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Executive Summary 

Nearly all retail locations use ventilation and cooling systems to ensure adequate air exchange, primarily 

for hygienic reasons, and to ensure desired indoor comfort temperatures. The ventilation systems that 

provide for a continuous inflow of fresh air are driven by powerful electric motors. Considering the trend 

towards longer opening hours and increased number of opening days, the electricity consumption due to 

ventilation and air-conditioning systems is expected to continue to rise across Europe. 

Focusing on cooling and ventilation topics, specific inefficiencies regard mainly energy losses in 

ventilation, absence of free cooling strategies and unmodulated airflow for different periods of the day 

which lead to energy losses for higher than necessary air distribution rates and consequently demand for 

cooling or heating. Because of the big volumes, shopping centres are conditioned by means of basic 

HVAC equipment, without considering the potential of natural ventilation to guarantee the minimum air 

change rate required for indoor air quality or day-time and night-time ventilative cooling to reduce the 

cooling consumption of these buildings. Thereby, within the design process the design team never 

focused on opening sizing nor on control strategies definition for both HVAC systems and window 

automation.  

The deliverable investigates the retrofit opportunities to exploit ventilative cooling in shopping centres 

taking into account important design constraints, such as building regulations and standards (indoor air 

quality, fire safety), local outdoor environment (air pollution, noise) and tenants’ needs (i.e. food stores 

with fresh filtered air). Ventilative cooling is meant as the use of natural or mechanical ventilation 

strategies to cool indoor spaces reducing energy consumption of cooling systems while maintaining 

thermal comfort.  

The state-of-the-art of technologies available on the market and currently used in retail buildings 

highlighted several opportunities: 

 Airflow guiding ventilation components, such as automated windows and doors, are already 

integrated in most shopping centres but they are usually controlled for smoke ventilation only; 

 Because of the big volumes involved, the lack of resistance and the potential for more relaxed 

ranges of interior condition respect to retail stores, atria or in general common areas within the 

shopping centre can work as an exhaust air zone, with air flow driven both by thermal buoyancy 

and by Venturi effect; 

 Airflow enhancing components applications, such as wind catchers and exhaust chimneys, can 

be particularly effective to cool shops with high internal gains. However, few products are available 

on the market and most of the applications are tailor made installations. 

Therefore, when dealing with retrofitting solutions, the ventilative cooling solution feasibility depends on 

the shopping centre design and on its interaction with the outdoor ambient. 

Large shopping centres are based on a model of small individual stores connected by open “transitional” 

spaces. These transitional spaces represent a peculiar type of indoor environment that borrow 

characteristics from outdoor spaces and from traditional indoor environments, which has the potential for 

more relaxed ranges of interior conditions and consequent energy savings. We conducted field studies 

on three shopping centres to investigate about customers’ thermal responses to different indoor 
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environment temperature conditions. A statistical analysis over the collected data revealed that the use 

of Fanger model to assess thermal comfort in transitional spaces leads to an overestimation of discomfort 

conditions. During the summer period, costumers declared to be in comfort conditions up to measured 

operative temperatures of 28 ºC. This observation has important implications on the control and regulation 

of air conditioning systems during summer period. Furthermore, when outdoor temperature is higher than 

indoor temperature, the difference between outdoor and indoor temperature has no impact on thermal 

comfort sensation vote trend. 

A retrofit package combining measures able to reduce internal and solar gains with measures enabling 

to effectively reject heat such as ventilative cooling strategies, can potentially benefit from higher 

temperature set points leading to significant energy savings. 

Therefore, we defined a design procedure able to cope with these limitations. The design procedure 

follows five main steps: 

1. Climate potential analysis 

2. Definition of ventilative cooling strategy 

3. Ventilative cooling technology solution analysis: energy performance and Indoor Environment 

Quality 

4. Analysis of the retrofit solutions interaction 

5. Cost optimization 

Each step is supported by tools and methodologies. Following the design procedure, three ventilative 

cooling scenario solutions have been designed and two of them were implemented in two demo cases: 

Mercado del Val (Valladolid) and CitySyd (Trondheim). 

The ventilative cooling solution developed for the Mercado del Val exploits openings in the modular 

multifunctional façade and in the skylight to promote stack effect ventilation. Simulation results showed 

up to 40% potential energy savings for the mixed-mode ventilation strategy compared to the fully 

mechanically ventilated baseline over the total consumption for heating, cooling and ventilation. Natural 

ventilation can also ensure minimum required air change rates to keep an acceptable level of indoor air 

quality. The optimal number of openable windows was suggested by trading-off energy, comfort and cost 

aspects.  

The CitySyd shopping centre in Trondheim is suitable for the application of enhanced stack ventilation 

through the main atrium. The strategy combines the effect of opened sliding doors and skylight openings 

to enhance stack ventilation and ventilate/cool the common areas. In order to prevent cold draughts, 

skylights windows groups are controlled separately and the opening angle of the skylight windows is 

modulated according to the outdoor temperature and the indoor temperatures as measured by sensors 

distributed within the common areas. The total electricity consumption for heating, cooling and ventilation 

of the common areas over the whole reference year is predicted to reduce by a 11%. Simulation results 

also showed that, with the defined control strategy, natural ventilation is effective in providing the minimum 

required air change rates for 98% of its activation time. 

The indoor environment quality and the energy consumption of both demo cases is currently under 

monitoring and monitored data analysis will be presented in future project reports. 
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We finally also investigated the potential benefits of integrated light tube and wind catcher functions within 

the same product, called Venti-light-tube. The product is still at a concept design stage and the partners 

are investigating opportunities to continue its development. 
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1 Introduction 

Data collected from several European retailers’ sustainability reports (Schönberger, Galvez Martos et al. 

2013) show that on average heating, cooling and ventilation energy consumption account for 20% of the 

total energy consumption in food retailers and up to 40% in non-food retailers. 

 
Figure 1-1. Share of total energy demand in retail building (Retail forum for sustainability 2009) 

Nearly all retail locations use ventilation and cooling systems to ensure adequate air exchange, primarily 

for hygienic reasons, and indoor comfort temperatures (Retail forum for sustainability 2009). Because of 

the big volumes involved, shopping centres are conditioned by means of basic HVAC systems, without 

considering the potential of natural ventilation to guarantee the minimum air change rate required by IAQ 

standards and to reduce cooling demand. The ventilation systems that provide for a continuous inflow of 

fresh air are driven by powerful electric motors. On average, these systems can run for over 2’000 hours 

per year (Retail forum for sustainability 2009). Owing to the store opening times, which vary considerably 

across the European retail sector, the corresponding power consumption shows regional variations. But 

the continued trend towards longer opening hours and increased number of opening days lead us to 

expect that average operating hours will continue to rise across Europe. 

Despite their higher energy consumption, mechanical ventilation systems are preferred to natural 

ventilation strategies because more controllable and reliable, since they are not affected by the 

uncertainty of natural forces. Thereby, within the design process the team never focused neither on 

opening sizing nor on control strategies definition for natural or hybrid ventilative cooling systems. So far, 

shopping centres’ design has included a small proportion of automated windows, sized for smoke 

ventilation only. Depending on the external climate conditions, acceptable levels of thermal comfort and 

indoor air quality can be reached without or with partial use of the mechanical systems, leading also to 

operational and maintenance cost savings. 

According to the British Council of Shopping Centre (BCSC Retail leading property 2014), in the UK 

climate annual electricity usage is known to be up to 50% less where natural ventilation is employed over 

mechanical ventilation depending on the mechanical systems. Furthermore, natural ventilation uses less 

plant space (typically between 2-5% of the floor area) than HVAC (typically between 5-8% of the floor 

area), which can be utilized and improve net to gross ratios. The CIBSE manual (CIBSE 2005) outlines 

benchmark comparison for capital cost savings of the order of 15% for non-air conditioned buildings 

compared to the naturally ventilated. 

The sources of energy savings related to natural ventilation strategies are as follows: 
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 Reduction in the fan power used for mechanical ventilation to drive flow into and out of the building; 

 Reduction of cooling loads due to more relaxed comfort ranges; 

 Reduction of cooling loads due to the increased ventilation rates. 

In the latter case, the scientific community refers to natural and mixed mode ventilation strategies as 

ventilative cooling strategies. 

Ventilative cooling (INIVE-EEIG 2013) can be defined as “the use of natural or mechanical ventilation 

strategies to cool indoor spaces. This effective use of outside air reduces the energy consumption of 

cooling systems while maintaining thermal comfort. The most common technique is the use of increased 

ventilation airflow rates and night ventilation, but other strategies may be considered as well.”  

Several studies (Milbank 1977, Fletcher, Martin 1996, Blondeau, Spérandio et al. 1997, Givoni 1998, 

Geros, Santamouris et al. 1999) have demonstrated the energy savings potential and the higher indoor 

environmental quality of ventilative cooling techniques.  

Beyond the consistent energy savings and the power peak shaving, natural ventilation improves thermal 

comfort sensation because of: 

 Enhanced interaction between the building and the outdoor environment: recent trend in shopping 

centre architecture is the use of semi-outdoor ventilated galleries because customers are looking 

for a more outdoor experience (BCSC Retail leading property 2014); 

 Higher adaptation capability of building occupants: research on thermal comfort demonstrated 

that occupants of naturally ventilated buildings feel comfortable when indoor temperatures closely 

reflect the outdoor climate (De Dear, Brager et al. 1998). Generally building occupants prefer 

natural airflow to air conditioned air; 

 Increased air velocity: thermal comfort ranges during summer can be increase thanks to increases 

air velocity (EN 7730: 2005). 

Apart from costs savings related to lower operation costs, a higher indoor environment quality offers 

opportunity for further profits related to customers (through sales increase, higher dwell time, footfall etc.) 

and workers (through lower retail worker absenteeism, staff turnover, etc.) experience. Tenants lease 

retails and properties in shopping centres in order to attract customers. As described in deliverable D2.3 

(Haase, Stenerud Skeie et al. 2015), a number of factors drive customer satisfaction and choice of 

shopping centre, among which a pleasant atmosphere is included, as well as location and access to free 

parking. An important point, underlined in deliverable D2.2 (Woods, Mellgård et al. 2015), is that 

customers do not look at the energy efficiency of a shopping centre when choosing where to shop. 

Although the amount of research on the relationship between customer experience with the indoor 

environment and sales or dwell time is limited at this time, the World GBC is promoting a Retail Metric 

Framework (WorldGBC 2016) which aims to better inform design decisions by a manageable set of 

metrics. These metrics link environment parameters (indoor air quality, thermal comfort, lighting, 

acoustics) to customers and employees experience and economics for retailers.  
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The present deliverable investigates the retrofit opportunities to exploit ventilative cooling in shopping 

centres taking into account important design constraints, such as building architecture, climate, urban 

context and building energy management procedures. 

Chapter 2 reports on the state-of-the-art of technologies available on the market, as well as the control 

strategies currently used in retail buildings. Chapter 3 investigates about customers thermal responses 

to different indoor environment temperature conditions. Chapter 4 evaluates the integration potential of 

ventilative cooling solutions into architectural archetypes, considering also climate conditions. Specific 

ventilative cooling solutions integrated into façade/roof and daylighting systems have been developed in 

collaboration with other CommONEnergy partners. According to the developed design method, chapters 

5, 6 and 7 describe three ventilative cooling scenario solutions applied on two demo cases: Mercado del 

Val (Valladolid) and CitySyd (Trondheim).  

 

  



 
 
 
 
 

 

 

 

Deliverable D3.3 – Ventilative cooling 

10 

2 Technology state-of-the art 

This chapter gives a whole picture of the state-of-the art of technologies to exploit the ventilative cooling 

potential and the integration opportunities into retail buildings retrofitting. This state-of-the art analysis is 

based on the work done by international experts within the IEA Annex 62 on ventilative cooling 

(Kolokotroni M. 2015) and adapted to shopping centres typical applications. 

2.1 Technical components 

Technical components for ventilative cooling are closely linked to the set of components for natural 

ventilation. They can be structured in: 

 Airflow guiding ventilation components, such as windows, skylights, doors, dampers, flaps 

and louvres; 

 Airflow enhancing ventilation components, such as buoyancy chimneys, solar chimneys, atria, 

wind catchers and wind scoops; 

 Passive cooling elements, such as convective and evaporative cooling components. 

2.1.1 Airflow guiding ventilation components 

Airflow guiding ventilation components are passive air inlets or outlets that allows air flowing in and 

through the building. 

 

Windows, skylights and doors 

The tenant stores are connected to atria and gallery (common areas) by large, open doorways through 

which natural air exchanges occur.  

Often openings are integrated in the skylights in common areas, but they are generally automated and 

controlled for smoke ventilation only. Depending on the refurbishment intervention level, openings can be 

integrated in façades or skylights in a cost-effective way or not. Figure 2-1 shows an example of skylight 

openings to naturally ventilate the Ernst-August Galerie in Hannover. 

A major advantage in comparison with louvres or dampers is their higher ventilation capacity potential 

because of the lower pressure drop. For effective ventilative cooling, especially night flush ventilation, air 

change rates in the range of 5 1/h and higher are necessary. In most cases these high air flows can be 

supplied best via automated windows or façade-integrated flaps.  

Assessment criteria for different window design might be:  

 Ventilation capacity: depending from the effective opening area, the opening type and the 

interrelation between structural opening, throw and effective opening; 

 Controllability: actuators qualities may include bearing capacity, robustness against wind 

pressure, modulation of opening angle and effective opening; 

 Comfort: operability, draught risk and increasingly issues of particles and noise. High level 
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openings under automatic control might be a good solution as regards avoiding draft risk; 

 Security: open windows may cause security problems at ground or first floor levels. Restricting 

the length of throws of stays or actuator arms or locking the opening vents in a secure position 

may be sufficient in many situations; 

 Smoke ventilation: window can be sized to work also for smoke ventilation 

  
Figure 2-1. Skylight window installation at Ernst-August Galerie in Hannover. Source: Window master  

Due to the great turn-out in shopping centres, entrance doors have to be integrated within the ventilation 

concept design. In extreme hot or cold climates, the choice of entrance door type shall be based on a 

trade-off between owner’s expectation to a barrier free entrance for customers and energy consumption 

or cold draught prevention. 

 
 

Figure 2-2. Combined sliding and revolving door installation at Akbati shopping center in Istanbul. Source: Dorma 

Revolving doors and controllable louvers appear the most robust solution to provide a pressure barrier 

between air within the shopping centre and outside air and to mitigate wind pressure (Hamlyn, Armitage 

et al. 2012). Despite the sensible reduction of heat losses, revolving doors may represent a barrier for 

costumers and often shopping centres’ owners choose to install automatic sliding doors. 

Figure 2-2 shows an example of combined sliding and revolving door. The revolving door switches to 

sliding door only during times of high number visitors. 
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Dampers, flaps, louvers 

Motorized dampers (Figure 2-3) are widely used in mechanical ventilation systems to modulate and 

control the volume flow along the duct system. They are usually installed within the air duct and therefore 

need to be sized according to the duct geometry. 

In mechanical applications they are usually effective and reliable. However, when used in natural 

ventilation systems they have a major disadvantage in that they do not shut as tight as most windows, 

which might cause excessive air infiltration together with draught and heat losses problems in winter.  

  
Figure 2-3. Dampers examples. Source: Google image 

Flaps and louvres have a lower aesthetical impact. However, their integration into façade or skylights 

needs to consider the whole building design and therefore it is suited in case of deep retrofitting solutions. 

  
Figure 2-4. Louvres installed on façade (left) and on the glazed dome of Almada forum in Portugal. Source: Colt Group 

The design of the new shopping centre in Almada, Portugal (Figure 2-4) integrates natural smoke 

ventilation, daylighting and ventilative cooling by locating louvres on the façade and the glazed dome. 

Dampers, flaps and louvers need less space for operation compared to openings. Therefore, their 

installation might be useful in some retrofit cases. 

 

2.1.2 Airflow enhancing ventilation components 

Airflow enhancing ventilation components are passive components shaped to exploit the natural forces 

and to enhance natural ventilation. 



 
 
 
 
 

 

 

 

Deliverable D3.3 – Ventilative cooling 

13 

Ventilation chimneys 

Chimneys make use of the hydrostatic buoyancy of air being warmer than its surrounding. Thus, chimneys 

are independent from wind, but rely on height and temperature difference. The latter might possibly be 

forced by solar radiation (solar chimney) and necessarily has to be secured, e.g. by heat insulation.  

Buoyancy driven chimneys only perform in combination with lowest flow resistance ventilation systems. 

Furthermore, they may be combined with wind driven elements such as Venturi shaped capping or may 

be effectively empowered by supportive electric exhaust ventilators. 

Figure 2-5 shows the Eastgate shopping centre in Harare, where chimneys work as passive stack 

elements that drive the warm air out of the building. 

 
Figure 2-5. Passive stack chimneys on the Eastgate center in Harare, Zimbawe. Source: Wikipedia  

Solar Chimneys exploit the effect of solar radiation at the upper part of an exhaust chimney to enforce 

buoyancy. Most of them are tailor made by adding a high capturing surface to the chimney. In cool 

climates the balance between the desirable effect of solar heat gains and the undesirable effect of heat 

losses has to be carefully considered.  

 

Atria 

Because of the big volumes involved, the lack of resistance and the potential for more relaxed ranges of 

interior condition respect to retail stores, atria or in general common areas within the shopping centre can 

work as an exhaust air zone, with air flow driven both by thermal buoyancy and by Venturi effect  

Depending from the climate atria form a temperate buffer climate between inside and outside. If properly 

designed, the risk of overheating within atriums can be easily controlled.  

Figure 2-6 shows the ventilation concept of the Ernst-August galerie in Hannover. The shops are 

maintained at a 10-20% over pressure compared to the gallery. Therefore, the air flows from the shops 

to the central atrium and out through the skylight openings. 

http://www.mickpearce.com/works/office-public-buildings/eastgate-development-harare/
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Figure 2-6. Ventilation concept of the Ernst-August galerie in Hannover. Source: Window Master  

It has to be noted that the system has to be designed carefully and specifically, to ensure balanced airflow 

in every level of the mall. 

 

Wind catchers and wind scoops 

Wind catchers (Figure 2-7) are roof mounted towers designed to exploit the natural effect of the wind to 

bring fresh air into the building and extract stale warm air. Wind blowing into the windward side of a 

ventilation stack increases the inlet amount of air and encourage stale and stagnant air to be extracted 

through the leeward side.  

Wind catchers can be particularly effective to cool shops with high lighting intensity need, since the air 

intake and exhaust are located at ceiling level. 

Opposed blade dampers with the ventilation rate controlled by the BMS system, can precisely control 

airflow through the system dependent in the internal temperature. At night, they can also be programmed 

to open fully proving a downwash of cool air that purge the building. Warm air will rise naturally, so, even 

if there is no wind blowing at night-time, the warm air will always rise up to roof level. In winter the dampers 

can be set to provide trickle ventilation without the problems of cold draughts.  

Wind catchers are generally quadrat shaped and divided into four quarters. Elmualim A. and Awbi A. 

(Elmualim, Awbi 2002) found that the performance of four-sided squared wind catcher is higher than the 

circular one because sharp edges produce a big region of flow separation. Montazeri et al. (Montazeri 

2011) demonstrated that increasing the number of opening in wind catcher decreases the efficiency, but 

also the effect of wind angle.  

The average pressure loss coefficient due to damper and egg crate grill installation is 0.10. For instance, 

at an external wind speed of 3 m/s, the wind induced flow decreases by 71% due to the installation of 

damper and egg crate grill (Elmualim 2006). 

Wind catchers have been installed on the roof of Tesco Express in Hinkley (UK) exploiting wind pressures 

from any direction to drive airflow down into the building (Figure 2-8). 

http://www.windowmaster.com/
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Figure 2-7. Wind catcher working scheme. Source: 
Monodraught 

Figure 2-8. Wind catcher application on Tesco supermarket. 
Source: Monodraught  

Wind scoops are usually designed to rotate into the wind and are particularly effective when supplying 

large open space. The scoop tunnels air inside the building in order to enhance airflow. Generally, the air 

is channelled down and released low in order to allow warmer air to exhaust at a higher elevation. In the 

event of fire, the scoops can be rotated away from the wind and act as wind towers to extract smoke out 

of the building. Wind Scoops can be constructed to serve alternatively both the air supply as well as the 

air exhaust.  

The Bluewater shopping centre in Kent (UK) (Figure 2-9) is an example of application of wind scoops. 

Wind scoops with 2 m height are placed on the roof at 15 m intervals along the central line of the mall. 

Wind scoops are particularly effective when supplying large open spaces because air does not have to 

be supplied adjacent to the occupants.  

 
Figure 2-9. Wind scoops application on Blue Water shopping centre, Kent. Source: google maps 

Unlike exhaust ventilators, wind catchers work also as air intake. Since in most shopping centres the roof 

is used as parking area, the air quality at the air intake level needs to be carefully taken into account. 
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2.1.3 Passive cooling elements 

Passive cooling components are special devices integrated into the HVAC system to exploit the physical 

principles of passive cooling. 

 

Convective cooling components 

Convective components such as box, oscillating or ceiling fans (Figure 2-10) are well known and proven 

for increasing the interior air speed and consequently improve comfort during the cooling season (Zhai, 

Zhang et al. 2015). Installing a ceiling fan is relatively easy and does not need any deep retrofitting action. 

Higher air speeds would allow the shops to be operated at a higher set-point temperature and thus to 

reduce their cooling needs. 

 
Figure 2-10. Ceiling fan. Source: Vortice 

Nevertheless, the design of convective cooling has to carefully balance the cooling effect against the draft 

risk. Adaptive comfort research revealed the effect that the perception of draft is unlikely to occur as long 

people have individual control on ceiling fans operation.  

 

Evaporative cooling components 

Evaporative cooling exploits the adiabatic cooling effect to humidify the air. This can be done directly by 

drawing hot air across wetted media, thereby exchanging energy and reducing the air temperature. The 

warmer and drier the outside air is, the more efficiently evaporative cooling functions. 

Direct evaporative cooling components, commonly called swamp-cooler (Figure 2-11), are wide-spread 

in hot and arid regions, as long as there is sufficient water supply. They are known as robust, cheap and 

effective cooling devices, with the only systematic shortcoming of causing a substantial rise of relative 

humidity. 



 
 
 
 
 

 

 

 

Deliverable D3.3 – Ventilative cooling 

17 

 
Figure 2-11. Coolstream S evaporate cooler. Source: Colt group 

Swamp coolers are offered for many kind of applications up to air-flows of 50.000 m³/h. They are 

particularly suited to large spaces with not strictly humidity controls. 

Beyond swamp coolers there’s a wide field of evaporative cooling appliances integrated in bioclimatic 

landscaping and architecture, both traditional and new, such as fountains, water ponds and plants.  

2.2 Controls 

The technical components which are part of a defined ventilative cooling strategy need to be controlled 

by building automation systems through: 

 Actuators, such as linear push-pull pistons, rack and pinion systems, chain activators; 

 Sensors, such as temperature, CO2, rain, presence, wind, solar radiation sensors; 

 Controllers, which communicate with actuators and provide them instructions from defined 

control strategies depending on measured metrics. 

2.2.1 Actuators 

The core issue regarding actuation in ventilative cooling is opening and closing ventilation elements, such 

as windows, doors, flaps, dampers and louvres. There is an immense variety of actuators available. 

Roughly they may be structured in linear actuators and chain actuators. 

In certain climate conditions, opening angle modulation might be necessary to prevent cold draughts. 

Therefore, actuators can be accessorized by a position feedback in order to provide two-way 

communication with the control panel to enable feedback to the control software on: 

 the exact opening position, for precision of opening position and control, as well as a security 

indicator for open windows; 

 the window status and an early indication of any errors with the actuator operation or the wiring. 

The position feedback control also allows to synchronize more actuators that automate the same window. 
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Linear actuators 

Linear actuators consist of solid tubes prism, with a push rod, driven by a 230 V or 24 V electric motor via 

a spindle. They are robust; allow high opening strokes up to 1000 mm and more and offer significantly 

high forces up to 1000 N each. Linear actuators are commonly used for domes, skylights, outside opening 

top hung windows, smoke exhaust flaps and similar applications.  

Thanks to their strength, they allow higher opening angles compared to chain actuators and are applied 

also in case high effective area is needed. Their limiting factor is their special form, occupying significant 

space in front of the window and causing danger of injury if applied at low opening height. 

Figure 2-12 shows linear actuators applied for top hung openings at the Birmingham University. 

 
Figure 2-12. Linear actuators for top hung outwards 
openings in the Birmingham university. Courtesy of 
SEControls. 

 
 

Chain actuators 

Chain actuators deliver a pushing steel chain instead of the pushing rod, driven by a 230 V or 24 V electric 

motor via a sprocket. Chain activators are commonly used for top hung, side hung or roof vent windows. 

Figure 2-13 shows a chain actuator applied to a top hung window. 

  
Figure 2-13. Chain actuators for top hung windows. Source: Topp  

In comparison to linear actuators, chain actuators offer the big advantage of small dimensions but are 

comparably limited in stroke and force. Typical strokes reach 400 mm, while typical push and pull forces 

reach 300 N. Heavy duty chain actuators are constructed with a double chain for higher stability, offering 

strokes up to 800 mm and forces up to 600 N.  

http://www.topp.it/
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Chain actuators can also be integrated into the windows’ frame minimizing their aesthetical impact. 

2.2.2 Sensors 

Effective ventilative cooling relies on effective control, needing accurate sensors and adequate control 

strategies. Typical phenomena to be measured, amongst others, are temperature, solar radiation, 

humidity, CO2-concentration, air-velocity.  

In general, the sensors must be placed in an area that is representative of the conditioned space or zone. 

The vertical height at which the temperature sensors are placed should be representative of the 

occupants' experience. Therefore, it has to be as closest as possible to the occupied area of the zone. It 

is also important to avoid placing sensors in up- or down-draughts which can occur near heated or cooled 

surfaces. The number of sensors on horizontal plane depends on the thermal zones distribution. 

Challenges regarding sensor-technology are high robustness, cost-effectivity, adequate accuracy 

(especially robustness against long-time drift).  

Table 2-1 and Table 2-2 report the variables to be measured and sensors characteristics, as well as 

sensors’ installation recommendations to control effectively ventilative cooling strategies. 

Table 2-1. Indoor environment parameters to be measured, sensors’ minimum requirements and installation recommendations. 

Table 2-2. Outdoor environment parameters to be measured, sensors’ minimum requirements and installation recommendations. 

Variable 
Measurement 

range 
Accuracy Resolution Note 

Air temperature -30-60°C ± 0.5 °C 0.1°C 
The weather station should be mounted 
easily accessible on the highest point of 
the roof structure. To prevent 
interference with the wind evaluation, do 
not mount the device away from the 
wind. 

Rain detector - - - 

Wind speed  0-60 m/s ±2% @ 12 m/s 0.5 s 

Wind direction 0-359° ±3° @ 12 m/s 1° 

 
  

Variable Instrument 
Measurement 

range 
Accuracy Resolution Installation requirements Source 

Air 

temperature 
RTD 10 - 40°C ± 0.5 °C 0.1°C 

Radiation shielded, secured 

from direct influence of 

internal loads (i.e. luminaries) 

ISO 7726: 

Class C 

(Comfort) 

Mean 

radiant 

temperature 

Globe 

thermometer 
10 - 40°C ± 2 °C 0.1°C 

close to the air temperature 

sensor 

ISO 7726: 

Class C 

(Comfort) 

Carbon 

dioxide 
CO2 sensor 0-4669 ppm ± 62 ppm 1 ppm  

(Fisk W.J., 

LBNL - 

3279E, 2010) 

Air velocity 
hot wire 

anemometer 
0.05 – 10 m/s ± 0.1 m/s 0.1 m/s On openings - 
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3 Indoor Environment Quality evaluation 

Large shopping centres are based on a model of small individual stores connected by open “transitional” 

spaces. These transitional spaces represent a peculiar type of indoor environment that borrow 

characteristics from outdoor spaces and from traditional indoor environments.  

Therefore, common areas are usually deemed to have the potential for more relaxed ranges of interior 

conditions than the retail stores adjacent to them, and regulatory requirements for these two types of 

space can also differ. However, air conditioning systems operate to maintain constant indoor comfort 

conditions leading to high expectations about comfort level among customers. The indoor temperature 

set points are generally independent from the actual outdoor temperature conditions.  

The Fanger model is the thermal comfort model used for most applications but it does not seem to predict 

accurate comfort temperatures for naturally ventilated environments and for transitional spaces as 

shopping centre’s common areas.  

Prior surveys of occupant thermal comfort in transitional spaces (Chun, Kwok et al. 2004, Hwang, Yang 

et al. 2008, Pitts, Saleh et al. 2008), indicate that thermal comfort sensation differs significantly from 

predictions based on the Fanger model. (Pitts, Saleh et al. 2008) observed that occupants of transitional 

spaces react differently to the thermal stimuli than predictions based on the Fanger model. He suggested 

that PMV limits for transitional spaces can be expanded beyond conventional indoor limit of ± 0.5. 

According to the adaptive comfort theory, occupants of naturally ventilated buildings can behaviourally 

and psychologically adapt to the indoor environment based on their past thermal outdoor experiences. 

This theory is based on a statistical analysis of field study data taken in office buildings where occupants 

are mainly sitting doing lighting work activities and can operate windows manually, unlike retail buildings 

occupants who are generally standing and walking and have no control options. The adaptive comfort 

theory has not been validated for retail buildings yet. 

The objective of this part of the study was to assess real costumers’ thermal comfort within transitional 

spaces of shopping centres, with the aim of defining new comfortable temperature ranges that will impact 

on the cooling set point dead band of transitional zone and open possibilities to apply ventilative cooling 

strategies still guarantying costumer expectation and will. We wanted to verify if there was a correlation 

between costumers’ thermal comfort they are experiencing at a certain outdoor-indoor temperature 

difference and the permanence period within the shopping centres. 

3.1 Measurement of indoor environment parameters 

According to Fanger theory, the comfort inside conditioned spaces can be evaluated by means of the 

PMV (Predicted Mean Vote) and PPD (Percentage People Dissatisfied) index, which depend on six 

parameters. These parameters are both objective as air temperature, pressure of water vapour, mean 

radiant air temperature and air velocity, and subjective as the metabolic activity and the level of clothing 

insulation. 

Table 3-1 lists the measured parameters and the characteristics of the sensors used for the measurement 

campaign.  
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Table 3-1. Measured indoor environment parameters and sensors characteristics. 

Parameter Abbreviation 

Sensors 

Typology 
Measuring 

range 
Accuracy 

Air velocity [m/s] Vair 
Omnidirectional 

anemometer (Figure 3-1a) 
0.05 to 5.0 m/s 

0.02 m/s + 1.5% of 

reading 

Indoor air 

temperature [°C] 
Tair 

Radiation shielded 

thermistor (Figure 3-1b) 
-50...+150 °C ±0.2°C (-25..+74.9 °C) 

Operative 

temperature [°C] 
Toperative 

Globe thermometer1 

(Figure 3-1c) 
-50...+150 °C ±0.2 (-25..+74.9 °C) 

Indoor Relative 

Humidity [%] 
RHi Probe (Figure 3-1d) 0-100% ± 2% 

C02 concentration 

[ppm] 
CO2 Probe (Figure 3-1d) 0-4669 ppm ± 106 ppm 

 

   
 

( a ) ( b ) ( c ) ( d ) 

Figure 3-1 Equipment of sensors  for measuring Indoor Environmental parameters: (a) omnidirectional anemometer, (b) radiation 
shielded thermistor, (c) globe thermometer, (d) portable probe for relative humidity and CO2 concentration metering. 

For the scope of the measurement field, a tailor-made mobile cart, called MEMO (Mobile Environmental 

MOnitoring), equipped with the sensors listed in Table 3-1 was developed (Figure 3-2). MEMO can be 

easily moved within the indoor environment and the height of sensors can be modified, resulting in a very 

flexible device applicable to indoor environment quality assessment in different building typologies (e.g. 

schools, offices, shops, etc.). In this case, as shown in Figure 3-2 MEMO is set up to measure all the 

parameters needed to assess global thermal comfort (1.1 m above ground-abdomen level) and also to 

record air velocity and air temperature at the head level (1.6 m above ground) in order to evaluate possible 

local discomfort due to high air velocity or temperature stratification. According to the European standard 

ISO 7726, local comfort should be also evaluated at 0.1 m above the ground (ankles level). Because 

customers are used to walk inside shopping centres, the measurement at that point would be 

meaningless. The accuracy of the sensors used for MEMO accomplishes the European standard ISO 

7726 that described the instruments requirements to measure the physical quantities affecting thermal 

comfort. Figure 3-1 shows detailed pictures of the sensors used for the study. 

                                                        
1 The globe thermometer used has 4 cm diameter, emissivity 0.95, black outside and grey inside according to 
(Simone, Olesen et al. 2013) 
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Figure 3-2. Mobile Environmental Monitoring cart (right) and definition of parameters measured at different level (left). 

Since the scope of the study is to derive a correlation, between costumers’ thermal comfort and the 

different environmental conditions existing inside and outside, we also measure the outdoor temperature 

and relative humidity. For this, we used a micro-electromechanical system (MEMS) integrated portable 

data logger whose characteristics are described in Table 3-2. 

Table 3-2. Measured outdoor environment parameters and MEMS integrated portable data logger characteristics. 

Parameter Abbreviation 

Sensors Picture 

Typology 
Measuring 

range 
Accuracy 

 

Outdoor 

temperature [°C] 
Tout 

MEMS Integrated 

portable data logger 
-30...+70°C ± 0.5°C 

Outdoor Relative 

Humidity [%] 
RH 

MEMS Integrated 

portable data logger 
0-100% ± 2% 

 

3.2 Assessment of costumers’ thermal sensation and preferences 

Costumers´ thermal sensation and expectation were assessed through a questionnaire divided into three 

sections: 

 Section 1: general questions to assess the physiological conditions (age, gender, health 

conditions, if customers had eaten or drunk) as well as the duration of stay in the shopping centre; 

 Section 2: costumers are asked about their acceptability, sensation and preference regarding the 

indoor temperature, the level of thermal comfort gained and a question related to their perception 

of the indoor air quality; 
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 Section 3: clothing selection, helped by the costumers, to characterize the interviewee’s clothing 

level according to the EN ISO 7730 standard. 

In section 2, three different methods are used to assess costumers´ thermal comfort: 

 Thermal comfort method (Figure 3-3a) where interviewee are asked to directly assess their 

thermal comfort on a 6-point scale; 

 Thermal sensation method (Figure 3-3b) where interviewee are asked to identify how they feel 

with respect to the thermal environment on a 7-point scale according to the ASHRAE 55 standard; 

 Thermal preference method (Figure 3-3c) where interviewee are asked to evaluate their thermal 

preference with respect to their actual thermal comfort status on a 3-point scale. 

 

(a) 

 

 

(b) (c) 

Figure 3-3. Methods used for the users´ thermal comfort assessment: Thermal comfort method (a), Neutral sensation method 
(b) and Thermal preference method (c). 

Together with the clothing resistance, the metabolic activity is the other subjective parameter that 

influences thermal sensation. Since it is not possible to assess the metabolic activity for each interviewee, 

we assumed a fix value of 1.6 met for all the subjects that refers to light activity as shopping in the EN 

ISO 7730 standard. 

A full version of the questionnaire is available in Annex I. 

3.3 Measurement campaigns 

Three measurement campaigns were conducted in the three case studies listed in Table 3-3. 

The first measurement campaign was conducted in the Shop Center Valsugana, sited in Pergine 

Valsugana (TN), over four days: 4th, 5th, 6th of April 2016 and 10th of June 2016. The second measurement 

campaign was conducted at the Millennium Center of Rovereto (TN), over two days: 21st and 22nd of June 

2016. The third measurement campaign was conducted in the Katané shopping centre, sited in Gravina 

di Catania (CT), over six days: 13rd, 14th, 15th, 18th, 19th and 20th of July 2016. 
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Over these measurement campaigns, we collected 724 interviews of a statistical significant sample (Table 

3-4). 

Table 3-3. Three case studies used for measurement campaigns. 

 

Table 3-4. Interviewee general information. 
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3.4 Results and discussion 

The graph in Figure 3-4 shows the correlation between the indoor and the outdoor temperature, for each 

interview of the measurement campaign. Outdoor temperature varies between 19°C and 35°C and indoor 

temperature varies between 21°C and 29°C. 

Apart few exceptions, indoor temperatures have in general a constant trend, which is independent from 

outdoor temperature. 

In the Shop Center Valsugana, different indoor air temperatures are likely due to a change of position of 

MEMO system during the measurement campaign. In particular, we moved from ground floor up to first 

floor that has a lower ceiling height than ground floor.  

Compared to the Millennium Center and the Shop Center Valsugana, the Katane’ shopping centre has 

higher indoor air temperatures. This occurred especially on July 14th, when the indoor air temperature 

values ranged between around 26°C and 27°C. A very different profile is observed on July 13th. The 

facility management informed us that there were some issues with the HVAC system on that day.  

 
Figure 3-4. Correlation between indoor and outdoor air temperature for each interview of the measurement campaign. 

The graphs in Figure 3-5 and Figure 3-6 compare the actual thermal comfort resulting from the field study 

interviews analysis with the thermal comfort predicted by the Fanger model. Both results are plotted 

depending on predefined indoor operative temperature ranges. Figure 3-5 reports the actual thermal 

comfort declared by interviewee. In Figure 3-6 the PMV is calculated for the combination of the indoor 

environment data measured by MEMO at each interview time and the value of thermal clothing insulation 

recorded at each interview, assuming a metabolic activity of 1.6 met. 

Most of the interviews (688) were taken at operative temperatures ranging between 24 and 28°C. 

Therefore, the statistical analysis is limited to indoor operative temperatures ranging between 24-28°C. 
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Figure 3-5. Actual thermal comfort votes declared by interviewees (Ni is the number of interviewee). 

 
Figure 3-6. Predicted Mean Vote by the Fanger model at measured indoor conditions.  

The adaptive comfort model reported by ASHRAE standard 55:2010 defines a comfort zone as a range 

of thermal environment conditions to which at least 80% of the occupants are satisfied. Based on a 

statistical analysis on the interviews responses reported in Figure 3-5, we can infer that over 80% of 
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people found the indoor conditions comfortable up to an operative temperature of 28°C. Fanger model 

predictions reported in Figure 3-6 follow a completely different trend instead. According to the Fanger 

model, over 90% of the interviewee would have felt uncomfortable at operative temperatures greater than 

26°C.  

These results further confirm the literature review outcomes, i.e. Fanger model cannot be considered as 

a reliable model for thermal comfort in transitional spaces. 

 
Figure 3-7. Predicted Mean Vote (PMV) and observed mean thermal comfort sensation vote (MTSV) within different operative 
temperature ranges (Ni is the number of interviews). 

The graph in Figure 3-7 compares the Mean Thermal Sensation Votes of the respondents with the Fanger 

Predicted Mean Votes calculated on equal indoor environment conditions. The Fanger model tends to 

overestimate the thermal comfort sensation of the interviewees for operative temperatures higher than 

24°C. The box-plot also highlights how the predicted thermal sensation represented by the average value 

of the PMV and the actual thermal sensation, represented by mean of the Mean Thermal Sensation Vote 

(MTSV) can have up to 0.5-point difference in the thermal sensation scale.  

According to the adaptive comfort theory, thermal sensation is influenced by the past thermal outdoor 

experiences of the subjects and in particular by the outdoor-indoor temperature difference, which is not 

taken into account in the Fanger model. A statistical correlation analysis2 between measured indoor and 

outdoor environmental parameters and the thermal sensation vote declared by the costumers during the 

interviews, confirms that the difference in outdoor-indoor temperature is one of the parameters with high 

degree of correlation.  

                                                        
2 Pearson’s correlation coefficient which was found significant at the 0.05 level (Field, Miles et al. 2012). 
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Figure 3-8. Predicted Mean Vote (PMV) and observed mean thermal comfort sensation vote (MTSV) for the 25-26°C indoor 
operative temperature range (Ni is the number of interviews) at different outdoor-indoor temperatures. 

The graph in Figure 3-8 compares the data shown in Figure 3-7 for the 25-26°C indoor operative 

temperature interval only breaking them down depending on outdoor-indoor temperature differences. By 

narrowing the analysis, we found that the MTSV is almost constant. Being the PMV not dependent from 

outdoor temperature, the PMV trend is even more constant. The PMV variation is only due to the clothing 

level variation since indoor temperature conditions are almost constant (between 25-26°C). As shown in 

Figure 3-8, for positive outdoor-indoor temperature differences it varies only up to 0.25 point on the 

thermal sensation scale. Because of the low number of interviews recorded at negative outdoor-indoor 

temperature differences, a targeted statistical analysis is needed to evaluate possible correlations at 

these conditions. 

We further analyse the collected data in order to investigate the influence of the customers’ permanence 

period within the shopping centre on their thermal sensation. 

A statistical analysis3 over the collected data revealed that costumers’ thermal preference is dependent 

on the permanence period. For indoor operative temperatures within 25-26°C and lower than outdoor 

temperatures, the higher (more than 10 minutes) is the time spent inside the shopping centre, the higher 

is the request for cooler indoor environment. Nevertheless, the percentage of people asking for “no 

change” and “warmer” has the highest frequency as showed in Figure 3-9. 

                                                        
3 Chi-Square test for independence (Field, Miles et al. 2012). 
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Figure 3-9. Thermal preference vote of costumers with a permanence period shorter than 10 min and longer than 10 min for the 
25-26°C indoor operative temperature range (Ni is the number of interviews) at different outdoor-indoor temperatures. 

The analysis of the results lead to the following conclusions: 

 The use of Fanger model to assess thermal comfort in transitional spaces leads to an 

overestimation of discomfort conditions; 

 During the summer period, costumers declare to be in comfort conditions up to measured 

operative temperatures of 28 ºC. This observation has important implications on the control and 

regulation of air conditioning systems during summer period; 

 Positive difference between outdoor and indoor temperature has no meaningful impact on thermal 

comfort sensation vote trend. 

A retrofit package combining measures able to reduce internal and solar gains with measures able to 

effectively reject heat such as ventilative cooling strategies, can potentially allow for higher temperature 

set points leading to significant energy savings. 

So far, the data analysis did not address a clear preference trend of costumers. Deeper statistical analysis 

is needed on data break downs to further investigate the correlation between outdoor temperatures and 

optimal indoor temperature set-point. 
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4 Ventilative cooling technologies integration potential into 

architectural archetypes 

A ventilative cooling strategy involves the whole building envelope as vent and openings can be located 

both on façade and roof to exploit buoyancy due to temperature difference between shops and central 

spaces and along the atrium height. Therefore, the design of a ventilative cooling strategy as retrofit 

solution is strictly dependent on the building shape, the internal distribution of spaces and functions and 

the interaction with outdoor environment, as well as climate conditions. Ventilative cooling should also be 

conceived as an integral part of an overall design strategy including adequate solar protections, intelligent 

use of thermal mass and sometimes support of active cooling which can help improve thermal comfort. 

We investigated the retrofit opportunities to exploit ventilative cooling in shopping centres’ common areas 

(shop galleries and atria) in terms of external climate conditions and architectural features. As case 

studies we referred to the eleven reference buildings identified within WP2 as representative of the whole 

European retail building stock (Bointner, Toleikyte 2014).  

We first analysed the design concept of the reference buildings in order to identify the most relevant 

architectural features that influence the choice of a ventilative cooling strategy. Second, we assessed the 

potential of ventilative cooling by taking into account also building envelope thermal properties, internal 

gains and ventilation needs. Combining this two analysis, we were able to identify the most convenient 

ventilative cooling strategy for each of the eleven reference buildings.  

4.1 Reference buildings analysis 

Table 4-1 collects the reference buildings showing the shopping centre typology according to the 

classification reported in deliverable 2.1 (Bointner, Toleikyte 2014), the climate classification according to 

the IEA Task 40 definition (Cory, Lenoir et al. 2011), the building plan and design provided by the building 

owners. Further information on reference buildings will be included in the Integrated Design Process 

library (Rozanska, Lam - Nang et al. in progress). 

The shopping centres’ size ranges from 4000 to 140000 m². Generally, large shopping centres are located 

in suburban region, serve a regional or super-regional area and have low connections with the outdoor 

environment (i.e. small proportion of glazed surfaces, independent walkways). Small shopping centres 

can be either located in neighbourhood centres or in city centres and usually they are better integrated 

and connected to the urban fabric and environment (i.e. large proportion of glazed surfaces, walkways 

connected to the outdoor street). 

Three of the reference buildings (CitySyd, Studlendas, Pamarys) are located in heating dominated 

climates, three of them (Katane’, Coop Valbisagno, Coop Canaletto) are located in cooling dominated 

climates and the others (Mercado del Val, Brent Cross, Donauzentrum, Waasland, Grand Bazaar) are 

located in mixed dominated climates. 
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Table 4-1. Reference buildings features. 

*Climate: HD = heating dominated, CD = cooling dominated, H&CD = mixed dominated 

ID Reference 

building 

Location Shopping 

center size 

Shopping center 

sub-typology 

Climate* Building plan Design Number 

of levels 

Parking 

location 

CS City Syd Trondheim 

(NO), 

suburban 

Medium regional HD 

 

enclosed 2 external area 

ME Mercado 

del Val 

Valladolid 

(ES), urban 

Small specialty H&CD 

 

enclosed 2 underground 

GE Coop 

Valbisagno 

Genoa (IT), 

urban 

Medium neighborhood/ 

community 

CD 

 

enclosed 1 ground and 

roof level 



 
 
 
 
 

 

 
 

 

Deliverable D3.3 – Ventilative cooling 

32 

ID Reference 

building 

Location Shopping 

center size 

Shopping center 

sub-typology 

Climate* Building plan Design Number 

of levels 

Parking 

location 

KA Katané Catania 

(IT), 

suburban 

Very large super-regional CD 

 

enclosed 2 external 

multistorey 

carpark 

DO Donau 

Zentrum 

Wien (AT), 

urban 

Medium regional H&CD 

 

enclosed 2 ground and 

roof level 
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ID Reference 

building 

Location Shopping 

center size 

Shopping center 

sub-typology 

Climate* Building plan Design Number 

of levels 

Parking 

location 

BC Brent Cross London 

(UK), 

suburban 

Very large super-regional H&CD  

 

enclosed 2 external 

multistorey 

carpark 

PA Pamarys Silute (LT), 

suburban 

Small neighborhood/ 

community 

HD 

 

enclosed 1 external area 
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ID Reference 

building 

Location Shopping 

center size 

Shopping center 

sub-typology 

Climate* Building plan Design Number 

of levels 

Parking 

location 

ST Studlendas Klaipeda 

(LT), urban 

Small neighborhood/ 

community 

HD  

 

enclosed 2 external area 

WA Waasland Sint 

Niklaas 

(BE), 

suburban 

Large regional H&CD 

 

multilevel 4+ roof 
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ID Reference 

building 

Location Shopping 

center size 

Shopping center 

sub-typology 

Climate* Building plan Design Number 

of levels 

Parking 

location 

GB Grand 

Bazaar 

Antwerp 

(BE), 

suburban 

Small regional H&CD 

 

 

 

enclosed 2 external 

multistorey 

carpark 

MO Coop 

Canaletto 

Modena 

(IT), 

suburban 

small neighborhood/c

ommunity 

CD 

 

Semi-

enclosed 

1 External area 
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4.1.1 Design concept 

Typically, shopping centres form a complex of shops with interconnecting walkways that enable 

customers to walk from a shop unit to another. Depending on walkways design and building shape, 

shopping centres can be classified as: 

 enclosed: stores and businesses face a system of enclosed, air-conditioned walkways for 

pedestrians; 

 semi-enclosed: stores and businesses face a system of roofed, not air-conditioned walkways for 

pedestrians; 

 open: stores and businesses face a system of outdoor walkways for pedestrians. 

Several aspects shall influence the choice of a ventilative cooling strategy, namely: 

 interconnected (at multi or single level) galleries and atria; 

 existing windows and skylights; 

 parking area location. 

Because the shops are facing the walkways, the natural light is obtained mainly through skylights or 

windows in the inner squares or through changes in volumes / interior heights. The façade and skylights 

located in the common areas ease the integration of airflow guiding or forcing components for natural or 

hybrid ventilation. Usually existing windows and skylights are already equipped with motorized openings, 

connected to the fire systems. However, the ventilative cooling potential of existing openings is not 

exploited because of the lack of control strategies and reliable system performance predictions. 

The proportion of glazed surfaces can vary considerably depending on typology, size and location of the 

shopping centre. Generally, the larger is the shopping centre, the smaller is the proportion of glazed 

surfaces. 

The presence of openings or glazed surfaces in galleries and atria determines the possibility to apply 

ventilative cooling strategies to common areas. The number of interconnected levels determines the entity 

of buoyancy effects due to temperature stratification along the building height. Only the shopping centres 

serving neighbourhoods are located on a single level. The rest of the reference buildings have at least 

two levels. 

As described in previous works (Haase, Stenerud Skeie et al. 2015), among the factors that drive 

customer satisfaction and choice of shopping centre the access to free parking is one of the most rated. 

The parking area location determines the intake opening location. In order to maintain an acceptable 

indoor air quality, the air intake shall not be located close to potential outdoor contaminant sources. 

Usually, due to space availability shopping centres located in urban spaces have parking area on the roof 

preventing the installation of air intake in that area. However, roof parking area can be suitable for exhaust 

air. 

A common issue on natural ventilation in shopping centres is the presence of cold draughts around 

entranceways in the winter period, often due to wind tunnelling between openings in different parts of the 
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building (Carrilho da Graça, Martins et al. 2012). Wind tunnelling can be prevented by choosing proper 

door types and by avoiding opposite entrances in prevailing wind directions. 

4.1.2 HVAC system 

Typically, the store air conditioning systems have been shown to either use large all-air HVAC systems 

that handle both the individual stores and the retail units commonly, or have separate individual systems 

for each of the retail units. In the first case, the owner generally requires that the individual tenant stores 

connect to a central plant system and includes charges for heating and cooling in the rent. In the second 

case, the owner requires that tenant stores install unitary system of similar design. Single level centres 

usually use unitary systems for common areas and shops air conditioning (i.e. Katane’, Coop Valbisagno); 

multilevel and larger centres usually use central plant systems (i.e. Donauzentrum, CitySyd). 

Depending on the store, the air distribution system is designed to maintain a positive or negative pressure 

relative to the mall to control odor. 

A very common type of air conditioning system for a shopping centre is a gas boiler for heating and a 

refrigeration system based on air-cooled chillers; air handling is obtained by AHU, while in smaller areas 

of the building (i.e. offices, small shops etc.) are also installed fan-coils.  

In more recent installations, air is heated or cooled by means of a heat pump, instead of chiller and boiler. 

Alternatively, big and medium areas can be conditioned by rooftop units and smaller areas by direct 

expansion systems (split, multi-split, VRV system). 

Within the WP2 (Haase, Woods et al. 2015), CommONEnergy partners defined a list of system 

inefficiencies in shopping centres, meaning improper design, operation and maintenance of the various 

technical arrangement of the building. Descending Retrofitting Drivers (RD) were then defined to assess 

energy saving potential, addressing key components and technologies that can be implemented in 

existing architecture systems and ignoring ineffective strategies. 

Results were merged with previous reports on HVAC system deficit in retail shop and commercial building 

to find some typical issues, retrieved below: 

 Wrong HVAC units usually oversized and with no maintenance costs and noise level provided; 

 No outdoor air economizer built in air handling units to provide free cooling and ventilation; 

 Simple thermostats with manual control can be regulated to very high or low set-points by staff; 

 No schedule to shut down HVAC system or reduce its load when the stores are closed; 

 Constant air volume (CAV) systems cannot adjust air changes to different operating time of the 

day; 

 Lack of bioclimatic solution to extend comfort band and minimize load exploiting natural sources. 

Regarding air conditioning and ventilation, specific inefficiencies regard mainly energy losses in 

ventilation, absence of free cooling strategies and unmodulated airflow for different periods of the day 

which lead to energy losses for higher than necessary air distribution rates and consequently demand for 

cooling or heating. Because of the big volumes, shopping centres are conditioned by means of basic 
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HVAC equipment, without considering the potential of natural ventilation to guarantee the minimum air 

change rate required for indoor air quality or day-time and night-time ventilative cooling to reduce the 

cooling consumption of these buildings. 

As above-mentioned, the tenant stores are often conditioned and ventilated separately from the common 

areas, yet are connected to them by large, open doorways through which natural air exchanges occur.  

4.2 Climate potential analysis 

To evaluate the ventilative cooling potential of each climate location we used the ventilative cooling 

potential tool (Belleri, Psomas et al. 2015) that is under development within the IEA EBC Annex 62 

research project (INIVE-EEIG 2013). 

The ventilative cooling calculation method assumes that the heating balance point temperature (𝑇𝑜−ℎ𝑏𝑝) 

establishes the outdoor air temperature below which heating must be provided to maintain indoor air 

temperatures at a defined internal heating set point temperature (𝑇𝑖−ℎ𝑠𝑝). 

Therefore, when outdoor dry bulb temperature (𝑇𝑜−𝑑𝑏) exceeds the heating balance point temperature, 

direct ventilation is considered useful to maintain indoor conditions within the comfort zone. At or below 

the heating balance point temperature, ventilative cooling is no longer useful but heat recovery ventilation 

should be used to meet minimum air change rates for indoor air quality control and reduce heat losses. 

The heating balance point temperature (𝑇𝑜−ℎ𝑏𝑝) can be calculated using Equation (1).  

𝑇𝑜−ℎ𝑏𝑝 = 𝑇𝑖−ℎ𝑠𝑝 −
𝑞𝑖

�̇�𝑚𝑖𝑛𝑐𝑃 + ∑ 𝑈𝐴
 

(1) 

where: 

𝑇𝑜−ℎ𝑏𝑝 = heating balance point temperature [°C] 

𝑇𝑖−ℎ𝑠𝑝 = heating set point temperature [°C] 

𝑞𝑖 = total internal gains [W/m²] 

𝑐𝑝 = air capacity [J/kg-K] 

�̇�𝑚𝑖𝑛 = minimum required mass flow rate [kg/s] 

∑ 𝑈𝐴 = envelope heat exchange [W/K] 

𝑈 = average U-value of the envelope [W/m²K] 

 

The minimum required ventilation rate refers to indoor air quality standards minimum requirements, i.e. 

EN 15251:2007. 

The equation derives from the energy balance of a well-mixed single-zone and relies on the assumption 

that the accumulation term of the energy balance can be negligible. It is a reasonable assumption if either 

the thermal mass of the zone is negligibly small or the indoor temperature is regulated to be relatively 

constant. Under these conditions, the energy balance of the zone is steady state and may provide an 

approximate mean to characterize the ventilative cooling potential of a climate. 

The comfort zone is determined according to the adaptive thermal comfort model proposed in the EN 

15251:2007 standard.  

The tool requires basic information about a typical room of the building, the building use and the climate. 
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The user should input an hourly climatic data series for the whole year. Within this analysis, in order to 

provide for a proper comparison of the ventilative cooling potential of the eleven reference buildings, we 

referred to the same reference zone that is assumed to be representative for a typical atrium or a gallery. 

Table 4-2 reports the reference zone features. 

Table 4-2. Reference zone features. 

Height Length Width 
Floor 

Area 

Envelope 

Area 

Fenestration 

Area 

Opening 

time 

Heating set-point 

temperature 

[m] [m] [m] [m²] [m²] [m²]  [°C] 

5.1 50 10 500 1112 111 9:00-21:00 16°C 

We assumed the opening time of the centre is 09:00-21:00 (11 hours per day) and set the heating set 

point temperature at 16°C as recommended by the standard EN 15251: 2007 for building Category II 

(new buildings and renovation). 

Annual record of climatic data referred to the reference buildings’ locations are derived from the historical 

data series (2000-2009) of the Meteonorm database (Meteotest ). Figure 4-1 shows, for the eleven 

reference climates the monthly average diurnal temperature swing and the solar radiation annual trend. 

 
Figure 4-1. Monthly average diurnal temperature swing (dots) and solar radiation (dotted line) of the eleven reference cases 
locations. 

Approaching a shopping centre retrofit, the most effective and easy-fit retrofit solution is the installation 

of energy efficient lighting system (Haase, Woods et al. 2015).Taking this into consideration we defined 

a parametric analysis by varying the internal lighting power density input and then evaluating the 

ventilative cooling potential. In this way we can evaluate possible synergies and restrictions in the 

application of retrofit solutions that consider simultaneously lighting, ventilation and cooling retrofit. The 

three considered lighting power levels are: 
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 lighting power density of 50 W/m², representing the state-of-the art of lighting installation according 

to a local retail building design firm (Paul Littlefair, Ticleanu 2011); 

 lighting power density of 30 W/m², representing the lighting installation in shopping centre build in 

the last 10 years according to the partner INRES, a design company of shopping centres;  

 lighting power density of 10 W/m², representing the expected level after retrofit (Haase, Woods et 

al. 2015). 

General electric equipment power density (10 W/m²) and internal loads due to occupancy (7 W/m²) are 

considered the same in all cases.  

For each hour of the annual climatic record of the given location, an algorithm splits the total number of 

hours when the building is occupied into the following groups: 

 Ventilative Cooling mode [0]: ventilative cooling is not required when the outdoor temperature 

is below the heating balance point temperature; no ventilative cooling can be used since heating 

is needed;  

If 𝑇𝑜−𝑑𝑏 < 𝑇𝑜−ℎ𝑏𝑝 then �̇� = 0 

 Ventilative Cooling mode [1]: Direct ventilative cooling with airflow rate maintained at the 

minimum required for indoor air quality when the outdoor temperature exceeds the balance point 

temperature, yet falls below the lower temperature limit of the comfort zone; 

If 𝑇𝑜−ℎ𝑏𝑝 ≤ 𝑇𝑜−𝑑𝑏 < 𝑇𝑜−ℎ𝑏𝑝 + (𝑇𝑖−𝑚𝑎𝑥 − 𝑇𝑖−𝑚𝑖𝑛) then �̇� =  �̇�𝑚𝑖𝑛 

 Ventilative Cooling mode [2]: Direct ventilative cooling with increased airflow rate when the 

outdoor temperature is within the range of comfort zone temperatures.  

If 𝑇𝑜−ℎ𝑏𝑝 + (𝑇𝑖−𝑚𝑎𝑥 − 𝑇𝑖−𝑚𝑖𝑛) ≤ 𝑇𝑜−𝑑𝑏 ≤ 𝑇𝑖−𝑚𝑎𝑥 − ∆𝑇𝑐𝑟𝑖𝑡 then �̇� =  �̇�𝑐𝑜𝑜𝑙 

The airflow rate required to maintain the indoor air temperature within the comfort zone temperature 

ranges is computed as in Equation (2) . A ∆𝑇𝑐𝑟𝑖𝑡 of 3 K is introduced in order to prevent unrealistic airflow 

rates; 

�̇�𝑐𝑜𝑜𝑙 =
𝑞𝑖

𝑐𝑝(𝑇𝑖−𝑚𝑎𝑥 − 𝑇𝑜−𝑑𝑏)
 

(2) 

 Ventilative Cooling mode [3]: Direct ventilative cooling is not useful when the outdoor 

temperature exceeds the upper temperature limit of the comfort zone; 

If 𝑇𝑜−𝑑𝑏 > 𝑇𝑖−𝑚𝑎𝑥 − ∆𝑇𝑐𝑟𝑖𝑡 then �̇� = 0 

If direct ventilative cooling is not useful for more than an hour during the occupied time, the night-

time cooling potential over the following night is evaluated as the internal gains that may be offset 

for a nominal unit night-time air change rate (Equation(3)). 

𝑁𝐶𝑃 =
𝐻𝜌𝑐𝑃(𝑇𝑖−𝑚𝑎𝑥 − 𝑇𝑜−𝑑𝑏)

3600
 

(3) 



 
 
 
 
 

 

 
 

 

Deliverable D3.3 – Ventilative cooling 

41 

where  

𝑁𝐶𝑃 = night-time cooling potential [W/m²-ach] 

𝐻 = floor height [m] 

𝜌 = air density [kg/m³] 

 

The graph in Figure 4-2 reports the percentage of occupied time within a year when the algorithm predicts 

each ventilative cooling mode. Each row refers to a reference building at three specific lighting gain level 

(qi = 10 ÷ 30 ÷ 50 W/m²). 

In case of high internal gains direct ventilative cooling strategy can potentially assure thermal comfort for 

more than 95% of the hours within a year in Trondheim and for more than 80% in Valladolid. 

Figure 4-2 shows that, for lower internal gains and for eight climates over eleven, ventilative cooling 

should be maintained at minimum ventilation rate and heat recovery system might be required in both 

cases, for 60 % of the time during a year. The climates of Modena, Catania and Genoa are the ones with 

the highest percentage of direct ventilative cooling with increased airflow rate potential use (ventilative 

cooling mode [2]). Direct ventilative cooling with minimum airflow rates is not effective for over 30% of the 

hours in Genoa and due to the low night cooling potential during the summer high air change rates would 

be needed. Therefore, hybrid ventilation should be considered. 

In the Valladolid climate, both direct and night-time ventilative cooling can be exploited due to the low 

external temperatures.  

The tool also estimates the airflow rates required to maintain comfort condition when ventilative cooling 

mode [2] occurs and the number of hours when night ventilative cooling can be activated. Table 4-3 

shows the average airflow rates while Table 4-4 shows the percentage of hours during the night when 

night cooling can be activated. Mean ventilation rates needed for direct ventilative cooling (ventilative 

cooling mode [2]) and their standard deviation are also illustrated in the bubble graph in Figure 4-3. With 

higher lighting gains the range of airflow rates needed among the year is quite wide (light orange bubble), 

while with low lighting gain (10 W/m2) the size of the bubble decrease suggesting a less variation in the 

air change required during the year. 

Among all the climates, Catania and Modena are the hottest ones and therefore require more night 

ventilation activation (see Table 4-4) at every lighting level. 
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Figure 4-2. Percentage of hours within a year when direct ventilative cooling is required, useful or not useful in the three demo 
case climates considering different values of internal gains. 
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Table 4-3. Average airflows needed in ventilative cooling mode [2]. 

 CS ME GE KA MO DO BC PA ST WS GB 

qi [W/m²] 
Trondhei

m 

Valladoli

d 
Genoa Catania Modena Wien London Silute Klaipeda 

Sint-

Niklaas 
Antwerp 

50 
4.2 

±1.9 

6.9  

±2.9 

6.0  

± 3.3 

6.8 

± 3.4 

6.5 

± 3.1 

6.3  

± 3.2 

5.6  

± 2.9 

3.8  

± 2.1 

6.6  

± 2.9 

6.4 

±2.8 

3.7 

±2 

30 
2.6  

±1.4 

4.5 

±2.0 

4.9 

±2.5 

5.6  

± 2.5 

5.0  

± 2.2 

4.6  

± 2.3 

4.8 

 ± 1.9 

3.1  

± 1.4 

4.3  

± 1.9 

4.6  

± 1.7 

2.9 

± 1.4 

10 
2.2 

±0.9 

3.6 

±1.2 

3.3 

± .3 

3.1 

± 1.5 

3.9 

± 1.6 

3.1  

± 1.3 

2.2 

±1 

1.7  

± 0.9 

3 

±1 

2.8 

± 0.9 

2.1 

±1 

Table 4-4. Percentage of closing time (night hours) when ventilative cooling is activated. 

 CS ME GE KA MO DO BC PA ST WS GB 

qi [W/m²] 
Trondhei

m 

Valladoli

d 
Genoa Catania Modena Wien London Silute Klaipeda 

Sint-

Niklaas 
Antwerp 

50 1% 14% 11% 27% 25% 13% 5% 2% 3% 6% 4% 

30 1% 12% 11% 27% 23% 13% 5% 2% 3% 5% 4% 

10 1% 10% 11% 26% 22% 13% 4% 2% 3% 4% 2% 

 
Figure 4-3. Mean ventilation rates needed to maintain thermal comfort during the period when direct ventilative cooling with 
increased ventilation rates (VC mode [2]) may be applied. The centre of each bubble and the bubble size represent the average 
and the standard deviation respectively of the ventilation rate required to maintain the indoor temperature within the comfort 
zone.  

4.3 Ventilation strategy 

Based on the ventilative cooling potential analysis, we developed a decision making process to choose 

the optimal ventilation strategy for a shopping centre in a given climate location and with defined lighting 

power density.  

The followings ventilative cooling strategies are particularly suitable to shopping centres retrofitting: 

 Hybrid ventilation of the common areas where enhanced displacement ventilation activates free 

cooling: minimum required ventilation rate to maintain an acceptable indoor air quality are 



 
 
 
 
 

 

 
 

 

Deliverable D3.3 – Ventilative cooling 

44 

provided by the mechanical ventilation system while application of free cooling by natural 

displacement ventilation maintains the zone within an appropriate temperature range; 

 Natural ventilation to free-cool common areas where temperature and humidity floats without 

limits: minimum required ventilation rate to maintain an acceptable indoor air quality is provided 

by the mechanical system until outdoor conditions allows natural displacement ventilation. 

Assuming that 25% of the glazed surface is openable for natural ventilation purposes and keeping air 

velocity of inlet airflow lower than 0.2 m/s, we derive the threshold average airflows value of 4.5 ach with 

a maximum of 2.5 ach of standard deviation. According to the standard EN 15251, air velocities lower 

than 0.2 m/s would not influence the thermal comfort sensation. 

Based on these assumptions, we defined the feasibility of four possible ventilative cooling controls: 

 Daytime natural ventilative cooling consists in circulating outdoor air through windows and 

openings during opening hours. It is assumed to be effective when the average value of the 

required to maintain the indoor air temperature within the comfort zone temperature ranges (VC 

mode [2]) are lower than the threshold value of 4.5 ach with a standard deviation lower than 2.5 

1/hr; 

 Daytime hybrid ventilative cooling consists in circulating outdoor air through windows and 

opening until the average value of the air flows required to maintain the indoor air temperature 

within the comfort zone temperature ranges (VC mode [2]) is lower than the threshold value of 4.5 

ach with a standard deviation lower than 2.5 ach. When the airflows exceed the threshold value, 

the ventilation is switched to fully mechanical (openings/vents are closed) providing the minimum 

airflow rates and the mechanical cooling system operates to maintain the temperature into comfort 

ranges; 

 Daytime and night-time natural ventilative cooling consists in circulation of outdoor air through 

windows and openings during day-time and night-time. It is assumed to be effective when the 

conditions for daytime natural ventilative cooling are satisfied and also the percentage of hours 

when night ventilative cooling can be activated is higher than 5%; 

 Daytime and night-time hybrid ventilative cooling when the condition for the hybrid ventilative 

cooling are satisfied and also the night ventilative cooling activation percentage of hours is higher 

than 5%. Also in this case, night ventilative cooling is meant as driven by natural forces. 

All the strategies can be applied also during night depending on the cooling potential of the site and other 

constraints related to security or safety issues. Night ventilation is particularly suitable when for air quality 

reason it is not possible to use outdoor air without filtering it (e.g. urban location with high traffics level 

during the day).  

Figure 4-4 shows the decision flow chart with two-option questions to assess the most effective ventilative 

cooling strategy according to the climate potential.  



 
 
 
 
 

 

 
 

 

Deliverable D3.3 – Ventilative cooling 

45 

The first question regards the level of internal lighting gains, which determined whether natural ventilation 

is enough to offset internal gains. High lighting gain correspond to a lighting power density of 50 W/m2 

while low lighting gain refers to a lighting power density of 10 W/m2.  

The second question is about the average required number of air change rates to maintain the indoor air 

temperature within the comfort zone temperature ranges (VC mode [2]) which determines whether cold 

draught risk might occur using natural ventilation.  

The last question is about number of hours when night-time ventilative cooling needs to be activated, 

which determines night cooling feasibility.  

 
Figure 4-4. Ventilative cooling control decision chart according to climatic potential. 

Considering shopping centers’ features, we identify feasible natural or hybrid ventilative cooling strategies 

among the followings: 

 Wind-induced ventilation uses the wind pressure to force air through the building. Examples of 

technologies that use this effect are wind scoops, wind catchers and Venturi ventilators; 

 Buoyancy-driven ventilation is where air is driven through the building by vertical pressure 

differences developed by thermal buoyancy; 

 Wind-driven ventilation exploits the pressure distribution generated by the wind on the building 

envelope to drive air through the building (i.e. vents and openings located on opposite sides of 

the building); 

 Fan assisted ventilation relies on mechanical systems (i.e. fan) to enhance wind and/or buoyancy 

effects. 
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Figure 4-5 shows several paths aimed at identifying the most suitable ventilative cooling system according 

to the architectural features of the shopping center. The path chart looks at three main architectural 

aspects: 

 the number of levels of the shopping centre; 

 the parking location; 

 the location of existing openings, if any. 

 
Figure 4-5.Path chart to identify the most suitable ventilative cooling system according to architectural features. 

The number of levels of the shopping centre determines whether it is possible to exploit the buoyancy 

effect. The parking location determines whether air inlet can be located at roof level as parking influences 

the air quality. Existing openings can be integrated into the whole ventilative cooling strategy. If existing 

openings are located or can be integrated in the skylight of atria or shop galleries, the ventilation strategy 

can be buoyancy driven exploiting multilevel atria and galleries. While stack ventilation is suggested for 

multilevel atria or galleries, wind catcher and wind scoops are suggested for single level shopping centres. 

When the architectural features of the shopping centre make not feasible the use of stack ventilation, 

wind-driven ventilative solutions can be suggested (i.e. wind catchers, wind scoops). 

If no skylight windows are available or cannot be integrated, the ventilation strategy needs to be focused 

on wind driven or wind induces strategies. 
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4.4 Constraints 

Existing natural ventilation design guides (Allard, Santamouris 1998, CIBSE 2005, Etheridge 2012) 

address important design constraints, which can be summarized as building regulations and standards 

and local outdoor environment. In case of shopping centres, aspects related to tenants’ needs should be 

also taken into account. 

4.4.1 Building regulations and standards 

Building regulations and standards are often prescriptive, in the sense that they specify the minimum 

ventilation rate or the minimum opening area. At present, ventilation standards and guidelines define 

ventilation rates in non-industrial buildings to meet indoor air quality and comfort requirements of building 

occupants. 

The required minimum air change rates according to EN 15251 standard (Table B.2) for an equivalent 

mechanically ventilated department store are reported in Table 4-5. Table 4-6 reports the recommended 

design values for indoor temperatures of department stores. Acceptable indoor temperature for summer 

and winter are estimated according to the standard EN ISO 7730 assuming an activity level of 1.6 met. 

Chapter 3 of the present documents studied the issues related to Indoor Environment Quality evaluation 

in common areas of shopping centres. 

Table 4-5. Examples of recommended ventilation rates for department stores with default occupant density (7m²/pers) for three 
categories of pollution from building itself. 

Category 
Very low polluting building 

[l/s,m²] 

Low polluting building 

[l/s,m²] 

Non low polluting building 

[l/s,m²] 

I (PPD < 15%) 3.1 4.1 5.1 

II (PPD < 20%) 2.2 2.9 3.6 

III(PPD < 30%) 1.3 1.7 2.1 

Table 4-6. Recommended design values of the indoor temperature for department store design and HVAC systems. 

Category 
Operative temperature [°C] 

Heating (winter) ~ 1 clo Cooling (summer) ~ 0.5 clo 

I (PPD < 6% and PMV < ± 0.2) 17.5 24 

II (PPD < 10% and PMV < ± 0.5) 16 25 

III (PPD < 10% and PMV < ± 0.5) 15 26 

 

Interactions with fire safety regulation have to be considered. In general, the pressure differences in the 

building should be arranged so that spreading of smoke gases is not increased and the escape routes 

stay clean of smoke gases. 

National regulations requirements for energy efficiency air tightness may also interfere with the chosen 

strategy.  

4.4.2 Local outdoor environment 

Aside the outdoor climate conditions, outdoor air quality issues and noise levels influence the design of 

natural ventilation systems. Ventilation systems cannot rely upon low-level inlets since the outdoor air at 
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street levels may be contaminated and inlets will be shielded from winds. Often, shopping centres have 

parking area on the roof threatening the inlet air quality if air intakes are located at roof level. 

Maintenance implication of unfiltered outdoor air over traditional shopping centres air handling systems 

have to be considered as well as weathering, rain penetration etc.  

Furthermore, the use of natural ventilation in the urban environment should take into account the effect 

of surroundings on wind velocity and direction but also on outdoor temperatures (heat island effect, wind 

tunnelling).  

A common issue on natural ventilation in shopping centres is the presence of cold draughts around 

entranceways in the winter period, often due to wind tunnelling between openings in different parts of the 

building. To solve this, the following measures can be taken: 

 Utilize the most effective door type at entrances, particularly secondary entrances (typically 

located to the side of main retail routes);  

 Avoid creating wind tunnels with opposing entrances in prevailing wind directions. 

4.4.3 Customer satisfaction  

Tenants lease retails and properties in shopping centres in order to attract customers. As described in 

deliverable D2.3 (Haase, Stenerud Skeie et al. 2015), a number of factors drive customer satisfaction 

and choice of shopping centre, among which a pleasant atmosphere is included, as well as location and 

access to free parking. An important point, underlined in deliverable D2.2 (Woods, Mellgård et al. 2015), 

is that customers do not look at the energy efficiency of a shopping centre when choosing where to shop. 

Therefore, shopping centres are generally high controlled indoor environments that rely on HVAC 

systems to provide a comfortable environment to customers. Tenants would hardly accept a naturally 

ventilated space without a significant evidence of the natural ventilation performance and effects on 

indoor environment (and then on customers’ experience). 

Further constraints might be related to the goods sold in the shops. For instance, food stores need to 

control and filter fresh air to avoid fresh food contamination. It is also necessary to integrate the ventilation 

system itself into the overall design of the building, especially in relation to airtightness, space partitioning, 

accessibility and HVAC system layout. 

4.5 Design procedure 

Naturally ventilated buildings require a specific design service dealing with building shape, internal layout 

distribution and airflow paths along the building. Therefore, natural ventilation design shall be ideally part 

of the Integrated Design Process (IDP) since the early design stages.  

Since shopping centres are mostly object of partial retrofitting actions, building shape cannot be modified 

and internal layout can be only partially modified. However, as above mentioned, typical architectural 

archetypes of shopping centres revealed to be suitable for the integration of natural ventilation strategies. 

Before starting the design, a climate suitability evaluation shall be performed taking into account macro 

and micro climate conditions and the main constraints given by the existing building features and the 

owner requirements. The climate potential analysis presented in chapter 4.2 allows to evaluate the 
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climate suitability and the effectiveness of the application of a ventilative cooling strategy. Further 

constraints related to the climate, i.e. cold draughts danger, can derive from the analysis. 

Based on climate analysis, the most suitable ventilation strategy can be assigned by identifying possible 

airflow paths and the air intake and exhaust locations. It is necessary to integrate the natural ventilation 

in the overall building design, especially in relation to area partitioning (shops, common areas, areas 

closed to visitors), air tightness, building geometry, HVAC system and envelope porosity.  

Designers are faced with many and sometimes conflicting requirements by designing natural ventilation, 

related to:  

 urban regulation (historical, landscape...) 

 noise and pollution 

 indoor comfort need 

 responsibility on actual building indoor air quality 

 aesthetic appearance  

 building standard and regulations (acoustic, fire, zoning...) 

 safety 

 operative and maintenance costs 

 need to maintain building in operation during the retrofitting 

Those constraints are related to the design complexity and can be easily identified through an integrated 

design process by discussing with design team, building owner, energy manager and other actors directly 

involved in the building design. 

The scheme in Figure 4-6 represents the design process adopted to define ventilative cooling solution for 

the three demo cases. 

Considering that indoor areas of a shopping centre highly interacts among each other, a multizone based 

analysis of airflows is needed to evaluate the ventilative cooling strategy effectiveness and to assess 

potential energy savings. The building energy simulation model we developed within the Integrative 

Modelling Environment (Dipasquale, Belleri et al. 2016) can be coupled to an airflow network model. 

Airflow network models allow to solve airflows throughout a building by setting a network of “nodes” 

(thermal zones) and “resistances” (linkages). Each airflow path is mathematically described using the 

Bernoulli equation. Those kind of models have been proven to be effective in early design stages to 

assess energy savings and size building components (Belleri, Lollini et al. 2014). 

The building simulation model allows to evaluate the energy savings in terms of cooling need and number 

of activation hours of the mechanical ventilation system. During the design development airflow 

components can be properly sized to accomplish with the target flow. 
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By gathering in the same simulation model (i) building (ii) HVAC and refrigeration systems and 

components (iii) daylighting/shading/artificial lighting (iv) storage technologies (v) RES technologies (vi) 

natural ventilation and infiltration (vii) non-conventional envelope solutions (vegetation, multi-functional 

coating and materials, etc.), the Integrative Modelling Environment (Dipasquale, Belleri et al. 2016) allows 

to test the energy performance of ventilative cooling solutions in combination with other active or passive 

solution and to elaborate effective control strategies. 

Cost optimization can be performed by comparing the cost of investment to the predicted energy saving 

(but at this stage not taking into account difficult to quantify, but important effect such as enhanced 

customers’ experience and higher real estate value). A parametrization of the opening area helps to 

define the most cost effective number of openings. 

Furthermore, thermal comfort analysis can be performed in the most critical parts of the mall as described 

in chapter 3. 

The modelling results are then used as basis for discussion with the building owner on the definition of 

the retrofit solution and its installation mode within the shopping centre. 

 
Figure 4-6. Ventilative cooling solution design process. 
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5 Scenario 1: Modular Climate Adaptive Multifunctional Facade 

Modern shopping centres tend to include glazed envelopes in their design ensuring daylighting and 

offering a more seamless connection between the indoor shopping space and the outdoor environment. 

However, glazed envelope features need to be carefully evaluated in order to limit the energy 

consumption for air conditioning. Within the CommONEnergy project, among other retrofitting solutions 

for shopping centres, research and industry partners (Acciona, Bartenbach, EURAC, Sunplugged) are 

developing a modular multifunctional climate adaptive façade system. The newly developed modular 

climate adaptive (Attia, Favoino et al. 2015) façade system is based on a properly designed natural 

ventilation and daylight control, lightweight substructure, enriched by rapid assembly possibilities. Thanks 

to its flexibility and modularity, this façade system is suited for retrofit applications offering the opportunity 

to adjust the façade design according to climate and building features. 

Main functions of the façade system, in order of priority, are: 

 Protect against overheating through solar gain control (glazing and shading system); 

 Natural ventilation through automated opening or louvre; 

 Energy production through the PV module with additional supply for actuators; 

 Transparency to keep in/out contact (facade aesthetic design). 

The proposed system consists of a modular frame made of mullion and transom with flexibility on their 

position, enabling easy integration of possible technologies such as photovoltaic or thermal solar panels. 

In principle, the anchorage system allows double screen installation, and it easily adapts to multiple 

designs, creating different geometric, aesthetic and energy solutions. The modular multifunction climate 

adaptive façade system is a general replicable concept, adjustable for different applications (Figure 5-1).  

 
Option 1 Option 2 Option 3 

Figure 5-1. Natural ventilation options for the modular multifunctional climate adaptive façade. A refers to top/bottom hung 
automated openings. B refers to automated ventilator louvres. 

A thin-film PV panel can be integrated in the façade to generate the electricity needed for windows 

automation. The energy provided by the PV supplies the power needed for automated windows; 

moreover, in order to store power when not directly needed by the actuators, a battery is integrated in the 

façade module, behind the PV panel. Moreover, a shading system with fixed lamellas controls solar gains. 
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Façade module width can range between 2 and 3 m, whereas façade module height can range between 

2 and 6 m. 

Each façade module is divided into different parts that integrate the features above mentioned. In this 

deliverable, we will discuss only the features related to natural ventilation. Other features are discussed 

in deliverable D3.4 (Rozanska, Mata Gutiérrez in progress). 

Three options are proposed for natural ventilation (Figure 5-1): 

 Option 1: automated openings are located in the upper part of the façade and their automation is 

synchronized with existing skylight openings to enhance stack ventilation; 

 Option 2: automated openings are located in the lower and upper part of the façade enhancing 

single-sided stack ventilation; 

 Option 3: automated louvres can be located in a part of the façade enhancing single-sided 

ventilation. 

Depending on the climate and the shading need, the opening can be glazed or opaque. Openings can 

be automated via linear or chain actuators (refer to par. 2.2.1). 

Option 1 is the one proposed for the demonstration case of the Mercado del Val in Valladolid which has 

skylight windows located on the roof. This configuration suits to applications with high internal gains where 

cooling need occurs even at low outdoor temperatures. Therefore, openings located at the top of the 

façade prevent cold draughts in the lower part of the zone, where the costumers are 

walking/staying/shopping. Details and potential energy savings are discussed in the following paragraphs. 

Option 2 and 3 are more suitable to mild climates and for galleries without skylight openings.  

In option 2, the openings located at different heights in the façade will enhance the stack effect: warm 

indoor air will outflow from the top opening, while fresh air will inflow from the bottom opening. The air 

movement will contribute to enhance the thermal comfort sensation of the costumers as air velocity is 

increased. 

  
Figure 5-2. Coltlite CLT ventilator louvre in Möbel Markt Sconto, Germany. Source: Colt Group 

The automated louvres proposed in option 3 allows several architectural designs: lamellas can be 

opaque, coloured or glazed. Thermally broken frame is available as well. 
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Furthermore, thin film PV can be integrated in the lamellas and the generated electricity can be used for 

the lamellas automation. 

The high number of design possibilities rose the need of a tool, which enables designers to make informed 

decisions about façade configuration, glazing materials and shading geometry depending on the building 

design constraints, such as climate, façade orientation, facade module size and indoor space usage. 

(Pinotti, Avesani et al. 2017) defined a parametric simulation model to evaluate the performance of all the 

possible configurations of the modular multifunctional climate adaptive façade from both energy and 

indoor environment quality perspective in order to optimize the followings: 

 proportion between the opaque and transparent surfaces; 

 slats tilt angle and distance; 

 automated openings/louvres area; 

 PV module size. 

5.1 Demo case: Mercado del Val (Valladolid) 

According to the ventilation strategy decision path defined in par. 4.3, the Mercado del Val demo case in 

Valladolid is the most suitable for the application of enhanced stack ventilation by combining vertical and 

skylight openings.  

The “Mercado del Val” is an historic iron market built first in 1882 and located within the old town of 

Valladolid. Its floor plan is a rectangle of 112 meters long and 20 meters wide, with chamfered corners. 

The building is located in the city centre of Valladolid, Spain. It is 790m above the sea level. Figure 5-3 

reports a satellite view of the area. The shorter building axis is rotated of 60° from absolute north. 

Therefore, the main building facades are oriented towards north-east and south- west. 

 
Figure 5-3. Satellite view of Valladolid city centre with yellow marked Mercado del Val. Source: Google map. 

The pictures in Figure 5-4 and Figure 5-5 report two external views of the existing building.  
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Figure 5-4. Mercado del Val (Valladolid) building view. Figure 5-5. View of the existing building facade with the 

steel structure to be preserved. 

The picture in Figure 5-6 reports an internal view of the market hall taken from the stalls’ roof. The picture 

in Figure 5-7 reports an internal view of the market hall taken during the demolition works. 

  
Figure 5-6. Mercado del Val (Valladolid), interior building view. Figure 5-7. Mercado del Val (Valladolid), interior building 

view taken during demolition works. 

The Valladolid municipality planned a refurbishment intervention to transform the market into an 

innovative building that meets the contemporary commercial needs being respectful of its historic 

representativeness. As required by the Heritage Council, the refurbishment project (Figure 5-8) aims at 

emphasizing the old iron structure by using glazed facade over the entire building perimeter. The new 

indoor layout configuration and the glazed façade will contribute to a better understanding of the global 

iron structure, to increase daylighting and to make the commercial activities visible from outside.  
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Figure 5-8. Render of the building facade design proposed by the design team. Source: Llanos and Urdiain Arquitectos 

The multifunctional modular climate adaptive façade (Rozanska, Mata Gutiérrez in progress) adapts to 

the existing structure and aims at integrating thermal, daylighting and ventilation functions, being 

responsive when internal and external loads change. 

5.2 Enhanced stack ventilation strategy with façade openings 

The building shape has high potential for exploiting stack effect ventilation by integrating openings in the 

facade and exploiting the existing skylight openings located at ca. 10 m height from the ground level 

where air can exhaust. According to natural ventilation principles, the higher is the height difference 

between inlet (façade) and outlet (skylight) openings the higher is the stack effect. However, in this case 

study inlet openings cannot be located in the lower part of the facade due to the following issues: 

 the large temperature difference between indoor and outdoor might cause cold draughts inside 

the building. Inlet air at 5 m height, which is approximately the height of the upper part of the 

façade, would allow air mixing and prevent cold draughts in the occupied zones of the building; 

 inlet openings in the lower part of the façade, if not protected, might cause safety issues; 

 lower inlet openings in urban environments might increase indoor air pollution. Filters would cause 

a high pressure drop of the air reducing significantly natural ventilation effectiveness.  

Therefore, the inlet openings height from the ground matches the height of the upper part of the façade 

module (circa 6m). The skylight height from the ground matches the existing skylight height. Since the 

heritage council required to preserve the existing steel structure, the renovated facade will be installed 

on the inner side of the existing structure. Therefore, windows can be opened only inwards as the steel 

arches would obstruct window movement. 

Figure 5-9 and Figure 5-10 report a scheme of the building ventilation strategy with openings’ location 

and sensors needed to control openings. 
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Figure 5-9. Building cross section with openings location and possible sensors for the control strategy. 

 
Figure 5-10. South-west front view of the building where openings locations are highlighted in red. 

Same windows can be located both on south-west side and on north-east side covering up to 18 façade 

modules per orientation. Each opening connects directly the outdoor environment to the atrium space.  

We considered two types of vents: facade vents (1.72 m width x 0.78 m height) and skylight vents (3.63 

m width x 0.56 m height). 

Windows automation occurs by means of chain actuators connected to the building management system, 

which controls the opening angle according to indoor and outdoor temperatures measured by the installed 

temperature sensors. Our simulation analysis did not take into account relative humidity controls. 

Eventually, an additional control on relative humidity of the air would be possible. 

Preliminary simulations results (Belleri, Noris et al. 2014) showed that opening angle modulation is 

necessary to prevent cold draughts during spring and fall. Therefore, actuators have to be accessorized 

by a position feedback in order to provide two-way communication with the control panel to enable 

feedback to the control software on: 

 the exact position, for precision of opening and control, as well as a security indicator for open 

windows; 

 the window status and an early indication of any errors with the actuator operation or the wiring. 
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Chain actuators can open windows up to maximum 35°, which correspond to an opening factor of 0.4. 

Several opening possibilities are available but, due to the existing steel structure on the outside part of 

the glazing system, the façade windows can open only inwards.  

5.3 Costs optimization 

In order to calculate the natural ventilation rates and their related energy savings, we coupled the thermal 

Trnsys model to an airflow model by means of the Trnflow plugin. 

The airflow network involves the main open space volume of the building where common areas are 

located. Restaurant zone, shops and the zones located on the extreme parts of the longer building axis 

are supposed to be always mechanically ventilated. 

Table 5-1 reports the window area and the linkages characteristics of the airflow network. Linkage WI_A 

refers to the windows integrated into the multifunctional façade. Linkage WI_SK1 refers to the 8 windows 

included in the baseline project and linkage WI_SK2 refers to the additional skylight windows. 

Table 5-1. Airflow network linkages characteristics. 

Linkage ID Link type 
Flow coefficient at 

1 Pa [kg/s] 
Flow exponent 

Opening width 

[m] 

Opening height 

[m] 

WI_A Large opening - - 1.72 0.78 

WI_SK1 Large opening - - 3.26 0.60 

WI_SK2 Large opening   3.63 0.60 

CR Crack 0.0123 0.7 - - 

 

Linkages between two thermal zones within the building are represented by large horizontal openings as 

big as the adjacent surface between the zones and whose opening factor is always set to 0.8. 

Wind pressure coefficients (Table 5-2) are predicted using Cp Generator tool (Webapplications ) which 

considers also local obstacles and surrounding buildings. 

Table 5-2. Wind pressure coefficients array on south-west and north-east facade. 

 0° 45° 90° 135° 180° 225° 270° 315° 

South-west facade 0.142 -0.136 -0.275 -0.146 0.334 0.222 -0.039 -0.196 

North-east facade 0.081 -0.040 -0.018 -0.303 -0.284 -0.221 -0.226 -0.111 

 

During occupied hours, window opening factors are controlled according to the following logic: 

 If 16°𝐶 ≤ 𝑇𝑎𝑚𝑏  < 22.5°𝐶 then window opening factor is set to 0.2; 

 If 22.5°𝐶 ≤ 𝑇𝑎𝑚𝑏  ≤ 26°𝐶 then window opening factor is set to the maximum; 

 𝑇𝑎𝑚𝑏  > 26°𝐶 then windows are closed and cooling system is activated. 

Mechanical ventilation, infiltration losses and heating/cooling system is activated only when windows are 

closed. Relative humidity is not taken into account since HVAC system does not control it either. Night 
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cooling mode during non-occupied hours is activated if the average outdoor temperature of the previous 

8 hours is greater than 24°C. 

Table 5-3. Parameterization analysis. 

ID 
Maximum 

opening factor 
Number of 

façade vents 

Number of 
skylight vents 

Opening area 
per facade 

[m²] 

Number of 
skylight vents 

Opening area 
on skylight [m²] 

G_0 0 0 0 0 0 0 

G_1 0.4 24 8 16.10 8 8.13 

G_2 0.4 32 16 21.47 16 16.26 

G_3 0.4 40 20 26.83 20 20.33 

G_4 0.4 48 24 32.20 24 24.39 

G_5 0.4 56 28 37.56 28 28.46 

G_6 0.4 64 32 42.93 32 32.52 

G_7 0.4 72 36 48.30 36 36.59 

The number of openings has been parameterized in order to optimize the cost of investment in relation 

with predicted energy savings. Parameters set are reported in Table 5-3. 

G_0 represents the baseline model. This model includes the solutions for the shading and the glazing 

system selected for the multifunctional facade. This means:  

 Glazing system on north façade with U= 1.1 W/m²K, g= 0.71;  

 Glazing system on south lower part/east/west façade with U= 1.1 W/m²K, g= 0.26;  

 Glazing system on south upper part U= 1.1 W/m²K, g= 0.71; 

 Shading system during summer season (shading factor= 0.9). 

In order to reduce the computational time, we consider the longwave radiation exchange within the zone 

using the standard model (TRANSSOLAR EnergieTechnik Gmbh 2012). This leads to a 1% increase in 

cooling load and 2% increase in heating load compared to the model with detailed radiation mode. 

Simulation results are then analysed in terms of heating and cooling need and number of operation hours 

of the mechanical ventilation system.  

We estimated the electricity consumption for heating and cooling assuming that air conditioning is 

provided by a heat pump with COP = 4.21 and EER = 5.7 in cooling mode. According to the technical 

report of the air conditioning systems at Mercado del Val (Valladolid) edited by Dgi projectos ingegneria, 

the efficiency of the AHU is 0.72 Wh/m³, calculated as the electric energy needed per air volume 

exchanged. 

Table 5-4 reports the estimated energy need for heating and cooling and the number of operation hours 

of mechanical ventilation. Up to 40% potential energy savings results from simulations predicted heating 

and cooling need and number of operation hours of mechanical ventilation (Figure 5-11).  

Table 5-5 reports the cost estimation of the window configurations analysed and the simple return of 

investment calculation. First estimation for equipment (window motors, controllers, additional frame) and 
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installation costs (electric installation and carpentry costs) amounts at 1’222 € per window (considering a 

standard window automation system). Cost of electricity is assumed to be 0.15 €/kWh4. 

Table 5-4. Estimated energy need for heating and cooling and number of operation hours of mechanical ventilation. 

 
nr of windows 

per facade 

nr of windows in 

the skylight per 

facade 

Heating 

[kWhth] 

Cooling 

[kWhth] 

Tot energy need for 

space conditioning 

[kWhth] 

Number of operation 

hours of mechanical 

ventilation [-] 

G_0 0 0 155,324 120,851 276,175 4,002 

G_1 12 4 154,738 70,207 224,944 1,830 

G_2 16 8 154,819 67,895 222,714 1,830 

G_3 20 10 154,870 66,735 221,606 1,324 

G_4 24 12 154,919 65,725 220,645 1,279 

G_5 28 14 154,967 64,836 219,803 1,256 

G_6 32 16 155,012 64,046 219,058 1,237 

G_7 36 18 155,057 63,339 218,396 1,227 

 

 
Figure 5-11. Estimated electricity consumption for heating, cooling and ventilation and overall energy savings. 

Cost of investment for window automation vary from 39,100 € up to 132,000 € depending on the number 

of windows that are automated. Cost savings in terms of operational costs amount at 4,945 € in the case 

with 24 openings in the facade and at 6,112 € in the case with 72 openings in the facade. 

The lower is the number of windows the lower is the cost of investment, but also lower are the energy 

savings. 

                                                        
4 Iberdrola price for Pc > 10kW 
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Table 5-5. Additional investment due to window automation and annual energy savings. 

ID 
Initial investment 

[€] 

Operational costs 

savings [€/year] 

Payback Time 

[year] 

G_1 39,102 € 4,945 € 8 

G_2 58,653 € 5,003 € 12 

G_3 73,316 € 5,869 € 12 

G_4 87,980 € 5,968 € 15 

G_5 102,643 € 6,028 € 17 

G_6 117,306 € 6,078 € 19 

G_7 131,969 € 6,112 € 22 

The payback time is in any case higher than 8 years. However, other co-benefits related to operable 

windows shall be taken into account such as the ones for smoke ventilation purposes. 

The adaptive comfort analysis is based on free floating simulations, where no cooling set point is active. 

This allows to analyse the passive behaviour of the building during cooling season.  

The graph in Figure 5-12 compares the percentage of occupied hours when operative temperature of 

zone F0_SW_SHP is within the comfort categories limits. Table 5-6 reports the percentage of overheating 

hours and the number of days when daily weighted exceedance (We)5 is above 6 K. 

 
Figure 5-12. Percentage of occupied hours when the operative temperature is within comfort ranges for categories defined in 
EN 15251. Operative temperature refers to zone F0_SW_SHP. 

Table 5-6. Percentage of occupied period when upper limit temperature is exceeded and number of days when daily weighted 
exceedance is above 6. 

 G_0 G_1 G_2 G_3 G_4 G_5 G_6 G_7 

Overheating hours [%] 38% 36% 25% 21% 18% 16% 14% 13% 

Nr of days when We > 6 K 22 39 16 6 2 2 1 1 

                                                        
5 The daily weighted exceedance represents the overheating severity. It is a function of both temperture rise and its 
duration. The CIBSE TM 52-2013 sets among the adaptive comfort criteria that the weighted exceedence shall be 
less than or euqal to 6 in any one day. 
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Compared to the base case, the percentage of overheating hours and the daily weighted exceedance 

can be significantly decreased, except in the case G_1 when the number of windows is not enough to 

cool down the building. 

Even though natural ventilation contributes to a significant reduction of the overheating hours, still the 

percentage is above the 3% limit. Therefore, a cooling system is needed to assure thermal comfort.  

On the other side, for number of windows higher than 24 per facade (case G_4) there are only a couple 

of days when daily weighted exceedance is above 6 K. This means that generally during a day the 

operative temperature is above the upper limit temperature for short period or slightly above the upper 

limit temperature for period no longer than 6 hours. 

The minimum ventilation rate was calculated as 1.7 l/s-m² (7.35 kg/hr-m²) according to the EN 15251 

values for department stores (Cat. II – low polluting building). Considering an area of 708 m² in the south 

part of the building (zone F0_SW_SHP), the required mass flow rates correspond to 2,648 kg/hr.  

The graph in Figure 5-13 compares the number of operation hours of natural ventilation, night cooling 

and mechanical ventilation during occupied hours for the period April to October. 

Natural ventilation is on during over 50% of the occupied hours. During this period, the minimum air 

change rates to maintain an acceptable indoor air quality are met for 48% of the hours in case of 12 (case 

G_1) or 16 (case G_2) windows per facade, 91% of the hours in case of 24 windows per facade (case 

G_4) and 95% of the hours in case of 32 (case G_6) or 36 (case G_7) windows per facade. 

 
Figure 5-13. Percentage of hours when natural ventilation is on and natural airflow rates complies with the minimum requirements 
for IAQ of EN 15251. 

The graph in Figure 5-14 shows the frequency of inlet mass flow rates from windows on south facade 

when windows are opened during daytime. Mass flow rates up to 30,000 kg/hr are predicted. The higher 

is the number of openings, the higher are the predicted mass flow rates. 
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The number of hours when mass flow rates are below 2,500 kg/hr in case G_1 is three times higher than 

the other cases. This means that this solution does not comply with the minimum required air change 

rates in most of the time. 

The graph in Figure 5-15 shows the frequency of inlet mass flow rates when windows are opened during 

night-time. Mass flow rates are higher during night-time because the windows are set to be fully opened 

and not modulated and also because of the lower outdoor temperatures. 

 
Figure 5-14. Inlet mass flow rates frequency when windows are opened during daytime. 

 
Figure 5-15. Inlet mass flow rates when windows are opened during night-time. 
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Night ventilation is active over 20% of the night hours. The graph in Figure 5-16 shows the mass flow 

rates due to natural ventilation during night and day on June 25th and June 26th. As shown by the 

temperature trend, indoor temperature decreases up to 4K compared to the baseline case. 

 
Figure 5-16. Indoor temperatures and mass flow rates due to natural ventilation during night and day on June 25th and 26th 
resulting from free- running simulation results of case G_0 and case G_4.  

 
Figure 5-17. Total electricity consumption per heating, cooling and ventilation per year compared to the additional cost of 
investment for window automation. The colour refers to the number of days when daily weighted exceedance is above 6K and 
therefore to the overheating risk.  
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The graph in Figure 5-17 compares costs with energy savings and comfort. The solution represented by 

case G_4 is the optimal one as it has low overheating risk and energy consumption at the lowest 

additional cost. 

According to parametric simulations analysis, the optimal number of vents per facade is 24 and the 

optimal number of skylight vents is 12 per side. In total 48 facade vents and 24 skylight vents are needed.  

5.4 Control strategy 

The building energy simulations are also used to define in detail the control strategy. The control strategy 

will refer to the outdoor temperature measured by the weather station and the indoor temperatures 

measured by temperature sensors located within the building. 

The control logics are described in detail in the Annex II. The flow chart in Figure 5-18 shows how the 

control strategy works. 

In case of rain, all openings must be closed to prevent water infiltration. High wind speed might cause 

undesired draughts in the building and/or compromise window automation. Therefore, the control strategy 

foresees that all openings are closed when the wind speed is higher than a maximum wind speed, which 

will have to be defined with the window provider. During the commissioning phase, this maximum wind 

speed could be further lowered in case of high draughts in the building. All controls will be overridden in 

case of manual control. 

In synthesis, the control logics act as follows.  

During the market opening time:  

 If the outdoor climate is not suitable for natural ventilation, air handling unit works on recirculation 

mode with minimum airflow; 

 If the outdoor climate is suitable for natural ventilation to provide fresh air, the level of CO2 is over 

the maximum concentration level allowed but there is no cooling need, windows are opened with 

opening factor set to 0.2 (opening angle = 18°) and the airflow from air handling unit is reduced 

proportionally; 

 If the outdoor climate is suitable and there is cooling need, windows are opened with opening 

factor set to 0.4 (opening angle = 35°), the airflow from air handling unit is reduced proportionally; 

 If the outdoor climate is not suitable and there is cooling need, windows are closed and the air 

handling unit provides the hygienic airflow rates. 

During the market closing time, if the day was hot, night cooling is activated by opening all windows with 

opening factor set to 0.4 (opening angle = 35°). 
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Figure 5-18. Control strategy schema in Valladolid demo. 
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6 Scenario 2: Atrium skylights to enhance stack effect ventilation 

According to the ventilation strategy decision path defined in par. 4.3, the CitySyd shopping centre in 

Trondheim is the most suitable for the application of enhanced stack ventilation through the common 

areas atrium. Crucial issue in cold climates such as the one of Trondheim is the definition of a proper 

control strategy which can prevent from cold draughts keeping a high level of thermal comfort within the 

shopping centre. 

6.1 Demo case: CitySyd (Trondheim) 

City Syd shopping mall (Figure 6-1) is a suburban car-dependent shopping centre, built on the outskirts 

of Trondheim in Norway. Opened in 1987 and covering an area of 28,500 m², it was redeveloped in 2000 

and it is now 38,000 m² on three floors, with 1,000 outdoor parking spaces. It houses 70 shops.  

 
Figure 6-1: Front view of the City Syd main entrance. 

The floor plans in Figure 6-2 and Figure 6-3 show the part of the shopping centre used as demonstration 

for CommONEnergy technologies. There is no physical separation between this part and the rest of the 

shopping centre. 

All the shops face the common areas (highlighted in green in Figure 6-2 and Figure 6-3) which have a 

circular layout. This circulation space surrounds a central atrium with escalators and shops, cafeterias or 

restaurants located in two intermediate floors on a mezzanine adjacent to the atrium. Few shops have 

intermediate floors inside for retail space or storage purposes, but most span the full floor height of ca. 

5.5 meter between the two main floors. Because of the available height ventilation ducts, and other 

infrastructure lay exposed in the ceiling. 
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Figure 6-2. Ground floor plan of the centre. Figure 6-3. First floor plan of the centre. 

The heating and cooling needs are covered by two air to water heat pumps (AWHP), supplemented by 

district heating and two additional cooling machines when needed. The dual AWHP are connected to the 

main ventilation units by heating/cooling coils, and switched from heating to cooling mode in the mid-

season. Comfort is mainly obtained by heating and cooling of the ventilation supply air, as space heating 

only occurs in the entrance area.  

Table 6-1 reports all the ventilation units operating at City Syd and their technical specifications.  

The main cooling machines are dry coolers with a roof mounted unit which run in free cooling mode in 

the colder season (October to May). In addition to the cooling machines which provide chill water, the 

heat pumps are switched from heating to cooling mode in the mid-season.  

The chill water loop is provided to tenants for space cooling. Each tenant has an individual flow meter. 

Some tenants are connected to the loop through their own cooling baffles and fan coils.  

Table 6-1. List of ventilation units. 

 Zone Design capacity Heat recovery (HR) Typical HR eff. 

Ve01K Single shop (MDS3) 20,000 m³/h Thermal rotary wheel 70 % 

Ve02K Mezzanine retailers 10,000 m³/h Run around water coil 50 % 

Ve03K Common areas 20,000 m³/h Thermal rotary wheel 70 % 

Ve04K Most shops and retail 100,000 m³/h Run around water coil 50 % 

Ve05K Large air curtains 75,000 m³/h Recirculation - 

Ve06K Single shop (MDS8) 25,000 m³/h Plate heat exchanger 65 % 

 Kitchen exhausts Unknown None - 

 

The common areas ventilation is supplied by the air handling unit Ve03K which has a capacity of 20,000 

m³/hr. The ventilation system is central damped and there are no automatic dampers. The air intake for 

the Ve03K system is placed on the building roof. 

The ventilation units operate 15 hours/day (from h 6:30 to 21:30) from Monday to Friday and 14 hours on 

Saturday (from h 6:30 to 20:30). On Sundays (when shopping centre is closed) the system is off. 

Temperature set points vary from about 14°C to about 19°C depending on the outside temperature and 
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on exhaust temperature from the atrium/ common area. Heat recovery internal in the system is done by 

a rotating heat recovery unit whose efficiency is not known.  

Some skylight openings were installed in the main central atrium of the shopping centre (Figure 6-4) in 

ca year 2000. They are equipped with linear actuators and a 3-phase gear motor with 180 cm railway6. 

Figure 6-4 shows the existing skylight with the openable windows and Figure 6-5 shows the skylight 

location in the 3D model. 

 
Figure 6-4. Skylights in the central atrium and the cafeteria located on the mezzanine below. Openable windows are present on 
both sides. 

 
Figure 6-5. 3D model of CitySyd provided by Sintef. Skylight openings are highlighted in yellow. 

According to the energy audit (Antolín, Macia et al. 2016), there are 20 skylight openings, 10 of those 

located on the west side and the other 10 on the east side of the skylight. As no technical drawing is 

available, each skylight window is assumed to be 1.20 m wide x 2.00 high. The skylight windows are top 

hinged with an outward motion for approximately 45° opening angle off the sloping windows. The skylight 

is assumed to have a 45° tilt angle.  

Figure 6-6 shows the openings on the west side of the skylight. The cafeteria is the closest occupied 

environment to the windows. 

                                                        
6 The micro controller is TREND "IQ22x" (http://www.bramo.no/vk_cms/detaljer/klimacomputer-for-styring-av-
naturlig-ventilasjon/265/188 ) 

http://www.bramo.no/vk_cms/detaljer/klimacomputer-for-styring-av-naturlig-ventilasjon/265/188
http://www.bramo.no/vk_cms/detaljer/klimacomputer-for-styring-av-naturlig-ventilasjon/265/188
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The main entrance is a full height glazed atrium with 4 sliding doors (1.56m x 2.30m each), 2 entrance 

doors are located at ground floor (Figure 6-7) and the other 2 at first floor (Figure 6-8). The doors are 

controlled by motion sensors or by manual on/off switch. The automated opening time is approximately 

10 secs from movement detection until closure. If more persons are coming through, the doors stay open 

as long as the sensor is detecting movement. In case of fire, there is a fire signal which overrides the 

motion sensor and the door stay open. 

  
Figure 6-6. Openings on the west side of the façade. 

  
Figure 6-7. Entrance sliding doors at ground floor with air curtain. 
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Figure 6-8. Entrance sliding doors at first floor. 

Natural ventilation through openable windows in the central atrium skylights help vent out stale air in the 

summer.  

The skylight windows are currently controlled by a window automation system. The window automation 

system has a rain sensor, temperature sensors and a wind speed sensor which will close the windows 

when it rains and when wind speed is higher than 7 m/s. If wind speed is above 4 m/s and prevail from 

the opposite direction of east/west window row, that row will stay close. The opening of the windows can 

be modulated (5 steps), but the algorithm that controls this practice is propriety from the manufacturer 

and the building manager cannot modify the control strategy. The system also relies on an indoor 

temperature sensor, but its current location is not known. The system works also as smoke ventilation 

and fire signal overrides the whole control strategy by opening the windows in case of fire. During closure 

time, natural ventilation cannot be operated for security reasons. 

 

Several inefficiencies have been identified in the common areas ventilation: 

 The mechanical ventilation system has basic on/off global controls and it cannot be automated at 

zone level. Therefore, mechanical ventilation in the common areas cannot be switched off when 

natural ventilation is activated; 

 Skylight openings’ control protocol is not known to the energy manager and therefore, in case of 

complaints about draughts, instead of changing set-points, the energy manager manually shuts 

off the openings. Cold draughts problems occur mainly in the cafeteria area, located in the atrium 

at the second mezzanine floor; 

 Overheating problems are occurring in the main entrance due to the extensive glazed façade. 

Therefore, doors are kept open to cool down the entrance area. 

6.2 Enhanced stack ventilation strategy with skylight openings 

The natural ventilation strategy combines the effect of opened sliding doors and skylight openings to 

enhance stack ventilation and ventilate/cool the common areas (Figure 6-9). 
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Annex III reports in detail the control schemes which have been implemented in the iBEMS (intelligent 

Building Energy Management System as developed in CommONEnergy WP4 by partner SCHNEIDER) 

system to control natural ventilation.  

Natural ventilation is activated during opening time if the outdoor temperature is within the comfort range 

and the indoor temperature measured by the sensors exceeds the cooling set point. 

The skylight windows on east and west side are controlled separately and depending on indoor 

temperature measured in the cafeteria and the common areas at first and ground floor. 

As the old control strategy, if it rains or the wind velocity exceeds 7m/s, then all the openings are closed 

down. If wind speed is above 4 m/s and prevail from the opposite direction of east/west window row, that 

row will stay close. 

The AHU Vk03 can be now turned off whenever doors or skylights are opened. Air curtains shall be also 

turned off but their control is not included in the control strategy since they are currently used very rarely 

and therefore their control can be manual. 

In order to prevent cold draughts, the opening angle of the skylight windows is modulated according to 

the outdoor temperature and the indoor temperatures measured by sensors distributed within the 

common areas. 

 
Figure 6-9. 3D model section. 

In order to override the actual control strategy with the new one, the existing controllers will be disabled 

and the iBEMS will communicate directly with the central switchboard. 

6.3 Potential energy savings 

Potential energy savings are estimated by building energy simulations. The control strategy presented in 

Annex III, has been implemented in an airflow network model and coupled with the thermal model. 

Baseline simulations were run in unlimited power mode, where the generation system is assumed to 

always have the power necessary to keep indoor temperatures within 20°C (heating setpoint) and 25°C 
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(cooling setpoint) during the opening time of the shopping centre (h9:00-19:00). The mechanical 

ventilation is always on during opening time and provides the minimum required air change rates which 

are assumed to be 20’835 m³/hr (circa 1 ach). 

The model neglects infiltration rates and air exchanges with the other part of the shopping centre, not 

object of investigation by the CommONEnergy project. 

The variables of the control strategy are set as the initial values defined in Annex III. 

The graph in Figure 6-10 shows the percentage of opening time when natural ventilation is activated and 

effective (MODE 1), when natural ventilation is activated but the minimum airflow rates are not met 

(MODE 2) and when mechanical ventilation is needed (MODE 3). 

 
Figure 6-10. Percentage of opening time when natural ventilation is activated and minimum required airflow rates are met (MODE 
1), minimum required airflow rates are not met (MODE 2) and mechanical ventilation is needed (MODE 3). 

Since the HVAC model is ideal, the following efficiencies were considered for the estimation of the 

electricity consumption due to heating, cooling and ventilation: COP = 2.36; SPF = 0.45 Wh/m³. 

In order to estimate the savings in terms of operative costs, the cost of electricity is assumed to be 0.12 

€/kWh.  

The estimated energy savings are shown in Figure 6-11 and summarized in Table 6.2 belowError! Not 

a valid bookmark self-reference.. The total electricity consumption for heating, cooling and ventilation 

of the common areas over the whole reference year is reduced by a 11% thanks to the exploitation of 

natural ventilation. 

Simulation results showed that, with the control strategy defined, natural ventilation is effective in 

providing the minimum required air change rates for 98% of its activation time. 

The operating cost savings are approximately 1,750 €.  
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Table 6-2. Estimated energy consumption and cost savings for the natural ventilation case compared to the pure mechanical 
ventilation. 

  Mechanical ventilation Natural ventilation 

Daytime natural ventilation operating hours [hr/y] 0 513 

Mechanical ventilation operating hours [hr/y] 4,538 4,025 

Electric energy consumed for ventilation [MWh/y] 43 38 

Electric energy consumed for heating [MWh/y] 60 60 

Electric energy consumed for cooling [MWh/y] 28 19 

Tot electric energy consumption [MWh/y] 131 116 (-11%) 

Operating costs saving [€/y] - 1,748 

 

 
Figure 6-11. Predicted electricity consumption of common areas with and without natural ventilation.  

The graph in Figure 6-12 compares the predicted overheating period and severity in the case with and 

without natural ventilation. Thanks to the increased airflow rates due to natural ventilation, overheating 

degree hours are reduced by 59% in the restaurant, by 69% in the common area at first floor and by 20% 

in the common area at ground floor. 
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Figure 6-12. Predicted overheating severity with and without natural ventilation in common areas at ground and first floor and in 
the restaurant at mezzanine floor. 

6.4 Monitored data 

The proposed solution is active in the demo CitySyd since summer 2016. The graphs in Figure 6-14 and 

Figure 6-14 report the first measured data (August 2016) about outdoor (T_EXT) and indoor (T_IN) 

temperatures and windows position (OF = Opening Factor). Data series names are explained in detail in 

Annex III. 

The graphs show that, when natural ventilation is activated, indoor temperatures stay below 26°C. Indoor 

temperatures can increase up to 28°C in the cafeteria area when natural ventilation is not activated (e.g. 

on 07.08.2016 or 21.08.2016 or 28.08.2016).  

The first data clearly highlights room for improvement of the implemented control strategy. Control 

strategy is currently under optimization and final monitoring data analysis will be shown in the final project 

report. 
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Figure 6-13. Monitored indoor and outdoor temperatures and opening factors from August 4th until August 20th 2016. 

 
Figure 6-14. Monitored indoor and outdoor temperatures and opening factors from August 20th until September 6th 2016. 

  



 
 
 
 
 

 

 
 

 

Deliverable D3.3 – Ventilative cooling 

76 

7 Scenario 3: Venti-light-tube 

The light pipe with integrated artificial lights developed by Bartenbach and Durlum (Figure 7-1) is a 

cylinder divided into four quadrants by a Fresnel cross. This peculiar geometry seems to be compatible 

with the wind catcher features. We investigated the potential benefits of using the light pipe also for 

ventilation purposes and the challenges related to the new product development, hereinafter called Venti-

light-tube. Figure 7-2 reports a schematic section of the wind catcher and its working schema.  

The integration of light tube and wind catcher functions would allow several advantages: 

 Less aesthetical impact; 

 Artificial lights can be cooled down by the inlet airflow; 

 Smaller diameter size compared to the other products available on the market (e.g. Monodraught 

Suncatcher®, Passivent Sunstract®), which are made of two separate concentric tubes, one for 

daylighting and the other one for ventilation. 

   
Figure 7-1. Light pipe. Courtesy of Durlum 

 
Figure 7-2. Schematic view of the wind catcher integrated into the light tube. 
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As shown in Figure 7-2 the bottom part of the tube can be either always opened or closed by a transparent 

surface. In this second case, air inlets/outlets at the bottom of the tube can be at the tube sides. This 

letter option would be more suitable for cold climates where the low outdoor temperatures or high wind 

speeds might cause undesired draughts. 

7.1 Potential energy savings 

The wind catcher performance is calculated according to the mathematical model developed by 

(Benjamin Michael Jones, 2010).  

 
Figure 7-3. Pressure distribution on wind catcher horizontal section depending on buoyancy effect and wind pressure. 

The calculation is based on the assumption that the room is unsealed and air mass flow is balanced by 

infiltration or exfiltration from the room to its surroundings through adventitious openings: 

 If buoyancy effect prevails on wind effect and the external temperature is higher than the indoor 

temperature (Figure 7-3, left at the bottom), the air is supplied to the room through quadrants 1, 

2, 3 and 4 and extracted by exfiltration only; 

𝑄𝐼 = −𝑢1𝐴1 − 𝑢2𝐴2 − 𝑢3𝐴3 − 𝑢4𝐴4 

 If buoyancy effect prevails on wind effect and the indoor temperature is higher than the external 

temperature (Figure 7-3, right at the bottom), the air is extracted from the room through quadrants 

1, 2, 3 and 4 and supplied by infiltration only; 

𝑄𝐼 = 𝑢1𝐴1 + 𝑢2𝐴2 + 𝑢3𝐴3 + 𝑢4𝐴4 
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 If wind effect prevails on buoyancy, flow direction is dependent on wind direction. For instance, if 

wind blows perpendicularly to quadrant 2 (as in Figure 7-3, right at the top), the air will flow 

downwards along channel 2 and upwards in the other three channel. 

𝑄𝐼 = 𝑢1𝐴1 − 𝑢2𝐴2 + 𝑢3𝐴3 + 𝑢4𝐴4 

 If wind blows obliquely to quadrant 2 and 4 (as in Figure 7-3, left at the top), the air will flow 

downwards in quadrant 1 and 3 and upwards in quadrant 2 and 4. 

𝑄𝐼 = −𝑢1𝐴1 + 𝑢2𝐴2 − 𝑢3𝐴3 + 𝑢4𝐴4 

 

where 

𝑢 = air velocity within a quadrant [m/s] 

𝐴 = area of a quadrant [m/s] 

 

Implementing the model in the Trnsys environment, we were able to predict the energy performance of 

the wind catcher in different climates. 

We assumed to install the Venti-light-tube (ø 1.2 m, 1.4 m length) in a 100 m² shop and to activate the 

wind catcher if the outdoor temperature is above 16°C. The shop is modeled as a monozone with an 

external wall facing south and three adiabatic walls. Table 7-1 reports the zone settings used for the 

simulations. The heating and cooling generation power was set as unlimited and therefore indoor 

temperatures range always between 20°C and 25°C during opening time. Whenever the wind catcher is 

not active, mechanical ventilation provides constant 200 m³/hr (0.5 ach).  

Table 7-1. Zone settings in the Trnsys model. 

Zone geometry 

Area 100 m² 

Volume 400 m³ 

Height 4 m 

Envelope 

U external wall 0.511 W/m²K 

U roof 0.316 W/m²K 

Internal gains 

People 0.2 pers/m² 

Lighting power density 15 W/m² 

Appliances power density 5 W/m² 
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Figure 7-4. Frequency analysis of predicted volume flow rates by the simulation model. 

 

The graph in Figure 7-4 shows the frequency distribution of volume flow rates over the yearly simulation 

for each selected climates. Volume flow rates represent the airflow of fresh air driven by the Venti-light-

tube from outside towards inside. 

Predicted volume flow rates can range up to 2,400 m³/hr. Higher flow rates can be reached by allowing 

wind catcher activation at lower temperatures than 16°C, unless local thermal comfort can be 

compromised. 

Also if higher flow rates are needed, more than one Venti-light-tube can be installed paying attention at 

potential interferences among the tubes.  
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Figure 7-5. Potential energy savings on HVAC consumption due to the Venti-light-tube in different climates. 

The graph in Figure 7-5 compares the predicted electricity consumption for heating, cooling and 

ventilation in the baseline case (with mechanical ventilation only) and in the case with the venti-light-tube. 

We assumed that heat and cold are generated by a heat pump with a COP of 2.36 and a Specific Fan 

Power of 0.60 Wh/m³ for the electricity consumption of the AHU. 

Most suitable climates are the cold temperate ones, such as the one in UK or Belgium, where the 

installation of the Venti-light-tube can lead to up to 30% of energy savings on HVAC consumption. 

Additional energy savings can be obtained by reducing the artificial lights intensity and operation hours 

thanks to the daylight provided by the light pipe. Please refer to deliverable D3.8 (Ampenberger, et al. 

2017) for daylight transmission performance of the Venti-light-tube. 

7.2 Case study: Jens Hoff shop at CitySyd (Trondheim) 

The Venti-light-tube application were studied using as reference case the Jens Hoof shop of CitySyd, one 

of the three project demo cases.  

The Jens Hoff shop is a shop with an area of 102.8 m² located at the first level of the City Syd shopping 

centre (Figure 7-6 and Figure 7-7). 
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Figure 7-6. Jens Hoff shop entrance. Figure 7-7. Jens Hoff shop plan. 

Mechanical ventilation is provided by the air handling unit Ve04K with heat recovery that supplies 100,000 

m³/h to all the shops, and has manual dampers, for regulating the total airflow to the different floors. Jens 

Hoff has no local damper in their shop. 

Measurements performed at installation time reported an inlet airflow of 700 m³/h in the shop through 

three ducts of Ø250 mm. 

  
Figure 7-8. Ceiling view of the Jens Hoff shop with inlet and exhaust duct and fan coils placement. 

Operation time and temperature set points are the same as in the common areas since the shop has no 

possibility to regulate or adjust their over air temperature. 

According to the control system the heat recovery is around 38%, but it depends on outside temperature 

and heat demand.  

Two Fan-Coils placed along the back wall of the shop (Figure 7-8) provide cooling. Fan speed and 

temperature of the fan coils is locally controlled and they are supplied with cooling water at a temperature 

around 14°C. 

Main inefficiencies identified for the Jens Hoff shop, and similarly for the other shops, are related to the 

ventilation and air conditioning system. The AHU can be controlled only at floor level with manual 

dampers. Local dampers in the shop are needed to control mechanical ventilation at local level. 

The shops have no openings but direct access to the roof. 



 
 
 
 
 

 

 
 

 

Deliverable D3.3 – Ventilative cooling 

82 

Four light tubes (see plan in Figure 7-9) were installed in order to demonstrate daylighting performances. 

However, the installed light tubes do not allow for ventilation. The product development of the ventilation 

parts is currently at a lower TRL and additional effort is needed in order to produce the Venti-light-tube. 

7.3 CFD analysis 

CFD simulations are performed using Comsol, a multiphysics modelling software. The coupling between 

the heat transfer in fluids and the turbulent flow k-ε modules allows to evaluate the airflow and temperature 

distribution within the room representing the Jens Hoff shop. 

The model geometry was defined exploiting the symmetry plane shown in Figure 7-9 and assuming only 

one of the two light tubes is a Venti-light-tube. 

 
Figure 7-9. CitySyd plan portion. The Jens Hoff area is underlined in blue.  

Figure 7-10 shows the CFD model geometry. The reference volume is 4.7m x 2.8 m x 3.5 m. The pipe 

diameter is 990.5 mm and the pipe length is 707.5 mm. Air inlet is assumed to run over the pipe 

circumference with 50 mm height. The Fresnel cross length is 141.5 mm shorter than the pipe length to 

allow for higher daylight transmission. 
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CFD simulation is performed in stationary mode with outdoor temperature equal to 10°C and a wind 

speed of 3 m/s. Indoor temperature is assumed to be 20°C and wall temperature is assumed to be 19°C. 

two walls have adiabatic boundary conditions. 

Figure 7-11 to Figure 7-14 show the CFD simulation results both in 3D and on the cut plane shown in 

Figure 7-10. At heights of less than 2 m, air velocity does not exceed 1.5 m/s and air temperature is higher 

than 16°C, which is considered acceptable for department stores by the standard EN 15251. 

Furthermore, simulations demonstrated that, even if the Fresnel cross length is lower than the pipe length, 

there is no air recirculation within the pipe quadrants. 

 
Figure 7-10. CFD model geometry and cut plane. 



 
 
 
 
 

 

 
 

 

Deliverable D3.3 – Ventilative cooling 

84 

 
Figure 7-11. Total heat flux streamline. 

 
Figure 7-12. Air velocity within the room volume. 
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Figure 7-13. Air temperature distribution on the cut plane. 

 
Figure 7-14. Air velocity distribution on the cut plane. 
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Some further issues still need to be investigated in a product development perspective: 

 Air inlets/outlets automation; 

 Air inlets/outlets material has to be a high reflective material to keep high daylighting performance; 

 Prevention of moisture problems by proper installation and pipe insulation instructions. 
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8 Conclusions 

The deliverable investigated the retrofit opportunities to exploit ventilative cooling in shopping centres 

taking into account important design constraints, such as building architecture, climate, urban context 

and building energy management procedures. 

The state-of-the-art of technologies available on the market and currently used in retail buildings 

highlighted several opportunities: 

 Airflow guiding ventilation components, such as automated windows and doors, are already 

integrated in most shopping centres but they are usually controlled for smoke ventilation only. 

 Because of the big volumes involved, the lack of resistance and the potential for more relaxed 

ranges of indoor environmental conditions respect to retail stores, atria or in general common areas 

within the shopping centre can work as an exhaust air zone, with air flow driven both by thermal 

buoyancy and by Venturi effect. 

 Airflow enhancing components applications, such as wind catchers and exhaust chimneys, can be 

particularly effective to cool shops with high internal gains. However, few products are available on 

the market and most of the applications are tailor made installations. 

Large shopping centres are based on a model of small individual stores connected by open “transitional” 

spaces. These transitional spaces represent a peculiar type of indoor environment that borrow 

characteristics from outdoor spaces and from traditional indoor environments, which has the potential for 

more relaxed ranges of interior conditions and consequent energy savings. We conducted field studies 

on three shopping centres to investigate about customers’ thermal responses to different indoor 

environment temperature conditions. The analysis of the results lead to the following conclusions: 

 The use of Fanger model to assess thermal comfort in transitional spaces leads to an 

overestimation of discomfort conditions; 

 During the summer period, costumers declare to be in comfort conditions up to measured operative 

temperatures of 28 ºC. This observation has important implications on the control and regulation of 

air conditioning systems during summer period; 

 Positive difference between outdoor and indoor temperature has no impact on thermal comfort 

sensation vote trend. 

A retrofit package combining measures able to reduce internal and solar gains with measures able to 

effectively reject heat such as ventilative cooling strategies, can potentially allow for higher temperature 

set points leading to significant energy savings. 

Based on the state-of-the art analysis and the field studies conducted we concluded that: 

 A ventilative cooling strategy involves the whole building envelope as vent and openings can be 

located both on façade and roof to exploit buoyancy due to temperature difference between shops 
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and central spaces and along the atrium height. Therefore, the design of a ventilative cooling 

strategy as retrofit solution is strictly dependent on the building shape, the internal distribution of 

spaces and functions and the interaction with outdoor environment, as well as climate conditions; 

 Ventilative cooling should also be conceived as an integral part of an overall design strategy 

including adequate solar protections, intelligent use of thermal mass and sometimes support of 

active cooling which can help improve thermal comfort. 

Therefore, we defined a design procedure able to cope with these limitations. The design procedure 

follows five main steps: 

1. Climate potential analysis 

2. Definition of ventilative cooling strategy 

3. Ventilative cooling solution analysis 

4. Analysis of the retrofit solutions interaction 

5. Cost optimization 

Each steps is supported by tools and methodologies, described in chapter 4. Following the design 

procedure, three ventilative cooling scenario solutions were designed and two of them were implemented 

on two demo cases: Mercado del Val (Valladolid) and CitySyd (Trondheim). 

The ventilative cooling solution developed for the Mercado del Val exploits openings in the façade and in 

the skylight to promote stack effect ventilation. Results showed up to 40% potential energy savings for 

the mixed-mode ventilation strategy compared to the fully mechanically ventilated baseline over the total 

consumption for heating, cooling and ventilation. By properly sizing the openable area, natural ventilation 

allows also ensuring minimum required air change rates to keep an acceptable level of indoor air quality. 

The optimal number of openable windows was suggested by trading-off energy, comfort and cost aspects.  

The CitySyd shopping centre in Trondheim is suitable for the application of enhanced stack ventilation 

through the atrium. The natural ventilation strategy combines the effect of opened sliding doors and 

skylight openings to enhance stack ventilation and ventilate/cool the common areas. In order to prevent 

cold draughts, skylights windows groups are controlled separately and the opening angle of the skylight 

windows is modulated according to the outdoor temperature and the indoor temperatures measured by 

sensors distributed within the common areas. Potential energy savings are estimated by building energy 

simulations. The total electricity consumption for heating, cooling and ventilation of the common areas 

over the whole reference year is reduced by a 11% thanks to the exploitation of natural ventilation. 

Simulation results also showed that, with the control strategy defined, natural ventilation is effective in 

providing the minimum required air change rates for 98% of its activation time. 

The indoor environment quality and the energy consumption of both demo cases is currently under 

monitoring and monitored data analysis will be presented in future project reports as foreseen in WP6 

and relative demonstration activities. 

We finally also investigated the potential benefits of integrated light tube and wind catcher functions within 

the same product, called Venti-light-tube. The product is still at a concept design stage and the partners 

are investigating opportunities to continue its development.  
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Annex I - IEQ questionnaire 
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Annex II - Mercado del Val demo case: control strategy 

This annex describes the control schemes which have been implemented in the iBEMS system to control 

natural ventilation in the Mercado del Val demo case.  

 

The inputs needed for the control of natural ventilation are: 

 Opening time schedule, if 𝑆𝐶𝐻_𝑂𝐶𝐶 = 1 market is closed, if 𝑆𝐶𝐻_𝑂𝐶𝐶 = 0 market is open; 

 Outdoor air temperature measured by the weather station, 𝑇_𝐸𝑋𝑇 [°C]; 

 Wind velocity measured by the weather station anemometer in every direction, 𝑊𝑆 [m/s]; 

 Precipitation sensor of the weather station, 𝑅 [-] where 𝑅 = 100 if it is raining and 𝑅 = 0 if not; 

 Indoor air temperature of the zone S1 measured by sensor located in position 1, 𝑇_𝐶𝑂𝑀1 [°C]; 

 Indoor air temperature of the zone S2 measured by sensor located in position 2, 𝑇_𝐶𝑂𝑀2 [°C]; 

 Indoor air temperature of the zone N1 measured by sensor located in position 4, 𝑇_𝐶𝑂𝑀4 [°C]; 

 Indoor air temperature of the zone R measured by sensor located in position 6, 𝑇_𝐶𝑂𝑀6 [°C]; 

 CO2 concentration of the zone S1 measured by the sensor located in position 1, 𝐶_𝐶𝑂𝑀1 [ppm]; 

 CO2 concentration of the zone S2 measured by the sensor located in position 2, 𝐶_𝐶𝑂𝑀2 [ppm]; 

 CO2 concentration of the zone N1 measured by the sensor located in position 4, 𝐶_𝐶𝑂𝑀4 [ppm]; 

 CO2 concentration of the zone R measured by the sensor located in position 6, 𝐶_𝐶𝑂𝑀6 [ppm]. 

 
Figure 8-1. Ground floor plant with indoor temperature sensors location. 
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Figure 8-2. Mezzanine plant with indoor temperature sensors location in the restaurant zone. 

Façade and skylights openings are grouped into 4 groups as shown in Figure 8-3 and Figure 8-4: 

 Group S1: 6 skylight windows + 12 façade windows on the south façade, west side 

 Group S2: 6 skylight windows + 12 façade windows on the south façade, east side 

 Group N1: 6 skylight windows + 12 façade windows on the north façade, west side 

 Group R: 6 skylight windows + 12 façade windows on the north façade, east side 

 
Figure 8-3. South façade with skylight and façade openings groups. 

 
Figure 8-4. North façade with skylight and façade openings groups. 

The openings group are automated according to the same control strategy but each group refer to an 

indoor temperature measured by different sensors (see Figure 8-1 and Figure 8-2 for sensors location): 

 Group S1 refer to the indoor temperature measured by sensor located in position 1 at ground floor 

 Group S2 refer to the indoor temperature measured by sensor located in position 2 at ground floor 

 Group N1 refer to the indoor temperature measured by sensor located in position 4 at ground floor 

 Group R refer to the indoor temperature measured by sensor located in position 6 at mezzanine 

floor 

S1 S2 

R N1 
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The airflow provided by air handling unit is controlled through an inverter which enables to modulate the 

airflows. 

The outputs needed for the control of natural ventilation are: 

 Group S1 skylight and façade windows actuators, 𝑂𝐹_𝑆1 where if 𝑂𝐹_𝑆1 > 0 then all windows 

within group S1 are open and if 𝑂𝐹_𝑆1 = 0 then all windows within group S1 closed and only 

manual control overrides; 

 Group S2 skylight and façade windows actuators, 𝑂𝐹_𝑆2 where if 𝑂𝐹_𝑆2 > 0 then all windows 

within group S2 are open and if 𝑂𝐹_𝑆2 = 0 then all windows within group S2 closed and only 

manual control overrides; 

 Group N1 skylight and façade windows actuators, 𝑂𝐹_𝑁1 where if 𝑂𝐹_𝑁1 > 0 then all windows 

within group N1 are open and if 𝑂𝐹_𝑁1 = 0 then all windows within group N1 closed and only 

manual control overrides; 

 Group R skylight and façade windows actuators, 𝑂𝐹_𝑅 where if 𝑂𝐹_𝑅 > 0 then all windows within 

group R are open and if 𝑂𝐹_𝑅 = 0 then all windows within group R closed and only manual control 

overrides; 

 Fraction of supply and return flow rate from air handling unit: if 𝑄𝑉 = 1 the air handling unit provides 

all the required air change rates, if 𝑄𝑉 = 0 then the air handling unit is shut off and natural 

ventilation provides the required air change rates to keep an acceptable indoor air quality. 𝑄𝑉 

refers to the variables described as “f_variador ventilador impulsion” and “f_variador ventilador 

retorno” in the Desner automation Server 

Table 8-1 reports the control signals needed for the natural ventilation control. Here follows a description 

of each signal: 

 Signal “A” checks whether it is raining (𝑅 = 1 means it is raining, 𝑅 = 0 it is not raining); 

 Signal “B” checks whether the wind speed 𝑊𝑆 measured by the weather station is below 𝑊𝑆_𝑀𝐴𝑋; 

 Signal “C” checks whether the market is opened; 

 Signal “D” checks whether the outdoor temperature measured by the weather station is above or 

equal to 𝑇_𝐸𝑋𝑇_𝑀𝐼𝑁. If the outdoor temperature is below 𝑇_𝐸𝑋𝑇_𝑀𝐼𝑁 then natural ventilation is 

not effective; 

 Signal “E” checks whether the outdoor temperature measured by the weather station is below or 

equal to 𝑇_𝐸𝑋𝑇_𝑀𝐸𝐷. If the outdoor temperature is above 𝑇_𝐸𝑋𝑇_𝑀𝐸𝐷 then windows open at the 

maximum opening angle; 

 Signal “F” checks whether the outdoor temperature measured by the weather station is below or 
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equal to 𝑇_𝐸𝑋𝑇_𝑀𝐴𝑋 (shall be lower or equal to the cooling setpoint). If the outdoor temperature 

is above 𝑇_𝐸𝑋𝑇_𝑀𝐴𝑋 then natural ventilation is not effective; 

 Signal “G” checks whether the temperature 𝑇_𝐶𝑂𝑀1 measured by the sensor COM1 is above the 

outdoor temperature 𝑇_𝐸𝑋𝑇; 

 Signal “H” checks whether the temperature 𝑇_𝐶𝑂𝑀2 measured by the sensor COM2 is above the 

outdoor temperature 𝑇_𝐸𝑋𝑇; 

 Signal “I” checks whether the temperature 𝑇_𝐶𝑂𝑀4 measured by the sensor COM4 is above the 

outdoor temperature 𝑇_𝐸𝑋𝑇; 

 Signal “L” checks whether the temperature 𝑇_𝐶𝑂𝑀6 measured by the sensor COM6 is above the 

outdoor temperature 𝑇_𝐸𝑋𝑇; 

 Signal “M” checks whether the CO2 concentration 𝐶_𝐶𝑂𝑀1 measured by the sensor COM1 is 

above the maximum concentration level allowed 𝐶_𝑀𝐴𝑋; 

 Signal “N” checks whether the CO2 concentration 𝐶_𝐶𝑂𝑀2 measured by the sensor COM2 is 

above the maximum concentration level allowed 𝐶_𝑀𝐴𝑋; 

 Signal “O” checks whether the CO2 concentration 𝐶_𝐶𝑂𝑀4 measured by the sensor COM1 is 

above the maximum concentration level allowed 𝐶_𝑀𝐴𝑋; 

 Signal “P” checks whether the CO2 concentration 𝐶_𝐶𝑂𝑀6 measured by the sensor COM6 is 

above the maximum concentration level allowed 𝐶_𝑀𝐴𝑋; 

 Signal “Q” checks whether the average of the external temperature over the previous 8 hours 

𝑇_𝐸𝑋𝑇_8ℎ is above 𝑇_𝐸𝑋𝑇_8ℎ_𝑀𝐴𝑋 (can be set as 24°C). 

Table 8-1. Control signals. 

Rain   R = 1 A 
    R = 0 NOT(A) 

Wind speed   WS < WS_MAX B 

   WS ≥ WS_MAX NOT(B) 

Opening time   SCH_OCC = 1 C 
   SCH_OCC = 0 NOT(C) 

Outdoor 
temperature   

T_EXT ≥ T_EXT_MIN D 

    T_EXT < T_EXT_MIN NOT(D) 

Outdoor 
temperature   

T_EXT ≤ T_EXT_MED E 

    T_EXT > T_EXT_MED NOT(E) 

Outdoor 
temperature   

T_EXT ≤ T_EXT_MAX F 

    T_EXT > T_EXT_MAX NOT(F) 



 
 
 
 
 

 

 
 

 

Deliverable D3.3 – Ventilative cooling 

98 

Indoor 
temperature   

T_COM1- T_EXT ≥ TCOM1_HYS_UP G 

    T_COM1- T_EXT < TCOM1_HYS_LW NOT(G) 

Indoor 
temperature   

T_COM2- T_EXT ≥ TCOM2_HYS_UP H 

    T_COM2- T_EXT < TCOM2_HYS_LW NOT(H) 

Indoor 
temperature   

T_COM4- T_EXT ≥ TCOM4_HYS_UP I 

    T_COM4- T_EXT < TCOM4_HYS_LW NOT(I) 

Indoor 
temperature   

T_COM6- T_EXT ≥ TCOM6_HYS_UP L 

    T_COM6- T_EXT < TCOM6_HYS_LW NOT(L) 

CO2 
concentration   

C_COM1 > C_MAX M 

    C_COM1 ≤ C_MAX NOT(M) 

CO2 
concentration   

C_COM2 > C_MAX N 

    C_COM2 ≤ C_MAX NOT(N) 

CO2 
concentration   

C_COM4 > C_MAX O 

    C_COM4 ≤ C_MAX NOT(O) 

CO2 
concentration   

C_COM6 > C_MAX P 

    C_COM6 ≤ C_MAX NOT(P) 

Outdoor 
temperature  

T_EXT_8h > T_EXT_8h_MAX Q 

   T_EXT_8h ≤ T_EXT_8h_MAX NOT(Q) 

 

Control signals G, H, I and L are based on a differential controller, which relies on the control signal of 

the previous time step. The control function of control signal L is the following. 

 

If the control was previously on (yL = 1 at t-1) and: 

 𝑇_𝐶𝑂𝑀6 − 𝑇_𝐸𝑋𝑇 ≥  𝑇𝐶𝑂𝑀6_𝐻𝑌𝑆_𝐿𝑊, then yL = 1 

 𝑇_𝐶𝑂𝑀6 − 𝑇_𝐸𝑋𝑇 <  𝑇𝐶𝑂𝑀6_𝐻𝑌𝑆_𝐿𝑊, then yL = 0 

 

If the control was previously off (yL = 0) and: 

 𝑇_𝐶𝑂𝑀6 − 𝑇_𝐸𝑋𝑇 ≥  𝑇𝐶𝑂𝑀6_𝐻𝑌𝑆_𝑈𝑃, then yL = 1 

 𝑇_𝐶𝑂𝑀6 − 𝑇_𝐸𝑋𝑇 <  𝑇𝐶𝑂𝑀6_𝐻𝑌𝑆_𝑈𝑃, then yL = 0 

Control function of control signal G, H and I are similar. 

The upper and lower band of the hysteresis related to the indoor temperatures can be set as 2K and 0 K 

respectively (i.e. T_COM6_HYS_UP = 2K, T_COM6_HYS_LW = 0𝐾). 
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Based on the control signals listed in Table 8-1, the openings are controlled with the following logics: 

OF_S1 = NOT(A)*B*[C*D*(E*M*0.2+NOT(E)*F*(G*0.4+NOT(G)*0.2)) + NOT(C)*Q*0.4] 

OF_S2 = NOT(A)*B*[C*D*(E*N*0.2+NOT(E)*F*(H*0.4+NOT(H)*0.2)) + NOT(C)*Q*0.4] 

OF_N1 = NOT(A)*B*[C*D*(E*O*0.2+NOT(E)*F*(I*0.4+NOT(I)*0.2)) + NOT(C)*Q*0.4] 

OF_R = NOT(A)*B*[C*D*(E*P*0.2+NOT(E)*F*(L*0.4+NOT(L)*0.2)) + NOT(C)*Q*0.4] 

Qv = C*[A+NOT(A)*(NOT(B)+B*(NOT(D)+D*(E*(1-(OF_S1+OF_S2+OF_N1+OF_N2)/0.8) + 

NOT(E)*NOT(F))))] 

 

The following setpoints are set as variables which can be easily editable during the commissioning phase: 

 𝑊𝑆_𝑀𝐴𝑋 [m/s] 

 𝑇_𝐸𝑋𝑇_𝑀𝐼𝑁 [°C] 

 𝑇_𝐸𝑋𝑇_𝑀𝐸𝐷 [°C] 

 𝑇_𝐸𝑋𝑇_𝑀𝐴𝑋 [°C] 

 𝑇𝐶𝑂𝑀1_𝐻𝑌𝑆_𝐿𝑊 [K] 

 𝑇𝐶𝑂𝑀1_𝐻𝑌𝑆_𝑈𝑃 [K] 

 𝑇𝐶𝑂𝑀2_𝐻𝑌𝑆_𝐿𝑊 [K] 

 𝑇𝐶𝑂𝑀2_𝐻𝑌𝑆_𝑈𝑃 [K] 

 𝑇𝐶𝑂𝑀4_𝐻𝑌𝑆_𝐿𝑊 [K] 

 𝑇𝐶𝑂𝑀4_𝐻𝑌𝑆_𝑈𝑃 [K] 

 𝑇𝐶𝑂𝑀6_𝐻𝑌𝑆_𝐿𝑊 [K] 

 𝑇𝐶𝑂𝑀6_𝐻𝑌𝑆_𝑈𝑃 [K] 

 𝐶_𝑀𝐴𝑋 [ppm 

 𝑇_𝐸𝑋𝑇_8h_𝑀𝐴𝑋 [°C] 

 
The control logics are represented by the flow chart in Figure 8-5. 
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Figure 8-5. Flow chart of the control strategy for natural ventilation of Mercado del Val democase. 
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Annex III - CitySyd democase: control strategy 

This annex describes the control schemes which have been implemented in the iBEMS system to control 

natural ventilation.  

 

The inputs needed for the control of natural ventilation are: 

 Opening time schedule according to the calendar set up in the iBEMS, if 𝑆𝐶𝐻_𝑂𝐶𝐶 = 1 shopping 

centre is closed, if 𝑆𝐶𝐻_𝑂𝐶𝐶 = 0 shopping centre is open; 

 Outdoor air temperature measured by the weather station, 𝑇_𝐸𝑋𝑇 [°C]; 

 Wind velocity measured by the weather station anemometer in every direction, 𝑊𝑆 [m/s]; 

 Wind direction measured by the weather station, 𝑊𝐷 [°]; 

 Precipitation sensor of the weather station, 𝑅 [-] where 𝑅 = 100 if it is raining and 𝑅 = 0 if not; 

 Indoor air temperature of the common area at ground floor7, 𝑇_𝐶𝑂𝑀4 [°C]; 

 Indoor air temperature of the common area at first floor8, 𝑇_𝐶𝑂𝑀1 [°C]; 

 Indoor air temperature of the cafeteria at mezzanine floor9, 𝑇_𝐶𝑂𝑀6 [°C]; 

 Lower temperature limit of the comfort zone for common areas, 𝑇𝑆𝐸𝑇𝐻_𝐶𝑀𝐴 [°C]; 

 Lower temperature limit of the comfort zone for restaurant area, 𝑇𝑆𝐸𝑇𝐻_𝑅𝑆𝑇 [°C]; 

 Higher temperature limit of the comfort zone for common areas, 𝑇𝑆𝐸𝑇𝐶_𝐶𝑀𝐴 [°C]. 

 

The outputs needed for the control of natural ventilation are: 

 Entrance doors at ground floor control, 𝑂𝐹_𝐷𝑅1 and 𝑂𝐹_𝐷𝑅2, where if 𝑂𝐹 = 1 then door is open 

and if 𝑂𝐹 = 0 then door is closed and motion sensor or fire alarm overrides; 

 Entrance doors at first floor control, 𝑂𝐹_𝐷𝑅3 and 𝑂𝐹_𝐷𝑅4, where if 𝑂𝐹 = 1 then door is open and 

if 𝑂𝐹 = 0 then door is closed and motion sensor or fire alarm overrides; 

 Opening factor of east skylight windows 𝑂𝐹_𝑆𝐾1 (modulated between 0, corresponding to window 

closed, and 1, corresponding to an opening angle of 45°). This control will be overridden in case 

                                                        
7 measured by sensor COM4 defined in the measurement and verification plan (Pasut, et al. in progress). 
8 measured by sensor COM1 defined in the measurement and verification plan (Pasut, et al. in progress). 
9 measured by sensor COM6 defined in the measurement and verification plan (Pasut, et al. in progress). 
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of fire alarm; 

 Opening factor of west skylight windows 𝑂𝐹_𝑆𝐾2 (modulated between 0, corresponding to window 

closed, and 1, corresponding to an opening angle of 45°). This control will be overridden in case 

of fire alarm; 

 Fan inverter of the AHU of the common areas, 𝑉𝑘03 (on-off), where if 𝑉𝑘03 = 1 mechanical 

ventilation is on, and if 𝑉𝑘03 = 0 mechanical ventilation and air cooling are off. 

 

Table 8-2 reports the control signals needed for the natural ventilation control. They rely on the inputs 

listed above. Here follows a description of each signal: 

 Signal “A” checks whether the shopping centre is opened; 

 Signal “B” checks whether the wind speed 𝑊𝑆 measured by the weather station is below 𝑊𝑆_𝑀𝐴𝑋; 

 Signal “C” checks whether it is raining (𝑅 = 1 means it is raining, 𝑅 = 0 it is not raining); 

 Signal “D” checks whether the outdoor temperature measured by the weather station is above 

𝑇_𝐸𝑋𝑇_𝑀𝐼𝑁; 

 Signal “E” checks whether the outdoor temperature measured by the weather station is below or 

equal to the cooling setpoint 𝑇𝑆𝐸𝑇𝐶_𝐶𝑀𝐴 ; 

 Signal “F” checks whether the temperature 𝑇_𝐶𝑂𝑀4 measured by the sensor COM4 is above the 

heating setpoint temperature 𝑇𝑆𝐸𝑇𝐻_𝐶𝑀𝐴; 

 Signal “G” checks whether the temperature 𝑇_𝐶𝑂𝑀1 measured by the sensor COM1 is above the 

heating setpoint temperature 𝑇𝑆𝐸𝑇𝐻_𝐶𝑀𝐴; 

 Signal “H” checks whether the temperature 𝑇_𝐶𝑂𝑀6 measured by the sensor COM6 is above the 

heating setpoint temperature 𝑇𝑆𝐸𝑇𝐻_𝑅𝑆𝑇; 

 Signal “I” checks whether the wind direction 𝑊𝐷 measured by the weather station is opposite to 

the normal of west skylight window row (SK2); 

 Signal “L” checks whether the wind direction 𝑊𝐷 measured by the weather station is opposite to 

the normal of east skylight window row (SK1); 

 Signal “M” checks whether the wind speed 𝑊𝑆 measured by the weather station is below 

𝑊𝑆𝑛_𝑀𝐴𝑋; 

 Signal “N” checks whether the outdoor temperature measured by the weather station is below or 

equal to 𝑇_𝐸𝑋𝑇_𝑀𝐴𝑋. If the outdoor temperature is above 𝑇_𝐸𝑋𝑇_𝑀𝐴𝑋 then skylight windows open 
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at the maximum opening angle. 

Table 8-2. Control signals. 

Opening time   SCH_OCC = 1 A 
    SCH_OCC = 0 NOT(A) 

Wind speed   WS < WS_MAX  B 

   WS ≥ WS_MAX NOT(B) 

Rain   R = 1 C 
   R = 0 NOT(C) 

Outdoor temperature   T_EXT > T_EXT_MIN D 
    T_EXT ≤ T_EXT_MIN NOT(D) 

Outdoor temperature   T_EXT ≤ TSETC_CMA E 
    T_EXT > TSETC_CMA NOT(E) 

Indoor temperature   
T_COM4-
TSETH_CMA 

≥ 
TCOM4_HYS_UP F 

    
T_COM4- 
TSETH_CMA < TCOM4_HYS_LW NOT(F) 

Indoor temperature   
T_COM1- 
TSETH_CMA 

≥ 
TCOM1_HYS_UP G 

    
T_COM1- 
TSETH_CMA < TCOM1_HYS_LW NOT(G) 

Indoor temperature   
T_COM6- 
TSETH_RST 

≥ 
TCOM6_HYS_UP H 

    
T_COM6- 
TSETH_RST < TCOM6_HYS_LW NOT(H) 

Wind direction   77° < WD < 121° I 
    WD ≤ 77° OR WD ≥ 121° NOT(I) 

Wind direction   256° < WD < 301° L 
    WD ≤ 256° OR WD ≥ 301° NOT(L) 

Wind speed   WS ≥ WSn_MAX  M 
    WS < WSn_MAX NOT(M) 

Outdoor temperature   T_EXT ≤ T_EXT_MAX N 
    T_EXT > T_EXT_MAX NOT(N) 

Outdoor temperature  T_EXT < T_EXT_MIN+MOD_STEP10 O 
  T_EXT > T_EXT_MIN+MOD_STEP NOT(O) 

 

Control signals F, G and H are based on a differential controller, which relies on the control signal of the 

previous time step. The control function of control signal F is the following. 

If the control was previously on (yF = 1 at t-1) and: 

 𝑇_𝐶𝑂𝑀4 − 𝑇𝑆𝐸𝑇𝐻_𝐶𝑀𝐴 ≥  𝑇𝐶𝑂𝑀4_𝐻𝑌𝑆_𝐿𝑊, then yF = 1 

 𝑇_𝐶𝑂𝑀4 − 𝑇𝑆𝐸𝑇𝐻_𝐶𝑀𝐴 <  𝑇𝐶𝑂𝑀4_𝐻𝑌𝑆_𝐿𝑊, then yF = 0 

If the control was previously off (yG = 0) and: 

                                                        

7𝑀𝑂𝐷_𝑆𝑇𝐸𝑃 =  
𝑇_𝐸𝑋𝑇_𝑀𝐴𝑋−𝑇_𝐸𝑋𝑇_𝑀𝐼𝑁

4
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 𝑇_𝐶𝑂𝑀4 − 𝑇𝑆𝐸𝑇𝐻_𝐶𝑀𝐴 ≥  𝑇𝐶𝑂𝑀4_𝐻𝑌𝑆_𝑈𝑃, then yF = 1 

 𝑇_𝐶𝑂𝑀4 − 𝑇𝑆𝐸𝑇𝐻_𝐶𝑀𝐴 <  𝑇𝐶𝑂𝑀4_𝐻𝑌𝑆_𝑈𝑃, then yF = 0 

Control function of control signal G and H are similar. The upper and lower band of the hysteresis related 

to the indoor temperatures can be set as 4K and 0 K respectively (i.e. T_COM4_HYS_UP = 2K, 

T_COM4_HYS_LW = 0𝐾). 

Based on the control signals listed in Table 8-2, the following control schemes are identified: 

 SC_1a: natural ventilation is activated with DR3 and DR4 and SK1 opened and mechanical 

ventilation is off; 

SC_1a

=  A ∗  B ∗  NOT(C) ∗  D ∗  E ∗  NOT(F) ∗  G ∗ NOT(H) ∗ (NOT(M) ∗ NOT(H) + M ∗ NOT(L) ∗ I) 

 SC_1b: natural ventilation is activated with all the doors and SK1 opened, mechanical ventilation 

is off; 

SC_1b =  A ∗  B ∗  NOT(C) ∗  D ∗  E ∗  F ∗  G ∗  NOT(H) ∗ (NOT(M) ∗ NOT(H) + M ∗ NOT(L) ∗ I) 

 SC_1c: natural ventilation is activated with DR1 and DR2 and SK2 opened, mechanical ventilation 

is off; 

𝑆𝐶_1𝑐 =  𝐴 ∗  𝐵 ∗  𝑁𝑂𝑇(𝐶) ∗  𝐷 ∗  𝐸 ∗  𝐹 ∗ 𝑁𝑂𝑇(𝐺) ∗  𝑁𝑂𝑇(𝑀) ∗ 𝐻 + 𝑀 ∗ 𝑁𝑂𝑇(𝐼) ∗ 𝐿) 

 SC_1d: natural ventilation is activated with DR3 and DR4 and all the skylight windows opened, 

mechanical ventilation is off; 

𝑆𝐶_1𝑑 =  𝐴 ∗  𝐵 ∗  𝑁𝑂𝑇(𝐶) ∗  𝐷 ∗  𝐸 ∗  𝑁𝑂𝑇(𝐹) ∗ 𝐺 ∗   (𝑁𝑂𝑇(𝑀) ∗ 𝐻 + 𝑀 ∗ 𝑁𝑂𝑇(𝐼) ∗ 𝑁𝑂𝑇(𝐿)) 

 SC_1e: natural ventilation is activated with all the doors and all the skylight windows opened, 

mechanical ventilation is off; 

𝑆𝐶_1𝑒 =  𝐴 ∗  𝐵 ∗  𝑁𝑂𝑇(𝐶) ∗  𝐷 ∗  𝐸 ∗  𝐹 ∗ 𝐺 ∗  (𝑁𝑂𝑇(𝑀) ∗ 𝐻 + 𝑀 ∗ 𝑁𝑂𝑇(𝐼) ∗ 𝑁𝑂𝑇(𝐿)) 

 SC_1f: natural ventilation is activated with all the doors and SK2 opened, mechanical ventilation 

is off; 

𝑆𝐶_1𝑓 =  𝐴 ∗  𝐵 ∗  𝑁𝑂𝑇(𝐶) ∗  𝐷 ∗  𝐸 ∗  𝐹 ∗ 𝐺 ∗ 𝑀 ∗ 𝐿 ∗ 𝑁𝑂𝑇(𝐼) 

 SC_1g: natural ventilation is activated with DR1 and DR2 and SK1 opened, mechanical ventilation 

is off; 

𝑆𝐶_1𝑔 =  𝐴 ∗  𝐵 ∗  𝑁𝑂𝑇(𝐶) ∗  𝐷 ∗  𝐸 ∗  𝐹 ∗ 𝑁𝑂𝑇(𝐺) ∗ (𝑁𝑂𝑇(𝑀) ∗ 𝑁𝑂𝑇(𝐻) + 𝑀 ∗ 𝐼 ∗ 𝑁𝑂𝑇(𝐿)) 

 SC_1h: natural ventilation is activated with DR3 and DR4 and SK2 opened, mechanical ventilation 
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is off; 

𝑆𝐶_1ℎ =  𝐴 ∗  𝐵 ∗  𝑁𝑂𝑇(𝐶) ∗  𝐷 ∗  𝐸 ∗  𝑁𝑂𝑇(𝐹) ∗ 𝐺 ∗ 𝑀 ∗ 𝐿 ∗ 𝑁𝑂𝑇(𝐼) 

 SC_1i: natural ventilation is activated with DR1 and DR2 and all the skylight windows opened, 

mechanical ventilation is off; 

𝑆𝐶_1𝑖 =  𝐴 ∗  𝐵 ∗  𝑁𝑂𝑇(𝐶) ∗  𝐷 ∗  𝐸 ∗  𝐹 ∗ 𝑁𝑂𝑇(𝐺) ∗  𝐻 ∗ 𝑀 ∗ 𝑁𝑂𝑇(𝐼) ∗ 𝑁𝑂𝑇(𝐿) 

 SC_2: windows and doors are closed, mechanical ventilation is activated; 

𝑆𝐶_2 =  𝐴 ∗ (𝑁𝑂𝑇(𝐵) +  𝐵 ∗ 𝐶 + 𝐵 ∗ 𝑁𝑂𝑇(𝐶) ∗ (𝑁𝑂𝑇(𝐷) + 𝐷 ∗ 𝑁𝑂𝑇(𝐸)) 

 SC_3: windows and doors are closed, mechanical ventilation is off. 

𝑆𝐶_3 =  𝑁𝑂𝑇(𝐴) 

Therefore, the control signals for doors and openings are: 

𝑂𝐹_𝐷𝑅1 =  𝑂𝐹_𝐷𝑅2 =  𝑔𝑡11(𝑆𝐶_1𝑏 + 𝑆𝐶_1𝑐 + 𝑆𝐶_1𝑒 + 𝑆𝐶_1𝑓 + 𝑆𝐶_1𝑔 + 𝑆𝐶_1𝑖, 0) 

𝑂𝐹_𝐷𝑅3 =  𝑂𝐹_𝐷𝑅4 =  𝑔𝑡(𝑆𝐶_1𝑎 +  𝑆𝐶_1𝑏 +  𝑆𝐶_1𝑑 + 𝑆𝐶_1𝑒 + 𝑆𝐶_1𝑓 + 𝑆𝐶_1ℎ, 0) 

𝑂𝐹_𝑆𝐾1 =  𝑔𝑡(𝑆𝐶_1𝑎 +  𝑆𝐶_1𝑏 +  𝑆𝐶_1𝑑 + 𝑆𝐶_1𝑒 + 𝑆𝐶_1𝑔 + 𝑆𝐶_1𝑖, 0) ∗ 𝑀𝑂𝐷𝑆𝐾1 

𝑂𝐹_𝑆𝐾2 =  𝑔𝑡(𝑆𝐶_1𝑐 +  𝑆𝐶_1𝑑 + 𝑆𝐶_1𝑒 + 𝑆𝐶_1𝑓 + 𝑆𝐶_1ℎ + 𝑆𝐶_1𝑖, 0) ∗ 𝑀𝑂𝐷_𝑆𝐾2 

Within schemes SC_1, entrance doors stay fully opened and the skylight windows’ opening angle can be 

modulated on 5 steps (0.2 - 0.4 - 0.6 - 0.8 - 1) according to the function shown in Figure 8-6. The opening 

factor of the skylight windows is calculated according to the outdoor temperature as follows: 

 𝑀𝑂𝐷_𝑆𝑇𝐸𝑃 =  
𝑇_𝐸𝑋𝑇_𝑀𝐴𝑋−𝑇_𝐸𝑋𝑇_𝑀𝐼𝑁

4
 

 𝑀𝑂𝐷_𝑆𝐾 =  𝐷 ∗ 𝑁 ∗ (𝑂 ∗ 0.2 + 𝑁𝑂𝑇(𝑂) ∗ (𝑅𝑂𝑈𝑁𝐷12
𝑇_𝐸𝑋𝑇−𝑇_𝐸𝑋𝑇_𝑀𝐼𝑁

𝑇_𝐸𝑋𝑇_𝑀𝐴𝑋−𝑇_𝐸𝑋𝑇_𝑀𝐼𝑁
 ∗ 5) ∗ 0.2) + 𝐷 ∗

𝑁𝑂𝑇(𝑁) 

                                                        
11 gt stays for “grater than”. gt(a,b) function is 1 if a >b, otherwise is 0. 
12 Number is rounded to the nearest integer. 
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Figure 8-6. Skylight opening angle modulation depending on outdoor temperature. 

Since the skylight windows do not have a position feedback, we can modulate the opening angle 

according to the previous opening angle and the time the motor takes to move the opening from one 

position to another. Therefore, the iBEMS will output two commands to the motors: operating time and 

direction. 

This can be programmed as following: 

 If MOD_SKt-1 > 0 and MOD_SKt-1 > MOD_SKt then motors shall operate in closing direction for a 

time P: 

 

𝑃 =
𝑀𝑂𝐷_𝑆𝐾𝑡−1 − 𝑀𝑂𝐷_𝑆𝐾𝑡

0.20
∗ 𝑝 

where p is the time the motor takes to move the window by one step and needs to be calibrated   

 

 If MOD_SKt-1 > 0 and MOD_SKt-1 < MOD_SKt then motors shall operate in opening direction for 

a time P: 

 

𝑃 =
𝑀𝑂𝐷_𝑆𝐾𝑡 − 𝑀𝑂𝐷_𝑆𝐾𝑡−1

0.20
∗ 𝑝 

 

 If MOD_SKt-1 > 0 and MOD_SKt-1 = MOD_SKt then motors do not operate 

 

Skylight windows and door opening signals can be overridden by: 

 Manual control override windows, not doors 

 Motion sensor (doors only) 

 Fire alarm, overrides manual and automated controls of both windows and doors 

 

The control signal for the AHU Vk03 is: 
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𝑌_𝑉𝑘03 =  𝑆𝐶_2 

 

The following setpoints are set as variables which can be easily editable during the commissioning phase: 

 𝑊𝑆_𝑀𝐴𝑋 [m/s] (initial value 7m/s – to be tuned during monitoring phase) 

 𝑇_𝐸𝑋𝑇_𝑀𝐼𝑁 [°C] (initial value 16°C – to be tuned during monitoring phase) 

 𝑇𝑆𝐸𝑇𝐶_𝐶𝑀𝐴 [°C] – daily schedule on hourly basis (initial value 25°C during opening time) 

 𝑇𝑆𝐸𝑇𝐻_𝐶𝑀𝐴 [°C] – daily schedule on hourly basis (initial value 20°C during opening time) 

 𝑇𝑆𝐸𝑇𝐻_𝑅𝑆𝑇 [°C] – daily schedule on hourly basis (initial value 21°C during opening time) 

 𝑇𝐶𝑂𝑀1_𝐻𝑌𝑆_𝐿𝑊 [K] (initial value 2K – to be tuned during monitoring phase) 

 𝑇𝐶𝑂𝑀1_𝐻𝑌𝑆_𝑈𝑃 [K] (initial value 0K – to be tuned during monitoring phase) 

 𝑇𝐶𝑂𝑀4_𝐻𝑌𝑆_𝐿𝑊 [K] (initial value 0K – to be tuned during monitoring phase) 

 𝑇𝐶𝑂𝑀4_𝐻𝑌𝑆_𝑈𝑃 [K] (initial value 2K – to be tuned during monitoring phase) 

 𝑇𝐶𝑂𝑀6_𝐻𝑌𝑆_𝐿𝑊 [K] (initial value 0K – to be tuned during monitoring phase) 

 𝑇𝐶𝑂𝑀6_𝐻𝑌𝑆_𝑈𝑃 [K] (initial value 2K – to be tuned during monitoring phase) 

 𝑊𝑆𝑛_𝑀𝐴𝑋 [m/s] (initial value 4m/s – to be tuned during monitoring phase) 

 𝑇_𝐸𝑋𝑇_𝑀𝐴𝑋 [°C] (initial value 22°C – to be tuned during monitoring phase) 

 𝑝 [s] (to be tuned during commissioning phase) 
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Figure 8-7. Flow chart of the control strategy for natural ventilation of CitySyd democase. 

 


