. In a particular case this might become a crucial point when trying to access such passive cooling 

techniques on a large spatiotemporal scale (some hundreds or thousands of km, some decades), where limitation of the data 

quantity becomes an important issue. 

Figure 4 shows a schematic representation of the relation between CCP and UCP over a year, for different cooling demands 

and two different rates of ventilation (left and right). While CCP has its highest value in winter (left and right of time axes), 

when the Tset – Tvnt differential is at its maximum, it does not correspond to any cooling demand and is therefore of no use. On 

the contrary, in summer, the cooling demand might exceed the available cooling potential, which cannot be entirely covered by 

the passive cooling system. This representation allows understanding the relation between cooling demand and airflow rate 

(and associated system size). While low flow rates allow 100% covering of low cooling demands only (Fig.4, left), their 
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baseline contribution to higher cooling demands might still be of interest. In this respect it is worthwhile noticing that, with 

increasing cooling demand, the useful cooling potential UPC of the passive system tends to a maximum value, given by the 

total CCP over the cooling period. Differently, high flow rates (right part of figure 4) allow 100% of a wide range of cooling 

demands, obviously indicating system over sizing in the case of lower demands. 

 

4. Integrated building simulation  

In order to validate the proposed method, to characterize its robustness and its sensitivity to the integration time step, we will 

compare it to integrated dynamic building simulation (with ventilation temperature given by the associated passive cooling 

system). 

We therefore reach back on a previous study [8] which focused on the potential of the various passive cooling techniques of 

section 2 for the case of an administrative building, located in the moderate climate of Geneva. This study analyses the 

simulated building cooling demand for a variety of constructive and operational configurations (thermal mass and insulation, 

window-to wall ratio, solar protection, internal gains), with a specific attention to normal versus a hot summer (as given by 

2004 and 2003 urban meteorological data).   

The building consists of 20 m2 / 50 m3 offices distributed on both sides of a broad central corridor. In terms of simulation, this 

typology results in a thermal model made up of three zones: two offices, on opposite facades separated by the central corridor, 

with lateral boundary conditions given by identical interior climate (neighbor offices). The parameters and options that govern 

the thermal behavior of the building are as follows: 

• Thermal mass is mainly determined by 28 cm thick slabs, either in heavy option (full concrete: 510 kJ/K.m2) or in 

medium option (combined wood structure with concrete filling: 350 kJ/K.m2). In both cases, separation walls between 

offices add an additional 170 kJ/K.m2 (relative to slab surface). 

• Thermal insulation is either of low 1980’s quality (6 cm, double glazing windows), or of high quality as given by the 

Swiss Minergie standard (20 cm, triple glazing insulating windows). 

• Solar access is determined by an East-West orientation on a low 5° horizon, along with a 20%, 50% or 80% window-to-

wall ratio. 

• Efficient external solar protection is activated when direct radiation on the façade exceeds 10 W/m2 (overall g-value: 

13% with 1980 windows, 7% with Minergie windows). Alternatively, the building can also be simulated without solar 

protection (overall g value: 68% with 1980 windows, 42% with Minergie windows). 

• Internal gains are 10, 20 or 35 W/m2 (during occupation: 8-18 h) with a reduction at noon (see figure 7 top left: 

reduction of Qcool at noon due to lower occupation/internal gains). 



The total combinations of the preceding parameters correspond to 72 building configurations, which are considered in the 

context of the 2 meteorological datasets (2003 and 2004), representing a total of 144 reference cases (without passive cooling). 

For all of these reference cases, the ventilation from outdoor during occupation is 72 m3/h per office(approximately 1.5ach – 

1.5 air changes per hour), dropping at night to 6 m3/h (0.1 ach). 

 

So as to investigate the impact of the passive cooling systems on the thermal behavior of the referred buildings and so as to 

validate the model defined in section 3, all preceding reference cases were also simulated in combination with the 18 passive 

cooling systems presented in section 2. Finally, associated to these systems, 3 possible controlled flow rates (and associated 

system sizes) are considered: 

• Same nominal rate as for reference cases (72 m3/h ≅ 1.5 ach), however also activated at night if the ventilation 

temperature is cooler than the building. 

• Twice the reference rate (144 m3/h ≅ 3 ach), activated as long as the ventilation temperature is cooler than the building 

(else reduced to the reference flow). 

• Four times the reference rate (288 m3/h ≅ 6 ach), activated according to the same rule. 

In this way, we study 54 passive cooling configurations (18 systems in combination with 3 flow rates). 

Altogether, the 54 passive cooling configurations associated to the 72 building and 2 weather data sets represent a total of 7776 

(54x72x2=7776) integrated system cases, as schematically represented in Figure 5. 

Simulation over the summer period (May-September) is carried out in two steps, with an automated overall approach: 

For both the meteorological data sets, the passive cooling systems are simulated by way of the specific analytical models 

developed previously described in section 2, yielding hourly data over an entire year. System control and building response are 

then simulated within TRNSYS [33]. 

 

5. Results and discussion 

5.1 Effective savings 

Before exploring the simplified UCP method developed in section 3, we start by giving a synthetic overview of the effective 

savings in cooling demand, as obtained by numerical simulations. Focus is set on direct ventilation, 12h phase shifting and 

combination of both, each being associated or not with evaporative cooling. Each of the 6 systems is associated with the 3 

possible airflow rates (with corresponding system size) and the two meteorological data sets. 

In figure 6, each symbol represents the overall annual simulation result for one of the 144 reference cases referred above. The 

value on the x-axis corresponds to the cooling demand of the particular configuration in absence of passive cooling (Qcool, 



reference cases), while the value on the y-axis (∆Qcool) corresponds to the savings in cooling demand when using the passive 

cooling system. The general structure of these plots illustrates the discussion held in section 3: while a low flow rate (small 

system) allows 100% covering of low cooling demands, it only covers a fraction of higher demands, where its contribution is 

eventually limited to a maximum value given by the available cooling potential over the entire cooling season. On the left side 

of the plots (especially in the case of evaporative cooling), the similar contribution of the different flow rates shows that 

limited cooling can be completely covered with small systems. 

A comparison between the different systems brings about the following general insights: 

• As compared to direct ventilation, standalone thermal phase shifting carries only small additional annual savings in 

cooling demand (15% in average over all buildings and years). The basic reason therefore relates to the fact that the 

systems works on storage of the day-night temperature oscillation, a function which can basically also be achieved by 

the building if it has enough thermal inertia. 

• In this regard, combination of phase-shifting with direct night ventilation, which takes advantage of the night cooling 

peak “twice a day”, allows an average of 58% additional savings (with relatively important variations from case to case,  

depending in particular on the airflow rate and the meteorological year under consideration). 

• Finally, at least in the particular case of Geneva, direct evaporative cooling brings about an important potential, 

even for buildings with important cooling demand. Furthermore, the discrepancy between the standard summer of 

2004 and the hot summer of 2003 is reduced, due to relatively similar water content of the air (similar wet bulb 

temperature).  

A more detailed discussion on these points can be found in the specific publication concerning the numerical study [8]. 

 

5.2 Dynamic over a typical week 

The relation between the simulated savings and the simplified UCP method will now be illustrated for a specific building (50% 

window-to-wall ratio, external solar protection, 35 W/m2 internal gains, Minergie standard thermal insulation), and a hot 

summer (2003). The 3 passive cooling systems are those of section 5.1, without evaporative cooling. 

Figure 7 shows the hourly evolution of the outdoor, indoor, and ventilation temperatures, as well as the ventilation flow rate 

and resulting cooling demand over a typical summer week. 

In the reference case, ventilation at standard 1.5 ach (72 m3/h) flow rate is activated during occupation (8 - 18h). During this 

period, internal gains (and to minor extent outdoor temperature and solar radiation) result in a significant cooling demand (up 

to 42 W/m2 on day 5), which drops when internal gains are reduced (at noon) or null (during the week end, day 6 and 7). As a 

first alternative, direct cooling from outdoor with 3 ach (144 m3/h) allows to store the freshness of the night in the building, 
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resulting in a lower cooling demand during the following day. Note that when the outdoor temperature rises above that of the 

building (in particular during occupation/daytime), the flow rate is reduced to its reference value; on the contrary, when the 

outdoor temperature remains below that of the building (day 2), enhanced ventilation can extend over 24h. As a second 

alternative, by inverting the day/night oscillation, the 12h phase-shifting device allows for enhanced ventilation and 

corresponding passive cooling during daytime, resulting in a further reduction of the cooling demand, and particularly of the 

peak load. Finally, combination of phase-shifting and direct ventilation allows for almost constant over-ventilation with “fresh” 

air, and hence for a further reduced cooling demand. 

Figure 8 allows comparison of the climatic potential (CCP), which is calculated from mere knowledge of the reference flow 

rate and set point temperatures (equation 6 or 7), with the effective savings in cooling demand which result from simulation.  

In the case of direct ventilation from ambient, the effective savings occurring during daytime are of the same order of 

magnitude as the CCP, which is available during night time, illustrating the effect of the building´s thermal inertia. On the 

contrary, in the case of 12h phase-shifting the CCP synchronizes fairly well with the demand and hence with the savings. In 

this particular case we also note a short negative value in energy saving and CCP in the morning when the temperature of the 

phase-shifting device: i) is lower than the building, enabling for enhanced ventilation for cooling; ii) is still higher than 

outdoor, resulting for the reference flow rate in a lower cooling potential than with direct ventilation (see equation 7). As a last 

alternative, combination of phase-shifting and direct ventilation results in a CCP available twice a day, which induces 

increased savings as compared to preceding alternatives. 

Table 1 presents the results of the 3 systems as integrated over the entire summer (May – September): i) the reference cooling 

demand and the effective savings, as given by simulation; ii) the climatic cooling potential and the useful cooling potential, as 

calculated via equation 8, as well as the relative error in relation to the effective saving.  

In the case of direct ventilation, numerical simulation yields 13.0 kWh/m2 savings as related to 31.7 kWh/m2 demand for the 

reference case. UCP correlates quite unfairly with these savings when calculated on an hourly basis (63% underestimation). 

This is due to the fact that the CCP and cooling demand take place at different moments and do only correlate via the building 

inertia, which is not taken into account by the UCP calculation. The best correlation with the effective savings is obtained 

when the UCP is calculated on a daily basis (8% over estimation), but reasonable values are also obtained on weekly or 

monthly basis. In the case of 12h phase-shifting, the effective savings amount to 15.5 kWh/m2. This value is again 

underestimated with a UCP calculated on hourly basis, indicating a remaining mismatch between hourly CCP and demand. 

Very good values are however obtained with higher integration time steps (around 5% error in each case). Finally, similar 

results are obtained for the combination of phase-shifting with direct ventilation. It is worthwhile mentioning that,  in all cases, 
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the UCP method gives a much better estimation of the effective savings than the previously developed CCP method, which 

does not take into account the building demand. 

 

5.3 Simplified method versus numerical simulation 

The previous analysis is finally carried out for all the combinations of the 72 buildings, 2 weather data sets, 3 airflow rates and 

18 passive cooling systems, presented in section 5.1. For each configuration, the relation between the effective savings and the 

corresponding UCP over the entire period (May – September) is presented in Figure 9 (one symbol per configuration in each 

plot). 

As pointed out in section 3, and as discussed for a particular case in section 5.2, calculation of the UCP on an hourly basis 

underestimates the effective savings by an average of 31% (as given by linear regression), due to the fact that the building´s 

thermal inertia is not taken into account. In comparison, calculation of the UCP on a daily basis reproduces the effective 

savings with less than 1% error in average. Calculation on a weekly or monthly basis tends on its turn to overestimate the 

effective savings (average of 6% and 11%), due to overestimation of the available thermal inertia. 

These average correlations vary according to the passive cooling system (table 2). As pointed out before, the worst correlation 

goes for direct ventilation from ambient (without evaporative cooling), for which the daily UCP calculation leads to an average 

47% underestimation, and the monthly UCP to an average 31% overestimation. All other systems remain, in average, within 

the 7% error in daily calculation, respectively within the 23% error in monthly calculation. 

The dispersion in relation to these average values will now be analyzed for the particular case of daily and monthly calculation 

of the UCP. In a first step, the analysis concerns the error of the UCP method relatively to effective savings ∆Qcool given by 

simulation. In daily basis, the absolute difference between UCP and effective savings ∆Qcool never exceeds 6.8 kWh/m2, and in 

half of the cases (2nd and 3rd quartiles of each class) this difference remains below 2.7 kWh/m2. The dispersion is relatively 

uniform across the different classes. As a consequence, the relative error (figure 10) is much more important for low than for 

high values of ∆Qcool: up to 38% error for effective savings in the range of 0-10 kWh/m2 (although the error remains below 8% 

for the 2nd and 3rd quartiles), but always less than 10% for effective savings above 50 kWh/m2 (below 4% for the 2nd and 3rd 

quartiles). In the case of calculation in a monthly basis, the dispersion is much more important, as well in terms of absolute 

error as in terms of relative error (with a maximum error of 140% in the range of 0-10 kWh/m2). 

However, depending on the importance of the reference cooling demand, a low value of effective savings may or not represent 

an important passive cooling fraction ∆Qcool/Qcool (see figure 6). As a consequence, preceding dispersion analysis is extended 

to the error of the UCP method relatively to the passive cooling fraction (figure 11). When calculated on a daily basis, the UCP 

method reproduces the passive cooling fraction very well. In extreme cases, an underestimation up to 20% may occur for high 



passive cooling fractions (in particular when related to low cooling demands, hence to low absolute savings), but in half of the 

cases (2nd and 3rd quartiles) the error remains below 6%. When computed on monthly basis, the UCP method tends to 

overestimate the passive cooling fraction. Hence, in extreme cases, the method indicates close to 100% coverage of the 

demand whereas the effective fraction only amounts to 30% (70% error). However, for half of the cases of each class (2nd and 

3rd quartiles) the error remains below 20%. 

 

6. Conclusions 

We developed and tested a simplified method for computing the building´s cooling demand savings by use of passive cooling 

systems based on ventilation (direct ventilation, air-soil heat exchangers, controlled thermal phase-shifting, evaporative 

cooling, as well as possible combinations thereof). 

The systems are characterized in terms of a climatic cooling potential, independently of any building. In a second step, the 

climatic cooling potential is compared to the cooling load of a particular building, yielding the associated useful cooling 

potential. Key point of the method is to choose an appropriate time resolution, for taking into account of the building thermal 

inertia. 

The method is tested against an extensive numerical simulation campaign, combining diverse passive cooling systems and 

sizes with diverse constructive and operational modes for an administrative building situated in Geneva (7776 configurations).  

In a first step, correlation between the two methods is analyzed in terms of annual energy savings. Calculation of the useful 

cooling potential on an hourly basis underestimates the effective savings by an average of 31%, due to the fact that the building 

thermal inertia is not taken into account, while calculation of the useful cooling potential on a daily basis reproduces the 

effective savings with less than 1% error in average. Calculation on a weekly or monthly basis tends on its turn to overestimate 

the effective savings (average of 6% and 11%), due to overestimation of the available thermal inertia. The dispersion in 

relation to these average values is analyzed for the particular case of daily and monthly calculation basis. Focus is set on the 

passive cooling fraction (fraction of the demand which can be covered by the passive cooling system). It is shown that, if the 

data is available in monthly values, the model will tend to overestimate the passive cooling fraction. The error remains below 

20% for half of the cases, although it may be quite more important (up to 70%) for extreme cases, in particular in cases where 

the model indicates close to 100% coverage and the associated cooling demand is low. 

As a main result, the method can hence be used for setting up of a climatic potential database in monthly time step, for rough 

assessing of the potential of these passive cooling techniques on a large spatiotemporal scale (some hundreds or thousands of 

km, some decades). Much more precise results could be obtained with data in daily resolution (less than 6% error in half of the 

cases), which however would require setting up of a very extensive database of the climatic potential, as well as knowledge of 



the corresponding building cooling demand. In this respect, finer evaluation of a particular case should rather use integrated 

simulation of the passive cooling system and building in hourly time step. Finally, for additional insight, both methods (UCP 

and detailed numerical simulation) should further be compared to results from real scale installations. 

 

Acknowledgments  

We thank Bernard Lachal, Institut des Sciences de l'environnement, University of Geneva, for helpful scientific discussions. 

Hugo Campaniço also gratefully acknowledges the Ministry of Science, Technology and Higher Education of Portugal for 

financing this project through the Doctoral grant SFRH / BD / 51329 / 2010. 

 

References 

[1] Adnot, Jérôme (Co-ordinator) et al. 1999, EERAC - Energy Efficiency in Room Air Conditioners Ecole des Mines de Paris 

- Armines, France. 

[2] P. Rivière (coordinator) et al, Sustainable Industrial Policy – Building on the Ecodesign Directive. Final report of task 2, 

Air-conditioning products, July 2012. Study for the European Commission Directorate-General for Enterprise & Industry (DG 

Enterprise), contract ENTR/B1/35-2009/LOT6/ SI2.549494. 

[3] Aebischer B., Jakob M., G. Henderson, M. Jakob, Catenazzi G., Impact of climate change on thermal comfort, heating and 

cooling energy demand in Europe. Proceedings eceee 2007 Summer Study “Saving Energy – Just do it!”. 4–9 June 2007, La 

Colle sur Loup, France. ISBN: 978-91-633-0899-4. 

[4] Aebischer B., G. Henderson and G. Catenazzi, Impact of climate change on energy demand in the Swiss service sector - 

and application to Europe. In Bertoldi P. and B. Atanasiu (editors), “Improving Energy Efficiency in Commercial Buildings”. 

Proceeding of the International Conference IEECB’06, Frankfurt, Germany, 26 / 27 April 2006. European Communities, EUR 

22316 EN, ISBN 92-79-02748-4. 

[5] Mattheos Santamouris, Dionysia Kolokotsa, Passive cooling dissipation techniques for buildings and other structures: The 

state of the art, Energy and Buildings 57 (2013) 74–94 

[6] N. Artmann , H. Manz , P. Heiselberg, Climatic potential for passive cooling of buildings by night-time ventilation in 

Europe, Applied Energy 84 (2007) 187-201. 

[7] V. Geros, M. Santamouris, A. Tsangrasoulis, G. Guarracino, Experimental evaluation of night ventilation Phenomena, 

Energy and Buildings 29 (1999) 141-154. 



[8] Hollmuller P., Gallinelli P., Lachal B., Weber W. (2008). Extensive sensitivity analysis of diverse ventilation cooling 

techniques for a typical administrative building in Mid-European climate, in: Eurosun 2008, 1st International Conference on 

Solar Heating, Cooling and Buildings, 7-10 October 2008, Lisbon, Portugal. 

[9] V. Geros, M. Santamouris, S. Karatasou, A. Tsangrassoulis, N. Papanikolaou, On the cooling potential of night ventilation 

techniques in the urban environment, Energy and Buildings 37 (2005) 243–257 

[10] M. Santamouris, A. Sfakianaki, K. Pavlou, On the efficiency of night ventilation techniques applied to residential 

buildings, Energy and Buildings 42 (2010) 1309-1313 

[11] M. Santamouris, A. Argiriou, E. Dascalaki, C. Balaras,  A. Gaglia, Energy characteristics and savings potential in office 

buildings, Solar Energy Volume 52, Issue 1, January 1994, Pages 59-66. 

[12] Hoy-Yen Chan, Saffa B. Riffat, Jie Zhu, Review of passive solar heating and cooling technologies, Renewable and 

Sustainable Energy Reviews, Volume 14, Issue 2, February 2010, Pages 781-789. 

[13] Ghassem Heidarinejad , Mojtaba Bozorgmehr, Shahram Delfani, Jafar Esmaeelian, Experimental investigation of two-

stage indirect/direct evaporative cooling system in various climatic conditions, Building and Environment 44 (2009) 2073-

2079 

[14] Shahram Delfania, Jafar Esmaeeliana , Hadi Pasdarshahrib, Maryam Karamia, Energy saving potential of an indirect 

evaporative cooler as a pre-cooling unit for mechanical cooling systems in Iran, Energy and Buildings, 42 (2010) 2169-2176 

[15] Moien Farmahini-Farahani, Shahram Delfani, Jafar Esmaeelian, Exergy analysis of evaporative cooling to select the 

optimum system in diverse climates, Energy 40 (2012) 250-257 

[16] Min-Hwi Kim, Jae-Weon Jeong, Cooling performance of a 100% outdoor air system integrated with indirect and direct 

evaporative coolers, Energy 52 (2013) 245-257 

[17] Zhiyin Duan, Changhong Zhan, Xingxing Zhang, Mahmud Mustafa, Xudong Zhao, Behrang Alimohammadisagvand, Ala 

Hasan, Indirect evaporativecooling: Past, present and future potentials, Renewable and Sustainable Energy Reviews 16 (2012) 

6823-6850  

[18] Hollmuller P. Utilisation des échangeurs air/sol pour le chauffage et le rafraîchissement des bâtiments. Mesures in situ, 

modélisation analytique, simulation numérique et analyse systémique, PhD Thesis, (2002). pp. 125, Université de Genève. 

[19] Hollmuller P., Lachal B. Buried pipe systems with sensible and latent heat exchanges: validation of numerical simulation 

against analytical solution and long-term monitoring, in: Building Simulation, proceedings of the 9th International Building 

Performance Simulation Association, 15-18 August 2005, Montréal, Québec, École Polytechnique de Montréal, Vol.1, p. 411-

418. 



[20] F. Al-Ajmia, D.L. Loveday, V.I. Hanby, The cooling potential of earth–air heat exchangersfor domestic buildings in a 

desert climate, Building and Environment 41 (2006) 235-244 

[21] Huijun W, Shengwei Wang, Dongsheng Zhu, Modelling and evaluation of cooling capacity of earth–air–pipe systems, 

Energy Conversion and Management 48 (2007) 1462-1471 

[22] Abdelkrim Sehli, Abdelhafid Hasni, Mohammed Tamali, The potential of earth-air heat exchangers for low energy 

cooling of buildings in South Algeria, Energy Procedia 18 ( 2012 ) 496-506 

[23] Pierre Hollmuller, Bernard Lachal, Cooling and preheating with buried pipe systems: monitoring, simulation and 

economic aspects, Energy and Buildings 33.5 (2001): 509-518 

[24] S. Burton, Adam Fjearem, Cooling in housing in Southern Europe without chillers, 25th AIVC Conference, Prague, Czech 

Republic, 2004. 

[25] M. Maerefat, A.P. Haghighi, Passive cooling of buildings by using integrated earth to air heat exchanger and solar 

chimney, Renewable Energy 35 (2010) 2316-2324 

[26] P. Hollmuller, B. Lachal. Air–soil heat exchangers for heating and cooling of buildings: Design guidelines, potentials and 

constraints, system integration and global energy balance, Applied Energy vol. 119 (2014), p. 476-487. 

[27] P. Hollmuller, Analytical characterization of amplitude-dampening and phase-shifting in air/soil heat- exchangers, 

International Journal of Heat and Mass Transfer vol. 46 (2003), p. 4303-4317. 

[28] Hollmuller P., Carlo J., Ordenes M., Westphal F., Lamberts R. (2007) Potential of buried pipes systems and derived 

techniques for passive cooling of buildings in Brazilian climates, in : Proceedings of the 10th International Building 

Performance Simulation Association Conference, 3-6 September 2007, Tsinghua University , Beijing, China, p. 329-336. 

[29] R. Belarbi, F. Allard, Development of feasibility approaches for studying the behavior of passive cooling systems in 

buildings, Renewable Energy 22 (2001) 507-524. 

[30] V.I. Hanby, S.Th. Smith, Simulation of the future performance of low-energy evaporative cooling systems using UKCP09 

climate projections, Building and Environment 55 (2012) 110-116 

[31] A.-T. Nguyen, S. Reiter, A climate analysis tool for passive heating and cooling strategies in hot humid climate based on 

Typical Meteorological Year data sets, Energy Buildings (2012), http://dx.doi.org/10.1016/j.enbuild.2012.08.050 

[32] Hollmuller P., Lachal B., Zgraggen J.M.. A new ventilation and thermal storage technique for passive cooling of 

buildings: thermal phase-shifting, in : PLEA 2006, 23rd Conference on Passive and Low Energy Architecture, 6-8 September 

2006, Geneva, Switzerland, Université de Genève, Vol. 1, p. 541-546. 



[33] TRNSYS The most complete solar energy system modeling and simulation software. Renewable Energy, Volume 5, 

Issues 1–4, August 1994, Pages 486-488. William A. Beckman, Lars Broman, Alex Fiksel, Sanford A. Klein, Eva Lindberg, 

Mattias Schuler, Jeff Thornton 



 

 
 

Figure 1: Schematic layout of passive cooling systems: (a) direct ventilation, (b-c) buried pipes and thermal phase-shifting, (d-e) buried pipes 

and thermal phase-shifting, combined with direct ventilation. All systems are considered with or without evaporative cooling (dashed box). 
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Figure 2: Simulated passive cooling systems on a hot summer week. External temperature and output temperatures for the different cooling 

systems: (a) evaporative cooling system (50% efficiency), (b) buried pipes system (20 m), with and without evaporative cooling, and (c) 

phase-shifter system (12 h), with and without evaporative cooling. 

 



 
Figure 3: Schematic of UCP model. 

 

 

 

 

 

 
 

Figure 4: Schematic evolution and relation of climatic cooling potential (CCP) and useful cooling potential (UCP) over time, for 2 different 

rates of ventilation (left and right) and 3 different cooling demands. 

 



 

 

 

 

 
 

Figure 5: Overview of the 7776 simulated combinations: 2 weather data sets, 72 buildings, 18 passive cooling systems, 3 flow rates / system 

sizes (INS: insulation; TM: thermal Mass; IG: internal Gains; GA: glazing area; SP: solar protection; VR: ventilation rate;.SYS: passive 

cooling system; EC: evaporative cooling). 
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Figure 6: Savings in cooling demand (∆Qcool: vertical axis) in function of cooling demand in absence of passive cooling (Qcool: horizontal 

axis) for the 72 reference buildings and the 2 meteorological data sets (144 reference cases). 
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Figure 7: Outdoor, building and ventilation temperatures (Text, Tbld, Tvnt), as well as ventilation flow rate and resulting cooling demand (m 

and Qcool) over a typical summer week. 
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Figure 8: Climatic cooling potential (CCP) and effective savings in cooling demand (∆Qcool), as well as cooling demand of reference case 

(Qcool ref) over a typical summer week. 
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Figure 9: Useful cooling potential (UCP) versus effective savings ∆Qcool, for the different passive cooling systems and buildings. 

 



 

 
 

Figure 10: Relative error of the useful cooling potential (UCP) method (min, max, median, 2nd and 3rd quartiles), in daily and monthly basis, 

relatively to effective savings ∆Qcool. 

 

 

 
 

Figure 11: Relative error of the useful cooling potential (UCP) method (min, max, median, 2nd and 3rd quartiles), in daily and monthly basis, 

relatively to the passive cooling fraction ∆Qcool/Qcool. 



Table 1: Integrated savings in cooling demand for 3 passive cooling systems: i) reference cooling demand and 

effective savings (Qcool and ∆Qcool); ii) climatic and useful cooling potential (CCP and UCP), as well as relative 

error in relation to the effective savings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Average correlation (linear regression) between useful cooling potential UCP and effective savings ∆Qcool, 

for the different passive cooling systems, with and without evaporative cooling (Dry/Hum). 

 

 

UCP.hour UCP.day UCP.week UCP.month 

  Dry Hum Dry Hum Dry Hum Dry Hum 

Direct 0.53 0.74 1.07 1.01 1.21 1.08 1.31 1.11 

Pipe10m 0.70 0.81 1.03 1.00 1.13 1.05 1.23 1.08 

Pipe10m & Direct 0.66 0.80 1.04 1.01 1.14 1.05 1.22 1.08 

Pipe20m 0.76 0.83 1.02 1.00 1.09 1.04 1.19 1.07 

Pipe20m & Direct 0.71 0.82 1.03 1.01 1.12 1.05 1.18 1.07 

Shift8h 0.82 0.87 0.93 0.97 1.06 1.03 1.14 1.06 

Shift8h & Direct 0.78 0.85 0.98 0.99 1.08 1.03 1.13 1.06 

Shift12h 0.76 0.84 0.96 0.99 1.09 1.05 1.18 1.08 

Shift12h & Direct 0.76 0.83 0.99 1.00 1.09 1.04 1.15 1.06 

         All systems 0.79 1.00 1.06 1.11 
 

 

Direct Shift12h Shift12h 

& Direct 

  kWh/m
2
 kWh/m

2
 kWh/m

2
 

Qcool 31.7 31.7 31.7 

∆Qcool 13.0 15.5 20.9 

    CCP 33.2 33.7 49.3 

UCP.hour 4.8 11.1 14.5 

UCP.day 13.9 14.6 20.4 

UCP.week 15.5 16.5 23.5 

UCP.month 15.3 16.2 24.4 

    ∆UCP.hour -63% -28% -31% 

∆UCP.day 8% -6% -3% 

∆UCP.week 19% 7% 12% 

∆UCP.month 18% 5% 17% 

revised tables


