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Resum 

L’alt consum energètic en el sector de l‘edificació, especialment en l’àmbit de 

calefacció i refrigeració ha promogut noves i més restrictives polítiques energètiques 

arreu del món, tals com la nova directiva europea 2010/31/EU sobre el consum 

energètic dels edificis. La millora i estudi de nous tipus de tancaments dels edificis 

presenta un alt potencial per reduir la demanda de calefacció i refrigeració. 

L’ús de façanes ventilades s’està estenent en els últims anys en el sector de l’edificació. 

Aquests sistemes constructius es basen en un tipus especial de tancament, on una 

segona pell (transparent o opaca) s’instal·la davant de la façana habitual de l’edifici. 

L’espai d’aire entremig, anomenat canal, pot ser ventilat mecànica o naturalment. 

Aquests tipus de façanes, si estan ben dissenyades, poden reduir el consum energètic 

anual de l’edifici absorbint radiació solar durant els períodes de calefacció i evitant el 

sobreescalfament durant l’estiu. A més, aquests sistemes poden ser implementats no 

solament en obra nova, sino que la seva naturalesa els fa òptims per a rehabilitació 

d‘edificis ja existents.  

L’objectiu d’aquesta tesis és el d‘analitzar el comportament tèrmic d’una façana 

ventilada amb material de canvi de fase macro encapsulat en el seu canal d’aire. L’ús de 

materials de canvi de fase incrementa la capacitat d’emmagatzematge d’energia tèrmica 

en la solució constructiva proposada, i intensifica l’emmagatzematge i l’operació de la 

façana ventilada en un rang de temperatures desitjat. 

El rendiment energètic d’aquest nou tipus de façana ventilada s’estudia de forma 

experimental per veure el seu potencial en reduir els consums energètics tant de 

calefacció com de refrigeració. Posteriorment, s’estudia mitjançant l’anàlisi de cicle de 

vida, quin és l’impacte mediambiental que suposa la manufactura i operació d’aquest 

sistema. Finalment, es desenvolupa un model numèric per optimitzar el funcionament i 

disseny d’aquesta façana. Aquest model numèric utilitza una nova correlació empírica 

del nombre de Nusselt per al càlcul dels coeficients de transferència de calor entre el 

material de canvi de fase i el flux d’aire circulant pel canal. 

  



    

Resumen 

El alto consumo energético en el sector de la edificación, especialmente en el ámbito de 

calefacción y refrigeración ha promovido nuevas y más restrictivas políticas energéticas 

en todo el mundo, tales como la nueva directiva europea 2010/31/EU sobre el consumo 

energético de edificios. La mejora y estudio de nuevos tipos de envolventes de edificios 

presenta un alto potencial en reducir la demanda de calefacción y refrigeración. 

El uso de fachadas ventiladas se está extendiendo en los últimos años en el sector de la 

edificación. Estos sistemas constructivos se basan en un tipo especial de envolvente, 

donde una segunda piel (transparente u opaca) se instala frente a la fachada habitual del 

edificio. El espacio de aire intermedio, llamado canal, puede ser ventilado mecánica o 

naturalmente. Estos tipos de fachadas, si están bien diseñadas, pueden reducir el 

consumo energético anual del edificio absorbiendo radiación solar durante los períodos 

de calefacción y evitando el sobrecalentamiento durante el verano. Además, estos 

sistemas pueden ser implementados no sólo en obra nueva, sino que su naturaleza los 

hace óptimos para rehabilitación de edificios ya existentes. 

El objetivo de esta tesis es el de analizar el comportamiento térmico de una fachada 

ventilada con material de cambio de fase macro encapsulado en su canal de aire. El uso 

de materiales de cambio de fase aumenta la capacidad de almacenamiento de energía 

térmica en la solución constructiva propuesta, e intensifica el almacenamiento y la 

operación de la fachada ventilada en un rango de temperaturas deseado. 

El rendimiento energético de este nuevo tipo de fachada ventilada se estudia 

experimentalmente para ver su potencial en reducir los consumos energéticos tanto de 

calefacción como de refrigeración. Posteriormente, se estudia mediante el análisis de 

ciclo de vida, el impacto medioambiental que supone la manufactura y operación de este 

sistema. Finalmente, se desarrolla un modelo numérico que optimiza el funcionamiento 

y diseño de esta fachada. Este modelo numérico utiliza una nueva correlación empírica 

del número de Nusselt para el cálculo de los coeficientes de transferencia de calor entre 

el material de cambio de fase y el flujo de aire circulando por el canal. 

  



    

Summary 

The high energy consumption in the building sector, especially for heating and cooling, 

has promoted new and more restrictive energetic policies around the world, such as the 

new European directive 2010/31/EU on the energy consumption of buildings. The 

improvement and study of new types of building envelopes has a high potential to 

reduce the energy demand for both heating and cooling. 

The use of ventilated facades has recently become more popular in the building sector. 

These constructive systems are based on a special type of envelope, where a second skin 

(transparent or opaque) is installed in front of the regular building facade. The 

intermediate air space, called channel, can be mechanically or naturally ventilated. 

These types of facades, if well designed, can reduce the overall energy consumption of 

the building by absorbing solar radiation during heating periods and can avoid 

overheating in summer. In addition, these systems can be implemented not only in new 

buildings, but their nature makes them optimal for refurbishing of existing buildings, as 

well. 

The objective of this thesis is to analyse the thermal behaviour of a ventilated facade 

with macro-encapsulated phase change material in its air channel. The use of phase 

change materials increases the ability of thermal energy storage in the proposed 

constructive system, and enhances the storage and operation of the ventilated facade in a 

desired temperature range. 

The energy efficiency of this new type of ventilated facade is experimentally studied to 

determine its potential in reducing the energy consumption both for heating and cooling. 

Hereafter, the environmental impact of the manufacture and operation of this system is 

studied by a life cycle analysis. Finally, a numerical model is developed to optimize the 

operation and design of this facade. This numerical model uses a new empirical 

correlation for the Nusselt number to calculate the convective heat transfer coefficients 

between the phase change material and the air flow circulating in the chamber. 

 



    

NOMENCLATURE 

Nomenclature 

CFD   Computational fluid dynamics 

HVAC  Heating Ventilation and Air Conditioning 

LCA  Life cycle assessment 

PCM   Phase change materials  

TES   Thermal energy storage  

VDSF  Ventilated double skin facade 
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Introduction 

1 Introduction 

1.1 Energy consumption in the building sector 

The building sector, including both the residential and services sub-sectors, consumes 

approximately 32% of global final energy use, making it responsible for almost 15% of 

total direct energy-related CO2 emissions from final energy consumers. According to 

the ETP 2012 [1], these emissions must be reduced over 60% by 2050. 

The total energy consumed in the building sector reached 115 exajoules (EJ) in 2009. 

The source of around 60% of this energy was renewable and electricity, as shown in 

Figure 1. Moreover, this total energy consumption has been growing 1.8% per year 

since 1971. As shown in Figure 2, the residential sector accounts for 75% of these 

consumptions and has experimented a continuous and substantial increment. 

Figure 1. Energy consumption flow in the building sector, 2009 [1]. 

Apart from enforce stringent building codes that include minimum energy consumption 

for new and refurbished buildings, the ETP 2012 highlights the necessity of using 

highly-efficient technologies in the envelopes, equipment and new strategies to address 

the high energy consumption of the sector. Moreover, policies are required to promote 

the research and development of these highly-efficient technologies.  
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Figure 2. World buildings energy consumption by energy source [1]. 

The improvements in buildings envelopes have high potential in energy demand 

reduction and consequently in energy savings [2]. Within this context, the use of 

ventilated double skin facades (VDSF) in the building sector has recently become more 

popular. 

1.2 Ventilated double skin facades 

VDSF are becoming an important and widely used architectural element in office 

buildings, as they can contribute to numerous advantages apart from their good 

aesthetics [3]. These systems can provide ventilation to the building under different 

modes depending on the energetic requirements and weather conditions (Figure 3). 

Moreover, the use of VDSF can improve the acoustic characteristics and day lighting 

inside the building, as well as provide greater thermal insulation due to the outer skin 

both in winter and summer [4]. 

The VDSF are based on a special type of envelope, where a second skin, usually a 

transparent glazing, is placed in front of a regular building facade. The air space in 

between (the channel) can be mechanically or naturally ventilated to improve the 

thermal performance of the building [5]. Those facades, if well designed, can efficiently 

reduce the overall HVAC consumption in buildings by using part of the solar radiation 

during winter, and preventing overheating during warm periods [4].  
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On the other hand, Poirazis [6] stated that the main disadvantages of these systems are 

their higher construction costs, the additional maintenance and operational costs, fire 

protection problems and possible overheating if not properly designed. 

Figure 3. Schematic representation of the working modes for ventilated double-skin facades [7]. 

According to Ruiz-Pardo [8] the operating principle and design of double skin 

envelopes can be classified depending on the morphology of the outer and inner skin: 

• Glazed outer skin / opaque inner skin: These systems are used when the heating 

demand is dominant due to climate and operative conditions. The well-known 

Trombe wall belongs to this category. It takes benefits from the solar radiation 

by heating up the air from the inner environment usually with natural 

ventilation. Solar walls also present this morphology, however, no recirculation 

of air is produced in them. 

• Glazed outer skin / Glazed inner skin: This combination is used when a glazes 

aspect of the facade is required. Even though the building can present important 

heating loads, the cooling loads are usually higher. The outer skin is made by a 

clear glass, while a double or absorbent glass is used in the inner skin. The use 
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of venetian blinds or shading devices is advised in order to adapt the heating, 

cooling and day lighting requirements (Figure 4). 

�

Figure 4. Integrated movable shading system in winter and summer configurations [9]. 

• Opaque outer skin / Opaque inner skin: These systems can be divided into sealed 

cavity and open-joint ventilated facades. The ventilation is produced with upper 

and lower openings in the sealed cavity or through the open-joints. Several 

operative options can be found within this morphology, such as the use of PV 

panels in the outer skin [10] (Figure 5). 

Figure 5. Cross section of a sealed cavity and an open-joint ventilated facade [11]. 
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The geometrical partition of the air cavity can define the thermal performance and 

operational mode of the VDSF. Depending on the facade configuration [12], the VDSF 

can be classified as: 

• Buffer: In this configuration the air within the cavity acts as a thermal buffer. 

The cavity is connected to the outdoor air for pressure balance purposes. 

• Box-window (Figure 6a): The facade is divided both vertically and horizontally, 

forming a box. The air is entering from outdoors at every storey level and is 

released in the same corridor or in a contiguous one. 

• Shaft-box (Figure 6b): This configuration is similar to the box-window, except 

that the shaft-box might discharge exhaust air through a lateral building-height 

opening as well as to the front openings. 

• Corridor (Figure 6c): The VDSF is horizontally divided, forming a storey level 

corridor. Inlet and outlet openings are placed in such a way that the mixing of 

exhaust air and supply air to the above storey is avoided. 

• Multi-storey (Figure 6d): This system has no cavity partitions. Louvered facades 

are a particular case of multi-storey facades, in which the external skin is 

composed of louvers that can be moved from a closed to an open position. In the 

open position, they no longer act as a second skin.
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Figure 6. Schematic working conditions of the different VDSF configuration [13]. 

1.3 Thermal energy storage 

It is well known that the use of adequate thermal energy storage (TES) systems in the 

building and industrial sector presents high potential in energy conservation [14,15]. 

The use of TES can overcome the lack of coincidence between the energy supply and its 

demand; its application in active and passive systems allows the use of waste energy, 

peak load shifting strategies, and rational use of thermal energy. 

Passive TES systems can enhance effectively the naturally available heat energy sources 

in order to maintain the comfort conditions in buildings and minimize the use of 

mechanically assisted heating or cooling systems [16]. These systems include increased 

use of ventilated facades [17], thermal mass [18,19], shading effect using blinds [20], 

coated glazing elements [21], and solar heating and free cooling (night ventilation) 

techniques [22]. 

On the other hand, the use of active TES systems provides a high degree of control of 

the indoor conditions and improves the way of storing heat energy. These systems are 

usually integrated in buildings to shift the thermal load from on-peak to off-peak 
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conditions in several applications, such as domestic hot water applications [23] or 

HVAC systems [24,25]. 

High energy storage density and high power capacity for charging and discharging are 

desirable properties of any storage system. It is well known that there are three methods 

of TES: sensible, latent and thermochemical energy storage. 

1.3.1 Sensible energy storage 

Sensible heat storage materials are defined as a group of materials that undergo no 

phase change in the temperature range of the storage process. The ability to store 

sensible heat for a given material strongly depends on the value of its energy density, 

that is the heat capacity per unit volume or
PC·ρ . For a material to be useful in a TES 

application, it must be inexpensive and have good thermal conductivity [26]. The 

sensible energy stored in any material can be calculated using the following equation: 

�=

2

1

·

T

T

psensible dTCQ

where Qsensible is the sensible energy stored per mass unit, Cp is the specific heat of the 

material, and dT is the temperature change. The temperature change (�T=T2-T1) 

depends on the application and is limited by the heat source and by the storage system. 

1.3.2 Latent energy storage 

The latent energy is the energy needed for the phase change of a material and presents 

higher energy density than sensible energy. Three different phase changes are possible: 

solid-solid, solid-liquid, and liquid-gas. The phase change liquid-gas is the one with 

higher energy density. However, serious problems in pressure control are found due to 

the volume expansion of the process [27]. Solid-solid phase change presents low energy 

density, hence the phase change between solid-liquid is presented as the most suitable 

due to the high energy density and the lack of problems related to volume expansions. 
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The energy density is drastically increased when phase change materials (PCM) are 

used. Having a phase change within the temperature range of the storage (�T=T2-T1) 

the stored energy in a PCM can be calculated as follows: 

�� +∆+=

2

1

·· ,,

T

T

lppc

T

T

splatent

pc

pc

dTCHdTCQ

where latentQ  is the sensible and latent energy stored and PCH∆  is the heat of fusion at 

the phase change temperature PCT . 

The use of latent energy storage systems in buildings has been a topic of great interest 

in the literature [28,29] both in active and passive systems.  

The use of PCM in the envelopes smoothes the daily temperature fluctuations and can 

absorb solar radiation and internal thermal loads [30]. Within this context, Xu et al. [31] 

implemented PCM in the floor in order to absorb the solar radiation energy in the 

daytime and release the heat at night in winter. Moreover, Castell et al. [18] registered 

experimentally important electrical energy savings during the cooling season due to the 

use of macro-encapsulated PCM in the building envelope. Furthermore, the use of PCM 

has been also used to enhance the cooling loads of a building by using cold storage from 

the night. The free-cooling system (Figure 7) solidifies the PCM during the night time, 

when lower temperatures are available, and uses this cold stored to cool down the inlet 

air to the building.  

These systems are usually based on PCM-air heat exchangers. The use of PCM is 

suitable because of small temperature difference between day indoors and night 

outdoors. Zalba et al. [32] conducted a viability analysis of a real installation (Figure 8 

[33]), which demonstrated that this type of system is not only technically feasible, but 

also economically advantageous in comparison to existing cooling systems, as well. 

Furthermore, Vakilaltojjar and Saman [34] developed three computer models to 

optimize the design of these PCM-air heat exchangers. They conclude that the better 

performance can be obtained by using small air gaps and thin PCM slabs, even though 
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this increases the number of PCM containers, which might lead to higher pressure drop 

across the storage system. Similarly, Hed and Bellander [35] studied numerically the 

thermal performance of a PCM air heat exchanger and pointed out how the shape of the 

heat capacity vs. temperature function affects the cooling power of the system. 

Figure 7. Concept of free-cooling [32]. 

Figure 8. Air flow through the storage unit [33]. 



  

10 

CHAPTER I 

Introduction 

On the other hand, latent energy storage system can be implemented as a part of the 

building both for cooling or heating purposes. Stirith and Butala [36] studied 

experimentally and numerically the ceiling and floor free-cooling systems (Figure 9). 

The results showed a reduction of the peak temperatures leading to smaller room 

temperature fluctuations and a reduction of the cooling demand. The air temperatures, 

heat fluxes and heat as a function of time were given for different air velocities and inlet 

temperatures [37]. Saman et al. [38] implemented latent energy storage into a roof 

integrated solar heating system. They used several layers of PCM slabs with a melting 

temperature of 29 ºC. The stored heat is utilised to heat ambient air before being 

admitted to a living space. The possibility of integrating storage intro buildings should 

be simplified by using prefabricated assemblies or module-type constructions [39]. 

Figure 9. Principal function of PCM “free-cooling system”: (left) cooling of PCM at night, (right) cooling 

of building during the day [37]. 

Moreover, Cabeza et al. [40] have reviewed the different materials used as PCM for 

thermal energy storage application in the building sector. Furthermore, Zalba et al. [41] 

stated that PCM must have high latent heat and high thermal conductivity. They should 

have a melting/freezing temperature lying in the practical range of operation, 

melt/freeze congruently within minimum subcooling and be chemically stable, low in 

cost, nontoxic and non-corrosive. 

Abhat [42] classified the substances used for thermal energy storage (Figure 10). 
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Figure 10. Families of phase change heat storage materials [42]. 

Salt hydrates are suitable for their application in the building sector for their low cost, 

availability, and lack of fire risk hazards. However, some problems such as subcooling, 

segregation and hysteresis can modify their thermal performance. On the other hand, 

although organic substances present a more stable thermal behaviour, their high cost 

and fire hazards limits their application in buildings [43]. 

1.3.3 Thermochemical energy reactions 

From all the thermal energy storage processes, chemical sorption and chemical reactions 

based on solid-gas systems show the highest potential for energy savings and CO2

mitigation [44]. The heat is not stored directly as sensible or latent heat but by a 

reversible chemical process or reaction, as follows: 

CBHEATA +↔+

First, in the charging period, heat is absorbed to transform the chemical A into two new 

chemicals, B and C. Hereafter, the two new chemicals must be stored in separate vessels 

at ambient temperature. Whenever the heat is required, chemical B reacts with chemical 

C to form the original chemical A and the stored heat is released. 
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The research for short or long term thermal storage using this technology is in the early 

stage, only few experimental have been carried out for short discharging periods. 

1.4 Use of PCM in ventilated facades 

In this PhD, the use of PCM is combined with the VDSF constructive system. The 

combination of these two technologies has been briefly addressed in the literature.  

Bourdeau [45] has implemented PCM (calcium chloride hexahydrate with a melting 

point of 29 ºC) in Trombe walls and found out that an 8 cm PCM wall has slightly better 

performance than a 40 cm thick masonry wall. Ghoneim et al. [46] also investigated the 

reliability of PCM as a Trombe wall. They used sodium sulphate decahydrate as phase 

change material in a South facing Trombe wall. The conclusions were also that PCM 

wall with smaller thickness were more desirable than traditional masonry for providing 

efficient thermal energy storage. Using a similar configuration, Stritih and Novak [47] 

tested numerically the operation of the wall during the heating season. The high 

efficiency of converting solar energy into latent heat (79 %) was remarked. The 

numerical analysis for the heating season gave an optimum melting point a few degrees 

above room temperature. In addition, Eiamworawutthikul et al. [48] presented the 

results of simple simulations of a Trombe wall improved with the incorporation of 

PCM. The calculations were carried out using typical winter climate data from the 

Raleigh-Durham location in North Carolina. Three types of wall were evaluated. Two 

normal concrete walls, one having a thickness of 30 cm and the other of 10 cm, and the 

other one having 20 % by weight of paraffin homogeneously mixed with the concrete 

wall material. The configuration of the test model is shown in Figure 11. The results 

showed that the thermal energy storage capacity of the PCM wall is much better than 

the concrete wall having the same thickness, and it is slightly better than the thick 

concrete wall. 
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Figure 11. Configuration of a Trombe wall with PCM [48]. 

Moreover, Costa el al. [49] developed eight prototypes to evaluate experimentally the 

thermal performance of VDSF in different European climates (Southern, Central and 

Northern climates). In one prototype (M3) a PCM layer was included in the inner skin; 

however, due to the small amount of PCM (4 cm), no significant improvements were 

found due to its use (Figure 12). 

In addition, the use of PCM and transparent insulation materials (TIM) in VDSF 

systems has been numerically studied by Heim [50] (Figure 13). The modelling and 

simulations were carried out using ESP-r. This was adapted to describe the physical 

elements of the PCM model using ESP-r zones and network elements, and the effective 

heat capacity method to describe the phase change phenomena. The results showed that 

the effect of the PCM reduces the temperature fluctuations during winter time 

(December and January). Furthermore, in spring and autumn the influence of PCM on 

the thermal behaviour of the wall is noticeable. 
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Figure 12. (A) South prototypes sketch. 1 outdoor glass, 2 lower damper box & ventilators, 3 indoor wall, 

4 double indoor glass, 5 blind, 6 upper damper box. (B) Main geometric data of the modules (M1, M3 and 

M6), [49]. 

Figure 13. Cross section of a VDSF with TIM-PCM wall [50]. 

Even though the studies regarding the use of PCM in VDSF are very limited and 

focused mainly on passive solar techniques (use of PCM to replace the masonry in a 

Trombe wall), they demonstrated the potential of these special envelopes to enhance the 

thermal efficiency of the buildings. In this PhD the use of PCM in the VDSF system is 

not only focused in absorbing the solar radiation and use it for heating purposes during 

the winter season, but to use the PCM as a cold storage system during the summer 
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season and hence reduce the HVAC energy consumption, as well. An innovative and 

versatile VDSF with macro-encapsulated PCM in its air chamber is designed and 

presented as a suitable tool to reduce both heating and cooling demands making an 

intensive use of the PCM. 
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2 Objectives 

The main objective of this PhD thesis is to analyse the thermal performance of an active 

ventilated facade with macro-encapsulated PCM in its air chamber and to study its 

potential in reducing both heating and cooling energetic consumption. To accomplish 

the aforementioned objective, several specific objectives were specified: 

• To study experimentally the energetic performance of the new facade and to 

determine its potential in reducing the heating demand during winter period. 

• To study experimentally the potential of the ventilated facade with PCM in its 

air chamber to be used as a cold storage system during the summer period and 

hence reduce the cooling loads. 

• To evaluate the environmental impact due to the manufacturing and operation of 

this new ventilated facade through its whole life cycle. 

• To review and compare the different numerical methods which are available in 

the literature to study numerically the thermal performance of a ventilated 

double skin facade. 

• To develop an empirical correlation to determine the convective heat transfer 

coefficient between a PCM flat plate and an air flow. 

• To optimize, using numerical tools, the operational schedule and design of the 

ventilated facade when used for cooling purposes.  

�
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3 PhD thesis structure 

The PhD thesis is based on six papers; three of them have been already published in SCI 

journals while the other three have been submitted.

The first step which has been done in order to study the new ventilated facade with 

PCM, was its design and construction in an experimental set-up, which enables to test 

experimentally the thermal performance of this new system under winter and summer 

Mediterranean climate conditions. 

During the heating season, the ventilated facade could absorb and use an important 

amount of the incident solar radiation and registered important net energy savings. On 

the other hand, according to the experimental results during the summer season, no net 

electrical energy savings were achieved due to an excessive use of the fans during the 

solidification process.  

The energetic results from the winter and summer experimental campaign were used to 

evaluate the environmental impact of the ventilated facade with PCM. A life cycle 

assessment based on the Eco-Indicator99 methodology is used to determine the 

environmental payback of this system. 

As it was previously said, no net energy savings were registered during the summer 

period, hence, numerical tools were required to optimize the design of the system and 

minimize the use of fans for cooling purposes. 

This requirement leaded the PhD candidate to study, review and compare which 

methods have been used in the literature to study numerically the performance of 

ventilated double skin facades. 

Moreover, it was noticed that the convective heat transfer coefficient between the PCM 

panels and the air flow was critical to determine the capacity of the system in storing 

and releasing the heat or cold stored in the PCM. In the literature, the existing heat 

transfer correlations for the flow between parallel plates are for constant and equal wall 
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temperatures or heat fluxes. Therefore, no correlation has been built for the specific case 

of an air flow over PCM plates, so a new correlation was developed which takes into 

account the perturbation in the Nusselt evolution due to the phase change process. 

Finally, this new Nusselt correlation was implemented in a numerical model, based on 

the control volume approach, to study numerically under which operational schedule 

and climate conditions the ventilated facade could achieve net energy savings during the 

cooling season. 
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4 Experimental study of a ventilated facade with PCM during winter 

period 

4.1 Introduction 

It is well known that ventilated double skin facades (VDSF), if well designed, can 

efficiently reduce the heating HVAC energy consumption of buildings by absorbing 

part of the solar radiation during winter period [4]. Moreover, the use of PCM in the 

building sector has been widely researched to increase the thermal inertia of the 

building envelopes [29,40], and its influence in reducing the cooling loads during the 

summer season has been demonstrated experimentally [18,51]. However, the high cost 

of these materials makes them non-attractive to market purposes if designed specifically 

for cooling and not for helping to cover also heating demands. This becomes a critical 

aspect in areas of the planet with higher energetic consumption for heating than for 

cooling, such as the location of the experimental set-up used in this PhD [1]. 

In this study the use of PCM is combined with the VDSF technology in order to reduce 

the heating demand during the winter season. The VDSF acts as a solar collector during 

the sunny hours and once the PCM is melted and the solar energy is needed by the 

building heating demand, the heat stored is discharged to the inner environment as a 

heating supply. 

The scope of the work was to test experimentally the thermal performance of the VDSF 

with PCM under different weather conditions, energetic requirements and ventilation 

modes. An experimental set-up consisting of two identical house-like cubicles (2.4 m x 

2.4 m x 5.1 m indoor dimensions) was built in Puigverd de Lleid (Spain). The only 

difference between these two cubicles is that in one of them a VDSF with macro-

encapsulated PCM was constructed in the south wall (Figure 14). 
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Figure 14. Experimental set-up: Ventilated facade and reference cubicles during heating season 

4.2 Contributions to the state-of-the-art 

A new VDSF with macro-encapsulated panels of PCM in its air chamber has been 

experimentally tested for heating purposes. This research is described in the following 

publication: 

• A. de Gracia, L. Navarro, A. Castell, A. Ruiz-Pardo, S. Álvarez, L.F. Cabeza. 

Experimental study of a ventilated facade with PCM during winter period. 

Energy and Buildings 58 (2013) 324-332. 

This VDSF is equipped with three fans at the inlet of the channel which can provide 

mechanical ventilation if needed. Six openings allow the air to flow through the facade 

from outdoor or indoor, or to operate with no ventilation. The innovative design and 

versatility of this VDSF allows the system to operate as a heating supply. The operating 

principle and sequence of operation of the VDSF is shown in Figure 15. The ventilated 

facade acts as a solar collector during the sunny hours (Figure 15.a). Once the PCM is 

melted and a heating supply is required, the heat discharge period starts (Figure 15b). 

This heating supply is performed until no more thermal energy is needed o can be 
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provided by the system. Hereafter, the system closes all its openings to reduce heat 

losses to the environment (Figure 15c). 

The experimental results demonstrated the high potential of this new VDSF in reducing 

the electrical energy consumption of the HVAC systems of a building during the winter 

season. These savings depend strongly on the mode of operation and the weather 

conditions, being under severe winter conditions 19% and 26% depending on the 

HVAC set point (21 ºC and 19 ºC, respectively). Moreover, with and appropriate 

operational schedule the system could achieve net energy savings of 86.2% during the 

mild winter season. 

Figure 15. Sequence of operation of the ventilated facade 

Moreover, the heat injection efficiency, defined as the ratio between the amount of heat 

that the system is able to pump and the amount of solar heat absorbed by the facade, is 

very sensitive to the operational schedule of the VF. This efficiency is around 40% 

when the system supplies heat to the inner environment during the sunny hours. On the 

other hand, this value is significantly reduced (19%) when the use of the solar energy 

(heating supply) does not match with its production.  
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In addition, the measured electrical energy consumption of the heat pumps and fans 

demonstrated that the use of mechanical ventilation in this system is unnecessary unless 

a fast heating supply is needed. 

Finally, the experimental results also showed that the use of SP-22 provides almost no 

thermal benefits, since its solidification process starts below 20 ºC, which limits 

strongly the possibility of injecting the stored latent heat to the indoor environment.  

4.3  Journal paper 
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a  b  s  t  r  a  c  t

The  aim  of  this  article  is  to test  experimentally  the thermal  performance  of a ventilated  double  skin  facade
(DSF)  with  phase  change  material  (PCM)  in its  air channel,  during  the  heating  season  in  the Mediterranean
climate.  Two  identical  house-like  cubicles  located  in  Puigverd  de  Lleida  (Spain)  were  monitored  during
winter  2012,  and  in  one  of  them,  a ventilated  facade  with  PCM was located  in  the  south  wall.  This  venti-
lated  facade  can  operate  under  mechanical  or natural  ventilation  mode  and  its thermal  control  depends
on  the  weather  conditions  and  the energetic  demand  of  the  building.  Hence,  three different  tests  were
performed:  free  floating,  controlled  temperature  and  demand  profile  conditions.  The  experimental  results
conclude  that  the  use  of  the  ventilated  facade  with  PCM  improves  significantly  the  thermal  behaviour
of  the  whole  building  (working  as  a heat  supplier  in free  floating  tests  and  reducing  significantly  the
electrical  consumption  of the HVAC  systems).  However,  these  improvements  might  be  increased  if  ther-
mal control  is used.  Moreover,  the  measured  electrical  energy  consumption  of the  heat  pumps  and  fans
indicates  that  the  use of  mechanical  ventilation  in  this  system  is not  justified;  unless  a fast  heating  supply
is needed.

© 2012  Elsevier  B.V.  All  rights  reserved.

1. Introduction

New policies are being promoted all over the world to reduce the
energetic demand of the HVAC systems used in the building sector,
and hence reduce the CO2 emissions. In the world, the building sec-
tor (residential and commercial) is consuming around 40% of the
final energy [1].  In order to reduce this high energy demand, the
European directive on the energy performance of buildings [2] dic-
tates that all the EU member states must approve energetic policies
to promote the inclusion of very low and even close to zero energy
buildings.

The high potential of the building envelopes in the energy
demand reduction and consequently in electrical energy savings
has been widely proved [3–5]. The main effort in this topic was
focused in increasing the thermal resistance of the envelopes by
improving the insulation [6,7]. However, a lot of research also eval-
uated its thermal energy storage capacity. Within this context,
many latent heat storage applications in buildings have been stud-
ied [8–10], since the use of phase change materials (PCM) in the

∗ Corresponding author. Tel.: +34 973 003576.
E-mail addresses: arp@esi.us.es (Á. Ruiz-Pardo),

lcabeza@diei.udl.cat (L.F. Cabeza).
1 Tel.: +34 973 00 35 77.
2 Tel.: +34 954487471.

envelopes smoothes the daily temperature fluctuations and can
absorb solar radiation and internal thermal loads [11].

In addition, the use of ventilated double skin facades (DSF)
in the building sector has recently become more popular. Those
facades, if well designed, can efficiently reduce the overall HVAC
energy consumption of buildings by absorbing part of the solar
radiation during winter and preventing overheating during warm
periods [12]. Those constructive systems are based on a special
type of envelope, where a second skin, usually a transparent glaz-
ing, is placed in front of a regular building facade. The air space in
between (the channel) can be mechanically or naturally ventilated
to improve the thermal performance of the building [13]. Ventilated
facades can operate under different modes (Trombe wall, inter-
nal and/or external ventilation) depending on the air flow path,
as shown in Fig. 1.

In this study, the use of PCM is combined with the ventilated
facade constructive system. Macro-encapsulated PCM panels were
installed inside the air chamber of a ventilated facade, and its
thermal performance was experimentally studied and compared
against a conventional constructive system. Two identical house-
like cubicles were monitored, and in one of them, a ventilated
facade with PCM was located in the south wall.

The PCM inside the air cavity will not only increase the solar
energy absorption capacity during winter but it might be used as a
cold storage system during warm periods, as well. This ventilated
facade with PCM in the air chamber might reduce both heating

0378-7788/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.enbuild.2012.10.026
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Nomenclature

Achannel Cross sectional area of the ventilated facade cavity [m2]
Asolar Effective solar absorption area [m2]
CPair Air heat capacity [J kg−1 K−1]
Qfac Total injected heat supplied from the facade [J]
Qload reduction Thermal load difference between the REF and

the FAC cubicle [J]
Qsol Total solar radiation incident in the DSF [J]
Qglob rad Incident vertical global solar radiation [W/m2]
Tinlet Temperature at the inlet of the DSF channel [K]
Toutlet Temperature at the outlet of the DSF channel [K]
t Time [s]
vair Air velocity [m/s]

Greek symbols
�air Air density [kg m−3]
�load Load reduction efficiency
�sol Heat injection efficiency

and cooling demands of the building. However, this paper fully
describes the available experimental set-up, focusing in the poten-
tial of using this special building envelope to reduce the heating
demand during winter period.

2. Experimental set-up

In order to test the improvement in the thermal performance
of a building due to the use of a ventilated DSF with PCM in
its air cavity, two real cubicles with the same inner dimensions
(2.4 m × 2.4 m × 5.1 m)  were monitored in the experimental set-
up located in Puigverd de Lleida, Spain. The constructive system
used in the walls of both cubicles is based on alveolar bricks
(30 cm × 19 cm × 29 cm)  with an external cement mortar and inner
plaster coating. The only difference between the two  cubicles is
that one of them has a ventilated facade with PCM inside its air
chamber in the south wall, while the other cubicle keeps the basic
constructive system (Fig. 2). Both roofs were made using concrete
pre-cast beams, 3 cm of polyurethane and 5 cm of concrete slab. The
polyurethane is placed over the concrete and it is protected with

a  cement mortar roof with an inclination of 3%, a double asphalt
membrane and 5 cm of gravel [5].

A metallic structure is used to build the ventilated facade with
an air cavity of 15 cm thick, which represents 0.36 m2 of chan-
nel area (Achannel). The inner layer is based on the alveolar brick
constructive system while the outer envelope is made by a glass
layer.

The ventilated facade has an effective solar absorption area of
6.4 m2 (Asolar) and it is equipped with three fans (FCL 133 Airtecnics)
in the inlet of the air channel to provide mechanical ventilation
when needed. Moreover, in order to control the operational mode
of the facade, six automatized gates (Fig. 3) were installed at the
different openings of the channel. Hence, the air can flow through
the facade from outdoor or indoor, or operate as a Trombe wall.
Those gates are controlled by ST450N linear spindle actuators. A
system to control the fans and gates is programmed in a Microchip
18F45J10.

The PCM used in this application was the macro-encapsulated
salt hydrate SP-22 from Rubitherm. The selection of this PCM (melt-
ing temperature at 22 ◦C) allows the ventilated facade to store high
quantities of solar energy during winter periods, and to be used
as a cold storage system during summer periods using the night
free cooling effect. A total of 112 PCM panels are distributed over
the facade creating 14 air flow channels as shown in Fig. 4. The
use of this thin air flow channels maximizes the heat transfer area
between the air flow and the PCM.

Both cubicles were fully instrumented and the following data
was registered at 5 min  intervals to evaluate their thermal perfor-
mance:

Internal wall temperatures (east, west, north, south, roof and
floor) measured with Pt-100 DIN B.

Indoor air temperature and humidity (at a height of 1.5 m and
4.5 m)  measured with ELEKTRONIK EE21.

Electrical consumption of the HVAC systems using an electrical
network analyser (MK-30-LCD).

Moreover, in order to analyze the behaviour of the ventilated
facade with PCM, the following data was also measured:

Air temperature of the cavity at different heights and locations
(10 Pt-100 with an irradiative cover).

Air velocity of the cavity at different heights and locations (4 hot
wire sensors KIMO CTV 210).

Pressure drop across the air cavity (KIMO CP 200).

Fig. 1. Different operational modes of a ventilated DSF.
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Fig. 2. Experimental set-up: reference and ventilated facade cubicles.

Outer and inner skin surface temperature (glass and alveolar
brick, respectively) at different heights and locations (6 Pt-100
each).

External surface temperature at different heights and locations
(6 Pt-100).

Heat flux transferred to indoor (2 HUKSEFLUX HFP01).
Heat flux transferred to the front and back surface of a PCM panel

(2 HUKSEFLUX HFP01).
Temperature of the PCM at three different heights (3 Thermo-

couples Type T, 0.5 mm  thick inserted in the PCM panels).
Front and back surface temperature of the PCM panels (2 Ther-

mocouples Type T).
In addition, the weather data was also registered every 5 min.

Two Middleton Solar pyranometers SK08 were used to capture the
horizontal and vertical global solar radiation, the outer air tempera-
ture and humidity were measured using an ELEKTRONIK EE21 with
a metallic shield to be protected against radiation, and finally the
wind speed and direction was provided by a DNA 024 anemometer.

Fig. 3. Automatized gates and fan distribution along the facade.

The experimental set-up offers the possibility to perform two
kinds of indoor conditions: free floating temperature and fixed con-
trolled temperature. Both cubicles are provided by two heat pumps
(Fujitsu Inverter ASHA07LCC), located at different heights (3 and
5 m).

3. Methodology

In this paper, the thermal performance of the ventilated facade is
experimentally tested under different weather conditions (severe
and mild Mediterranean winter), thermal control (free floating
and controlled temperature conditions) and ventilation mode

Fig. 4. PCM distribution inside the air chamber.
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Fig. 5. Sequence of operation of the ventilated facade.

(mechanically and naturally ventilated facade). The different tests
under severe winter (SW) conditions were performed from 9th to
22nd of February 2012, which were clear sunny days (global solar
radiation peaks of 1200 W/m2) with an outer temperature oscil-
lating from around 12 ◦C to −4 ◦C. On the other hand, the mild
winter (MW)  conditions experiments were tested from 1st to 29th
of March 2012, with similar solar radiation than in the previous
experiments (global solar radiation peaks of 1100 W/m2) but with
outer temperatures varying from 24 ◦C to 4 ◦C.

The sequence of operation of all the experiments is similar and is
shown in Fig. 4. The ventilated facade acts as a solar collector during
the solar absorption period (Fig. 5a). Once the PCM is melted and
the solar energy is needed by the heating demand, the heat dis-
charge period starts. During this period the openings drive the air
flowing from indoor to the facade cavity, where it is heated up by
the PCM panels and sent it back into the cubicle (Fig. 5b). This dis-
charge period is performed until no more thermal energy is needed
or can be provided by the facade; hereafter the system closes all the
openings, acting as a Trombe wall, to minimize the heat losses to the
environment (Fig. 5c). The different weather conditions and ener-
getic demand scenarios define the timing of this mode of operation
as well as the ventilation mode.

As it was previously said, the thermal control of the venti-
lated facade depends on the weather conditions and the energetic
demand of the building, for that purpose three different experi-
ments were performed:

• Free floating (FF): During these experiments no HVAC system
is used, hence the thermal response of the building is evaluated
by its indoor air temperature. This experiment is presented in
the mechanically ventilated mode for severe and mild winter
weather conditions. During the experiments under severe winter
conditions, the system discharges the absorbed solar heat from
12:00 to 18:00 h, while during the mild winter test, the discharge
period is programmed from 18:00 to 23:00 h.

• Controlled temperature (CT): The indoor temperature of each
cubicle is fixed by using the heat pumps. The electrical energy
consumed by each heat pump is measured and compared. This
experiment was performed in the mechanically and naturally
ventilated mode for severe and mild winter weather conditions.
Moreover, different temperatures set points were analyzed.

Similarly as in the FF experiment, the heat discharge schedule
varies depending on the weather conditions (from 12:00 to
18:00 h during severe winter conditions and from 12:00 to
23:00 h in the mild period).

• Demand profile (DP): In the mild season, the HVAC systems
were controlled by a timer, so they operate altogether with the
facade from 18:00 to 23:00 h, simulating the demand profile of
a conventional house. This experiment is presented with the
facade operating as a Trombe wall, and in the mechanically and
naturally ventilated mode.

In order to analyze the thermal performance of the system two
parameters are introduced. The heat injection efficiency (�sol) is
calculated as the ratio between the amount of heat that the system
is able to pump to the inner environment (Qfac), by the amount of
solar heat absorbed by the facade (Qsol), as shown in Eq. (1).

�sol = Qfac

Qsol
(1)

where,

Qsol =
∫

Q̇glob rad · Asolar · dt (2)

Qfac = Achannel · �air · Cpair ·
∫

vair · (Toutlet − Tinlet) · dt (3)

The second parameter is the load reduction efficiency (�load),
which is used in the controlled temperature and demand pro-
file experiments and is defined as the ratio between the thermal
energy saved in the heat pump (Qload reduction), by the amount of
heat injected by the facade (Qfac). The electrical energy savings mea-
sured from the heat pumps installed in the reference and ventilated
facade cubicles are multiplied by the COP (4.55 kW/kW) of these
heat pumps in order to calculate the Qload reduction.

�load = Qload reduction

Qfac
(4)
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Fig. 6. FF severe winter inner temperature evolution.

4. Results

4.1. Free floating (FF)

4.1.1. FF under severe winter (FF SW)
The free floating experiments were tested under severe and

mild winter conditions. The severe winter experiment was  per-
formed from 9th to 12th of February 2012. During these four days,
the measured outdoor temperature oscillated from 8 to −4 ◦C, and
the global radiation on vertical surface was 99.6 MJ/m2, giving a
total radiation incident on the facade of 159.37 MJ/day (Eq. (2)). A
fraction of the absorbed heat is pumped to the interior of the cubi-
cle from 12:00 to 18:00 using the fans at a fixed air flow rate of
2600 m3/h. The heat injected from the facade to the inner environ-
ment was 57.2 MJ/day (Eq. (3)), hence the system has an efficiency
of pumping the absorbed solar heat of 36% (Eq. (1)). The amount
of solar heat which was not pumped to the interior regards to
heat losses to the environment and the reflection of solar radiation
occurring in the outer skin. Moreover, it is important to highlight
that the temperature of the overall thermal mass of the facade at the
end of the discharge is much higher (around 20 ◦C) than the temper-
ature at the beginning of the solar absorption period (around 0 ◦C).
Hence, part of the solar heat is also used to cover this difference.

The indoor temperatures of both cubicles are presented in Fig. 6.
The indoor temperature of the reference cubicle (REF) drops daily
due to the tendency of the outdoor temperature, while the use of the
ventilated facade with PCM (FAC) makes the temperature increase
every day from 9 ◦C to 18 ◦C. The discharge period of the system is
also shown in Fig. 6.

The thermal profiles of the PCM and the air flow at the inlet and
outlet of the channel are presented in Fig. 7 altogether with the
indoor and outdoor environmental temperatures of the ventilated
facade cubicle during 12th of February 2012. This figure shows that
the system does not use the whole available latent heat, stored in
the PCM, since after the discharge (18.00 h) the PCM in the upper
part of the facade is just starting its solidification process. Hence,
the discharge might have been prolonged in order to take advantage
of the stored latent heat. Thus indicates the necessity of using a
thermal control system which can be programmed depending on
the energy demand, production and storage, and not only using the
time as controlling parameter.

The PCM and air flow temperature drops to values close to 0 ◦C
during night time. However, the temperatures of the whole ven-
tilated facade increase fast with the solar radiation due to the
greenhouse effect, achieving its maximum just before the dis-
charge. A vertical thermal gradient was measured in the airflow
during the solar absorption period (12 ◦C) indicating an important
air stratification in the air channel.

Fig. 7. Thermal profiles of PCM, air flow, and inner and outer environment on 12th
of  February 2012.

It is important to highlight that the system is still absorbing solar
radiation during the discharge period, when working under these
operational mode. This is why the PCM and air flow temperatures
increase until 15:00 even though part of the solar heat is being used
and injected to the interior of the cubicle.

Fig. 7 also shows that the inlet temperature of the channel is
not equal to the indoor temperature, which coincides with the
measurements and simulations performed by Saelens et al. [14].
This research stated that in order to estimate the inlet temperature
entering in a ventilated facade, the heating and cooling due to con-
tact with the bounding surfaces must be taken into account, as well
as the heating due to solar radiation.

4.1.2. FF under mild winter (FF MW)
The free floating experiment under mild winter weather con-

ditions was tested on 16th and 17th of March 2012. The solar
radiation incident to the facade during these two  days was
163.2 MJ/day (Eq. (2)). The system discharges this solar heat from
18:00 to 23:00, injecting to the indoor environment 31.6 MJ/day,
which produces a �sol = 19.4%. It can be seen that the efficiency of
pumping the absorbed solar heat has been reduced in compari-
son to the previous experiment (FF under severe conditions). This
occurs because in the experiment described in Fig. 6 the heat is
being discharged at the same time as it is being absorbed. On the
other hand, in the experiment presented in Fig. 8 the absorbed solar
energy is stored for later uses and hence exposed during more
time to the heat losses to the environment. The measurements
under these climatic conditions proved that the ventilated facade
improves strongly the thermal performance of the cubicle, mak-
ing the use of HVAC system almost not necessary, since the indoor
temperature is nearly all the time inside the thermal comfort range.

Fig. 8. FF mild winter inner temperature evolution.
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Fig. 9. Thermal profiles of PCM, air flow, and inner and outer environment during
17th  of March2012.

During this experiment, since the discharge was programmed
after the whole solar energy was absorbed, the PCM at the upper
part of the facade achieved 55 ◦C (Fig. 9). Looking at the PCM curve,
both melting and solidification process can be easily identified,
showing an important hysteresis between the phase change tem-
peratures during heating (23 ◦C) and cooling (20 ◦C). Furthermore,
it can be also seen that the latent heat is only partially used and the
discharge process might have been prolonged.

Finally, special attention on the PCM temperature peak must
be taken into account in order to avoid melting of the nucleants
included in the PCM, which will lead to stronger subcooling effects
and the malfunction of the system.

4.2. Controlled temperature (CT)

4.2.1. CT 21 ◦C Mechanically Ventilated under severe winter (CT
MV SW 21)

As previously said, during the controlled temperature exper-
iments, two heat pumps were used in each cubicle and their
electrical energy consumption was registered. The first CT exper-
iment was tested from 15th to 17th of February 2012 with the
heat pumps working the whole day at a set point of 21 ◦C and
the fans pumping air from 12:00 to 18:00 h. The solar heat inci-
dent to the facade during this period was 169.6 MJ/day (Eq. (2)) and
the heat injected from the facade to the indoor environment was
60.56 MJ/day, giving an efficiency �sol of 35.7%. Note that this effi-
ciency is similar to the value in the free floating experiment under
the same climatic conditions and time schedule of discharge (36%).

Fig. 10 shows that the heat pumps in the reference cubicle were
working all the time, while in the FAC cubicle the heat pumps did

Fig. 10. Thermal profiles of PCM, air flow, and inner and outer environment during
17th of February 2012.

not need to heat up the indoor air during the discharge period.
Thus, produces a significant difference in the electrical energy con-
sumption of the HVAC system of the REF cubicle (40.58 MJ/day)
and the FAC cubicle (30.76 MJ/day). In addition, in the mechanically
ventilated experiments it is important to take into account the elec-
trical energy consumption of the fans (120 W).  The fans consumed
2.59 MJ/day, hence the use of the ventilated facade operating under
the described conditions achieved a net electrical energy reduction
of the HVAC system of 7.77 MJ/day (19.14% in comparison to the ref-
erence). These energy savings would have been higher if the system
had used the stored latent heat in the discharge period. However, it
could not be used since the set point of the HVAC system was  set to
21 ◦C and the solidification process of the PCM SP-22 was at 20 ◦C.

Furthermore, the 9.82 MJ/day of electrical energy savings reg-
istered from the heat pumps corresponds to 44.681 MJ/day of
thermal energy savings, since the COP of the heat pumps is
4.55 kW/kW. Hence, the system operating under these conditions
presents a load reduction efficiency �load of 73.7% (Eq. (4)). It is
important to highlight that not all the heat injected by the facade
can be directly used to reduce the heating load of the cubicle, since
the FAC cubicle presented an important stratification of the air
inside (the hot air is pumped inside from the upper part of the
facade), and overheating of the indoor environment above the set
point temperature, which increases the heat losses to the outer
environment in comparison to the REF cubicle.

4.2.2. CT 19 ◦C mechanically ventilated under severe winter (CT
MV SW 19)

As it was discussed, in the previous experiment the PCM did
not release its latent heat during the discharge period, since its
phase change temperature during the solidification process was
below the HVAC set point (19 ◦C and 21 ◦C, respectively). Therefore,
the previous experiment was repeated with a set point of 19 ◦C
during 18th and 19th of February 2012. However, the latent heat
could not have been injected to the indoor environment during this
experiment since, once the discharge period was finished, the PCM
was still above the phase change range.

Nevertheless, the experiment was  useful to determine how the
set point of the HVAC system influences the efficiency of the venti-
lated facade. The solar heat incident to the facade during this period
was 163.9 MJ/day (Eq. (1))  and the heat injected from the facade to
the indoor environment was 52.73 MJ/day (�sol of 32.2%). Moreover,
the ventilated facade presents a load reduction efficiency (�load) of
92.3%, which involves an electrical energy reduction of 34% in the
FAC cubicle compared to the REF one.

4.2.3. CT 21 ◦C naturally ventilated under severe winter (CT NV
SW 21)

From 21st to 23rd of February 2012 the system was  programmed
to discharge the absorbed solar radiation from 12:00 to 18:00
without the use of fans. The registered thermal profiles during
this experiment are presented in Fig. 11,  showing how the indoor
environmental temperature did not vary abruptly once the natu-
rally ventilated discharge started. The system operating under this
mode reduced the electrical energy consumption of the HVAC in
7.79 MJ/day (18.7% in comparison to the reference cubicle), which
is similar to the electrical energy savings achieved in the analogue
experiment with the facade using the fans (CT MV  SW 21). However,
it is important to highlight that the HVAC system was operating due
to insufficient temperature at the beginning of the discharge, while
it did not operate during the whole discharge in the mechanically
ventilated test. Thus, the use of fans is unnecessary in this system,
unless the energetic demand of the indoor environment needs a
fast response.

The heat injection efficiency �sol was  35.2%, close to the one in
mechanically ventilated test. This high value might not be expected
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Fig. 11. Thermal profiles of PCM, air flow, and inner and outer environment during
23rd of February 2012.

because of the difference in the air velocities, 1.9 m/s  in the MV  tests
and less than 0.7 m/s  when NV, as it can be seen in Fig. 11.  How-
ever, it is justified by the high thermal gradient between the inlet
and outlet of the channel, being more than 12 ◦C when naturally
ventilated, while this value was less than 4 ◦C in the mechanically
ventilated operational mode.

The latent heat stored in the PCM could not be used during the
heat discharge of this experiment, since the temperature at which
the heat pumps are set (21 ◦C), is higher than the phase change
temperature (20 ◦C).

4.2.4. CT 19 ◦C mechanically ventilated under mild winter (CT MV
MW 19)

The mild winter conditions allow the system to discharge the
absorbed solar heat from 12:00 to 23:00. Thus, altogether with the
low set point of the heat pumps (19 ◦C) enables the use of part of
the stored latent heat in the PCM during its solidification process,
as seen in Fig. 12.  In the experiment performed from 1st to 3rd of
March 2012, the HVAC system of the FAC cubicle did not need to
provide heat during the discharge period, as well as, during sev-
eral hours after the discharge had finished. Hence, the discharge
period might have been prolonged and/or started earlier, which
highlights again the necessity of using a programmable thermal
control system.

The facade injected 62.85 MJ/day, being the 40% of the incident
solar radiation. Although the heat injection is useful and makes
the use of HVAC unnecessary during the whole discharge, this is
more significant during the first 6 h, when the thermal gradient
between the inlet and outlet channel achieves 4 ◦C. Moreover,
this injected heat increases the indoor temperature up to 28 ◦C,

Fig. 12. Thermal profiles of PCM, air flow, and inner and outer environment during
1st of March 2012.

Fig. 13. Thermal profiles of PCM, air flow, and inner and outer environment during
15th of March 2012.

producing overheating and underlining the critical necessity of a
thermal control system.

The use of the ventilated facade under this operational mode
reduces a 57% the electrical energy consumption of the HVAC in
comparison to the REF cubicle. However, it must be taken into
account that from 8.443 MJ/day saved by the system, the fans
consumed 4.75 MJ/day. It is important to highlight the energy
consumption difference in the REF depending on the weather con-
ditions. It consumed 14.673 MJ/day and 31.3 MJ/day during mild
and severe winter conditions, respectively.

4.3. Demand profile (DP)

4.3.1. DP 19 ◦C naturally ventilated under mild winter (DP NV
MW 19)

During the demand profile experiments, the HVAC system was
only connected from 18:00 to 23.00, simulating a real domes-
tic thermal demand. In the FAC cubicle, the ventilated facade
discharged the stored heat during this demand period. The sys-
tem operating in naturally ventilated mode reduced the electrical
energy consumption of the HVAC from 2.565 MJ/day (REF) to
0.353 MJ/day (FAC), being the use of an active heating system under
mild winter conditions almost unnecessary. Furthermore, as shown
in Fig. 13,  the PCM releases part of its stored latent heat, and the
indoor temperature of the FAC cubicle is inside the thermal comfort
range almost during the whole demand period.

The thermal profile of the PCM close to the inlet of the channel
shows clearly the melting and solidification process occurring from
10:30 to 12:00 h and from 20:30 to 1:00 h, respectively. The solid-
ification process of the PCM shows a clear hysteresis in the phase
change temperature when compared against the melting (fusion at
23 ◦C and solidification at 20 ◦C). Moreover, this process is clearly
affected by subcooling. Even though the phase change temperature
during the solidification is at 20 ◦C, the PCM temperature falls down
to 18 ◦C without starting the solidification process, hereafter, once
the crystallization starts, the PCM returns to 20 ◦C where phase
change occurs.

4.3.2. DP 19 ◦C mechanically ventilated under mild winter (DP
MV MW 19)

The ventilated facade operating with mechanical ventilation
under mild winter conditions reduces the electrical energy con-
sumption of the HVAC from 4.625 MJ/day (REF) to 1.976 MJ/day
(FAC). However, this 2.65 MJ/day of electrical energy savings does
not balance the energy consumed by the fans during the experi-
ment (4.75 MJ/day), which supports the idea that the fans must be
only used when a fast thermal heating is demanded in the cubicle.
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Table  1
Thermal performance of the facade under the CT and DP experiments.

�sol (%) �load (%) HVAC FAC (MJ/day) HVAC REF (MJ/day) Net energy savings (MJ/day) % Energy savings

CT MV  SW 21 35.7 73.8 30.76 40.58 7.77 19.1
CT  MV SW 19 32.2 92.9 20.53 31.30 8.18 26.1
CT  NV SW 21 35.3 60.8 33.79 41.58 7.79 18.7
CT  MV MW 19 40.0 61.12 6.23 14.67 3.69 25.2
DP  MV MW 19 19.0 39.2 1.98 4.63 −2.1 −45.4
DP  NV MW 19 10.9 58.3 0.35 2.57 2.212 86.2
DP  TW MW 18 – – 0.44 1.82 1.38 75.6

4.3.3. DP 18 ◦C Trombe Wall under mild winter (DP TW MW 18)
As previously discussed, after the heat discharge period, the ven-

tilated facade can operate as a Trombe Wall, and hence reduce the
heat losses through the southern facade as well as acting as a solar
collector. In the experiment performed from 27th to 29th of March
2012 (mild winter conditions), the HVAC system was programmed
to operate from 18:00 to 23:00 h with a set point at 18 ◦C. The
Trombe wall, by limiting the heat losses, decreases the electrical
energy consumption from 1.82 MJ/day (REF) to 0.44 MJ/day (FAC),
which implies a reduction of more than 75%, without any ventila-
tion system under these climatic conditions and thermal demand.

5. Discussion

A summary of the main results extracted from the CT and
DP experiments is presented in Table 1. The heat injection effi-
ciency (�sol) is very sensitive to the operational schedule, being
around 35% when the system discharges the absorbed solar radia-
tion from 12:00 to 18:00 h (severe winter experiments), 40% when
this discharge period is extended until 23:00 h. This heat injection
efficiency is reduced significantly for the demand profile experi-
ments, since the use of the solar energy (from 18:00 to 23:00) does
not match with its production. During these experiments, a signifi-
cant difference was measured between the mechanically ventilated
(19%) and the naturally ventilated (10.9%) operational mode, which
is justified since the use of fans supplies the stored heat faster,
limiting the heat losses.

Moreover, the heat injected to the facade does not directly
reduce the electrical energy consumption of the HVAC system,
since higher heat losses due to overheating above the set point and
air stratification occur in the FAC cubicle. The facade presents the
higher load reduction efficiency (�load) when operating with the
fans from 12:00 to 18:00 h and with the set point at 19 ◦C.

As shown in Table 1, the use of the facade under the mechani-
cally ventilated mode is unnecessary; unless a fast heating supply
is needed. This is justified by looking at the net energy savings
that the system can achieve when operating under severe winter
conditions at 21 ◦C (7.77 MJ/day and 7.79 MJ/day for MV  and NV,
respectively). Furthermore, the use of fans implies an extra ener-
getic cost to the system when used under mild winter conditions,
since the energy savings measured in the HVAC do not compensate
the electrical energy spent in the fans (2.65 MJ/day and 4.75 MJ/day,
respectively).

It is important to highlight the difference of energetic require-
ments depending on the weather conditions. This difference
strongly influences the percentage of energy savings and must be
taken into account when comparing operational modes.

6. Conclusions

The thermal behaviour of a ventilated facade with macro-
encapsulated PCM in its air cavity is experimentally evaluated and
presented in this paper. The experimental set-up consists of two
identical house-like cubicles (2.4 m × 2.4 m × 5.1 m indoor dimen-
sions). The only difference between the two cubicles is that in one

of them a ventilated facade with macro-encapsulated PCM (SP 22)
inside its air chamber is constructed in the south wall. The ven-
tilated facade acts as a solar collector during the solar absorption
period, until the solar energy is demanded and can be discharged
to the indoor environment.

Three different sets of experiments were presented in order to
test the thermal performance of the system operating under severe
and mild winter conditions: free floating, controlled temperature,
and demand profile experiments.

The thermal performance of the whole cubicle is improved
by the use of this ventilated facade under free floating condi-
tions. While the indoor temperature of the reference cubicle drops
daily due to the oscillation of the outer temperature, the use of
the ventilated facade with PCM increases the temperature every
day from 9 ◦C to 18 ◦C under severe winter conditions. More-
over, the free floating experiments demonstrated that the use
of HVAC system is almost not necessary during the mild winter
period.

The use of the ventilated facade reduces significantly the elec-
trical energy consumptions of the installed HVAC systems. These
savings depend strongly on the mode of operation and the weather
conditions. The authors want to highlight the energy savings regis-
tered during the experiments under severe winter, being 19% and
26% depending on the HVAC set point (21 ◦C and 19 ◦C, respec-
tively). It is expected that those values would have been even higher
if a thermal control system would have been programmed depend-
ing on the energy demand, production and storage.

The measured electrical energy consumption of the heat pumps
and fans demonstrated that the use of mechanical ventilation in
this system is unnecessary unless a fast heating supply is needed.
Furthermore, the experimental results showed that the use of
mechanical ventilation during low heating demands periods can
produce higher electrical consumption of the overall system, since
the energy saved by the HVAC systems does not compensate the
electrical energy consumed by the fans.

Moreover, the use of SP-22 as PCM provides almost no thermal
benefits in this system, since its phase change temperature during
the solidification process is very low (20 ◦C) to be used in this facade,
and only in some operational modes, a part of the stored latent heat
is injected to the indoor environment. Hence it must be highlighted
that if the system would have used the whole latent heat stored in
the PCM, it would have provided even higher thermal benefits.
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5  Thermal analysis of a ventilated facade with PCM for cooling 

applications 

5.1 Introduction 

The importance of avoiding overheating during the summer season is highlighted in the 

European Directive 2010/31/EU [52]. One of the most important methods to reduce the 

energetic demand of a building is by carefully designing its facade. In this sense, 

ventilated facades have been presented as an interesting constructive system to improve 

the energy efficiency of new and refurbished buildings [3] . Xu and Ojima [53] have 

registered experimentally a reduction in the cooling loads of 10-15% due to the use of a 

double skin facade in a two-story house in Japan.  

Those constructive systems are based on a special type of envelope, where a second 

skin, usually a transparent glazing, is placed in front of a regular building facade. The 

air space in between (the channel) can be mechanically or naturally ventilated to 

improve the thermal performance of the building [5]. The ventilation of the channel and 

the use of shading devices are critical to avoid undesirable overheating during summer 

months when peak outside air temperatures coincide with high solar gains [54,55].  

The ventilated facade with PCM previously described could be also used to reduce the 

cooling demand of a building. In order to address this requirement, an extra opaque 

insulating layer was installed in the outer skin of the facade (Figure 16). This opaque 

layer covers the transparent glazing during the summer period and avoids solar radiation 

inside the cavity. 
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Figure 16. Experimental set-up: Ventilated facade and reference cubicles during cooling season 

5.2 Contribution to the state-of-the-art 

The versatility of the VDSF allows the system to operate as a cold storage or a night 

free cooling system. When used as a cold storage system and in order to solidify the 

PCM, the air is pumped by the fans to the channel from the outer environment during 

night time (Figure 17a). The outer temperature must be lower than the phase change 

temperature during this step. Hereafter, the VDSF closes all its openings and stores the 

PCM solidified until a cooling supply is needed by the energetic demand of the 

building. The air is cooled down by the PCM and is pumped to the inner environment 

(Figure 17b). After all the cold stored in the PCM has been released to the air, the 

system lets the air flow from outdoors to outdoors due to buoyancy forces avoiding the 

overheating effect in the air chamber (Figure 17c). Moreover, the system can also 

provide a night free cooling effect after the heat stored in the PCM is released to the 

outer environment. During this operational mode, the air from the outside is injected 

mechanically to the inside (Figure 17d). 
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Figure 17. Modes of operation of the ventilated facade

The experimental results which evaluate the thermal performance of the ventilated 

facade with PCM in its air chamber during the summer season are presented and 

discussed in the following publication: 

• A. de Gracia, L. Navarro, A. Castell, A. Ruiz-Pardo, S. Álvarez, L.F. Cabeza. 

Thermal analysis of a ventilated facade with PCM for cooling applications. 

Energy and Buildings, submitted ENB-S-12-01723 

The experimental results demonstrated the high potential of the night free cooling effect 

in reducing the cooling loads of a building. This operational mode could inject air at a 

temperature below the set point under both severe and mild summer conditions (34.9 

MJ/day and 42.8 MJ/day, respectively).  

On the other hand, when operating with the cold storage sequence, the system presents 

low energy storage efficiency in all cases due to important heat gains through the outer 

skin. Moreover, the cold storage capacity of the system is very sensitive to the outer 

night temperature, being limited under severe summer conditions. Under these weather 
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conditions, minimum night temperatures of 18 ºC are registered, which unable the PCM 

to fully solidify due to its subcooling and hysteresis. 

The ventilated facade with PCM does not provide any net energetic savings if the 

energy consumed by the fans are taken into account. This is because the fans are 

pumping air not only during cooling supply (11 to 13 h), but during the whole night 

period (0 to 8 h), as well. The excessive use of fans must be avoided and some key 

design aspects must be optimized. Moreover, the use of natural night ventilation is 

suggested as a future solution to reduce the high electrical energy consumed by the fans. 

5.3 Journal paper 
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Abstract 

 

A new type of ventilated facade (VF) with macro-encapsulated phase change material 

(PCM) in its air cavity is presented in this paper. The thermal performance of this 

special building envelope is experimentally tested to analyse its potential in reducing 

the cooling demand during the summer season in the Continental Mediterranean 

climate. Two identical house-like cubicles located in Puigverd de Lleida (Spain) were 

monitored during summer 2012, and in one of them, a ventilated facade with PCM was 

located in the south wall. Six automatized gates were installed at the different openings 

of the channel in order to control the operational mode of the facade. This versatility 

allows the system to be used as a cold storage unit, as an overheating protection system 

or as a night free cooling application. The experimental results point out the night free 

cooling effect as the most promising operational sequence to reduce the cooling load of 

the cubicle. On the other hand, the thermal resistance of the outer skin of the facade 

must be increased; otherwise the cold storage system cannot be used efficiently. 

 

Key-words: Ventilated facade (VF), phase change materials (PCM), buildings, 

experimental measurements, cooling applications, energy efficiency. 
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1. Introduction 

 

The high energetic demand in the building sector is becoming a critical issue 

worldwide. The European Directive 2010/31/EU [1] stands that by 2020 the new 

buildings in the EU must consume “nearly zero” energy and highlights the importance 

of stimulating the transformation of refurbished buildings into very low energy 

buildings. Within this context, the study of the energetic design of buildings and their 

envelopes has become an important issue for the scientific community. Moreover, the 

importance to avoid overheating during the summer season is also highlighted in the 

European Directive 2010/31/EU as an important goal for the future buildings, not only 

in warm climate countries, but in all Europe. 

 

One of the most important methods of reducing the energetic demand of a building is by 

carefully designing its facade. In this sense, a ventilated facade with phase change 

material (PCM) in its air cavity is presented in this research. PCM have been intensively 

studied for building applications [2,3] and their potential to reduce the energy consumed 

in buildings have been demonstrated both for passive [4,5] and active systems [6,7]. 

 

Moreover, ventilated facades (VF) have been presented as interesting constructive 

systems to match the energetic restrictions required by the European Directive, and as a 

suitable tool to improve the energetic efficiency of refurbished buildings. According to 

Shameri et al. [8] VF systems have great potential for decrease energy consumption in 

wide ranges of research areas. These facades are special types of envelopes, where a 

second skin is placed in front of a regular building facade, creating an air space in 

between, named the channel [9]. 

 

Thermal benefits of using double skin facades and ventilation aspects have been studied 

numerically and experimentally over the last 20 years. The high costs of these 

constructive systems have caused that numerical studies have been more popular and 

abundant in the literature. The existing numerical methods used to predict the thermal 

performance of ventilated facades can be grouped as analytical and lumped models 

[10,11], non-dimensional analysis [12], network models [13-15], control volume [16-

18], zonal approach [19], and Computational Fluid Dynamics (CFD) [20,21]. 
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Nevertheless, other than the numerical studies, important effort has also been done in 

the experimental field for better understanding these systems and to provide data and 

tools which might be used to improve its thermal design. Many aspects have been 

investigated experimentally, such as, the effect of different angle of the solar shading 

device [22], the influence of the wind and speed direction [23], and the natural 

ventilation in a narrow double-skin facade cavity [24]. 

 

The overall thermal performance of the double skin facade has been also experimentally 

evaluated. Huckemann et al. [25] presented a long-term monitoring of 28 different 

buildings with and without VF. In order to analyse the thermal comfort inside those 

buildings, the measured data is discussed simultaneously with a questionnaire given to 

office users. It was concluded from the measured data and the questionnaires that the 

buildings with double skin facades have slightly better thermal performance than the 

single skin facade buildings. Moreover, Xu and Ojima [26] performed a set of 

experiments under different weather conditions in a double skin facade of a two-story 

house in Japan. It was measured that the stack effect in the channel during summer 

reduces the cooling loads in a 10-15% and increases the thermal lag between solar 

radiation and inner room temperature (3-4 hours). Moreover, the green-house effect 

during winter saves 20-30% of the energy consumed for space heating, and natural 

ventilation and sun shading modes are proposed for intermediate weather seasons. 

 

The present paper evaluates experimentally the thermal performance of a ventilated 

facade with phase change material (PCM) in its channel. The same experimental facility 

has been used to test a similar ventilated facade but with an outer glassed skin for 

heating purposes under winter conditions by de Gracia et al. [27], registering between 

19% and 26% of energy savings, depending on the HVAC set point. It was also 

demonstrated that the PCM inside the air cavity increases the heat storage capacity of 

the system. 

This paper presents the set of experiments performed during summer 2012 in Puigverd 

de Lleida (Spain) to evaluate the potential of this constructive system to reduce the 

cooling loads of a single family house. Moreover, the inclusion of this technology in 

real buildings might be specifically analyzed for each case using simulation tools. This 
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paper provides useful experimental data which might be used to validate numerical 

models. 

 
 
2. Experimental set-up 

 

The experimental facilities used to evaluate the thermal performance of a ventilated 

facade with PCM during summer period consist of two identical house-like cubicles 

with the same inner dimensions (2.4 m x 2.4 m x 5.1 m).  The cubicles were designed so 

they are big enough to be representative of a room but small enough to present an 

achievable cost.  

The only difference between the two cubicles is that one of them is equipped in the 

south wall with a ventilated facade with PCM inside its air chamber, while the other 

cubicle keeps the basic constructive system. Both cubicle, reference (REF) and 

ventilated facade (VF) are shown in Figure 1.  

The ventilated facade presents an air channel of 15 cm thick which represents 0.36 m2 

of channel area (
channelA ).  The inner layer is based on the alveolar brick constructive 

system [28,29] while the outer envelope is made by a glass layer. An extra outer layer of 

expanded polyurethane panels was placed to cover the transparent glazing during the 

summer period since solar radiation inside the cavity must be avoided for cooling 

purposes. Both roofs were made using concrete pre-cast beams, 8 cm of polystyrene and 

5 cm of concrete slab. The polystyrene is placed over the concrete and it is protected 

with a cement mortar roof with an inclination of 3%, a double asphalt membrane and 5 

cm of gravel. The constructive system used in both cubicles is presented in Figure 2. 

Moreover, the thermo-physical properties of the used materials are detailed in Table 1. 

 

 

Six automatized gates (Figure 3) were installed at the different openings of the channel 

in order to control the operational mode of the facade. These gates are controlled by 

ST450N linear spindle actuators. Moreover, three fans (FCL 133 Airtecnics), of 40 W 

each, were placed at the inlet of the air channel to provide mechanical ventilation when 

needed. The system which controls the fans and gates is programmed in a Microchip 

18F45J10, and allows the system to operate under the following modes: 
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· PCM solidification period (Figure 4a): During the night time, the air enters to 

the channel from the outer environment, solidifies the PCM and is pumped 

outdoors. This mode uses the fans (mechanical ventilation) to ensure the 

complete solidification of all the PCM. The use of this system in different 

regions is mainly restricted by the night outer temperatures. Since the PCM has 

to be fully solidified during night time, the outer temperature must be lower than 

the phase change temperature during this period 

· PCM melting period (Figure 4b): The air is cooled down by the PCM and is 

pumped to the inner environment. 

· Overheating prevention period (Figure 4c): After the cold stored in the PCM has 

been released to the air, the system lets the air flow from outdoors to outdoors 

due to the buoyancy forces. This mode prevents the overheating effect in the air 

channel. 

· Night ventilation (Figure 4d): The air is pumped from outdoors to indoors 

through the VF and is removed from the inner environment to achieve a free 

cooling effect, using a one-way ventilation grid installed in the door of the 

cubicle. The high thermal mass of the alveolar brick constructive system 

produces a high thermal lag between the outer heat flux and the inner one. 

Hence, the night ventilation can deal with the peak load and reduce significantly 

the use of HVAC. Note that the “PCM solidification period” must be finished 

before the night ventilation can start, otherwise the melted PCM would heat up 

the air and produce an extra cooling load. The authors want to clarify that this 

effect is not exclusive of the described constructive system. However, the 

versatility of the ventilated facade allows to test this effect and to control its 

timing. 

 

The PCM used inside the air channel was the macro-encapsulated CSM panels of salt 

hydrate SP-22 from Rubitherm. This PCM present a heat storage capacity of 150 kJ/kg 

in a temperature range from 15ºC to 30ºC. The selection of this PCM (melting and 

solidification temperature at 22 ºC and 18 ºC, respectively) allows the ventilated facade 

to be used as a cold storage system during summer periods using the night free cooling 

effect. A total of 112 PCM panels (1.4 kg of SP-22 each) were distributed over the 
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facade creating 14 air flow channels as shown in Figure 5. More detailed information 

about the thermo-physical properties and safety requirements can be found in [30]. 

 

Both cubicles were fully instrumented and the following data was registered at 5 min 

intervals to evaluate their thermal performance: 

· Internal wall temperatures (east, west, north, south, roof and floor) measured 

with Pt-100 DIN B with a maximum error of ±0.3ºC. 

· Indoor air temperature and humidity (at a height of 1.5 m and 4.5 m) measured 

with ELEKTRONIK EE21 with a maximum error of ±0.3ºC. 

· Electrical consumption of the HVAC systems using an electrical network 

analyser (MK-30-LCD). Each cubicle is equipped with two heat pumps (Fujitsu 

Inverter ASHA07LCC), located at different heights (3 and 5 m). 

 

Moreover, in order to analyse the behaviour of the ventilated facade with PCM, the 

following data was also measured: 

· Air temperature of the cavity at different heights and locations (10 Pt-100 with 

an irradiative cover) with a maximum error of ±0.1ºC. 

· Air velocity of the cavity at different heights and locations (4 hot wire sensors 

KIMO CTV 210) with an accuracy of 3% of the reading. 

· Pressure drop across the air cavity (KIMO CP 200) with an accuracy of 1% of 

the reading. 

· Outer and inner skin surface temperature (polyurethane panel and alveolar brick, 

respectively) at different heights and locations (4 Pt-100 each) with a maximum 

error of ±0.3ºC. 

· External surface temperature at different heights and locations (6 Pt-100) with a 

maximum error of ±0.3ºC. 

· Heat flux transferred to indoor (2 HUKSEFLUX HFP01) with an accuracy of 

5% of the reading. 

· Heat flux transferred to the front and back surface of a PCM panel (2 

HUKSEFLUX HFP01). 

· Temperature of the PCM at three different heights (3 Thermocouples Type T, 

0.5 mm thick inserted in the PCM panels) with an accuracy of 0.75% of the 

reading. 
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· Front and back surface temperature of the PCM panels (2 Thermocouples Type 

T). 

 
 
In addition, the weather data was also registered every 5 minutes: 

· Two Middleton Solar pyranometers SK08 were used to capture the horizontal 

and vertical global solar radiation with an accuracy of 5% of the reading.  

· The outer air temperature and humidity were measured using an 

ELEKTRONIK EE21 with a metallic shield to be protected against radiation. 

· Wind speed and direction was provided by a DNA 024 anemometer. 

 

 
3. Methodology 

 
A set of experiments were carried out during summer 2012 period in order to test the 

thermal performance of the previously described ventilated facade for cooling purposes 

under different weather and operational conditions. Five experiments are analysed in 

this paper to highlight how the use of this system could reduce the electrical energy 

consumption of the installed heat pumps. 

 

The different weather conditions analysed in this work were grouped as severe and mild 

summer. The experiments under severe summer conditions were tested during the 

months of July and August, with an outer temperature oscillating from around 18 ºC to 

34 ºC. On the other hand, the mild summer conditions tests were performed during the 

months of June and September 2012, with an outer thermal oscillation of 14 ºC to 32 ºC. 

The authors have discerned between these two periods for the thermal analysis of the 

whole system because it is very important to ensure that the PCM can be completely 

solidified every cycle. The PCM can be fully solidified only when the outer temperature 

during the night time drops below 18ºC. 

 

Moreover, in order to take advantage of the versatility of the ventilated facade, two 

different sequences of operation were tested: 

· Cold storage sequence: First the PCM is solidified during night time using the 

“PCM solidification period” mode with mechanical ventilation, as shown on 

Figure 4a. This mode is typically programmed from 2 to 8 a.m. (see Table 2 for 
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details). Hereafter, the cold is stored inside the VF until is needed and all the 

openings of the VF are closed to minimize the heat gains from the outer 

environment. Once the demand requires a cooling supply, the cold is released to 

the air with mechanical ventilation as shown on Figure 4b (typically from 11 to 

13 hours). After all the available cooling has been pumped to the inside, the VF 

starts the “overheating prevention period”, where using the natural ventilation 

mechanism reduces the overheating effect (Figure 4c). 

 

· Night free cooling sequence: During these experiments, the cold storage 

sequence is also programmed, but with one difference. During the night time, 

after the heat stored in the PCM is released to the outer environment, air from 

the outside is injected mechanically to the inside (Figure 4d), producing a night 

free cooling effect (typically from 4 to 8 a.m). 

 

The set of experiments which are discussed in this paper are detailed in Table 2. 

 

 
In order to analyse the potential of the cold storage sequence operating under different 

modes, and the potential of the night free cooling effect, some parameters were defined. 

The cold storage efficiency ( Ce ) is given as the ratio between the amount of cold 

released to the inner environment ( rQ ), by the amount of cold that the system stores 

during the night time ( stQ ), as shown in Equation 1. The average velocity vair is 

considered to be 0.85 times the maximum velocity at the centre of the channel,  since 

the flow is in turbulent regime  [31].  

 

st

r

C
Q

Q
=e           (Eq.1) 

 
where, 
 

( )ò -=
e

i

t

t

outletinletairairairchannelr dtTTvCpAQ ·····r       (Eq.2) 

( )dtTTvCpAQ inletoutletair

t

t

airairchannelst

e

i

····· -= òr      (Eq.3) 
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The experimental values of rQ  and 

stQ  have a relative error of 4% due to the 

propagation of error in the measurement devices. 

The amount of useful cold injected to the cubicle due to the night free cooling effect is 

also quantified (also with a relative error of 4%). It is calculated using the enthalpy 

gradient between the injected air from the facade at 
outletT  and the air inside the cubicle 

at a certain set point temperature of the HVAC ( ..PST ) which is removed to the outer 

environment, as shown in Eq. 4: 

 

( )ò -=
e

i

t

t

PSoutletairairairchannelvent dtTTvCpAQ ····· ..r
     

(Eq.4) 

 
Note that the reference temperature used to calculate the useful cold injected is not the 

temperature of the inner environment. This is because the air can only reduce the 

cooling load if injected at lower temperature than set point. 

 
 
4. Results and Discussion 

 
4.1 Experiment 1 
 
The first experiment was performed from 25th to 27th of May 2012 under mild summer 

weather conditions. The outer temperature oscillated from 32 ºC to 13 ºC and solar 

radiation daily peaks of around 1000 W/m2 were registered. The set point of both 

cubicles (VF and REF) was fixed at 23 ºC during the whole experiment. The electrical 

network analyser installed at each heat pump showed that the heat pump of the cubicle 

with the ventilated facade have consumed 10.76 MJ to keep the inner environment at 

the set point, while the ones of the reference cubicle have only consumed 6.94 MJ. This 

increment in the energy consumed by the VF cubicle is due to an inefficient use of the 

ventilated facade. Figure 6 will be used to explain the reasons why the ventilated facade 

has increased instead of reduced the cooling load of the cubicle.  The figure shows the 

thermal evolution of the outer and both inner environments (VF and REF cubicles), the 

air at the inlet and outlet of the channel and the temperature inside a PCM panel located 

at the outlet of the channel. 
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First, it can be seen from the air channel temperature that the  period when the PCM 

releases the cold stored to the air was programmed too late (it starts at 14 h), and hence 

the cold stored in the PCM was too long exposed to thermal heat gains from the outer 

environment. Note that even though the PCM and air inside of the channel drop to 13 ºC 

during the “PCM solidification period”, its temperature raises up to 20 ºC and 26 ºC, 

respectively, before its use. Therefore, the first injection of air inside the cubicle was 

warmer than the set point (23ºC), producing an extra cooling load and making the heat 

pump of the VF cubicle start up, while the other heat pump (REF) did not need to cool 

down the inside environment. Moreover, the PCM is not fully melted during the “PCM 

melting period”, since the set point of the heat pumps was programmed at 23 ºC, which 

was inside the phase change thermal range. Thus makes the use of the available latent 

heat useless for cooling purposes. 

 

This inefficient operational mode makes the facade give an average cold release of 2.03 

MJ/day ( rQ ), although it has stored 32.4 MJ/day (
stQ ), which makes a cold storage 

efficiency Ce  of 6.2%.  

 

In addition, Figure 6 also shows that the inlet temperature of the channel is not equal to 

neither the indoor temperature nor the outdoor, which coincides with the measurements 

and simulations performed by Saelens et al. [32]. This research stated that in order to 

estimate the inlet temperature entering in a ventilated facade, the heating and cooling 

due to contact with the bounding surfaces must be taken into account, as well as the 

heating due to solar radiation. 

 

 
4.2 Experiment 2 
 
This experiment was tested from 25th to 28th of July 2012 under severe summer weather 

conditions and the set point of the heat pumps was programmed at 25 ºC. The outer 

temperature oscillated from 36 ºC to 18 ºC and vertical solar radiation daily peaks of 

around 900 W/m2 were registered.  

 

The electrical energy consumed by the heat pump installed at the VF cubicle presents 

during this experiment a reduction of 16 % in comparison to the reference, and the 
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average cold storage efficiency 
Ce  was 10.86 %. Figure 7 shows the temperature 

evolution of the PCM panels located at the outlet of the facade, the air channel and the 

inner and outer environments during the 26th of July. The heat gains from the outer 

environment before the “PCM melting period” (11 to 13 h) have been significantly 

reduced, since only 2 ºC were increased in the PCM. However, even though the PCM 

starts to release the cold stored at 20 ºC, it is in liquid state, and hence it cannot release 

any cold energy through its melting process. The PCM is in liquid state, because not 

only the solidification process of SP22 starts at 18ºC, but an important subcooling of 2 

ºC has been also measured in previous experiments with SP-22 [27]. This lack of the 

phase change strongly limits the capacity of the system in keeping the air injected to the 

room below the set point. That is the reason why the heat pump of the VF cubicle has to 

cool down the air in the last part of the period when the PCM release the cold stored to 

the air. The authors want also to highlight that the period between the PCM melting and 

solidification periods (from 13 h to 2 h) is not only preventing successfully the 

overheating effect, but it keeps the air temperature inside the cavity lower than the outer 

environmental temperature. Hence the cubicle is exposed to less heat gains through this 

envelope, which produces a reduction in the energy consumed by the heat pump during 

the period. 

 
 
4.3 Experiment 3 
 
The experiment 3 was also tested under severe summer weather conditions (25th to 28th 

of August 2012) and the set point of the heat pumps was programmed at 25 ºC. As it 

can be seen in Figure 8 the outer temperature was never below 18 ºC, hence no 

solidification process of the PCM occurred. The cold storage system has not been 

efficiently used during this period, and only during the second day of experiment it 

could inject cold during part of the “PCM melting period”. Note that during the first and 

the third day, the system produced an extra cooling load since the air was injected at a 

temperature above the set point. The air flowing through the facade during the first and 

third day was also exposed to heat gains from the outer skin since high outer 

temperatures during the cold discharge (28-30 ºC) were registered. 
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However, the night free cooling effect has worked properly during the first and second 

nights since the PCM has been already cooled enough before the night ventilation starts 

(2 a.m.). On the other hand, during the third night, the PCM was still at 23 ºC due to 

high outer temperatures, limiting the potential of the night free cooling effect in 

reducing the electrical energy consumed by the heat pumps (it does stop cooling down 

the air at 4:20 a.m.). Although the cold storage system has been almost useless and the 

night free cooling was not optimized, the use of this ventilated facade reduced the 

electrical energy consumption of the heat pumps in a 23.1% during this experiment. 

This reduction is mainly due to the night free cooling effect injecting air below the set 

point, with an average   of 34.9 MJ/day. 

 

4.4 Experiment 4 
 
The potential of the cold storage system and the night free cooling effect was also tested 

under mild summer weather conditions. From the 6th to 10th of September 2012, the 

outer temperature varied from 34 ºC to 14 ºC. This low value of minimum daily 

temperatures allowed the PCM to solidify, at least partially. Figure 9 presents the 

thermal profiles of the inner and outer environments during the whole experiment as 

well as the air temperature at the outlet of the channel. Both, the cold storage system 

and the night free cooling effect worked efficiently all the days, which reports in a 50.2 

% of electrical energy savings of the heat pumps. Although most of the energy savings 

were produced due to the night free cooling (38.9 MJ/day ( ventQ ), Figure 9), the cold 

storage system injects an average of 2.1 MJ/day ( rQ ). The cold storage system only 

presents a storage efficiency of Ce = 6.2 % because of the important heat gains through 

the outer skin. Even though the PCM could be partially solidified during the night 

period, and is still at low temperatures during the cold release, the metallic structure of 

the ventilated facade (Figure 5) acts as an important thermal bridge and limits 

drastically the potential of the cold storage system. 

 

 

4.5 Experiment 5 
 
This experiment was performed from 18th to 25th of September 2012 and demonstrated 

that the system is able to improve the thermal performance of the building in spite of the 
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weather variations occurring during the last summer weeks. As shown in Figure 10, the 

heat pump installed in the cubicle with the ventilated facade did not need to cool down 

the air at any time during the whole week to preserve the thermal requirements, while 

the one in the reference cubicle (REF) has consumed 12.66 MJ in the last four days. The 

cold storage system has been able to inject an average of 2.8 MJ/day ( rQ ), except 

during the first and sixth cold discharges because of high night temperatures. Moreover, 

night free cooling has been also clearly affected during these two days. However, the 

system could inject an average 
ventQ  of 46.7 MJ/day. 

 

 

Table 3 presents a summary of the main results extracted from the set of experiments 

performed during summer 2012. The thermal performance of the ventilated facade with 

PCM as well as the cooling demand depends strongly on the outer weather conditions 

and each experiment should be analysed separately, as it has been already done. 

However, some general comments related to the system and its operational mode can be 

given: 

· The cold storage capacity of the system is very sensitive to the outer night 

temperature, being limited under severe summer conditions (Experiments 2 and 

3). As it was previously discussed during this hot period, with minimum night 

temperatures of 18 ºC, the PCM could not be solidified due to the subcooling 

(2ºC) and its solidification range (typically 18–19ºC). 

· rQ  should be maximized in order to take advantage of the cold storage system. 

However, the cold has to be delivered at a temperature below the set point of the 

heat pumps. Otherwise, the cold discharge supposes an extra heat gain to the 

cubicle (Experiment 1). 

· The night free cooling effect has been proven to be an efficient operational 

sequence to reduce the cooling load of the cubicle. Its potential is, at least, 20 

times higher than the potential of the cold storage system. 

· The authors want to highlight that the energy consumptions presented in Table 3 

do only refer to the heat pumps. If the electrical energy consumed by the fans is 

taken into account (120 W), the system with the ventilated facade presents in 

any case, the highest overall energy consumption. This is because the fans are 

pumping air not only during the  “PCM melting period” (11 to 13 h), but during 
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the whole night period (0 to 8 h), as well. The authors suggest using natural 

night ventilation as a future solution to reduce the high electrical energy 

consumed by the fans. However, the system operating under natural ventilation 

might present different thermal performance and energy efficiency. 

 
 
 
5. Conclusions 

 

The thermal performance of a ventilated facade with macro-encapsulated PCM in its air 

channel is experimentally evaluated under summer conditions in this paper.  

 

The experimental set-up consists of two identical house-like cubicles (2.4 x 2.4 x 5.1 m 

indoor dimensions), in which in one of them, a ventilated facade with macro-

encapsulated PCM (SP 22) inside its air chamber is constructed in the south wall. The 

versatility of the ventilated facade allows the system not only to be programmed as a 

cold storage unit, but to use the night free cooling effect, as well. Five different 

experiments have been carried out in order to highlight the potential of these different 

sequences in reducing the electrical energy consumption of the installed heat pumps. 

 

The experimental results demonstrated the high potential of the night free cooling effect 

in reducing the cooling loads of a building. This operation mode could inject air at a 

temperature below the set point under both severe and mild summer conditions (34.9 

MJ/day and 42.8 MJ/day, respectively).  

 

Regarding the potential of the cold storage sequence, the system presents low energy 

storage efficiency in all cases due to important heat gains through the outer skin. 

Moreover, the air temperature at the outlet of the channel must be monitored in order to 

prevent hot air injections, which might produce extra cooling loads. The set of 

experiments demonstrated that the cold storage system is almost useless unless the PCM 

has been fully solidified during the night period. Also, there is a necessity of improving 

the thermal resistance of the outer skin by supressing, when possible, the thermal 

bridges occurring through the metallic structural frame. 
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The system can prevent successfully the overheating effect between the PCM 

solidification and melting periods, being the air inside the cavity lower even lower than 

the outer environmental temperature during the peak load. Therefore, the cubicle is 

exposed to less heat gains through this envelope, which produces a reduction in the 

energy consumed by the heat pump during the period. 

 

The thermal performance of this system is very sensitive to the weather conditions and 

the cooling demand of the final users, which makes essential the use of a programmable 

thermal control system in order to use efficiently the ventilated facade for cooling 

purposes. 
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Nomenclature 

channelA  
Cross sectional area of the ventilated facade cavity [m2] 

airCp  
Air heat capacity [J kg-1 K-1] 

rQ  Cold energy released to the inner environment [J] 

stQ  Cold energy stored during the night period [J] 

ventQ  Cold energy injected to the inner environment during the night free 

cooling period [J] 

it  
Time at the beginning of the process (Table 2) [s] 

et  
Time at the end of the process (Table 2) [s] 

inletT  
Temperature at the inlet of the VF channel [K] 

outletT  
Temperature at the outlet of the VF channel [K] 

..PST  Set point temperature of the HVAC [K] 

T Time [s] 

airv  
Developed flow air velocity [m/s] 

  

Greek symbols 

airr  
Air density [kg m-3] 

Ce  Cold storage efficiency 

 

 

 

 



Figure captions 

Figure 1. Experimental set-up: reference (right) and ventilated facade (left) 

cubicles 

Figure 2. Alveolar brick constructive system used in both cubicles 

Figure 3: Automatized gates and fan distribution along the facade 

Figure 4: Modes of operation of the ventilated facade  

Figure 5: PCM distribution inside the air chamber. 

Figure 6. Thermal profiles of PCM, air flow and inner and outer environment 

during 25th of May 2012 

Figure 7. Thermal profiles of PCM, air flow and inner and outer environment 

during 26th of July 2012 

Figure 8. Thermal profiles of PCM, air flow and inner and outer environment 

from 25th to 28th of August 2012. (CD) Cold discharge period, (NFC) Night free 

cooling period. 

Figure 9. Thermal profiles of outlet air flow and inner and outer environment 

from 6th to 10th of September 2012. (CD) Cold discharge period, (NFC) Night 

free cooling period. 

Figure 10. Thermal profiles of the outlet air flow and inner and outer 

environment from 18th to 25th of September 2012. 
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Table 1: Thermo-physical properties of the used materials 

 
Material 

Thermal 
conductivity 

(W/m·K) 
Density (kg/m3) 

Specific Heat 
(J/kg·K) 

 
Wall system 

Cement mortar  0.7 1350 840 
Alveolar brick  0.27 1080 900 
Plastering  0.57 1150 900 

 
 
 

Roof system 

Polyurethane  0.034 35 1000 
Concrete precast 
beam 

0.472 760 960 

Concrete 1.650 2150 960 
Double asphalt 
membrane 

0.7 2100 920 

Crushed stones 2.0 1450 1050 

Ventilated 
facade 

Glass 0.053 1300 840 
Opaque insulation 
panel 

0.034 35 1000 

 

 

 

 

 

 

Table 2: Set of experiments description 

Exp Date 
Fans flow 

rate 

Heat 

Pumps Set 

point 

PCM 

discharge 

period 

Preventing 

overheating 

period 

PCM 

charge 

period 

Free 

cooling 

period 

1 May 2012 0.9 m3/s 23 ºC 14 to 19 h 19 to 3 h 3 to 8 h - 

2 July 2012 0.6 m3/s 25 ºC 11 to 13 h 13 to 2 h 2 to 8 h - 

3 August 2012 0.6 m3/s 25 ºC 11 to 13 h 13 to 0 h 0 to 2 h 2 to 7 h 

4 
September 

2012 
0.6 m3/s 25 ºC 11 to 13 h 13 to 0 h 0 to 4 h 4 to 8 h 

5 
September 

2012 
0.6 m3/s 25 ºC 11 to 13 h 13 to 0 h 0 to 4 h 4 to 8 h 

 

 
 
 
 
 
 
 
Table 3: Summary of the main experimental results 

Table(s) with Caption(s)



 

 stQ

(MJ/day) 
rQ

(MJ/day) 
Ce (%) ventQ

(MJ/day) 

HVAC 

DSF 

(MJ/day) 

HVAC 

REF 

(MJ/day) 

% HVAC 

Energy 

savings 

Exp 1 32.40 2.03 6.20 - 3.44 2.31 - 48.9 

Exp 2 20.25 2.20 10.86 - 10.07 12.29 18.06 

Exp 3 25.93 0.10 0.39 34.90 6.43 8.37 23.2 

Exp 4 33.62 2.12 6.31 38.94 1.53 3.07 50.16 

Exp 5 29.85 1.85 6.20 46.67 0 1.81 100 
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Life cycle assessment of a ventilated facade with PCM in its air chamber 

6 Life Cycle Assessment of a ventilated facade with PCM in its air 

chamber  

6.1 Introduction 

The potential of the ventilated facade with PCM in reducing the energetic consumption 

of a building has been experimentally demonstrated. The reduction of the heating and 

cooling demands helps strongly to reduce the environmental impact of the buildings 

during their operational phase. However, the use of this new constructive system could 

lead to high energy consumptions during the manufacturing and dismantling phase of 

the building. 

LCE studies are useful to determine the energetic balance of a building during its whole 

lifetime [56,57]. However, they do not take into account important environmental 

aspects, such as how the operation, construction, dismantling and maintenance of the 

building affect the human health, the eco-system quality, or the use of the available 

fossil resources. The process to quantify and evaluate this environmental balance is 

known as life cycle assessment (LCA).  

This methodology has been already used to evaluate the environmental consequences 

due to possible improvements in building envelopes, such as the use of different 

insulating materials [58,59], or the implementation of PCM as passive system to 

increase the thermal energy storage capacity [60-62]. The results regarding the use of 

PCM as passive systems, demonstrated that the inclusion of paraffin or salts hydrates 

did not improve significantly the environmental impact, since these PCM were only 

designed to reduce the cooling demand of the cubicles. Therefore, they were not used 

during most part of the year. 
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6.2 Contribution to the state-of-the-art 

In order to determine the potential in reducing the environmental impact of the whole 

building by using PCM in active systems, this paper presents an LCA study which is 

carried out based on the impact assessment method EcoIndicator 99 [63,64]. 

• A. de Gracia, L. Navarro, A. Castell, D. Boer, L.F. Cabeza. Life cycle 

assessment of a ventilated facade with PCM in its air chamber. Solar Energy, 

submitted SE-S-2013-00328 

The ventilated facade with PCM in its air cavity causes an important increment in the 

environmental impact during the manufacturing/dismantling phase of the building. 

Taken into account that the whole DSF system increases 196.9 impact points the 

manufacturing/dismantling environmental cost, it is important to highlight that the steel 

used in the DSF is responsible of more than 55% of this increment (110.5 impact 

points).  

On the other hand, the efficient use of the ventilated facade leads to a significant 

reduction of the electrical energy consumption of the HVAC system both for heating 

and cooling purposes. These energetic reductions cause environmental savings during 

the operational phase. 

The overall analysis shows that the use of the DSF with PCM in its air chamber reduces 

by 7.7 % the environmental impact when operating during 50 years. As shown in Figure 

18, the environmental payback of the system is 30 years. 
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Figure 18. Overall impact points evolution depending on the lifetime of operation

As it was previously pointed out, more than half of the impact points during the 

manufacturing phase are due to the use of a metallic structure. The environmental 

payback of the system with a wooden structure instead of the metallic one, would be 

reduced to 6 years. 

6.3 Journal paper 
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Abstract 

 

In the buildings sector, the use of ventilate double skin facades in order to reduce the 

energy demand and the environmental impact of the building during its operational 

phase has grown significantly. However, the use of this constructive system could lead 

to high environmental costs during the manufacturing and dismantling phase of the 

building. This paper presents a life cycle assessment (LCA) study based on the 

EcoIndicator 99 of a ventilated facade with PCM in its air chamber. Two cubicles were 

built in an experimental set-up located in Puigverd de Lleida (Spain), one with this 

ventilated facade system and the other without. The differences in the electrical energy 

consumption of the HVAC systems were registered and used to determine the 

environmental savings produced during the operational phase of each building. The 

results of the LCA show that considering a lifetime of 50 years, the use of this particular 

ventilated facade reduces by 7.7% the overall environmental impact of the whole 

building. It also highlights that the environmental payback of this active system is 

significantly lower than other systems which use PCM in the building envelopes. The 

environmental payback of the system is 30 years, which can be reduced to only 6 years 

if instead steel wood would have been used in the structure.  

 

Key-words: Life cycle assessment (LCA); Ventilated double skin facades (VDSF); 

Phase change materials (PCM); Buildings; Energy efficiency. 
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1. Introduction 

 

In the building sector, the high energy consumption and CO2 emissions for heating and 

cooling purposes have become an important issue worldwide, and has induced new 

energy policies. The European directive on the energy performance of buildings 

(Directive 2010/31/EU) dictates that all the EU member states must approve energetic 

policies to promote the inclusion of very low and even close to zero energy buildings. 

 

In order to reduce this high energy demand both for heating and cooling, several 

research efforts have been done in improving the thermal resistance of the building 

envelopes and roofs (Cabeza et al., 2010 and Soubdhan et al., 2005), and its thermal 

inertia by the use of sensible heat storage (de Gracia et al., 2011) or latent heat systems 

(Cabeza et al., 2011 and Castell et al., 2010). Moreover, within this context the use of 

ventilated double skin facades (VDSF) has recently become more popular. These 

facades, if well designed, can efficiently reduce the overall HVAC energy consumption 

of buildings by absorbing part of the solar radiation during the winter and preventing 

overheating during warm periods (Shameri et al., 2011).  

 

The reduction of the heating and cooling demands helps strongly to reduce the 

environmental impact of the buildings during their operational phase. However, the use 

of more insulation or heavy materials, or the inclusion of a new constructive system 

such as the VDSF, could lead to high energy consumptions during the manufacturing 

and dismantling phase of the building. Life cycle energy (LCE) studies take into 

account not only the operation and maintenance energetic cost of the building but the 

embodied energy of the used materials, as well. Ramesh et al. ( 2012)  studied the life 

cycle energy analysis of a residential building with different envelopes operating under 

five different climatic zones in India. The authors concluded that there is a limit for the 

thickness of insulation that can be applied in roofs and walls, which are 10 cm for hot 

and dry, warm and humid, and cold climates, and 5 cm for moderate climates. 

Moreover, Dodoo et al. (2012) studied the effect of thermal mass for space heating by 

comparing the LCE of a concrete and a wood-frame building. They demonstrated that 

the benefits of a high thermal mass (concrete) are balanced by the lower production 

primary energy use in the wood-frame system. 
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LCE studies are useful to determine the energetic balance of a building during its whole 

lifetime. However, they do not take into account important environmental aspects, such 

as how the operation, construction, dismantling and maintenance of the building affect 

the human health, the eco-system quality or the use of the available fossil resources. The 

process to quantify and evaluate this environmental balance is known as life-cycle 

assessment (LCA). LCA is a tool to evaluate the environmental impact of a product 

through analysing the corresponding life cycle phases from cradle to grave. Cabeza et 

al. (2012) have reviewed the LCA and LCE studies available in the literature. 

 

Several studies have analysed the environmental impact of the buildings using different 

indicators. Ortiz et al. (2010) have used the LCA approach to evaluate the 

environmental impacts of two dwellings located in Spain and Colombia and its 

operational activities, such as HVAC, domestic hot water, electrical appliances, cooking 

and illumination. The study showed that the adequate combination of energy supplies 

leads to reduce environmental impacts during the operational phase. Kofoworola and 

Gheewala (2008) have used LCA to evaluate the environmental impact of a typical 

commercial office building in Thailand. The authors verified that the operational stage 

is the predominant in case of commercial buildings. 

 

In addition, Ardente et al. (2008) presented a LCA of the use of kenaf-fibre insulation 

board into residential buildings. The results demonstrated that these fibres reduce 

significantly the environmental impact in comparison to the employment of synthetic 

insulation material. However, the study showed that the best environmental solution is 

achieved using mineral wools. Moreover, Pappadopoulos and Giama (2007) have also 

evaluated the environmental impact of using different insulation materials in the 

building envelope, and highlighted the importance of the environmental performance 

evaluation (EPE) as a decision management tool. 

 

Apart from the selection of different insulation materials, the LCA methodology has 

been also applied to quantify the environmental benefits of using phase change 

materials in building envelopes in order to increase their thermal energy storage 

capacity (de Gracia et al., 2010, Castell et al., 2012 and Menoufi et al., 2012). These 

LCA studies compared the overall environmental impact of different cubicles which 
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were built using typical Mediterranean constructive systems. The results pointed out 

that considering a 50 years lifetime of the cubicles, the inclusion of paraffin or salts 

hydrates did not improve significantly the environmental impact, since these PCM were 

only designed to reduce the cooling demand of the cubicles. Therefore, they were not 

used during most part of the year. 

 

In order to determine the potential in reducing the environmental impact of the whole 

building by using PCM in active systems, the present paper studies the environmental 

impact of using a ventilated facade with PCM in its air chamber in a Mediterranean-

climate region. An LCA study is carried out based on the impact assessment method 

EcoIndicator 99 (EI99) (Pré-Consultants, 2000, and Ecoinvent Center, 2000). 

 

2. Methodology 

2.1 Description of the constructive system 

 

The thermal performance of two different cubicles has been tested under winter (de 

Gracia et al., 2012) and summer conditions (de Gracia et al., 2013); one of them is 

equipped in the south wall with a ventilated facade with PCM in its air channel (Figure 

1). The constructive system used in the walls of both cubicles is based on alveolar 

bricks (30 x 19 x 29 cm) with an external cement mortar and inner plaster coating. Both 

roofs were made using concrete pre-cast beams, 8 cm of polystyrene and 5 cm of 

concrete slab. The polyurethane is placed over the concrete and it is protected with a 

cement mortar roof with an inclination of 3 %, a double asphalt membrane and 5 cm of 

gravel (Castell et al., 2010). A total of 112 PCM panels (SP-22 from Rubitherm) are 

distributed over the facade creating 14 air flow channels as shown in Figure 2. A total 

mass of 156,8 kg of PCM are distributed over the facade 

 
A metallic structure is used to build the ventilated facade with an air cavity of 15 cm 

thickness. The inner layer is based on the alveolar brick constructive system while the 

outer envelope is made by a glass layer. An extra outer layer of expanded polyurethane 

panels was placed to cover the transparent glazing during the summer period since solar 

radiation inside the cavity must be avoided for cooling purposes. 
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The ventilated facade is equipped with three fans (FCL 133 Airtecnics) in the inlet of 

the air channel to provide mechanical ventilation when needed. Moreover, six 

automatized gates were installed at the different openings of the channel to control the 

operational mode of the facade. Those gates are controlled by ST450N linear spindle 

actuators.  

 

2.2 Experimental set-up characteristics 

 

The experimental set-up offers the possibility to perform two types of indoor 

conditions: free floating temperature and fixed controlled temperature. Both cubicles are 

provided by two heat pumps (Fujitsu Inverter ASHA07LCC), located at different 

heights (3 and 5 m), and their electrical energy consumption is registered every five 

minutes with an electrical network analyser (MK-30-LCD).  

 

The system which controls the fans and gates is programmed in a Microchip 18F45J10, 

and allows the system to operate under the different modes during summer and winter 

period. 

 

2.2.1. Operational modes of the system during summer period 

 

The operational modes of the system during the summer period following described: 

· PCM charge period (Figure 3a): During the night time, the air enters to the 

channel from the outer environment, solidifies the PCM and is pumped 

outdoors. This mode uses the fans (mechanical ventilation) to ensure the 

complete solidification of all the PCM. 

· Night ventilation (Figure 3b): The air is pumped from outdoors to indoors 

through the VDSF and is removed from the inner environment to achieve a free 

cooling effect, using a one-way ventilation grid installed in the door of the 

cubicle. The high thermal mass of the alveolar brick constructive system 

produces a high thermal lag between the outer heat flux and the inner one. 

Hence, the night ventilation can deal with the peak load and reduce significantly 

the use of HVAC. Note that the PCM charge period must be finished before the 

night ventilation can start, otherwise the melted PCM would heat up the air and 

produce an extra cooling load. 
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· PCM discharge period (Figure 3c): The cold stored in the PCM is pumped by the 

fans to the inner environment to supply a cooling demand. 

· Overheating prevention period (Figure 3d): After the cold discharge, the system 

lets the air flow from outdoors to outdoors due to the buoyancy forces. This 

mode prevents the overheating effect in the air channel. 

 

2.2.2. Operational modes of the system during winter period 

 

Furthermore, the sequence of operation during the winter period is shown in Figure 4. 

The ventilated facade acts as a solar collector during the solar absorption period (Figure 

4a). Once the PCM is melted and the solar energy is needed by the heating demand, the 

heat discharge period starts. During this period the openings drive the air flowing from 

indoor to the facade cavity, where it is heated up by the PCM panels and sent back into 

the cubicle (Figure 4b). This discharge period is performed until no more thermal 

energy is needed or can be provided by the facade; hereafter the system closes all the 

openings, acting as a Trombe wall, to minimize the heat losses to the environment 

(Figure 4c).  

 

More information related to the experimental set-up and its different modes of operation 

can be found in de Gracia et al. (2012, 2013). 

 

2.3 Life Cycle Assessment (LCA) 

 

The ISO 14040-43 standard series (1998, 2000a, 2000b and 2006)  recommends the 

following steps in an LCA study: 

· Definition of goal and scope  

· Inventory analysis 

· Impact assessment 

· Interpretation of results 

 

The methodology used for performing the LCA study in this article is based on the 

impact assessment methodology Eco-Indicator 99 (EI99) (Pré consultants, 2000) using 

the database EcoInvent 2009 (Ecoinvent center, 2000). The selection of products and 
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services to be analysed mainly relies on the marked (and consumption) situation in 

Europe (RER) and Switzerland (CH) in the year 2000. More information about the EI99 

methodology will be detailed in the following subsections. The LCA steps 

recommended by the ISO 14040-43 standard series are to be applied in the following 

subsections. 

2.3.1. Goal and scope definition 

 

The aim of this study is to evaluate the environmental impact of using a VDSF with 

PCM in a location with continental-Mediterranean weather conditions. The life cycle 

phases considered are the manufacturing, dismantling and operational phases. The use 

of this new constructive system has been proved to provide important energy savings on 

the HVAC electrical consumptions (de Gracia et al. 2012). Hence, the high 

environmental investment of the cubicle with the VDSF during its manufacturing phase 

will be compensated after certain period during the operational phase.  

 

The general conditions assumed for applying the LCA in the two studied cubicles are as 

follows: 

· The considered lifetime for a cubicle is 50 years.  

· The lifespan of the installed fans is 150,000 hours, which corresponds to more 

than 111 years, since they are used 1350 hours/year.  

· The maintenance operations of the cubicles and the HVAC systems are 

considered equal for the REF and VDSF cubicles. Hence they do not produce 

any difference in the overall global impact, and are neglected. 

· The electricity used considers the production mix corresponding to the Spanish 

energy production system. 

· No data is available in the EcoInvent database about the disposal of salt 

hydrates. Its value is estimated considering the same percentage for all the other 

used components to the total impact. This estimation method has been used in 

(de Gracia et al. 2010) to calculate the disposal impact of PCM and does not 

affect significantly the LCA study, since the disposal of the PCM represents less 

than the 0.01% of the whole impact during the manufacturing and dismantling 

phase. 
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· The results of the manufacturing and dismantling phases are aggregated into one 

phase (manufacturing/dismantling phase). 

· As detailed in subsection 2.2, to evaluate the operational phase impact, the 

measured energy consumption values from the cubicles are used. Within this 

context, five different periods per year are defined: 

- Severe winter period: 2 months with similar heating demand to the third 

week of February 2012. Comfort conditions are achieved using the heat 

pumps with a set point of 21 ºC (de Gracia et al. 2012). 

- Mild winter period: 3 months with similar heating demand to the first 

week of March 2012. Comfort conditions are achieved using the heat 

pumps with a set point of 21 ºC (de Gracia et al. 2012). 

- Severe summer period: 2 months with similar cooling demand to the 

fourth week of August 2012. Comfort conditions are achieved using a 

heat pump with a set point of 25 ºC (de Gracia et al. 2013). Since no net 

electrical energy savings could be achieved in the VDSF cubicle due to 

the excessive use of fans during this experiment, the electrical 

consumption of both cubicles is considered equal. 

- Mild summer period: 3 months with similar cooling demand to the 

second week of September 2012. Comfort conditions are achieved using 

a heat pump with a set point of 25 ºC (de Gracia et al. 2013). The 

electrical consumption of both cubicles is considered equal. 

- No need of HVAC period: 2 months without temperature control. 

 

LCA is accomplished for extended lifetimes of the cubicles: some studies consider 

buildings lifetime to be between 50 and 100 years (Mithraratne and Vale, 2004, and 

Gustavsson and Joelsson, 2010). Therefore, a parametric study considering 75 and 100 

years lifetime for the cubicles is also presented. 

 

2.3.2 Inventory analysis 

 

In this step, the inventory list of all the materials used in the manufacturing/dismantling 

phase of the cubicles is shown. The correlation between the cubicle components used in 

the manufacturing/dismantling phase and the EcoInvent data base is shown in Table 1. 

The energy consumption rates of the studied cubicles are quantified as well. The 
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measured energy consumption values for heating and cooling are shown in Table 2. The 

electricity used considers the production mix corresponding to the Spanish energy 

production System (#674 in the EcoInvent data base). 
 

2.3.3 Impact assessment 

 

According to the EI99 methodology and the requirements of this study, the 

environmental impact is evaluated and expressed through ten damage categories 

(acidification & eutrophication, ecotoxicity, land occupation, carcinogenics, climate 

change, ionising radiation, ozone layer depletion, respiratory effects, fossil fuels, and 

mineral extraction). Those damage categories are further aggregated into three areas of 

protection that express the main aspects of environmental and societal concern: human 

health, eco-system quality and natural resources. After extracting the inventory data 

needed from the data base, the evaluation of each impact category is given by: 

 

k

k

jkj LCIdIMP ·,å=        (Eq.1) 

 

where IMPj is the j damage category, dkj is the coefficient of damage extracted from the 

considered data base (Ecoinvent center, 2000) associated with the component k and 

damage j, and finally the LCIk is the life cycle inventory entry (i.e. kg of polyurethane). 

These results are single score indicators representing the potential impact on the 

environment through different damage categories. The coefficient of damage for the 

natural resources damage category is expressed in MJ of surplus energy needed for 

future extraction. For the ecosystem quality damage category, the coefficient of damage 

stands for the loss of species over a certain area, during a certain time (% plant, species / 

m2·year, Potentially Disappeared Fraction PDF). Finally, the damage to human health is 

expressed as the number of years life lost and the number of years lived disabled 

(disability adjusted life years, DALYs). 

 

One point of the EI99 represents one thousandth of the environmental load of one 

average European inhabitant during one year. But in the context of our work the 

absolute value of these points is not very relevant as the main purpose is to compare 

relative differences between products. Lower impact score results mean lower impact on 
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the environment and hence mean that the product associated with the results is more 

environmentally friendly. These single score indicators from the EI99 methodology are 

convenient for the case studies of this article, as the impact of the cubicles and their 

relevant components on the environment can be easily interpreted and demonstrated 

(Goedkoop and Spriensma, 2001). 

 

3. Results and discussion 

 

In this section, the results of the impact assessment phase are evaluated. The 

environmental impacts caused during the operational and manufacturing/dismantling 

phase of each cubicle are studied separately. Finally, the overall environmental impacts 

of the cubicle with and without the ventilated double skin facade are compared in order 

to determine the global environmental benefits of using this constructive system. 

 

3.1 Manufacturing/dismantling phase 

 

The impact of each damage category during the manufacturing/dismantling phase is 

shown in Table 3. The use of the VDSF with PCM increases in 186.4 % the 

environmental impact of the cubicle during its construction and disposal period. The 

authors want to highlight that the fossil fuels damage category is the most affected due 

to the use of the VDSF. Moreover, the damage categories of ecotoxicity, carcinogenics, 

climate change, respiratory effects, and mineral extraction are also significantly 

increased. 

 

In order to better understand the origin of these environmental impacts, a list of all 

materials used in the construction of both cubicles and the impact associated with them 

during the manufacturing and dismantling phase is shown in Table 4. The materials 

used in the construction of the ventilated facade do not have to be inventoried for the 

reference cubicle; hence, these components are marked with (*). Taken into account that 

the whole VDSF system increases 196.939 impact points the manufacturing/dismantling 

environmental cost, note that the steel used in the VDSF is responsible of more than 

55% of this increment (110.49 impact points). Almost all the steel needed in the VDSF 

is used for the structure of the system; hence the use of a wooden structure for the 
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VDSF is expected to reduce significantly the manufacturing impact of the whole 

system. 

 

3.2 Operational phase 

 

The energy consumed for heating and cooling purposes of each cubicle has been 

measured in the previously described experimental set-up (Figure 1). The measured 

electrical energy consumptions of heat pumps and fans were registered during winter 

2012 (de Gracia et al. 2012) and summer 2012 (de Gracia et al. 2013) and are used to 

determine the impact during the operational phase of the cubicles (Table 2). Since the 

electrical consumption of the fans is not compensated by the energy savings from the 

heat pumps during summer, the electrical energy consumption of the VDSF cubicle is 

considered equal to the consumption of the reference during this period. Nevertheless, 

note that this is the worst electrical consumption scenario for the VDSF cubicle, since 

the system could at least reduce the daily cooling demand during the overheating 

prevention period. It is important to highlight that even though the system is only useful 

during winter, the heating demand is more than 4 times higher than the cooling demand 

(Table 2). 

 

The impact points of each damage category during the operational phase of the VDSF 

and REF cubicles, for a lifetime of 50 years, are shown in Table 5. The use of this 

VDSF system only during the winter period reduces by 20.7% the environmental impact 

during the operational phase. The environmental savings were produced mainly in the 

respiratory effects and fossil fuels damage category. 

 

3.3 Global results 

 

The overall environmental impact of the two analysed cubicles is presented in Figure 5. 

The impact produced during both the manufacturing/dismantling and operational phases 

is considered. The results extracted from the LCA demonstrated that the use of the 

VDSF with PCM in its air chamber reduces 7.7 % the environmental impact when 

operating during 50 years. The higher impact during the manufacturing phase is 

balanced by the electrical energy savings of the HVAC system during its lifetime. The 

environmental payback of the system is 30 years. Moreover, it can be seen that the 
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environmental savings due to the use of the VDSF system are almost fully produced in 

the human health damage category.  

 

The authors want to highlight that this environmental savings were calculated only 

considering the reduction of the electrical demand during the heating season (de Gracia 

et al. 2012), while the system has a high potential in reducing also the cooling demand 

by being used as a night free cooling or cold storage system, and by preventing the 

overheating effect. These reductions in the cooling demand could lead to electrical 

energy savings in the case of an efficient use of the provided mechanical ventilation.  

 

Moreover, as it was previously said, the use of a wooden structure instead of the built 

metallic VDSF is expected to decrease drastically the environmental impact during the 

manufacturing/dismantling phase of the VDSF system. In order to study the impact of 

using wooden structure instead of the steel the following eco-indicators are used: 

· Roundwood, paraná pine (SFM), under bark, u=50%, at forest road [m3] 

(#10208).  

· Disposal, building, waste wood, chrome preserved, to final disposal [kg] 

(#2051). 

 

This new eco-indicators substitute the ones for the steel: 

· Reinforcing steel, at plant [kg] (#1141). 

· Disposal, building, reinforcement steel, to final disposal [kg[ (#2048). 

 

The manufacturing/dismantling environmental cost of the whole facade is then reduced 

from 302.59 impact points to 185.253 by only replacing the material used in the 

structure of the DSF. Moreover, considering a lifetime of 50 years, the overall 

environmental impact of using this system decreases 14.67 % in comparison to the 

reference cubicle without the VDSF. In addition, the use of a wooden structure would 

increase the thermal resistance of the outer skin, and hence increase the efficiency of the 

system. However, this effect is not taken into account to calculate the environmental 

savings. 
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3.4 Extension of the cubicles lifetime 

 

As it was previously discussed, the VDSF system presents higher environmental impact 

during the manufacturing/dismantling phase. However, the use of this system represents 

an important electrical energy reduction of the HVAC system during the heating period, 

which reduces the environmental impact during the operational phase. A sensitive 

analysis of the lifetime of the building is shown in Figure 6. It can be clearly seen that 

the system is environmentally efficient if used at least during 30 years. This value is 

similar to the environmental payback of using salt hydrates as passive system in the 

building envelopes (25 years), and significantly lower than that of using paraffins (61 

years). Moreover, the environmental payback of the system using a wooden structure 

decreases to 6 years. 

 

After the environmental payback, the overall environmental impact of the cubicle with 

the VDSF system is always lower in comparison to the reference cubicle, being the rate 

of impact reduction 6.3 impact points/year of operation. As it was previously said, the 

use of the VDSF with PCM reduces the overall environmental impact 7.7 % if operating 

during 50 years. This value is increased to 11.84 % and 13.99 % if the system is used 75 

and 100 years, respectively. 

 

4. Conclusions 

 

The environmental impact of a ventilated double skin facade with phase change material 

in its air channel is evaluated by a life cycle assessment study using the Eco-Indicator 

99 methodology.  

 

This particular system causes an important increment in the environmental impact 

during the manufacturing/dismantling phase of the building. On the other hand, the 

efficient use of this system leads to a significant reduction of the electrical energy 

consumption of the HVAC system both for heating and cooling purposes. These energy 

reductions cause environmental savings during the operational phase. 
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Considering a building lifetime of 50 years, the LCA study demonstrated that the use of 

this particular ventilated facade reduces 7.7 % the overall environmental impact. 

Moreover, the environmental payback of the system is 30 years. 

 

The authors want to highlight that 56% of the environmental impact produced during 

the manufacturing/dismantling phase of the system belongs to the construction and 

disposal of the structural steel; hence important environmental savings could be achieve 

replacing the structure with wood profiles. The environmental payback of the system 

with a wooden structure is reduced to 6 years. 
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Figure captions 

Figure 1. Experimental set-up: reference (REF) and ventilated facade (VDSF) cubicles. 

Figure 2. PCM distribution inside the air chamber. 

Figure 3: Modes of operation of the ventilated facade during the cooling season. 

Figure 4: Sequence of operation of the ventilated facade during winter period. 

Figure 5. Overall impact comparison between the REF and the VDSF cubicles (50 years 

lifetime). 

Figure 6. Overall impact points evolution depending on the lifetime of operation. 
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Table 1. Components relation with EI99 data base [18] 

Component Name in the data base Eco Invent corresponding to the component  

Alveolar Brick brick, at plant, RER, [kg] (#495) 

Base Plaster base plaster, at plant, CH, [kg] (#536) 

Cement mortar cement mortar, at plant, CH, [kg] (#537) 

Steel Bars section bar rolling, steel, RER, [kg] (#1170) 

Concrete concrete, normal, at plant, CH, [m3] (#504) 

In-floor bricks concrete roof tile, at plant, CH, [kg] (#9244) 

Asphalt mastic asphalt, at plant, CH, [kg] (#9245) 

Glass glazing, double (2-IV), U<1.1 W/m2K, laminated safety glass, at plant [m2] (#7141) 

XPS polystyrene, extruded (XPS), at plant [kg] (#7126) 

PU polyurethane, rigid foam, at plant, RER, [kg] (#1839) 

Fans 40 W pump 40W, at plant [unit] (#1865) 

Steel in VDSF reinforcing steel, at plant [kg] (#1141) 

Aluminium powder coating, aluminum sheet, RER, [m2] (#1166) 

Hydrated Salts calcium chloride, CaCl2, at regional storage, CH, [kg] (#260) 

Disposal Alveolar bricks disposal, building, brick, to final disposal, CH, [kg] (#2005) 

Dispoal plaster disposal, building, mineral plaster, to final disposal, CH, [kg] (#2021) 

Disposal mortar disposal, building, cement (in concrete) and mortar, to final disposal, CH, [kg] (#2007) 

Disposal concrete +steel bars disposal, building, reinforced concrete, to final disposal, CH, [kg] (#2045) 

Disposal In-floor bricks disposal, building, concrete, not reinforced, to final disposal, CH, [kg] (#2010) 

Disposal asphalt disposal, asphalt, 0.1% water, to sanitary landfill, CH, [kg] (#2216) 

Disposal PU disposal, building, polyurethane foam, to final disposal, CH, [kg] (#2040) 

Disposal steel  disposal, building, reinforcement steel, to final disposal [kg] (#2048)  

Disposal XPS disposal, building, polystyrene isolation, flame-retardant, to final disposal [kg] (#2039) 

Disposal aluminium disposal, aluminum, 0% water, to sanitary landfill, CH, [kg] (#2215) 

Disposal hydrated salts disposal, hydrated salts, to final disposal, CH, [kg] (calc) 
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Table 2. Annual electric energy consumption (kWh) for each cubicle during 2012 

[20,21] 

 

Annual electric energy consumption (kWh) REF VDSF 

Mild Summer period (3 months) 76.74 76.74 

Severe Summer period (2 months) 139.50 139.50 

Mild Winter period (3 months) 366.75 274.50 

Severe Winter period (2 months) 521.66 385.34 

Total for a whole year 1104.65 876.08 
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Table 3. EI99 Impact points in each damage category during the 

manufacturing/dismantling phase 

       Damage Category REF VDSF 

Eco system quality 

acidification & eutrophication 2.312 5.962 

ecotoxicity 1.304 11.098 

land occupation 1.490 3.324 

Human health 

carciogenics 1.316 15.794 

climate change 12.354 25.760 

ionising radiation 0.132 0.405 

ozone layer depletion 0.104 0.140 

respiratory effects 30.019 102.909 

Resources 
fossil fuels 55.817 123.436 

mineral extraction 0.802 13.759 

TOTAL   105.649 302.588 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



22 
 

Table 4. Life Cycle Inventory and impact during manufacturing and dismantling phase. 

Component Quantity used EI99 Impact points  

Alveolar Brick 3616 kg 39.721 

Base Plaster 890.1 kg 5.265 

Cement mortar 869.4 kg 4.569 

Steel Bars 262.2 kg 2.209 

Concrete 0.516 m3 3.263 

In-floor bricks 1770 kg 12.823 

Asphalt 153.1 kg 3.871 

Glass (*) 11.52 m2 33.280 

XPS 29.45 kg 11.57 

PU 9.8 kg 3.58 

Fans 40 W (*) 3 units 5.220 

Steel in VDSF (*) 1010.3 kg 110.492 

Aluminium (*) 21.49 m2 4.814 

Hydrated Salts (*) 68.2 kg 3.922 

Polyurethane (*) 45.794 kg 16.729 

Disposal Alveolar bricks 3616 kg 8.782 

Dispoal plaster 890.1 kg 1.842 

Disposal mortar 869.4 kg 2.179 

Disposal concrete +steel bars 1491.6 kg 4.000 

Disposal In-floor bricks 1770 kg 4.437 

Disposal asfalt 153.1 kg 0.252 

Disposal steel (*) 1010.3 kg 7.530 

Disposal XPS 29.45 kg 0.72 

Disposal aluminium (*) 58.023 kg 3.523 

Disposal PU 9.8 kg 0.252 

Disposal hydrated salts (*) 68.2 kg 0.025 
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Table 5. EI99 impact points of each damage category during the operational phase 

 

Damage Category 
Summer period Winter period Total period 

REF VDSF REF VDSF REF VDSF 

Eco system 

quality 

acidification & 

eutrophication 11.19 11.19 45.97 34.14 57.16 45.33 

ecotoxicity 3.24 3.24 13.31 9.89 16.55 13.13 

land occupation 
3.39 3.39 13.95 10.36 17.34 13.75 

Human health 

carcinogenics 9.63 9.63 39.55 29.38 49.18 39.00 

climate change 
29.80 29.80 122.43 90.93 152.23 120.73 

ionising 

radiation 1.70 1.70 6.97 5.17 8.66 6.87 

ozone layer 

depletion 0.01 0.01 0.03 0.02 0.04 0.03 

respiratory 

effects 134.53 134.53 552.72 410.52 687.26 545.05 

Resources 

fossil fuels 115.08 115.08 472.81 351.17 587.89 466.25 

mineral 

extraction 0.52 0.52 2.14 1.59 2.66 2.11 

Total 309.09 309.09 1269.90 943.18 1578.99 1252.27 
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CHAPTER VII 

Numerical modelling of ventilated facades: A review 

7 Numerical modelling of ventilated facades: A review

7.1 Introduction 

As it was detailed in previous chapters, the thermal and energetic performance of the 

ventilated facade with PCM has been experimentally investigated. According to the 

experimental results during the cooling season, no net energy savings were registered 

due to the use of this prototype. Numerical simulation arises as an adequate tool to 

optimize the design and operation of this new system. 

Thus, it leaded the PhD candidate to study, review and compare which methods have 

been used in the literature to study numerically the performance of ventilated double 

skin facades. The available literature on the field is specially focused on studying 

numerically the thermal performance of the DSF under different climate zones and 

different ways of implementation. Nevertheless, other than the numerical studies, an 

important effort has been done in the experimental field for better understanding the 

behaviour of these systems and to provide data and tools which might be used to 

validate the numerical models developed [65-69]. 

7.2 Contribution to the state-of-the-art 

According to the literature, the numerical models which describe the thermal 

performance of ventilated facades can be grouped as analytical and lumped models 

[70,71], non-dimensional analysis [72], network models [73-75], control volume models 

[76-78], zonal approach [79], and Computational Fluid Dynamics (CFD) [80,81]. The 

following paper overviews the different typologies of modelling highlighting the 

strengths and weaknesses depending on the application and design requirements. 

• A. de Gracia, A. Castell, L. Navarro, E. Oró, L.F. Cabeza. Thermal analysis of a 

ventilated facade with PCM for cooling applications. Renewable and Sustainable 

Energy Reviews doi.10.1016/j.rser.2013.02.029. 
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The paper analyses the existing numerical methods used to describe the thermal 

performance of ventilated facades and provides the important drawbacks from each 

study. Moreover, it points out the accuracy, application and computational effort 

required for each typology: 

• Analytical and lumped models can provide specific information without 

consuming high computational resources. However, its application and accuracy 

are limited since they assume several hypotheses, such as constant wall 

temperatures. 

• Dimensionless analysis can be useful to determine a specific parameter, such as 

the heat transfer through the walls. The main advantage of this methodology is 

the lack of computational effort. On the other hand, it requires numerous 

experimental measurements to develop the dimensionless correlations. 

Numerical tools, such as CFD, can also be used to build these correlations. 

• The airflow network model is usually integrated with a thermal network, and 

without high computational requirements it can provide useful information about 

bulk flows. 

• In the control volume approach, each skin of the DSF is divided into control 

volumes (approximately 1 m high), which are only coupled due to the presence 

of the air channel. This air channel is discretized orthogonally to the facade.�This 

approach provides a good compromise between computational resources and 

accuracy. 

• The zonal model has proved to provide information about the air flow, which is 

not possible using the lumped and control-volume models, but without having 

the accuracy neither the computational costs of CFD models. 

• CFD is the unique way to solve some design aspects of ventilated facades, such 

as flow around venetian blinds, openings, and different shading systems. Its use 

in the building sector is limited because of problems related to the computing 

power and its integration with building energy simulation models (ES) is 

becoming an interesting topic. These coupled models can determine with higher 

accuracy the effect of ventilated facade in the thermal performance of a whole 

building system. 
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8 A correlation of the convective heat transfer coefficient between an 

air flow and a phase change material plate 

8.1 Introduction 

The use of PCM in the building sector has been widely studied [82], both 

experimentally [28] and numerically [83]. The PCM can be integrated in building 

envelopes in order to increase its thermal energy storage capacity [18,51], in heat 

exchangers which might be included in the building ventilation system [84], or in 

special applications such as ventilated facades [76,85,86]. 

This study is focused on heat exchangers made of PCM plates. The heat transfer 

coefficient between the parallel PCM plates and the air flow is critical in the design 

phase of these systems since it defines the time needed to melt or solidify the PCM and 

the power of the heating or cooling supply. In the literature, the existing heat transfer 

correlations for the flow between parallel plates are for two cases: “constant and equal 

wall temperatures”, and “constant and equal wall heat fluxes”. According to Liu et al. 

[87], the case of “constant and equal wall temperature” is more appropriate to model the 

convective heat transfer occurring between a forced flow and a PCM solid, since the 

wall temperatures are almost constant during the phase change. However, thermal 

gradients can occur in the PCM wall, especially in heat exchangers with long PCM 

slabs, which makes the assumption of “constant and equal wall temperature” not valid. 

8.2 Contribution to the state-of-the-art 

A new correlation is built to determine the heat transfer coefficient between an air flow 

and a plate made of PCM. The correlation has two terms: one of them represents the 

evolution of the Nusselt number for a plate without phase change, the other one is a 

perturbation on the Nusselt number due to the phase change, and is presented in the 

following paper: 
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• A. de Gracia, D. David, A. Castell, L.F. Cabeza, J. Virgone. A correlation of the 

convective heat transfer coefficient between an air flow and a phase change 

material plate. Applied Thermal Engineering 51 (2013) 1245-1254. 

The present study addressed for the first time the issue of forced convective heat 

transfer along PCM plates, and how the phase change process of the flat plates affects 

the evolution of the Nusselt number. 

This Nusselt variation depends on the thermal boundary conditions at the surface of the 

plates. For a phase stabilized material (material which does not change phase within the 

designed thermal gradient, PSM) plate, this evolution is gradual and homogeneous all 

along the plate. Therefore, the heat transfer coefficient increases gradually until the final 

temperature is reached. On the other hand, for the PCM plate, it can be observed the 

formation of 5 distinct zones (Figure 19): 

• First zone: the phase change has not started yet and the PCM is still in the solid 

phase. 

• Second zone: this is the first part of the phase change, when the specific heat Cp 

increases with the temperature. 

• Third zone: this is the second part of the phase change, when the specific heat 

Cp decreases with the temperature. 

• Fourth zone: the phase change is finished. The PCM is in the liquid state, but it 

has not reached the thermal equilibrium. 

• Fifth zone: the heating process is finished. The PCM is in the liquid state at 

steady state. 

Thus, the first major difference between PCM and PSM plates is the apparition of the 

fifth zone near the leading edge. At this location, the plate is in thermal equilibrium with 

the air flow, hence there is no heat flux at the surface, and the convection heat transfer 

value has no effect on the system behaviour. The thermal boundary layer starts at the 

fourth zone. The starting point of the thermal boundary layer induces high values of the 

heat transfer coefficient.  
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The study uses de design of experiments methodology to build two original 

dimensionless empirical correlations, for a PCM and PSM plate. These correlations will 

be suitable for the simulation of sensible and latent heat storage systems, in a wide valid 

range of the different non-dimensional numbers. The use of these correlations instead of 

the existing ones from the literature provides a strong improvement in the accuracy of 

the model. Moreover, its use could save computational costs compared to the use of 

CFD simulations. 

Figure 19. Evolution of the temperature repartition in the plate and its effect on the thermal boundary 

layer 
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h i g h l i g h t s

< Convective heat transfer of an air flow over a PCM plate is analyzed numerically.
< A numerical correlation is given from the CFD results.
< The phase change is addressed as perturbation in the Nusselt of a solid flat plate.
< The CFD simulations indicate movement in the thermal boundary layer.
< The numerical correlation was compared against CFD, showing good agreement.
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a b s t r a c t

This paper provides a new correlation to determine the heat transfer coefficient between an air flow and
a plate made of phase change material (PCM). This correlation was built for the simulation of heat storage
units containing PCM plates subjected to an inlet temperature step. The presented correlation has the
following form: NuPCMx;t ¼ NuPSM$f PCM . The first term NuPSM is for a plate made of traditional material. The
term fPCM is a perturbation due to the phase change in the plate. Each term depends on 5 non-dimen-
sional parameters. One of them represents the advance in the total heating or cooling process, in order to
take into account the transient evolution of the convective coefficient. The correlations are built using the
Least Squares Method, from series of CDF simulation data. The shape of the perturbation fPCM reveals
a complex evolution of the temperature repartition in the PCM plate. Finally, a nodal model of the plate
has been developed in order to test the provided new correlation and other correlations available in the
literature. The results obtained with the present correlation show better agreements with the CFD
results, which make this correlation suitable for the simulation of PCM heat storage systems.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

An efficient utilization of renewable energies in buildings could
not be possible without appropriate energy storage systems.
Indeed, the availability of these energies does not always coincide
in time with the demand. Hence energy storage systems present
a growing interest among research communities.

One possible way to store a high amount of energy in a small
volume is the use of phase change materials (PCM). Dincer and
Rosen [1] highlighted that the solideliquid phase change presents
high energy density and does not present volume expansion
problems. The latent heat which is needed for the material melting/

solidification enables to store a great amount of energy within
a narrow temperature range. Paksoy [2] has studied several
thermo-physical properties of various PCM for a correct selection of
the material depending on the application.

The use of PCM in the building sector has been widely studied
[3], both experimentally [4] and numerically [5]. The PCM can be
integrated in composite walls [6], in heat exchangers which are
included in the building ventilation system [7], or in ventilated
facades [8,9].

Several studies have analyzed the thermal performance of
different heat exchangers with PCM. Nomura et al. [10] evaluated
experimentally a direct-contact heat exchanger with PCM and the
rate of heat storage depending on the temperature of the heat
transfer fluid and its flow rate. Kurnia et al. [11] studied numerically
various U-tube configurations for a thermal energy storage unit
with PCM. The results demonstrated that the use of the festoon
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channel design yields improved heat transfer rate. Ye et al. [12]
analyzed the effects of different cavity volume fractions of PCM in
the heat transfer performance of a latent thermal unit. The
numerical results from a CFD package were experimentally vali-
dated and correlations are proposed for volume expansion ration
and time to finish thermal energy storage process as function of the
PCM cavity volume fraction.

This study is focused on heat exchangers made of PCM plates.
The air flowing between the parallel plates exchanges heat with the
PCM. The performances of such systems are evaluated with
building simulations. Those simulations require simple and accu-
rate models of the heat exchangers, such as nodal models, in which
the heat transfer between the air flow and the plate is modeled by
the convective coefficient.

In the literature, the existing heat transfer correlations for the
flow between parallel plates are for two cases: “constant and equal
wall temperatures”, and “constant and equal wall heat fluxes”.
According to Liu et al. [13], the case of “constant and equal wall
temperature” is more appropriate to model the convective heat
transfer occurring between a forced flow and a PCM solid, since the
wall temperatures are almost constant during the phase change.
However, thermal gradients can occur in the PCMwall, especially in
heat exchangers with long PCM slabs, which makes the assumption
of “constant and equal wall temperature” not valid.

Therefore, no correlation has been built for the specific case of
an air flow over PCM plates, so there was no optimal choice of the
convective coefficient values in PCM heat exchangers. Wei et al. [14]
obtained the Nusselt number from the experimental value in
a plate heat exchanger (PHE). Moreover, Dolado et al. [15] used the
correlation from Gnielinski [16] for internal forced convective
coefficient while Hed and Bellander [17] used the Reynoldse
Colburn analogy [18]. However their simulation results might be
affected by erroneous convective heat transfer coefficient values.
Indeed, David et al. [19,20] simulated the thermal behavior of
a composite PCM wall using different correlations to model the
natural convection heat transfer over the wall. They spotted
discrepancies in the simulation results.

In this study, a new correlation is built to determine the heat
transfer coefficient between an air flow and a plate made of PCM.
The correlation has two terms: one of them is for a plate without
phase change, the other one is a perturbation on the Nusselt
number due to the phase change. The methodology for the
production of the two terms of the correlation is explained in
Section 2. Details about the geometry and the thermal excitation of
the system are also given in this section. The two terms of the
correlation are built in Sections 3 and 4. The new correlation is

finally implemented in a nodal model of PCM plates in Section 5.
Nodal simulation results with new provided correlation and with
other correlations available in the literature are compared to CFD
results.

2. Methodology

2.1. Shape of the correlation

The correlation which is built in this paper has the form of Eq.
(1), where NuPCMx;t ¼ h$x=k is the local Nusselt number at the
ordinate x:

NuPCMx;t ¼ NuPSM$f PCM (1)

The first termNuPSM is calculated for the heating/cooling process
of a plate made of a traditional material which has the same
thermo-physical properties of the PCM in the solid state. Since no
phase change occurs in this plate, it is designated as the Phase
Stabilized Material (PSM) plate.

The second term fPCM describes the perturbation on the Nusselt
number due to the phase change in the wall. Thus, the formalism
which is chosen for the expression ofNux,tPSM enables to isolate phase
change effects on the convective heat transfer through the term
fPCM.

For each term of the correlation, a list of 5 specific non-
dimensional parameters has been defined. The dependency of
NuPSM and fPCM on those parameters are determined from series of
computational fluid dynamics (CFD) simulations. The term NuPSM

was obtained first from simulation results without phase change in
the plate. The term fPCMwas calculated from simulationswith phase
change in the plate, by dividing the computed Nusselt number
Nux,t

PSM by NuPSM.

2.2. Geometry of the system

The system which concerns this study is a pile of PCM plates
separated by air channels (Fig. 1a). The air flow between the plates
is ensured by a homogeneous velocity inlet at the entrance of the
channel. The heat storage/release starts with an inlet temperature
step.

The geometry of the system has been simplified according to
some hypotheses, in order to reduce the computational cost of the
CDF simulations. First, it is assumed that the plates are sufficiently
wide to get a 2-dimensional thermal behavior of the system. Then,
since the geometry is periodic, only one channel surrounded by two

Fig. 1. Simplification of the heat exchanger geometry for the model: (a) actual geometry of the heat exchanger, (b) Simplified geometry using the hypothesis of a periodic system
and a 2D flow, (c) Geometry of the model, using the hypothesis of independent boundary layers.

A. de Gracia et al. / Applied Thermal Engineering 51 (2013) 1245e12541246



half plates can be considered. The system represented in Fig. 1b is
obtained after performing these simplifications.

Moreover, it is assumed that the thermal and velocity boundary
layers are thinner than the half-width of the air channel. Since
there is no mixing between the boundary layers on the two sides of
the channel, only a half-channel can be considered. Even if this type
of geometry does not optimize the heat transfer between the plates
and the channel, it can be justified in a technical point of view
because it reduces the pressure drop along the storage system. The
final geometry of the model is represented in Fig. 1c. For the
simulations, the plate was 4 m high and the half-channel was
7.5 cm wide.

At the beginning of the simulations, the temperature is homo-
geneous at T0 in all the system, and there is a steady flow in the fluid
volume due to the homogeneous inlet velocity uN. At t¼ 0, the inlet
temperature becomes equal to TN. Simulations are run until the
plate temperature reaches the thermal equilibrium at TN. During
the simulations, the half plate mid-temperature Tm, the mid-
channel temperature ThN, the plate surface temperature ThS and
heat flux density 4hS are recorded at different heights and times in
order to compute the heat transfer coefficients h ¼ 4hS/(ThS � ThN)
and the non-dimensional parameters used in the correlations.

2.3. Numerical model

The simulations have been performed with the commercial
software Star-CCMþ. First, a comparative study between the
different fluid models proposed by the software has been carried
out. Those models have been tested for a stationary forced turbu-
lent flow along an isothermal surface. The simulation results have
then been compared to the empirical correlations from Bejan [21],
which are valid for Prandtl number between 0.5 and 5:

h
r$Cp$uN

¼
1
2
$Cf ;x

0:9þ
�
1
2
$Cf ;x

�0:5
$ð13:2$Pr� 10:25Þ

(2)

where the drag coefficient Cf,x is given either by:

1
2
$Cf ;x ¼ 0:0296

�uN$x
y

��1=5
(3)

or by:

Cf ;x ¼ 0:37
h
log

�uN$x
y

�i�2:584
(4)

The previous correlations are valid for Reynolds number varying
between 105e107 (Eq. (3)) and from 105e109 (Eq. (4)).

The best agreement with the correlations was obtained with the
Segregated implicit AMG SIMPLE solver and the “realizable” k� 3

turbulence model.
Hereafter, a mesh independent study was performed in order to

reduce the duration of the transient simulations needed for this
study. The resulting mesh consisted in 4400 rectangular cells, with
amesh refinement at the vicinity of the plate in order to capture the
temperature and velocity gradients in the boundary layer.

A comparison between the final flowmodel and the correlations
from Bejan [21] is shown in Fig. 2 for different values of the inlet
velocity. The results of this comparison show only a slight deviation
at the starting area of the plate. This deviation is due to the pres-
ence of the laminar zone. In this zone, neither the correlation from
Bejan, nor for the k� 3turbulence model are adapted.

The solid model is a finite volume model with 1334 rectangular
cells. The specific heat of the solid and liquid phases is equal to Cp.

The phase change was taken into account through an equivalent
heat capacity [22]. During the melting or solidification, the
temperature dependence of the PCM specific heat has a triangle
shape centered on TPCM (Fig. 3). This methodology was studied by
Farid [23] and was found to be successful in describing the heat
transfer in phase change materials.

3. Empirical correlation without the effect of phase change

3.1. Significant parameters

Five parameters were selected to build the correlation for
a phase stabilized material wall:

NuPSM ¼ NuPSMðRex; qx;A;B;CÞ (5)

Those parameters intend to characterize:

- The flow regime
- The advance in the heating/cooling process
- The thermal and geometrical properties of the plate.

The first parameter is the local Reynolds number Rex. It is an
image of the flow regime. It is covered in the range [1 $105; 2 $ 106]
for a transitional and turbulent flow:

Rex ¼ uN$x
y

(6)

The second parameter qx represents the progression of the plate
heating/cooling process, at the height x. Since there are

Fig. 2. Fluid model validation using empirical correlation available in literature [15].

Fig. 3. Temperature dependency of the effective specific heat of the phase change
material.
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temperature gradients across the plate thickness, it is based on the
temperature at the middle of the half plate Tm (Fig. 1c). The defi-
nition of qx is given in Eq. (7). It is equal to zero all over the plate at
the beginning of the simulation and it is equal to one all over the
plate at the end of the simulation.

qx ¼ TmðxÞ � T0
TN � T0

(7)

Even if qx is defined in the range [0; 1], the Nusselt correlation
was built from simulation results with qx ˛ [0.05; 0.95]. Indeed,
when qx approaches one, the convective coefficient is undefined
because the plate and the air flow have the same temperature.

The remaining parameters A, B and C take into account the
thermal and geometrical characteristics of the plate. A is the
volume specific heat ratio between the plate and the air:

A ¼ rs$Cps
rs$Cp

(8)

B is the ratio between an estimation of the velocity boundary
layer thickness dx ¼ 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yx=uN

p
, and the thickness of the plate e:

B ¼ dx
e

(9)

C is the thermal conductivity ratio between the plate and the air:

C ¼ ks
k

(10)

Maximum and minimum values of the different physical
quantities are shown in Table 1. They were chosen according to
Cabeza et al. [24]. Using the parameters from Table 1, the valid
ranges of Rex, qx, A, B, and C are summarized in Table 2.

3.2. Formulation of the Nusselt number

The structure of the correlation is presented in Eq. (11). The
dimensionless number qx is implemented in the form (qx þ 1)a

because at the beginning of the transient process (qx ¼ 0), the heat
transfer coefficient is neither equal to zero, nor equal to infinity:

NuPSMx;t ¼ a0$Re
a1
x $ðqx þ 1Þa2$Aa3$Ba4$Ca5 (11)

The software Design-Expert V8 for design of experiment (DOE)
defined a set of 31 different simulations to be carried out for the
determination of the five constants ai. The results of those

simulation were then introduced in the R 2.14 statistical software,
which calculated the ai using a Least Squares Method.

3.3. Results

The correlation obtained after using the Least SquaresMethod is
given in Eq. (12). The average deviation between the simulated
Nusselt numbers and the Nusselt values calculated from the
correlation is 2.4%.

NuPSMx;t ¼ 0:036$
Re0:78x $ðqx þ 1Þ0:18
A0:002$B0:01$C0:002 (12)

Moreover, the standard deviation and p-value of each estimated
parameter (ai) are shown in Table 3 (based on Eq. (12)). Since the p-
value of the estimated parameters a3, a4 and a5 are higher than
0.05, the variation of the parameters A, B and C is not significant to
the Nusselt number. The authors propose to use an empirical
correlation which depends only on Rex and qx. This new correlation
presents an average deviation of 2.5% from the numerical results,
with standards deviations of the estimated parameter a0 of 0.093,
a1 of 0.007 and a2 of 0.024 (based on Eq. (13)).

NuPSMx;t ¼ 0:037$Re0:78x $ðqx þ 1Þ0:18 (13)

4. Nusselt perturbation due to the phase change

4.1. Significant parameters

A set of 5 dimensionless numbers were defined to describe the
phase change perturbation fPCM on the Nusselt evolution:

f PCM ¼ NuPCMx;t

NuPSM
¼ f PCM

�
Rex; St; SCp; P;jPCM

�
(14)

Those parameters intend to characterize:

- The flow regime
- The thermal behavior of the PCM during the phase change
- The advance in the melting/solidification process.

The three parameters St, Scp and P describe the properties of the
plate material during the phase change. They characterize the
temperature dependency of the PCM effective heat capacity (Cp
curve) shown in Fig. 3.

St is the Stefan number based on the temperature difference
TN � T0. The effect of this parameter on the Cp curve is shown in
Fig. 4a.

St ¼ CpsðTN � T0Þ
DHfusion

(15)

The parameter SCp is defined in Eq. (16) as the ratio between the
increase of specific heat at the phase change temperature and the

Table 1
Minimum and maximum values of the used parameters.

Min. value Max. value

uN [m s�1] 2 12
rs [kg m�3] 750 2200
Cps [J kg�1 K�1] 500 4000
e [m] 0.002 0.02
ks [W m�1 K�1] 0.1 2.5

Table 2
Valid range of the dimensionless groups used.

Min. value Max. value

Rex 1 $ 105 2 $ 106

qx 0.05 0.95
A 307.8 7222
B 0.125 14.05
C 4.17 104.2

Table 3
Standard deviation and p-value of the estimated parameters used in the NuPSM
correlation.

Standard deviation s p-value

a0 0.102 <2 $ 10�16

a1 0.007 <2 $ 10�16

a2 0.024 1.78 $ 10�10

a3 0.004 0.725
a4 0.007 0.182
a5 0.004 0.728
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specific heat in the solid or liquid region (see Fig. 3). Fig. 4b shows
the variation of the Cp curve when SCp varies (constant St).

SCp ¼ DCp
Cps

(16)

P fixes the position of the phase change temperature TPCM in the
overall process of heating or cooling [T0; TN]. It is defined in Eq.
(17). Fig. 4c shows the effect of P on Cp curves.

P ¼ TPCM � T0
TN � T0

(17)

The last dimensionless number jx characterizes the advance in
the melting/solidification process at the height x. Similarly to the
parameter qx, it is based on the temperature at the middle of the
half plate Tm. The expression of jx is given by Eq. (18). It has to be
multiplied by �1 when used in a fusion process.

jx ¼ TmðxÞ � TPCM
DTPCM

(18)

Notice that jx is equal to zero when the specific heat of the plate
is maximum, at Tm(x) ¼ TPCM. It is equal to �1 at the beginning of
the fusion/solidification process and it is equal to 1 at the end of the
phase change (Fig. 3). The bounds of jx depend on the initial and
final temperatures T0 and TN.

The studied ranges of the previous parameters are shown in
Table 4.

4.2. Simulation results

Table 5 summarizes the set of numerical simulations which have
been performed to determine fPCM. The numerical results were
analyzed through the evolutions of fPCM over jx.

The curves fPCM(jx) for simulations C1eC14 are shown in Fig. 5.
For jx � �1, the phase change has not started yet, hence there is no
perturbation on the Nusselt number and fPCM ¼ 1. During the
increasing part of the specific heat curves (�1 � jx � 0), the phase
change has no effect on the Nusselt number, and the perturbation
remains equal to 1. The value of fPCM starts to deviatewhen the plate
reaches the temperature TPCM. First, it can be observed an increase
of fPCM when jx > 0 until jx ¼ jcr. Finally, fPCM stabilizes at
a maximum value fN.

From Fig. 5a, it can be seen that the maximum perturbation fN
decreases when the Stefan number St increases. Thus, the higher is

the latent heat, the higher is the phase change perturbation on the
convection coefficient.

Fig. 5b shows that the maximum perturbation increases with P.
The perturbation on the convective heat transfer coefficient will be
higher if the phase change occurs at the beginning of the heating/
cooling process.

Finally, from Fig. 5c and d, it can be observed that the flow
regime (through the Reynolds number) and the width of the phase
change temperature range (through the parameter SCp) have only
slight effects on the perturbation curves.

Moreover, Fig. 6 compares the perturbation evolutions for
a melting and a solidification process. The curves are identical,
therefore the same dimensionless model can be used to describe
a heating or a cooling process.

4.3. Formulation of the phase change perturbation

Given the description of the perturbation curves provided in the
last section, the function fPCM(jx) can be expressed as a piecewise
function given by Eq. (19) (Fig. 7).

f PCMðjxÞ

8>>>><
>>>>:

1 for jx < 0
ðfN � 1Þ

j2
cr

$j2
x þ 1 for 0 � jx < jcr

fN for jx � jcr

(19)

The values of fN and jcr depend on the parameters Rex, St, Scp
and P (Eqs. (20) and (21)). They are defined from the simulation
results by using a Least Squares Method.

fN ¼ a0$St
a1$Pa2$Sa3

Cp$Re
a4 (20)

jcr ¼ a0$St
a1$Pa2$Sa3

Cp$Re
a4 (21)

Fig. 4. Variation of the specific heat curve with (a) St, (b) SCp and (c) P.

Table 4
Valid range of the parameters used in the correlation for fPCM.

Min. value Max. value

St 0.033 0.14
P 0.175 0.8
SCp 72 300

Table 5
Set of numerical simulations carried out to define the phase change.

Case Re St S P

C1 106 0.034 291.8 0.5
C2 106 0.07 145.4 0.5
C3 106 0.07 145.4 0.175
C4 106 0.07 291.8 0.5
C5 106 0.07 72.9 0.5
C6 106 0.07 205.3 0.5
C7 106 0.14 72.2 0.5
C8 106 0.51 194.2 0.5
C9 4.1 $ 105 0.07 145.4 0.325
C10 8.2 $ 105 0.07 145.4 0.325
C11 106 0.07 145.4 0.325
C12 1.6 $ 106 0.07 145.4 0.325
C13 106 0.07 145.4 0.675
C14 106 0.07 145.4 0.8
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The correlation in Eq. (22) calculates the value of the maximum
perturbation fNwith an average error of 2.51% compared to the CFD
results. Reynolds number and SCp are not significant in the corre-
lation since its p-value are 0.636 and 0.550, respectively (based on
Eq. (22)). The authors propose a new correlation (Eq. (23)) without
these two dimensionless numbers. This new correlation presents
an average error of 2.84% with the numerical results with standards
deviations of the estimated parameter a0 of 0.140, a1 of 0.050 and
a2 of 0.034 (based on Eq. (23)).

fN ¼ 1:69$
P0:15

St0:22$Re0:026$S0:033Cp

(22)

fN ¼ 1:08$
P0:14

St0:19
(23)

Furthermore, a correlation for jcr is provided by Eq. (24). Again,
the Reynolds number and the parameter SCp are not significant to
determine jcr (p-value of 0.308 and 0.854, respectively). The use of
Eq. (25) instead of Eq. (24) only increases the average error from
2.35% to 2.71%. The standard deviation of the estimated parameter
a0 is 0.0.116, of a1 is 0.042 and of a2 is 0.028 (based on Eq. (25)).

jcr ¼ 0:65$
P0:10$Re0:0082$S0:039Cp

St0:095
(24)

jcr ¼ 0:8$
P0:10

St0:13
(25)

Fig. 5. Effect on the perturbation in the Nusselt evolution due to variation of (a) St, (b) P, (c) SCp and (d) Re.

Fig. 6. Comparison of the perturbation of the Nusselt number due to solidification and
melting process (simulation C2). Fig. 7. Shape of the perturbation in the Nusselt evolution due to the phase change.
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4.4. Discussion

The particular shape of the curves fPCM(jx) can be understood by
analyzing the temperature repartitions in the plate during the
cooling and heating processes. For this purpose, Fig. 8 contains
schematic representations of the plate temperature repartition at
the beginning and at the middle of a heating process. The two
sketches on the left are for a PSM plate while the two sketches on
the right stands for a PCM plate. The velocity boundary layer and
the repartition of the heat transfer coefficient are represented on
each schema.

The initial conditions are identical for both types of plate: the
PCM is solid at the temperature T0. Since the air flow is due to
external forces, it is not affected by the thermal response of the
plate. Hence, the velocity repartition in the fluid is identical for
both types of plates and it does not evolve during the heating
process.

Nusselt variations are due to evolutions of the thermal boundary
conditions at the surface of the plates. For the PSM plate, this
evolution is gradual and homogeneous all along the plate. The heat
transfer coefficient increases gradually all along the plate until the
final temperature is reached.

On the other hand, for the PCM plate, we observe the formation
of 5 distinct zones. From the top of the plate (last scheme on Fig. 8):

- First zone: the phase change has not started yet and the PCM is
still in the solid phase.

- Second zone: this is the first part of the phase change, when the
specific heat Cp increases with the temperature.

- Third zone: this is the second part of the phase change, when
the specific heat Cp decreases with the temperature.

- Fourth zone: the phase change is finished. The PCM is in the
liquid state, but it has not reached the thermal equilibrium at
TN.

- Fifth zone: the heating process is finished. The PCM is in the
liquid state at the temperature TN.

Thus, the first major difference between PCM and PSM plates is
the apparition of the fifth zone near the leading edge. At this
location, the plate is in thermal equilibriumwith the air flow, hence
there is no heat flux at the surface, and the convection heat transfer
value has no effect on the system behavior.

The thermal boundary layer starts at the fourth zone. The
starting point of the thermal boundary layer induces high values of
the heat transfer coefficient. Therefore, the perturbation value is
higher in this zone. Since the liquid phase receives heat from the air
flow at a high rate, the temperature progression between the end of

phase change and the final temperature is fast. Hence, this zone is
relatively narrow compared to the other ones.

The phase change occurs in second and third zones. The same
amount of heat must be stored in the plate during the first (Cp
rising) and second (Cp decreasing) part of the phase change.
However, since the heat transfer rate is higher during the second
part, the third zone is narrower.

During the simulation, the sequence of the different zones is
shifted toward the upper part of the plate. The last zone which
corresponds to the thermal equilibrium grows until it covers the
whole wall.

5. Assessment of the present correlations

The purpose of the correlations developed in this study is to use
them in simplified models of latent heat storage systems. These

Fig. 8. The evolution of the temperature repartition in the plate and its effect on the convection coefficient. On the left: phase stabilized plate. On the right, phase change material
plate.

Fig. 9. Sketch of the nodal model.
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models include finite volume models for the plates, which are
connected to the air flows through convective heat transfer
coefficients.

In this section, a nodal model of a half-channel is developed.
Simulations are performed with different correlations for the
convective heat transfer coefficient. The simulation results are
compared to CFD results in order to evaluate the improvement due
to the use of the correlation built in this study.

5.1. Finite volume model

The energy equation is solved using a fully implicit finite volume
method [25]. The transient two-dimensional heat transfer in a PCM
plate (Eq. (26)) is completed by initial and boundary conditions (Eq.
(27)e(31)). L is the height of the plate, e/2 is the half-width of the
plate. A sketch of the nodal model is presented in Fig. 9.

vHPCM

vt
¼ ks

 
v2T
vx2

þ v2T
vy2

!
with vHPCM ¼ rsCpðTÞvT (26)

ðiÞ t ¼ 0 T0 (27)

�
ii
�

x ¼ 0
vT
vx

¼ 0 (28)

�
iii
�

x ¼ L
vT
vx

¼ 0 (29)

�
iv
�

y ¼ 0 � ks
vT
vx

¼ h$
�
TN � Tsurf ;x

�
(30)

ðvÞ y ¼ e=2
vT
vx

¼ 0 (31)

A mesh independence study was carried out for the control
volume numerical model. A mesh of 400 nodes is used with 40 and
10 nodes in the x and y direction. The system of algebraic linear
equations extracted from the finite volume method was solved
using the Gauss Seidel iterative algorithm with a time step of 1 s.

The geometric and thermo-physical properties of the plate
simulated with the nodal model are gathered in Table 6. The PCM
plate is heated from 300 K to 320 K. The melting process starts at
308 K and finishes at 312 K. The temperature TPCM is 310 K.

5.2. Simulation results

One of the main interests in simulating PCM exchangers is to
predict the time needed to complete the heating or cooling
processes of the plates. As it was previously discussed, the transient
evolution of the convective heat transfer coefficient is not explicitly
expressed through time, but through the dimensionless parameters
qx and jx, which represent the advances in the heating/cooling and

fusion/solidification process. In this section, all the results are
presented as functions of time.

Fig. 10 presents the difference in the thermal evolution of the
central node at different heights, when the numerical model uses
the given base empirical correlation, NuPSM (Eq. (13)) or the
correlation NuPCM which takes into account the perturbation due to
the phase change fPCM (Eqs. (19), (23) and (25)).

As it was expected, no differences were found before the phase
change temperature peak (310 K), since the perturbation only acts
with positives values of jx (Eq. (21)). After the peak, the incidence
in the thermal evolution of the PCM plate due to perturbation is
significant and grows along the height of the plate. The time
needed to melt the node at x ¼ 4 m is reduced around 5% from the
time of the overall process when the perturbation due to phase
change is used.

Time evolutions of the convective heat transfer coefficient, with
and without the perturbation, are presented in Fig. 11. As it was
previously mentioned, there is no difference between the models
before the phase change peak. However, after the phase change
peak two distinct behaviors are observed. For the simulations
which use the PCM perturbation on h, the heat transfer coefficient
grows gradually and reaches a plateau at jx ¼ jcr. For the other
simulations, the results show a slight jump of the h coefficient after
the phase change is finished. This is due to a fast evolution of the
parameter qx in the liquid phase.

Table 6
Physical and geometrical variables input in the numerical model.

Physical and geometrical input Value

DHPCM [kJ kg�1] 150
DCp [kJ kg�1 K�1] 75
Cps [J kg�1 K�1] 512.3
rs [kg m�3] 2200
ks [W m�2 K�1] 2.5
e/2 [m] 0.006
L [m] 4

Fig. 10. Evolution of the temperature at the middle of the half PCM plate, at different
heights. Comparison between the correlations with and without PCM perturbation.

Fig. 11. Evolution of the heat transfer coefficient at different heights of the PCM plate.
Comparison between the correlations with and without PCM perturbation.
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The thermal load of a PCM wall is finished when the top part of
the plate has reached the final temperature TN. Fig. 12 shows the
time evolution of the temperature at the central node at the top of
the half plate, for different simulations using different correlations
of the heat transfer coefficient. The results are compared to the CDF
results. It can be seen that the empirical correlation provided in this
work presents better agreement with the CFD results in compar-
ison to the correlation provided by Bejan [21], especially the model
which considers the perturbation in the Nusselt number due to the
phase change.

Table 7 presents the time needed for each correlation to cover
the 95% of the overall heating process (319 K) in the analyzed node
and compares this time against the time needed in the CFD model
(13,800 s). It is important to highlight that the model which uses
the perturbations not only finish the phase change earlier
(3h 36 min40 s from 3 h46 min40 s) but it achieves steady state
conditions earlier by increasing the heat transfer coefficient at the
studied positions.

6. Conclusions

The present study assessed for the first time the issue of forced
convective heat transfer along PCM plates. Its major achievements
are not only practical, with the production of accurate correlations
for latent heat storage systems, but also theoretical, with the first
analysis of how the temperature repartitions in PCM plates during
heat storage processes, affects the convective heat transfer
coefficients.

From the practical point of view, the correlations for a PCM plate,
and the correlation for the PSM plate are original. These correla-
tions will be suitable for the simulation of sensible and latent heat
storage systems, in a wide valid range of the different non-
dimensional numbers. The use of these correlations in a nodal
model will save computational costs compared to the use of
computational fluid dynamics simulations.

On the theoretical point of view, the series of simulations which
have been performed enabled the authors to have a first under-
standing of how the plate material phase change affects the
convective heat transfer. They clearly showed the presence of
a zone, at the bottom of the plate, in which the wall material is in
thermal equilibriumwith the flow. The presence of this zone delays
the starting point of the thermal boundary layer, which leads to
heat transfer enhancement at this location.

Obviously, the present study does not pretend to cover the
whole subject of forced convection along PCM plates. The correla-
tion will have to be compared to experimental results in the future.
And a theoretical analysis of the Navier Stokes equations might be
necessary to provide further interpretations of the plate behavior
near a flow with time-dependent temperature.
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Glossary

A: dimensionless number used in the Nusselt correlation
B: dimensionless number used in the Nusselt correlation
C: dimensionless number used in the Nusselt correlation
Cf,x: local skin-friction coefficient, dimensionless
Cp: specific heat, J kg�1 K�1

e: thickness of the solid plate, m
fPCM: perturbation in the Nusselt correlation due to phase change, dimensionless
St: Stefan number

HPCM: enthalpy of the PCM, kJ kg�1

h: convective heat transfer coefficient, W m�2 K�1

k: thermal conductivity, W m�1 K�1

L: total height of the plate, m
NuPSM: Nusselt number of an air flow over a phase stabilized material
Nux,t

PCM: Nusselt number of an air flow over a phase change material
P: dimensionless number used in the perturbation correlation
PCM: phase change material
PSM: phase stabilized material
Pr: Prandlt number
Re: Reynolds number
SCp: dimensionless number used in the perturbation correlation
T0: initial temperature, K
TN: air flow temperature inlet, K
ThS: plate surface temperature, K
ThN: fluid mid-channel temperature, K
Tm(x): temperature at the center of the plate at a certain height (x), K
TPCM: phase change temperature, K
t: time, s
uN: air flow velocity inlet m s�1

x: position parallel to the flow direction, m
y: position perpendicular to the flow direction, m

Greek symbols
DCp: increment in the specific heat due to phase change, kJ kg�1 K�1

DTPCM: half temperature phase change range, K
ai: constants used in the empirical correlation
dx: thermal boundary layer thickness, m
4hS: heat flux density, W m�2

rs: density of the solid plate, kg m�3

s: standard deviation
jx: dimensionless number used in the perturbation correlation
yair: air kinematic viscosity, m2 s�1

A. de Gracia et al. / Applied Thermal Engineering 51 (2013) 1245e12541254
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9 Numerical analysis of a ventilated facade with PCM 

9.1 Introduction 

As it was previously stated, the new type of ventilated facade with PCM in its air 

chamber has been tested experimentally during both winter [85] and summer [86] 

periods. From the experimental campaign, important net electrical energy savings were 

registered due to the use of this system during the winter period. On the other hand, no 

net savings were achieved during the summer season due to an excessive use of 

mechanical ventilation during night time. 

The aim of this study is to optimize the operational schedule of the fans under different 

summer weather conditions, during the solidification and melting processes of the PCM. 

An own developed numerical model, based on control volume approach, was validated 

against experimental data. This typology of numerical model provides a good 

compromise between computational resources and accuracy [88]. 

The different weather conditions analysed in this work were grouped as severe and mild 

summer. The authors have discerned between these two periods for the thermal analysis 

of the whole system because it is very important to ensure that the PCM can be 

completely solidified every cycle. The PCM used in this application (Sp-22) can be 

fully solidified only when the outer temperature during the night time drops enough 

time below 17.5 ºC.  

9.2 Contribution to the state-of-the-art 

The own developed numerical tool was used to optimize the use of fans during the 

solidification process of the PCM (night time) and during the cooling supply, and is 

presented in the following paper: 
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2013-…. 

A full solidification of the PCM could be only achieved during the mild summer period. 

Under these weather conditions, the system optimizes its performance when solidifying 

the PCM from 4:00 to 7:00 hrs. (Figure 20). Moreover, the cooling supply achieves its 

maximum (5.52 MJ/day) in the case when the system starts the melting period at 11:00 

and finishes at 15:00. If the electrical energy consumption of the fans is taken into 

account, the net electrical energy supplied by the ventilated facade with PCM is 2.49 

MJ/day. 

Figure 20. Thermal evolution of the PCM during the solidification process 

In addition, the exposure to heat gains reduces dramatically the cooling capacity of the 

system when supplying the cold stored after 11:00 hrs. The use of a metallic structure to 

hold the glass and the insulating panels reduces strongly the thermal resistance of the 

outer skin. The energetic performance of a ventilated facade with wooden structure has 

been also evaluated numerically. The improvement on the thermal resistance of the 

outer skin allows the system to give a net energy supply of 4.02 MJ/day, which is 61.6 

% higher than the maximum achieved by the facade with the metallic structure. 
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On the other hand, during the severe summer period the outer temperature hardly ever 

drops below 17.5 ºC during night time, which combined with the high hysteresis 

detected in the PCM (melts at 21.5 ºC and solidifies at 18 ºC), makes almost impossible 

to solidify completely the PCM. The system if providing mechanical ventilation from 

1:00 to 7:00 hrs is only able to solidify 32.25 % of the PCM, which leaded the authors 

to study the possibility of increasing the mass flow rate pumped by the fans by a factor 

f , with increasing proportionally the electrical power needed ( f·120  W). The 

numerical results demonstrated that for a certain desired portion of solidified PCM, it is 

recommended to increase the power of mechanical ventilation during less time of 

consumption, in order to maximize the storage efficiency. 

The present numerical study and previous experimental work [86] demonstrated that the 

hysteresis registered in the SP-22 limits strongly the potential of the system in 

solidifying the PCM, especially during the sever summer period. Therefore, other 

materials without hysteresis should be tested in the future. 

9.3 Journal paper 
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ABSTRACT 

 

A new type of ventilated facade (VF) with macro-encapsulated phase change material (PCM) in 

its air cavity is presented in this paper. Two identical house-like cubicles located in Puigverd de 

Lleida (Spain) were monitored during 2012, and in one of them, the VF with PCM was 

implemented in the south wall. The versatility of the facade allows the system to reduce both 

heating and cooling loads. During winter, the PCM increases the heat storage capacity of the 

system exposed to solar radiation and during summer the system can be used as a cold storage 

unit or as a night free cooling device. From the experimental winter campaign, important net 

electrical energy savings were registered due to the use of the VF. On the other hand, no net 

energy savings were achieved during summer due to excessive use of mechanical ventilation. In 

this paper, an own developed numerical model, based on finite control volume approach, was 

validated against experimental data and it is used to optimize the operational schedule of both 

solidification and melting processes in order to achieve net electrical energy savings. During the 

mild summer period the system presents a net energy supply of 2.49 MJ/day. This value would 

be increased by 61.6 % if a wooden structure would have been used instead of the current 

metallic structure. Moreover, the high hysteresis of the PCM limits strongly the potential of the 

system in supplying cooling during the severe summer period. 

 

Keywords: Ventilated facade, phase change materials (PCM), numerical simulation, 

buildings 

 

1. Introduction 

 

Ventilated facades have been recently introduced in the building sector to match the energetic 

restrictions required by the European Directive 2010/31/EU [1]. They are also a suitable 

constructive system to improve the energetic efficiency of refurbished buildings [2]. These 

constructive systems are special types of envelopes, where a second skin is placed in front of a 

regular building facade, creating an air space in between, named channel [3]. 

 

*Manuscript

Click here to view linked References



The thermal performance of these systems has been experimentally studied [4,5]. However, the 

high costs of these special envelopes have caused that numerical studies have been more 

abundant in the literature. The existing numerical methods used to predict the thermal behavior 

of the different ventilated facades have been reviewed by de Gracia et al. [6] and can be grouped 

as analytical and lumped models [7,8], non-dimensional analysis [9], network models [10-12], 

control volume [13-15], zonal approach [16], and computational fluid dynamics [17,18]. 

 

In this paper, a control volume approach is used to optimize numerically the energetic 

performance of a ventilated facade with macro-encapsulated phase change material (PCM) in its 

air chamber. The control volume approach provides a good compromise between computational 

resources and accuracy, and it is presented as an adequate tool to study the overall thermal 

performance of a ventilated facade [6]. 

 

PCM have been intensively studied for building applications [19,20] . In this study the PCM is 

tested in a ventilated facade for cooling applications. During this period, the outer skin was 

covered with an insulating panel to prevent solar radiation inside the cavity. The operating 

principle of the system during the summer period is to solidify the PCM during the night time 

and to use it as a cooling supply during the peak load hours. However, the system did not show 

any net electrical energy savings due to extensive use of mechanical ventilation [21]. The 

numerical model presented in this paper is validated against experimental data obtained in that 

facility and it is used to optimize the operational schedule of both, the solidification and the 

melting process of the PCM, as well as to determine the potential of the system in providing a 

cooling supply under severe and mild summer conditions. 

 

2. Experimental set-up 

 

The experimental set-up used to evaluate the thermal performance of a ventilated facade with 

PCM during summer period consists of two identical house-like cubicles with the same inner 

dimensions (2.4 m x 2.4 m x 5.1 m). The only difference between the two cubicles is that one of 

them is equipped in the south wall with a ventilated facade with PCM inside its air chamber, 

while the other cubicle keeps the basic constructive system. Both cubicles, reference (REF) and 

ventilated facade (VF) are shown in Figure 1. 

 

The ventilated facade presents an air channel of 15 cm thick which represents 0.36 m2 of 

channel area ( channelA ).  The inner layer is based on the alveolar brick constructive system while 

the outer envelope is made by a metallic structure which holds the glass layer. An extra outer 



layer of expanded polyurethane panels was placed to cover the transparent glazing during the 

summer period since solar radiation inside the cavity for cooling purposes must be avoided. 

 

Six automatized gates were installed at the different openings of the channel in order to control 

the operational mode of the facade. These gates are controlled by ST450N linear spindle 

actuators. Moreover, three fans (FCL 133 Airtecnics), of 40 W each, were placed at the inlet of 

the air channel to provide mechanical ventilation when needed. The system which controls the 

fans and gates is programmed in a Microchip 18F45J10, and allows the system to operate under 

the following modes: 

(i) PCM solidification period (Figure 2a): During the night time, the air enters to the 

channel from the outer environment, solidifies the PCM and is pumped outdoors. This 

mode uses the fans (mechanical ventilation) to ensure the complete solidification of all 

the PCM. 

(ii) Storage period (Figure 2b): The ventilated facade is closed after the PCM is solidified 

and before the cooling supply is required, therefore the coldness from the night is stored 

until it is needed at warmer hours of the day. 

(iii) PCM melting period (Figure 2c): The cold stored in the PCM is pumped by the fans to 

the inner environment to satisfy the cooling demand. 

 

 

The PCM used inside the air channel was the macro-encapsulated salt hydrate SP-22 from 

Rubitherm. The selection of this PCM (melting and solidification temperature at 21.5 C and 18 

C, respectively) allows the ventilated facade to be used as a cold storage system in summer and 

as a heating supply in winter. 112 macro-encapsulated CSM panels were installed inside the 

cavity, creating 14 channels as shown in Figure 3. 

 

Both cubicles were fully instrumented and data was registered at 5 min intervals to evaluate 

their thermal performance. 

 

The physical properties of the materials used in the model are detailed in Table 1. The thermal 

transmittance in steady state of the outer skin is calculated using the electrical analogy [22]. 

This value is increased strongly to 3.05 W/m2·K, due to the metallic structure. More detailed 

information about the constructive system can be found in de Gracia et al. [21]. 

 

 

 

 



3. Methodology 

 

3.1. Numerical modelling 

 

The numerical model solves the energy equation using a fully implicit finite control volume 

method in the two dimensional Cartesian coordinates system [23]. 

 

Heat transfer in PCM, glass, alveolar brick and polyurethane panels during the three different 

periods (Figure 2a, 2b and 2c) is governed by the heat conduction equation:  
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Heat transfer during mechanical air ventilation is governed by the following equation: 
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The set of governing equations (1)-(2) is completed by the following initial and boundary 

conditions (Figure 4): 
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The finite difference equations are obtained by discretizing equations (1) and (2) over each 

control volume. 

 



Moreover, the radiosity method is used to calculate the solar and thermal radiation balance. On 

top of the solar radiation incident to the outer skin, the thermal radiation between the outer skin 

and the sky, and between the PCM, alveolar brick and outer skin are considered: 
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The following assumptions have been made to simplify the analysis: 

(i) The thermal radiation between surfaces is considered one-dimensional (x). 

(ii) The temperature of the air at the inlet of the channel is considered equal to the 

outer temperature during the PCM solidification period. 

(iii) The temperature of the air at the inlet of the channel is considered equal to the 

inner temperature during the PCM melting period. 

(iv) The heat transfer coefficients between the facade and the inner and outer 

environments ( inh  and outh ) are assumed constant and equal to 7 and 20 

W/m2·K according to the Spanish standards [24]. 

(v) The PCM is homogeneous and isotropic. 

(vi) The phase change was taken into account through an equivalent heat capacity 

[25]. During the melting or solidification, the temperature dependence on the 

PCM specific heat has a triangle shape centered on TPCM. This methodology 

was studied by Farid [26] and was found to be successful in describing the heat 

transfer in phase change materials. 

(vii) During the storage period, the movement of the air inside the air channel due to 

the natural convection effect is not modeled. However, the empirical correlation 

from Jakob [27] is used to calculate the heat transfer coefficient between the air 

and the adjacent surfaces during this period. 

(viii) The atmosphere (sky) is considered as a blackbody at a temperature equal to 

5.1·0552.0 outsky TT =  [28]. 

 

Empirical correlations of Nusselt number were used to calculate the different convective heat 

transfer coefficients during forced convection periods: 

(i) Heat transfer coefficient between the outer skin, the alveolar brick layer and the air 

channel ( 1h  and 2h ): mnCuN ·Pr·Re=  , C=0.0296, m=0.08 and n=0.33  [22]. 

(ii) The heat transfer coefficients between the air flow and the PCM layers ( 3h  and 4h ) 

were calculated using the correlation proposed by de Gracia et al. [29]. This 



correlation takes into account the perturbation in the Nusselt evolution due to the 

phase change of a solid flat plate. 

 

A mesh independent study was performed in order to reduce the duration of the transient 

simulations needed for the study. In the resulting mesh the number of nodes taken in the x-

direction was: 16 nodes in outer skin, 20 for the PCM panels, and 20 for the alveolar brick layer. 

Moreover, in the y-direction 8 nodes were used. 

 

The system of algebraic linear equations extracted from the finite differences method was 

solved using Gauss Seidel iterative method with a time step of 5 seconds.  

 

3.2. Code validation with experimental data 

 

Experimental data was used to test the accuracy of the numerical solutions and validate the 

model. The following tests were simulated and compared against measured experimental data: 

(i) PCM solidification period: The PCM inside the channel is initially at 19 C. A cold air 

flow is pumped from the outside (around 10 C) in order to solidify the PCM. 

Figure 5 shows the experimental and numerical thermal profiles of the PCM at the 

inlet and outlet of the channel. The numerical model presents an average relative 

error of 1.85 % in predicting the PCM thermal evolution during its solidification 

process. 

(ii) Storage period: The PCM is in the solid state and is being heated by the outer heat gains 

(external convection and solar radiation). Figure 6 shows the experimental and 

numerical thermal profiles of the PCM at the inlet and outlet of the channel. During 

this period, the model presents an average relative error of 0.84% in predicting the 

PCM temperature. 

(iii) PCM melting period: The PCM inside the channel is initially at 5.5 C. A hot air flow is 

pumped by the fans from the inner environment (28 C) and melts the PCM. Figure 

7 shows the thermal evolution of the PCM at the inlet and outlet of the channel. The 

average relative error between the numerical results and the measured experimental 

data is 2.7%. Moreover, since the thermal evolution of the air at the inlet and outlet 

of the channel is critical to determine the cooling rate of the system, Figure 8 

compares the air temperature at different heights of the channel during the cooling 

discharge (average relative error of 3.75%).  

 

 

 



3.3 Description of the parametric analysis 

 

As it was previously said, the developed numerical model is used to optimize the use of fans 

during the PCM solidification period in order to register net electrical energy savings due to the 

use of the ventilated facade with PCM. 

 

The different weather conditions analyzed in this work were grouped as severe and mild 

summer. The authors have discerned between these two periods for the thermal analysis of the 

whole system because it is very important to ensure that the PCM can be completely solidified 

every cycle. The PCM can be fully solidified only when the outer temperature during the night 

time drops enough time below 17.5 ºC. Standard severe and mild summer days in the 

Mediterranean climate were chosen to make this optimization, and are shown in Figure 9 and 

Figure 10. The mild summer conditions represent the thermal oscillation and solar radiation 

registered in the experimental set-up (Puigverd de Lleida, Spain) the 8th of September 2012, 

while the severe summer weather conditions were measured the 10th of August 2012. 

 

The parametric study under mild winter conditions consists of different steps: 

(i) The whole system is at 22 ºC at 01:00 a.m. This is justified because in the real 

programming of this application, the channel is opened and subjected to natural 

convection cooling before the PCM solidification period. Since the air temperature 

at this time was around 20 ºC, the authors considered a thermal lag of 2 ºC between 

the PCM, alveolar brick and outer skin, and the outer air which is circulating 

naturally though the facade. 

(ii) The PCM solidification period starts ( )it  between 1:00 and 04:00 as it is shown in 

Table 2. 

(iii) The PCM solidification period ends ( )et between 02:00 and 08:00. After this step, the 

facade closes its openings until 11:00 (storage period). 

 

The aim of this parametric study is to evaluate which is the optimal timing (instant and 

duration) of the PCM solidification period (use of fans) in order to achieve a full solidification 

of the PCM and to determine its temperature at 11:00, when the PCM melting period could be 

demanded. 

 

Once the solidification period of the PCM will be optimized, the numerical code will be used to 

quantify the cooling supply and net energy savings from the system for different defined 



melting periods and durations. The PCM melting period starts ( )it  between 11:00 and 14:00 

and finishes between 2 and 5 hours later. 

 

The study of the energetic performance of the ventilated facade under severe winter conditions 

will be focused on the potential of the system in solidifying the PCM. In this part, the mass flow 

rate pumped by the fans is multiplied by a factor ( f ) of 1.5, 2, 2.5, 3, 3.5 and 4, increasing 

proportionally the electrical power needed ( f·120  W). 

 

4. Results and discussion 

 

4.1 Mild summer period 

 

The percentage of PCM which has been solidified during the PCM solidification period (based 

on the enthalpy of fusion released), and its temperature at 11:00 are shown in Table 2 for each 

analyzed case. The important hysteresis of this PCM (SP-22) affects strongly the thermal 

performance of the whole system, since it needs outer temperatures below 17.5 ºC to be able to 

solidify the PCM. On the other hand the melting occurs at 21.5 ºC. This important hysteresis 

makes that only cases in which the PCM has been fully solidified are taken as possible 

solutions. 

 

As it can be seen in Table 2, although in 5 cases the PCM is fully solidified, there are only two 

cases (“h” and “k”) in which mechanical ventilation is minimized (only used 3 hours). The only 

difference between them is whether the fans start to pump air from the outer environment at 

03:00 or at 04:00. From these two cases, “k” is found to be slightly better because of the 

temperature of the PCM before the PCM melting period. In addition, the authors want to 

highlight that case “j” solidifies the 94.5% of the PCM during only 2 hours of mechanical 

ventilation, however, as it was previously stated, only fully solidified PCM cases will be 

selected. 

 

Moreover, Figure 11 shows the thermal evolution of the PCM at the inlet and outlet of the 

channel for case “k”. The whole system starts at 22 ºC and decreases slightly its temperature 

due to heat losses to the environment until 04:00, when the PCM solidification period is 

programmed to start. It can be seen that even though the PCM at the inlet only needs 1 hour to 

be fully solidified, at the outlet of the channel, the PCM has just finished its solidification 

process after the 3 hours of mechanical ventilation. After this time (07:00), the whole system is 



subjected to heat gains from the outer environment due to natural convection and solar 

radiation, and increases its temperature until 11:00, when a cooling supply could be demanded. 

 

The cooling supplied by the system when operating under different time schedules is presented 

in Table 3. All cases presented are based on the k scenario of the solidification process. The 

cooling supply achieves its maximum (5.52 MJ/day) when the system starts the melting period 

at 11:00 until 15:00. If the electrical energy consumption of the fans (120 W) is taken into 

account, the net energy supplied by the ventilated facade with PCM under mild summer 

conditions is 2.49 MJ/day. The cooling supply must finish when the thermal gradient between 

the air at the inlet and outlet of the channel is below minTD (Eq. 14). After this moment the 

system is consuming more energy from the fans than it is supplying with the cold air. This can 

be easily seen in all the cases with 4 and 5 hours of melting period, when the excessive use of 

fans have reduced the net energy supply and even supply negative energy balances in some 

cases. Table 3 also shows the maximum net energy supply by the system, if the melting period 

would have finished before the thermal gradient was below minTD . The authors want to highlight 

that if the system had been controlled every minute instead of hourly, the cooling supply would 

have been increased, however, this improvement does not exceed 3.5%. 
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Moreover, even though the system can start its melting period after 11:00, the exposure to heat 

gains reduces dramatically the cooling capacity of the system. The use of a metallic structure to 

hold the glass and the insulating panels reduces strongly the thermal resistance of the outer skin. 

Therefore, the researchers of this study want to test an alternative structure for the system. The 

energetic performance of a ventilated facade with wooden structure is shown in Figure 12. The 

thermal transmittance in steady state of this new outer skin is 0.827 W/m2·K. The reduction of 

this value affects strongly the cooling supply potential of the ventilated facade. This new 

structure not only allows the system to pump cold air to the inner environment during 5 hours, 

but it provides useful cooling supply when the melting period starts at 14:00, as well. The 

maximum net energy supply is produced from 11:00 to 16:00 (case “d”), providing 4.02 

MJ/day, and being 61.6% higher than the maximum achieved by the facade with the metallic 

structure. Other materials with similar thermal conductivity than wood and adequate mechanical 

properties, such as plastic, must be also considered in the design phase of this ventilated facade. 

 

 



4.2 Severe summer period 

 

From the experimental data registered in a previous work [21], during the severe summer period 

the outer temperature hardly ever drops below 17 ºC during the night time, which combined 

with the high hysteresis detected in the PCM (melts at 21.5 ºC and solidifies at 18 ºC), makes 

impossible to solidify completely the PCM, as shown in Figure 13. The system, when providing 

mechanical ventilation from 01:00 to 07:00, is only able to solidify 32.25 % of the PCM, which 

led the authors to study the possibility of increasing the mass flow rate pumped by the fans by a 

factor f . 

 

As it can be seen in Figure 13, the outer temperature is only below 18 ºC (phase change peak) 

during the last 3 hours (from 04:00 to 07:00). In order to take advantage of the low outer 

temperatures, the authors have analyzed the energetic performance of the system operating at 

different powers during 1, 2 or 3 hours and finishing always the solidification period at 07:00. 

In addition to the portion of PCM solidified during the night-time ( p ) for each power of 

mechanical ventilation and duration of the solidification process, Figure 14 also presents the 

storage efficiency (ε) for each case, as defined in Eq. 15: 
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As seen in Figure 14, the storage efficiency is only above 1 in a few cases, when the 

solidification period only lasts 1 hour and the power of the fans is multiplied by a factor of 2.5 

to 4. However, the portion of PCM solidified is limited, being its maximum 58% in the case 

when the power factor f  is 4.  On the other hand, in the cases with 3 hours of solidification 

period the system can solidify 88% of the PCM but with a low storage efficiency of 0.55. From 

the presented results it can be demonstrated that in order to provide the same amount of PCM 

solidified and maximize the storage efficiency, it is advisable to increase the power of 

mechanical ventilation during less time. 

 

The numerical results show low values of storage efficiency, as well as the impossibility of fully 

solidify the PCM, which agree with the experimental measurements [21]. Both studies 

demonstrated that the high hysteresis of the PCM affects dramatically the potential of the 

system in solidifying it during the severe summer season, and hence to be able to supply cooling 

during the daytime.  

 

 



5. Conclusions 

 

This paper studied numerically the thermal performance of an opaque ventilated facade with 

macro-encapsulated PCM in its air cavity for cooling purposes.  

 

A mathematical model based on the control volume approach has been developed and validated 

against experimental data. The numerical tool is used to optimize the use of fans during the 

PCM solidification period, since its excessive use could suppress any net electrical energy 

savings due to the use of this system. 

 

In this study the different weather conditions were grouped as severe and mild summer. During 

the mild season, the outer temperature drops below the phase change temperature during enough 

time, so the system can fully solidify the PCM. An optimal combination under the mild 

conditions to solidify the PCM with the minimum hours of mechanical ventilation is found 

when the system starts to pump air from the outer environment at 04:00 a.m. during 3 hours. 

Moreover, the cooling supplied by the system achieves its maximum (5.46 MJ/day) in the case 

when the melting period starts at 11:00 until 15:00. The ventilated facade provides a net energy 

supply of 2.49 MJ/day when the electrical energy consumed by the fans is taken into account. 

 

Moreover, even though the system can start its melting period after 11:00, the exposure to heat 

gains reduces dramatically its cooling capacity. These heat gains can be strongly reduced if a 

wooden or plastic structure is used instead of the current metallic one. The numerical results 

demonstrated that the use of the wooden structure would increase the duration of the cooling 

supply to 5 hours and the maximum net energy supply would be 61.6 % higher than the one 

achieved with the metallic structure. 

 

On the other hand, during the sever summer period the outer temperature hardly ever drops 

below 17 ºC, which combined with the high hysteresis detected in the PCM makes it difficult to 

solidify completely the PCM. The authors have evaluated the storage efficiency and the portion 

of PCM which has been solidified when increasing the mass flow rate pumped by the fans with 

a factor f which varied between 1.5 and 4. From the numerical results, for a certain desired 

portion of PCM solidified, it is recommended to increase the power of mechanical ventilation 

during less time of operation, in order to maximize storage efficiency. 

 

The numerical model which describes the energetic performance of the ventilated facade during 

the summer season could be implemented in TRNSYS as a new type. The inclusion of the 



developed model into an overall building simulation could be useful to determine annual 

savings, as well as the efficiency of different control strategies.  

 

The present numerical study and previous experimental work [21] demonstrated that hysteresis 

registered in the SP-22 limits strongly the potential of the system in solidifying the PCM, 

especially during the sever summer period. Therefore, other materials without hysteresis should 

be tested in the future. 
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Nomenclature 

 

Cp  Specific heat J kg-1 K-1 

e  Thickness m 

e   Emissivity 

f  Mass flow rate factor 

g  Incoming radiosity W m-2 

h  Heat transfer coefficient W m-2 K-1 

H  Total volumetric enthalpy J m-3 

j  Outgoing radiosity W m-2 

k   Thermal conductivity W m-1 K-1 

L  Distance m 

.

m   Mass flow rate kg s-1 

Nu   Nusselt number 

p  Portion of PCM solidified 

Pr  Prandtl number 

Re  Reynolds number 

r   Density kg m-3 

t  time s  

T  Temperature K 

σ Stephan-Boltzmann constant (5.67x10-8  W m-2 K-4) 

.

W  Power of the mechanical ventilation W 

 

Subscript 

air  Air channel 

alv  Alveolar brick layer 

e  End 

i  Initial 

in  Inside 

OS  Outer skin 

out  Outside 

w  Wall 

 

 



Figure Captions 

Figure 1 Experimental set-up: reference (right) and ventilated facade (left) cubicles 

Figure 2 Modes of operation of the ventilated facade 

Figure 3 PCM distribution inside the air chamber 

Figure 4 Sketch of the modeled system  

Figure 5 Thermal evolution of the PCM at the inlet and outlet of the channel during the melting period. 

Comparison between experimental and numerical results. 

Figure 6 Thermal evolution of the PCM at the inlet and outlet of the channel during the storage period. 

Comparison between experimental and numerical results. 

Figure 7 Thermal evolution of the PCM at the inlet and outlet of the channel during the melting period. 

Comparison between experimental and numerical results. 

Figure 8 Thermal evolution of the air at different height of the channel during the melting period. 

Comparison between experimental and numerical results. 

Figure 9 Description of the outer weather conditions during mild summer 

Figure 10 Description of the outer weather conditions during severe summer 

Figure 11 Thermal evolution of PCM (04:00 to 07:00 hrs case) 

Figure 12 Comparison between the net energy supplied by the system with metallic structure and with 

wooden structure 

Figure 13 Thermal evolution of the PCM during the solidification period under severe summer conditions  

Figure 14 Storage efficiency and portion of PCM solidified for different durations and power of 

mechanical ventilation 

 

 

 

 

 

 

 

 

 

 

 



Table 1 Thermo-physical properties of the used materials 

 Outer skin Alveolar brick PCM 

k  0.15 0.28 0.6 

pC  1000 1000 )(TCp
 

e  0.3 out 

0.92 in 

0.2 0.77 

r  882 1500 570 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 2 Case description and numerical results for the solidification period 

Case it  et  
Use of 

fans (h) 
% H 

PCM outlet 

Temperature 

at 11:00 

( C) 

a 01:00 03:00 2 28.75 - 

b 01:00 04:00 3 76.25 - 

c 01:00 05:00 4 98.75 - 

d 02:00 04:00 2 68.75 - 

e 02:00 05:00 3 96.5 - 

f 02:00 06:00 4 100 19.28 

g 03:00 05:00 2 84.75 - 

h 03:00 06:00 3 100 19.42 

i 03:00 07:00 4 100 19.16 

j 04:00 06:00 2 94.5 - 

k 04:00 07:00 3 100 19.38 

l 04:00 08:00 4 100 18.98 

 



 

Table 3 Case description and numerical results for the melting period 

case it  et  

Cooling 

supply 

(MJ/day) 

Time 

supply (h) 

Net energy 

supply 

(MJ/day) 

Time 

excess (h) 

Max net energy 

supply (MJ/day) 

a 11:00 13:00 3.71 2 1.55 0 1.55 

b 11:00 14:00 4.82 3 2.23 0 2.23 

c 11:00 15:00 5.52 4 2.49 0.09 2.50 

d 11:00 16:00 5.46 5 2.00 1.09 2.50 

e 12:00 14:00 3.12 2 0.96 0 0.96 

f 12:00 15:00 4.06 3 1.47 0 1.47 

g 12:00 16:00 4.55 4 1.52 0.4 1.59 

h 12:00 17:00 4.21 5 0.76 1.4 1.59 

i 13:00 15:00 2.62 2 0.46 0 0.46 

j 13:00 16:00 3.41 3 0.82 0 0.82 

k 13:00 17:00 3.64 4 0.62 0.72 0.85 

l 13:00 18:00 3.14 5 -0.32 1.72 0.85 

m 14:00 16:00 2.20 2 0.04 0 0.04 

n 14:00 17:00 2.84 3 0.25 0.05 0.25 

o 14:00 18:00 2.76 4 -0.27 1.05 0.25 

p 14:00 19:00 2.26 5 -1.20 2.05 0.25 
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10 Conclusions and recommendations for future work 

10.1 Conclusions of the thesis 

This PhD thesis analyses the thermal performance of an innovative type of ventilated 

double skin facade which contains macro-encapsulated panels of PCM in its air 

chamber. The versatility of this new VDSF allows the system to reduce both heating 

and cooling loads of a building. During the winter period the VDSF acts as a solar 

collector and supplies to the inner environment the heat stored in the PCM from the 

solar radiation. On the other hand, during the summer season, it can be used as a cold 

storage system and also to provide night free cooling.  

The major achievements of this PhD are the following: 

• The experimental measurements have demonstrated the potential of this new 

ventilated facade with PCM to reduce both heating and cooling loads. 

• The LCA study showed that the use of this new system in a building reduces its 

environmental impact throughout its whole life span. 

• A new Nusselt correlation was developed to describe the heat transfer between a 

PCM flat plate and an air flow. This correlation takes into account the effect of 

the phase change in the evolution of the Nusselt number. 

• A numerical tool was developed and validated against experimental results. This 

numerical model can be used to optimize the operational schedule and to design 

ventilated facades with PCM under different weather conditions and energetic 

requirements. 

The main conclusions that came out from the experimental part of the thesis are listed 

below: 

• The experimental results demonstrated the high potential of this new VDSF in 

reducing the electrical energy consumption of the HVAC systems of a building 

during the winter season. These savings depend strongly on the mode of 

operation and the weather conditions, being under severe winter conditions 
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between 19% and 26% depending on the HVAC set point (21 ºC and 19 ºC, 

respectively). Moreover, with and appropriate operational schedule the system 

could achieve net energy savings of 86.2% during the mild winter season. 

• The measured electrical energy consumption of the heat pumps and fans 

demonstrated that the use of mechanical ventilation in this system during winter 

is unnecessary unless a fast heating supply is needed. 

• The injection efficiency during winter is around 40% when the system supplies 

heat to the inner environment during the sunny hours. On the other hand, this 

value is significantly reduced (to 19%) when the use of the solar energy (heating 

supply) does not match with its production. 

• The high hysteresis of the SP-22 makes that the latent heat provides almost no 

thermal benefits during winter, since its phase change temperature during the 

solidification process is very low (18 ºC) to be used in this facade. 

• The experimental results during the summer period highlighted the potential of 

the night free cooling effect in reducing the cooling loads of a building. This 

operation mode could inject air at a temperature below the set point under both 

severe and mild summer conditions (34.9 MJ/day and 42.8 MJ/day, 

respectively). 

• The set of experiments under summer conditions demonstrated that the cold 

storage system is almost useless unless the PCM has been fully solidified during 

the night period. The hysteresis of the PCM makes the full solidification 

difficult, especially under severe summer conditions.  

• During the cooling season, the system can prevent successfully the overheating 

effect between the PCM solidification and melting periods, being the air inside 

the cavity even lower than the outer environmental temperature during the peak 

load. Therefore, the cubicle is exposed to less heat gains through this envelope, 

which produces a reduction in the energy consumed by the heat pump during the 

period. 

• No net electrical energy savings were registered due to the use of the VDSF with 

PCM during the summer period. The excessive use of fans during the 

solidification process must be reduced. Moreover, there is a necessity of 
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improving the thermal resistance of the outer skin by supressing, when possible, 

the thermal bridges occurring through the metallic structural frame. 

In addition, the environmental impact of using this VF in a building has been evaluated 

using the LCA methodology. The main conclusions extracted from the environmental 

study are the following: 

• The� LCA study demonstrated that the use of this particular ventilated facade 

reduces by 7.7 % the overall environmental impact, considering a building 

lifetime of 50 years. Moreover, the environmental payback of the system is 30 

years. 

• Since 56 % of the environmental impact produced during the 

manufacturing/dismantling phase is due to the structural steel, important 

environmental savings would be achieved with a wooden structure.� The 

environmental payback of the system with a wooden structure would be reduced 

to 6 years. 

An extensive literature review about the different numerical typologies used to describe 

the thermal performance of a ventilated facade has been done. The different 

methodologies were grouped as: analytical and lumped models, dimensionless analysis, 

airflow network model, control volume approach, zonal model, and CFD. From the 

review it can be concluded that: 

• The control volume approach provides a good compromise between 

computational resources and accuracy. Moreover, it is presented as an adequate 

tool to study the overall thermal performance of a ventilated facade. 

• Computational fluid dynamics simulation is the most accurate technique to solve 

some details in the design of a ventilated facade. However, its use in the 

building sector is limited because of problems related to the computing power, 

the nature of the flow fields, and the occupant-dependent boundary conditions. 

CFD simulation might be used to build numerical correlations which describe 

some specific parameters such as convective heat transfer coefficients. These 
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correlations might be used by engineers or architects in simplified models during 

the design phase of the VDSF. 

• The potential and the importance of developing coupled models, which are able 

to use detailed information from CFD in an overall energy simulation model 

describing the thermal performance of a whole building. 

Furthermore, an original Nusselt correlation for latent heat storage systems is 

developed. This correlation describes the convective heat transfer between a PCM flat 

plate and an air flow and demonstrated that: 

• The effect of the phase change affects the Nusselt evolution since the starting 

point of the thermal boundary layer is not fixed. 

• The use of this correlation instead of the existing ones from the literature 

provides a strong improvement in the accuracy of the model. Moreover, the use 

of this correlation could save computational costs compared to the use of CFD 

simulations. 

Finally, a numerical investigation has been conducted to optimize the energetic 

performance of the system for cooling purposes. The numerical study concluded that: 

• During the mild season, the outer temperature drops below the phase change 

temperature during enough time to fully solidify the PCM.  

• An optimal combination under the mild conditions to solidify the PCM with the 

minimum hours of mechanical ventilation is found when the system starts to 

pump air from the outer environment at 4:00 a.m. during 3 hours. Moreover, the 

cooling supplied by the system achieves its maximum (5.46 MJ/day) in the case 

when the melting period starts at 11:00 until 15:00 hrs. The ventilated facade 

provides a net energy supply of 2.49 MJ/day when the electrical energy 

consumed by the fans is taken into account. 

• If the cooling is supplied after 11:00 hrs., the exposure to heat gains reduces 

dramatically the cooling capacity of the system. These heat gains can be strongly 

reduced if a wooden or plastic structure is used instead of the current metallic 
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one. The numerical results demonstrated that the use of the wooden structure 

would increase the duration of the cooling supply to 5 hours and the maximum 

net energy supply would be 61.6 % higher than the one achieved with the 

metallic structure. 

• During the severe summer period, the provided mechanical ventilation must be 

intensively used during few night hours. For a certain desired portion of 

solidified PCM, it is recommended to increase the power of mechanical 

ventilation during less time of consumption, in order to maximize storage 

efficiency. 

10.2 Recommendations for future work 

The experimental and numerical studies have proven the potential of a new typology of 

ventilated facade to reduce both heating and cooling loads. However, some design 

aspects could be addressed to improve the thermal performance of this system. The 

hysteresis observed in the used PCM limits strongly the use of the stored latent heat for 

heating purposes and makes its solidification difficult during the cooling season. 

Therefore other materials without hysteresis should be tested in the future to overcome 

these limitations. 

Moreover, the use of another structure with better thermal resistance, instead of the 

current metallic one, could limit the heat losses to the outer environment and hence 

increase the storage efficiency during both winter and summer periods. 

The net electrical energy savings would have been even higher if a thermal control 

system had been used being programmed depending on the energy demand, production 

and storage. 

The numerical model which describes the energetic performance of the ventilated 

facade during the summer season could be implemented in TRNSYS as a new type. The 

inclusion of the developed model into an overall building simulation could be useful to 

determine annual savings, as well as the efficiency of different control strategies  
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The current morphology of the facade and its openings to the building, make the 

introduction of the prototype into the market difficult. Nevertheless, the operational 

principle of this ventilated facade with PCM with its studied design requirements could 

be used and implemented in a new active system independently installed from the 

building. This system could be easily implemented in the actual HVAC building 

systems. 
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