
 

 

 

 

 

 

 

 

Total Renovation Strategies for Energy Reduction 
in Public Building Stock 

 

 

Authors: Matteo D’Antoni, Roberta Pernetti, Annamaria Belleri 
(EUR), Roberto Ruiz (ULG) 

Integration of technologies for energy-efficient solutions in the 
renovation of public buildings  

 EeB.NMP.2013.3 

Collaborative Project – GRANT AGREEMENT No. 609071 

  
 

 

Deliverable D4.43.b 

Simulation report of Belgian demonstrator 

Passive system integration 

WP 4, T4.2 

 

 

Date of document 

September, 27th 2017  



Simulation report of Belgian demonstrator. Passive system integration 2 / 58 

 

 

 

BRICKER 

GA nº 609071 

 

 

Technical References 

 

 

 

 

Versions 

 

Version Person Partner Date 

1 Matteo D’Antoni EUR  10th of February 2016 

2 Matteo D’Antoni EUR 27th of September 
2017 

 

 

 

  

Project Acronym BRICKER 

Project Title 
Total renovation strategies for energy reduction in public 
building stock 

Project Coordinator 

Juan Ramon de las Cuevas 

ACCIONA 

juanramon.cuevas.jimenez@acciona.com 

Project Duration 1 October 2013 – 30 September 2017 (48 Months) 

Periodic reporting Month 40 

Work Package 
WP 4– BRICKER technologies’ integration in buildings, guidance 
for implementation and technological transfer 

Task 
Task 4.2 – Optimal passive systems integration project in the 
buildings 

Partner Eurac Research (EUR), University of Liege (ULG) 

mailto:juanramon.cuevas.jimenez@acciona.com


Simulation report of Belgian demonstrator. Passive system integration 3 / 58 

 

 

 

BRICKER 

GA nº 609071 

 

 

Table of Content 

 

0 Abstract .................................................................................................................................. 4 

1 Retrofit interventions ............................................................................................................ 5 

1.1 New external façade for Block I and Block VI and new curtain wall in Block I .............. 6 

1.2 New roof insulation in Block VI ...................................................................................... 9 

1.3 New ceiling insulation in Block I .................................................................................... 9 

1.4 Aerating windows ........................................................................................................ 12 

2 Numerical simulation of passive renovation interventions ................................................. 16 

2.1 TRNSYS simulation of the PCM insulation material ................................................... 16 

2.1.1 Specific thermal capacity of different PCM candidates ........................................... 16 

2.2 Definition of the numerical model of the aerating window ........................................... 18 

2.2.1 Description of the ventilation unit ............................................................................ 18 

2.2.2 Working schemes .................................................................................................... 20 

2.2.3 Standard control strategy ........................................................................................ 22 

3 Simulation results ................................................................................................................ 24 

3.1 Heating demand .......................................................................................................... 24 

3.2 Energy distribution system .......................................................................................... 28 

3.2.1 Overheating at whole building level ......................................................................... 32 

3.3 Focus on phase change material ................................................................................ 36 

3.4 Focus on aerating window ........................................................................................... 41 

4 Conclusions .......................................................................................................................... 47 

5 Literature reference ............................................................................................................. 48 

6 Annex: Regulation of radiators’ emitted power after building renovation ......................... 49 

6.1 Introduction .................................................................................................................. 49 

6.2 Current control strategy in Belgian demo .................................................................... 49 

6.3 Theoretical heating curve ............................................................................................ 51 

6.4 Proposed approach ..................................................................................................... 52 

6.4.1 Water supply temperature ....................................................................................... 52 

6.4.2 Indoor air temperature ............................................................................................. 53 

6.5 Application of proposed approach ............................................................................... 54 

6.5.1 Determining parameters k, α and RF ...................................................................... 54 

6.5.2 Simulation of different scenarios ............................................................................. 55 

6.5.3 Results and discussion ............................................................................................ 56 

  



Simulation report of Belgian demonstrator. Passive system integration 4 / 58 

 

 

 

BRICKER 

GA nº 609071 

 

 

0 Abstract 

The aim of this Deliverable is to present simulation activities carried out for the performance 

assessment of passive BRICKER technologies considered for installation in the Belgian 

demonstrator. It is considered the second part of Deliverable D 4.43. 

Paragraph 1 reviews the intervention of building envelope of Block I and Block VI, namely 

renovation of the façade and of the roof of Block I, installation of PIR+PCM insulation material 

and aerating window for ventilation purposes. Paragraph 2 presents the assumption and 

parameters used for the development of numerical models. The characteristics of passive 

technologies are retrieved from manufacturers as proposed for the installation of the Belgian 

demonstrator. The results of system simulations are presented in paragraph 3. The overall 

heating is calculated for the different building blocks before and after renovation. The useful 

energy required by heating terminals is therefore computed and the overheating risk is further 

assessed. Then a focus on PIR+PCM insulating material and aerating window is given. Finally, a 

proposal for improving the control strategy of the radiators after renovation is given. As in the 

current installation, it is particularly useful when major problems of overheating are noticed. 
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1 Retrofit interventions 

The building blocks that will be subjected to renovation works on the building envelope are Block 

I and Block VI (Figure 1). Their total floor area amounts to 8556 m2, which corresponds to 38% 

of building heated area. 

 

Figure 1. View of the building plant with indicated the building blocks in which the BRICKER renovation 
measures will be applied. 

Building Block I and Block VI have a heating demand of 164 kWh/(m2y) and 216 kWh/(m2y), 

respectively. It corresponds to the 38% of the heating load of the entire building. 

Table 1. Comparison between U-value of building elements before (existing) and after renovation 
(required in public tenders). 

Building element 
Before 

renovation 

After 

renovation 

Glazing only 5.68 1.00 

Frame only 5.7 1.70 

Glazing + Frame - 1.13 

Glazing only 2.83 1.00 

Frame only 5.7 1.70 

Glazing + Frame - 1.13 

Ceiling (Block 1)  1.69 0.17 

Roof (Block 6)  2.06 0.17 

External walls  1.04÷1.86 0.24 

 

The definition of the interventions of the building envelope had primarily to comply with local 

regulations of Walloon region. In fact whenever the building is refurbishment a minimum 

threshold U-value of opaque and transparent surfaces has to be respected. In the case of 

transparent surface the minimum requirements are largely improved. The maximum U-value for 

typical building components prescribed is the following: 
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 Windows : Ug ≤ 1.10 W/(m2K) (only glazing), Uw ≤ 1.80 W/(m2K) (glazing+frame); 

 Curtain wall: Ug ≤ 1.10 W/(m2K) (only glazing), Uw ≤ 2.00 W/(m2K) (glazing+frame); 

 Ceilings and roofs : U ≤ 0.24 W/(m2K); 

 External walls: U ≤ 0.24 W(m2K). 

Nevertheless SPB decided in public tender preparation to be more stringent because of an extra 

funding available from the Walloon region in case building owners decides to go beyond 

mandatory limits. In Table 1 a comparison between U-values of target building components 

before and after renovation are shown. 

 

1.1 New external façade for Block I and Block VI and new curtain wall in 
Block I 

The existing thermal characteristics of the facade of Block I and Block VI are in general quite 

poor. Opaque surfaces are made by an uninsulated structure of concrete and according to the 

data collected it reaches a U-value 1.74 W/(m2K). The transparent surfaces are made by a single-

glass window with an aluminium frame (frame-ratio about 24%). The U-value of the existing 

window is quite poor and amounts to 5.68 W/(m2K). The renovation potential is significant and 

large energy savings can be therefore reached. 

The interventions on the external façade comprise the renovation of the external façade in Block 

I (900 m2) and Block VI (1526 m2) and of the curtain wall of Block I (1155 m2). A view of the two 

interventions is shown in Figure 2 and Figure 3, respectively. 

 

Figure 2. View from the courtyard of the existing external façade of Block I. 
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Figure 3. View from the street of the existing external façade of Block I (curtain wall). 

The foreseen renovation for the opaque surfaces consists in the application of an insulation layer 

of mineral wool of 140 mm of thickness. The application will be done onto those surfaces on the 

external perimeter and those facing the courtyard of both Block I and Block VI (see the blue line 

in Figure 4). The thermo-physical properties of building materials and the renovated assembly 

are listed in Table 2. The target U-value will be 0.24 W/(m2K). 

Table 2. External wall assembly after renovation (layer inside/front to outside/back). 

Layer Material 
𝒔 𝝀 𝝆 𝒄𝒑 𝑹 

[m] [W/(mK)] [kg/m3] [kJ/(kgK)] [(m2K)/W] 

- Front superficial resistance - - - - 0.130 

1 Concrete 0.300 1.130 1400 1.00 0.265 

2 Brick 0.120 0.870 1800 1.40 0.138 

3 Mineral wool + finishing 0.140 0.038* 165* 0.90* 3.684 

- Back superficial resistance - - - - 0.040 
 Total 0.470    4.257 

     U-value [W/(m2K)] 0.23 

* Average value of the thermal conductivity 𝝀 at 10°C, accordingly to lab tests conducted by Purinova. 
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Figure 4. Renovation of the external façade (blue line). 

With respect to the intervention on transparent surfaces of Block I (500 m2) and Block VI (936 

m2), a double-glass window (4/16/4) with metallic thermal-break frame has been considered for 

the installation during the renovation. The optical characteristics have been further listed in 

Table 3. The final U-value of the window after renovation is about 1.13 W/(m2K). After a 

preliminary set of simulations, it has been agreed to install double low-e windows in those zone 

facing towards the internal courtyard, whereas double windows with selecting coatings in the 

zones on the external perimeter of the building in which the risk of overheating is marked. This 

decision has been primarily motivated by the fact that from the simulation results it has emerged 

as overheating risk and consequent discomfort of the occupants is a relevant issue. Therefore, 

measures to tackle this problem have been addressed in order to mitigate or even limit the 

overheating in the classrooms. 

Table 3. Optical characteristics of windows. 

Optical properties 
Single glass 

(existing window) 

Double low-e window 
(renovated window 

facing towards courtyard) 

Double selective window 
(renovated window 
facing towards the 
external perimeter) 

𝜏𝑠𝑜𝑙  0.747 0.444 0.221 

SHGC 0.855 0.507 0.250 

𝜌𝑠𝑜𝑙,1 0.136 0.246 0.303 

𝜌𝑠𝑜𝑙,2 0.136 0.245 0.240 

𝜏𝑣𝑖𝑠  0.747 0.595 0.328 

𝜌𝑣𝑖𝑠,1 0.136 0.208 0.174 

𝜌𝑣𝑖𝑠,2 0.136 0.207 0.191 

𝜀1 0.840 0.821 0.732 

𝜀2 0.840 0.837 0.837 
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1.2 New roof insulation in Block VI 

The existing external roof of Block VI is made by a monolithic uninsulated structure of concrete 

with a metallic covering and the overall surface amounts to about 556 m2. The assembly has a 

U-value of 2.74 W/(m2K). In Figure 5 the intervention area is shown for Block VI. The foreseen 

solution for Block VI considers the installation on the external side of a 120 mm layer of PIR (see 

Table 4) provided by partner Purinova. The consequent target U-value is 0.17 W/(m2K). 

 

Figure 5. Renovation of the roof of Block VI – 4th. 

 

Table 4. Roof assembly after renovation for Block VI (layer inside/front to outside/back). 

Layer Material 
𝒔 𝝀 𝝆 𝒄𝒑 𝑹 

[m] [W/(mK)] [kg/m3] [kJ/(kgK)] [(m2K)/W] 

- Front superficial resistance - - - - 0.100 

1 Concrete 0.200 1.13 1400 1.00 0.177 

2 PIR 0.120 0.023 40 1.45 5.217 

3 Waterproof layer 0.008 0.169 1200 1.00 0.473 

- Back superficial resistance - - - - 0.040 
 Total 0.392    6.007 

     U-value [W/(m2K)] 0.17 

* Average value of the thermal conductivity 𝝀 at 10°C and 35°C, accordingly to lab tests conducted by Acciona. 

** Experimental values when available, otherwise technical data sheets 

 

1.3 New ceiling insulation in Block I 

The renovation of the roof in Block I (602 m2) is made through the installation of PCM insulating 

panels on the 5th floor (Figure 6). This innovative insulation material consists in a 
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polyisocyanurate (PIR) layer provided by Partner PURINOVA, doped with microcapsules 

containing phase change material (PCM) provided by Partner ACCIONA. From a theoretical point 

of view, the mixture of these two materials combines the excellent thermal insulation properties 

of the PIR (λ=0.023 W/(m·K)) with the thermal capacity of the PCM within a light weight 

insulating panel (density around 45 kg/m3). 

 

Figure 6. Renovation of the ceiling of Block I – 5th floor. 

Table 5. Basic properties of PIR foam. 

Properties Unit Standard Value 

Thermal conductivity 
(at 10°C) 

W/mK PN-EN 12667:2012 0.023 

Reaction to fire EU class PN-EN13501 1+A1:2010 
PN EN 13823  

E 

Compressive strength 
at 10% strain 

kPa PN EN 826:2013 320 

Apparent density kg/m3 PN-EN 1602:1999 38.5 

 

Table 6. Physical and chemical properties of PCM microcapsules. 

Physical state an appearance Solid microparticles with spherical shape, white 
color, a size of few micrometers 

Density (20°C) ≈ 902.5 kg/m3 

Water solubility Insolubile 

Shell material melting point 90.67 °C 

PCM melting point 20-26 °C 

 

In order to identify the optimal PCM configuration, several options have been considered (see 

also Deliverable D2.9) and in particular: 
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1. The PCM layer is applied on top of a PIR insulation layer installed on the external side of 

a vertical wall. This layer is 1-2 mm thick and it is made of elastomer with high 

percentage of PCM. 

2. Conversely to solution nr. 1, the PCM layer is installed in between the existing wall and 

the PIR layer applied on external side of the wall. 

3. Solution nr. 3 aims to improve the activation period and cycles of PCM through a mixture 

of different phase change materials. 

4. Solution nr. 4 considered to install the PCM on the internal side of the ceiling. This is 

motivated because the installation on the internal side will be complicated because of 

the presence of heating pipes and lighting wiring. 

After performing series of detailed simulation (see Deliverable D4.7), the following conclusions 

have addressed the optimal solution for the Belgian demonstrator: 

 low level of PCM activation during the year; 

 difficulty of individuating the best PCM candidate installed on an external wall because 

of the great temperature swing during the year (winter/summer period); 

 PCM presence in the foam does not lead to better results in terms of heating demand 

or overheating risk; 

 PIR+PCM material contribution amounts in an energy savings is 12.5-15%, since the 

great fenestration ratio makes the replacement of the existing window very effective 

measures contributing up to 65%; 

 an insulation panel with a thickness of 5 cm, since the benefit of installing a 10 cm layer 

is limited. 

After careful considerations made together with Building Owners, technology providers and 

WP4 contributors, the solution shown in Table 7 has been identified, in which PIR embedded 

with PCM as a sandwich panel (Figure 7) is installed on the internal side of the building. PIR foam 

with all components necessary to achieve fire class E (in presence of 5% of PCM) is quite 

expensive. In sandwich panel we will have a layer with 30% of PCM. It is protected by a layer of 

plasterboard, but it still need to use some fire retardant to reduce flammability. In sandwich 

panel layer containing PCM will be thinner, therefore using of this expensive material is limited. 

 

Figure 7. Scheme of PIR+PCM sandwich panel. 
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Table 7. Ceiling assembly after renovation (layer inside/front to outside/back). 

Layer Material 
𝒔 𝝀 𝝆 𝒄𝒑 𝑹 

[m] [W/(mK)] [kg/m3] [kJ/(kgK)] [(m2K)/W] 

- Front superficial resistance - - - - 0.100 

1 Gypsum internal layer 0.012 0.21 900 0.84 0.057 

2 PIR+PCM layer 0.04 0.038* 50 𝒄𝒑(𝒕)** 1.053 

3 PIR 0.1 0.023 40 1.45 4.348 

4 Concrete 0.2 1.13 1400 1.00 0.177 

5 Waterproof layer 0.08 0.169 1200 1.00 0.473 

- Back superficial resistance - - - - 0.040 
 Total 0.42/0.47    6.248 

     U-value [W/(m2K)] 0.160 

* Average value of the thermal conductivity 𝝀 at 10°C and 35°C, accordingly to lab tests conducted by Acciona. 

** Experimental values when available, otherwise technical data sheets 

 

1.4 Aerating windows 

Apart from the reduction of building energy demands, indoor air quality (IAQ) is a mandatory 

requisite in public owned buildings. An adequate IAQ is achieved by supplying fresh ambient air 

by means of active (HVAC system) or passive (window opening) ventilation technologies. In a 

whole building energy balance, ventilation consists in thermal losses which can become a 

relevant fraction of the total building losses (transmission, leakage) according to the building 

typology. 

In order to improve the air quality and to reduce ventilation losses, a number of aerating 

windows have been considered for installation. The technology provider GREENCOM has 

developed new prototypes of window integrated ventilation units. The idea is to demonstrate 

the effectiveness of controlled ventilation strategies under different occupancy profiles 

(classrooms and office), zone dimensions and building levels. Therefore ventilation units will be 

installed in target building zones of 1st, 2nd, 3rd and 4th floors as shown from Figure 8 to Figure 11 

and not in all building zones. 

The number of ventilation units to be installed is based on the availability of space in the zones 

or more specifically to the number of windows at disposal. In particular two ventilation units are 

installed on each window of the following zones: 

 Zone ID “B1_F4_CL”: 4 windows installed (8 ventilation units); 

 Zone ID “B6_F1_LB”: 2 windows installed 4 ventilation units); 

 Zone ID “B6_F2_LB”: 4 windows installed (8 ventilation units); 

 Zone ID “B6_F3_LB”: 1 windows installed (2 ventilation units). 
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Figure 8. Installation of aerating windows units: 1st floor (TRNSYS zone ID: B6_F1_LB). 

 

 

Figure 9. Installation of aerating windows units: 2nd floor (TRNSYS zone ID: B6_F2_LB). 
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Figure 10. Installation of aerating windows units: 3rd floor (TRNSYS zone ID: B6_F3_LB). 

 

 

Figure 11. Installation of aerating windows units: 4th floor (TRNSYS zone ID: B1_F4_CL). 

The aerating units operate at full speed at 242 m3/h during occupancy period (from 5.00 AM to 

10.00 PM during weekdays), whereas during the weekends and the unoccupied period of 

weekdays, the ventilation rate is reduced to 41 m3/h. This last value is selected in order to reduce 

the CO2 concentration in the zones down to the outdoor value (assumed to equal to 400 ppm). 

The infiltration rate in the with the aerating windows is assumed to be constant and to equal to 

0.15 h-1. In all the other zones, a constant value of 0.60 h-1 is assumed (as the building before 
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renovation). This assumption is justified in order to take into account the fresh air supply for 

hygienic comfort issues. 

It should be specified that the thermal modelling of the building aimed primarily to group 

together as many similar occupancy zones as possible in order to reduce the simulation effort. 

At that time a decision where to install the ventilation units has not been taken and therefore 

the “real” zones have been merged together with adjacent similar zones. However, the 

ventilation rate in the “fictive” zones corresponds to the value supplied by the number of 

ventilation units as installed, whereas the air-change rate are calculated on the “real” zone 

volume (see Table 8). 

Table 8. Ventilation flow rates supplied by the aerating windows. 

Zone ID 

“Fictive” zone 
volume 

“Real” zone 
volume 

Ventilation flow 
rate (daytime) 

Nr. of 
ventilation 

units 

Air change rate 
on “real” zone 

[m3] [m3] [m3/h] [-] [h-1] 

B6_F1_LB 2736.15 197.34 242 4 4.91 

B6_F2_LB 2277.15 419.98 242 8 4.61 

B6_F3_LB 2047.63 177.10 242 2 2.73 

B1_F4_CL 3160.82 556.14 242 8 3.48 
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2 Numerical simulation of passive renovation interventions 

2.1 TRNSYS simulation of the PCM insulation material 

The thermal behaviour of the PCM is modelled in TRNSYS simulation software [1] by coupling 

the zone of installation of the PIR+PCM panel (Type 56) with Type 399 [2] in which a given user-

defined phase change material can be simulated. 

In Type 399 the conduction heat transfer problem is solved through the Crank-Nicolson 

algorithm, based on the finite element method. The PCM layer is discretized in sublayers and for 

any of these the specific heat 𝑐𝑝 is calculated according to the sublayer temperature. Each 

sublayers is divided in a user-defined number of nodes according to the needed accuracy of the 

model (in this work a number of 5 sublayers has been considered).  

The PCM material changes its phase (solid or liquid) according to the melting 𝑇𝑢𝑝 and 

crystallization 𝑇𝑙𝑜𝑤 temperatures (provided as parameters to Type 399) and the transient node 

temperature 𝑇, which determines the specific heat capacity of PCM material. When the PCM 

temperature is higher than 𝑇𝑢𝑝 the material is completely in the liquid phase, whereas when the 

temperature is lower than 𝑇𝑙𝑜𝑤 the material is completely solid. The intermediate temperature 

determines the fraction of the material in liquid phase. The amount of stored energy is derived 

from the calculation of the enthalpy of the material ℎ(𝑇) as a function of the temperature in the 

node as reported in Table 9. 

Table 9. Calculation of the transient phase change and of the enthalpy as a function of PCM material 
temperature. 

Solid 

 

 

Melting 

 

Liquid 

 

2.1.1 Specific thermal capacity of different PCM candidates 

The most important feature of a PCM material is the exploitation of heat storage capacity 

(𝑄ℎ𝑒𝑎𝑡,𝑝𝑐𝑚) during the phase change that depends on the chemical composition of PCM. 

𝑄ℎ𝑒𝑎𝑡,𝑝𝑐𝑚 represents the amount of energy charged or discharged during the complete melting 

and crystallization process.  
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Therefore, the thermal performance of PCM in the installed material depends also on the 

compliance between the PCM melting range temperatures and the values occurring in the wall 

layer where the PCM is installed. 

Since the installation of the PCM insulation material will be on the internal side of the ceiling, 

next to the finishing layer, a set of solutions has been carried out considering possible PCM 

candidates with different melting ranges, and finally the most effective one has been identified 

as RT27 (melting range 26 – 28°C). 

The thermal capacity as a function of material temperature is not available from laboratory 

measurements. Therefore, the thermal capacity of the PCM+PIR panel is calculated based 

commercial data. In particular, it amounts to the average weighted value between the thermal 

capacity of the polymeric envelope (40% of microcapsule mass) and the thermal capacity of pure 

PCM (60% of the microcapsule mass). 

In order to avoid the risk of flammability, the maximum allowed PCM fraction accounts for 30%. 

This percentage represents a gross value because of the incidence of microcapsule’s polymeric 

envelope, hence the effective amount of PCM integrated in the foam panel amounts to 18%. 

While for the thermal conductivity and density, the experimental values are adopted the 

thermal capacity of the foam doped with different kind of PCM has been evaluated applying the 

mass-weighted average as follows: 

𝑐𝑝,𝐻/𝐶 𝑃𝐼𝑅+𝑃𝐶𝑀 =  0.7 ∙ 𝑐𝑝,𝑃𝐼𝑅 + 0.3 ∙ 𝑐𝑝,𝐻/𝐶        (1) 

where: 

 𝑐𝑝,𝐻/𝐶 𝑃𝐼𝑅+𝑃𝐶𝑀 is the specific heat capacity of the foam containing PCM which depends 

on the temperature of the material (𝑐𝑝,𝐻/𝐶  = 𝑐𝑝,𝐻/𝐶(𝑡)); 

 𝑐𝑝,𝑃𝐼𝑅 is the specific heat capacity of the PIR (no temperature dependence); 

 𝑐𝑝,𝐻/𝐶   is the specific heat capacity of the PCM microcapsule which depends on the 

temperature of the material (𝑐𝑝,𝐻/𝐶,𝑝𝑐𝑚   = 𝑐𝑝,𝐻/𝐶,𝑝𝑐𝑚  (𝑡)) 

In Table 10 the specific heat capacity of the PIR foam doped with 30 % of PCM as a function of 

the temperature has been plotted for the heating up and cooling down. 

 Table 10. Thermophysical properties of PIR and PIR+PCM. 

Sample Thermal conductivity [W/(mK)] at 35°C Density [kg/m3] 

30% PCM 0.038 50 
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Table 11. Specific heat capacity of the foam containing PCM 

PIR + RT 27 

T 
[°C] 

𝑐 𝑝,𝐻  

[kJ/(kgK)] 

𝑐 𝑝,𝐶 

[kJ/(kgK)] 

19 2.14 1.96 

20 1.96 1.96 

21 2.14 2.14 

22 2.32 2.32 

23 2.68 2.68 

24 3.22 3.22 

25 4.84 5.20 

26 11.14 9.52 

27 10.42 11.86 

28 1.42 1.42 

29 1.42 1.42 

30 1.42 1.42 

31 1.42 1.42 

32 1.42 1.42 

33 1.42 1.42 

34 1.60 1.42 

 

2.2 Definition of the numerical model of the aerating window 

2.2.1 Description of the ventilation unit 

Figure 12 shows a sketch of the ventilation unit. It consists of a heat recovery unit, two 

centrifugal fans, three filters and a diverter valve for bypassing the outdoor air from the heat 

exchanger. 

 

Figure 12. Schematic layout of the ventilation unit. 
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The main component of the ventilation unit is an air-to-air heat recovery heat exchanger made 

of several corrugated plates in synthetic material in a counter-current arrangement. The inlet 

and outlet regions of the heat exchanger are in cross-flow arrangement and the channels have 

rectangular cross-sections. Heat exchanger effectiveness and the overall heat transfer 

coefficient (OHTC) have been provided by the manufacturers for different flow rates (equation 

1, Figure 13). 

𝜀𝐻𝑋 = 1 − 5.51 ∙ 10−4 ∙ �̇� [-] (1) 

 

Figure 13. Heat exchanger effectiveness as a function of the volumetric flow rate. 

Two centrifugal fans are installed in order to overcome the system pressure drop. The system 

pressure losses (∆𝑝𝐻𝑋, ∆𝑝𝑓𝑖𝑙𝑡𝑒𝑟, ∆𝑝𝑡𝑜𝑡) have been defined as function of the volumetric flow rate 

through experimental activities carried out by the ventilation unit manufacturer (equation 2-3-

4). 

∆𝑝𝐻𝑋 = 3.07 ∙ 10−1 ∙ �̇�1.0633 [Pa] (2) 

∆𝑝𝑓𝑖𝑙𝑡𝑒𝑟 = 2.01 ∙ 101 ∙
�̇�

3600 ∙ 𝐴𝑓𝑖𝑙𝑡𝑒𝑟
+ 1.28 ∙ 101 (

�̇�

3600 ∙ 𝐴𝑓𝑖𝑙𝑡𝑒𝑟
)

2

 [Pa] (3) 

∆𝑝𝑡𝑜𝑡 = 1.4 ∙ (∆𝑝𝐻𝑋 + ∆𝑝𝑓𝑖𝑙𝑡𝑒𝑟) [Pa] (4) 

The fan electrical consumption is a function of the system pressure losses and the volumetric 

flow rate. Figure 14 shows the dependency between these parameters for the installed fan 

components. 
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Figure 14. Circuit pressure losses and fan pressure head. 

2.2.2 Working schemes 

The ventilation unit can be operated in three different working modes. In working mode Sc1 the 

outdoor air bypasses the heat recovery unit and it is directly supplied into the conditioned space. 

This scheme is useful during the summer season for preventing or limiting the overheating of 

the indoor air by supplying colder outdoor air directly or during the night. 

Outdoor air

TOA, ϕOA, VOA

Exhaust air

TEA, ϕEA, VEA

Return air

TRA, ϕRA, VRA

Supply air

TSA, ϕSA, VSA

Filter

Exhaust fan Supply fan

Heat exchanger
Filter

 

Figure 15. Ventilation unit – Free cooling mode (Sc1). 

In the heat recovery mode (Sc2), the bypass is closed. Fresh air flows into the heat exchanger 

and increases the temperature by extracting heat from the return air. The efficiency of the heat 

exchanger depends on the volumetric flow rate. 
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Exhaust air
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Return air

TRA, ϕRA, VRA

Supply air

TSA, ϕSA, VSA

 

Figure 16. Ventilation unit – Heat recovery mode (Sc2). 

When outdoor conditions are risky for frost formations (Sc3), a fraction of the return air is mixed 

with fresh air in order to increase the inlet temperature up to 0°C. The fraction of the return air 

𝑋𝑚𝑖𝑥 is designed in a way that the inlet temperature into the heat exchanger 𝑇𝐻𝑋,𝑠𝑝 equal to 

0°C: 

𝑋𝑚𝑖𝑥 =
𝑇𝐻𝑋,𝑠𝑝 − 𝑇𝑂𝐴

𝑇𝑅𝐴 − 𝑇𝑂𝐴
 [-] (5) 

This fraction ranges from 0.35 to 0 within typical indoor and outdoor temperature conditions 

(Figure 17). 

 

Figure 17. Fraction of the return air mixed with fresh air in order to keep a THX,sp of 0°C. 
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Figure 18. Ventilation unit – Mixing mode (Sc3). 

2.2.3 Standard control strategy 

According to the standard control strategy, the activation of these three working modes is based 

on real-time measured parameters such as the dry bulb temperature and relative humidity of 

outdoor and indoor air and time schedule. These are then used for defining a set of hysteresis 

on which the system logic is developed. These are the following: 

 Signal “A” checks whether the indoor temperature 𝑇𝐼𝐴 is greater than 25°C (it represents 

the maximum allowed comfort temperature during the summer); 

 Signal “B” checks whether the difference between the indoor temperature 𝑇𝐼𝐴 and the 

outdoor temperature 𝑇𝑂𝐴 is greater than 1 K; 

 Signal “C” checks whether the outdoor temperature 𝑇𝑂𝐴 is greater than 10°C (it 

represents the so-called “balance temperature” or in other words the ambient 

temperature below which heating is required); 

 Signal “D” checks whether the outdoor temperature 𝑇𝑂𝐴 is higher than 0°C; 

 Signal “E” checks whether the outdoor temperature 𝑇𝑂𝐴 is greater than 16°C (it 

represents the minimum allowed comfort temperature during the winter); 

 Signal “F” checks whether the indoor temperature 𝑇𝐼𝐴 is greater than 18°C; 

 Signal “G” checks whether the indoor temperature 𝑇𝐼𝐴 is greater than 22°C; 

 Signal “H” checks whether at the previous time step working scheme Sc1 was active; 

 Signal “I” checks whether at the previous time step working scheme Sc2 was active; 

In Figure 19 coloured areas represent the different working schemes: Sc1 in green colour, Sc2 in 

the white region and Sc3 in a light blue colour. The light-green region belongs alternatively to 

Sc1 or Sc2 depending on the scheme that was active one time-step before. Working schemes 

are then distinguished between “a” and “b”, the first one refers to the occupied hours and the 

second one to the not occupied hours. Therefore, the difference between working schema Sc1a 

and Sc1b is only due to the volumetric flow rate. The ventilation rate during occupied and 

unoccupied periods amounts to 968 m3/h and 164 m3/h, respectively. 
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Figure 19. Visual representation of the control signals (hysteresis) and working schemes according to 
outdoor and indoor temperature. 

Thanks to this representation, the working schemes can be formalized as follows: 

𝑆𝑐1 = (𝐴 ∙ 𝐵 ∙ 𝐶 + 𝑛𝑜𝑡(𝐵) ∗ 𝐹 + [𝐵 ∙ 𝐹 ∙ 𝐸 + 𝐶 ∙ 𝑛𝑜𝑡(𝐸) ∙ 𝐺] ∙ 𝑛𝑜𝑡(𝐴) ∙ 𝐻) 

𝑆𝑐2 = (𝐷 ∙ 𝑛𝑜𝑡(𝐶) + 𝑛𝑜𝑡(𝐺) ∙ 𝐶 ∙ 𝑛𝑜𝑡(𝐸) + 𝑛𝑜𝑡(𝐹) ∙ 𝐸 + [𝐵 ∙ 𝐹 ∙ 𝐸 + 𝐶 ∙ 𝑛𝑜𝑡(𝐸) ∙ 𝐺] ∙ 𝑛𝑜𝑡(𝐴) ∙ 𝐼) 

𝑆𝑐3 = 𝑛𝑜𝑡(𝐷) 

The control strategy always assures that the minimum required volume flow rates are supplied 

to the room even though there might not be favourable indoor and outdoor temperature 

conditions. 
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3 Simulation results 

3.1 Heating demand 

The energy performance of the renovated building is evaluated in term of energy balance, 

considering the ideal heating calculation and assuming an internal set-point of 20°C during the 

occupied period, a setback of 16°C during the unoccupied hours and unlimited power of the 

heating system. 

The energy balance of the renovated building is compared with the results for the existing one, 

considering the energy demand, internal and solar gains, the infiltration and transmission losses 

in relation to the gross surface of the heated spaces, as it is shown in Figure 20 and Figure 21. 

 

Figure 20. Specific energy balance of building blocks before renovation. 

At whole building level, the reduction of the heating demand due to the installation of the 

passive BRICKER renovation packages is around 16%, but it is important to consider that the 

envelope interventions will be applied only to Block I, II and VI envelope. In this regards, the 

higher energy saving has been reached for Block VI, where the renovation packages lead to a -

68% in term of the heating demand, while for Block I the reduction is around 39% and for Block 

II accounts for 19%. Another effect of the renovation is a reduction of the infiltration losses 

around -10% for the renovated blocks due to the improvement of the air tightness of the 

envelope and the installation of new windows. On the other hand, the renovation of the 

transparent envelope that entails the installation of double low-emission windows towards the 

courtyard (τsol  equal to 0.444) and double selective windows towards the external perimeter of 

the building (τsol  equal to 0.221) causes a decrease of the solar gains that are almost halved after 

the renovation (average reduction around 45%). 
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Figure 21. Specific energy balance of building blocks after renovation. 

In order to have a special focus on the contribution of the BRICKER technologies installed in 

reducing the heating demand of the building, three simulation cases are developed and 

compared to building before the renovation (Case 0). 

 Case 1.1: it corresponds to the building with insulation on the external envelope, the 

installation of new windows and external shadings but without aerating windows (“No 

HRU”). The infiltration rate amounts to 0.6 h-1. 

 Case 1.2: it corresponds to Case 1.1 but with the aerating windows operated as reported 

in paragraphs 1.4 and 2.2 but with the efficiency of the heat recovery set to 0 (“HRU 

eff=0”). 

 Case 1.3: as case 1.2 but including the heat recovery (“HRU”). 

We decided to develop this set of simulations in order to highlight step by step the influence of 

each technology on the building energy balance. In particular, the results of Case 1. 1 compared 

with the existing building will allow to highlight the reduction of the transmission losses due to 

the intervention on the building envelope, with the application on the ceiling of zone B1_F5_CL 

of the insulation panel of PIR doped with PCM and the consequent reduction of the annual 

heating demand. On the other hand, Case 1.2 presents the same ventilation rate as it has been 

set in the building after the BRICKER complete renovation (Case 1.3) and the effect of the heat 

recovery on the ventilation losses and on the heating demand has been evaluated. 

From Figure 20 to Figure 24 the energy balance for the abovementioned three cases has been 

evaluated for the target zones where the BRICKER technologies will be installed: B6_F1_LB, 

B6_F2_LB, B6_F3_LB and B1_F4_CL for the aerating windows and zone B1_F5_CL for the 

PIR+PCM ceiling insulation panel. 
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Comparing case 0 and case 1.1, it can be appreciated the impact of the passive renovation of 

the building envelope (external insulation + new window), which leads to a consistent decrease 

of the heating demand ranging from 58% of the zone B1_F4_CL to 77% of zone B6_F3_LB. 

A critical issue in case 0 is the relative high CO2 concentration and a consequent low comfort 

level of the occupants, due to an insufficient ventilation rate. The ventilation units permit to 

solve this problem, enhancing indoor air quality as considered in case 1.1. In this case however 

the heat recovery from exhaust air is set to 0 with the aim of quantifying the impact of higher 

ventilation rates on the heating demand. The reduction of the heating demand with respect to 

case 0 is further increased, mostly because of the relatively low value of infiltration rate (0.15 h-

1). 

Finally, in case 1.2 the heat recovery is considered as in the real installation. The net final 

reduction on the heating demand is huge, achieving a value that ranges from 85% in zone 

B1_F4_CL to 91% in zone B6_F3_LB. 

 

Figure 22. Specific energy balance of zone 
B6_F1_LB. 

 

Figure 23. Specific energy balance of zone 
B6_F2_LB. 
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Figure 24. Specific energy balance of zone 
B6_F3_LB. 

 

Figure 25. Specific energy balance of zone 
B1_F4_CL. 

Concerning the zone B1_F5_CL where the ceiling will be insulated with PIR+PCM panels, the 

heating demand is reduced up to 40 kWh/(m2y) (-80%) despite an halve of the solar gains 

through the transparent envelope, due to the installation of double low-emission glasses in the 

facade facing in the courtyard (τsol  equal to 0.444) and selective coating glass in the external side 

(τsol equal to 0.221). 

  

Figure 26. Specific energy balance of zone B1_F5_CL 

To conclude, the introduction of the BRICKER renovation package allows to reach an average 

reduction of the ideal heating demand in the target zones ranging from 80 % (in zone B1_F5_CL) 

to 93% (in zone B6_F3_LB) comparison to the existing case and the heat recovery in the aerating 

windows reduces the ventilation losses up to 70%. 
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Further considerations with monthly simulation results are reported in section 3.4 where the 

effect of the aerating windows on energy demand and comfort conditions in each zone is 

demonstrated. 

 

3.2 Energy distribution system 

The results of the previous section highlights the effect of the installation of the BRICKER 

technologies on the ideal energy balance both at block and at zone level. In order to assess the 

energy performance and the comfort conditions of the renovated building, it is necessary to 

consider also the actual operation of the heating system, hence a series of simulations 

considering the energy supplied by the distribution system to the building zones has been 

carried out. 

As presented in the simulation report of the existing building, the performance of the existing 

energy system can be measured through a number boundary drawn in yellow in Figure 27. Here 

boundary 1, 2 and 3 measure the energy output of the three gas boilers for covering building’s 

heating load, whereas the gross and net heating transferred through the heating distribution 

system is evaluated with boundaries 6 and 7, respectively. 

 

Figure 27. System layout and system boundary Σ2. 

The influence on the heating distribution system of BRICKER passive interventions is here 

discussed. From supply and return headers, dedicated heating circuits supply the radiators in 

the building zones with hot water. Block I and Block II are supplied by the heating circuit “C1”, 

whereas circuit “C6” is considered for Block VI. 

The impact on these is shown in Figure 28 and Figure 29. The impact of circuits “C1” and “C6” is 

remarkable and amounts to a reduction of the supplied heating energy of about 51% and 82%, 

respectively. This reduction refers to the gross energy supplied by the energy generation system, 

including also distribution losses between zone’s radiator and supply and return headers. It 
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should be reminded that the heating distribution terminals and pipes won’t be changed after 

renovation works. 

The impact on the overall energy supplied by the energy generation system is shown in Figure 

30. Although the renovation works have interested only Block I, Block II and Block VI, the benefits 

are appreciated at whole building level and in particular a reduction of about 24% on the gross 

heating consumption is attained. Circuits “C1” and “C6” account for 18.9% of the total building 

consumption before the renovation works. 

  

Figure 28. Net heating supplied and distribution 
losses for circuit “C1” of Block I and Block II 
before and after renovation with passive 
technologies. 

Figure 29. Net heating supplied and distribution 
losses for circuit “C6” of Block VI before and after 
renovation with passive technologies. 
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Figure 30. Net heating supplied and distribution losses for the overall heating distribution system 
before and after renovation with passive technologies. 

A similar comparison con be done also in terms of heating power supplied before and after 

renovation works (see Figure 31). It is possible to see that both the maximum and the average 

required power are reduced because of the installation of the BRICKER technologies. In 

particular, Block II achieves a reduction of the maximum heating power of about 43%, whereas 

for Block I and Block VI a reduction of 13% and 25%, respectively. 

 

Figure 31. Heating load curves for each block before and after renovation. 

In Figure 32 the curves shifted on the right in the chart highlights an important reduction of the 

required power at block level, in particular for Block I and Block VI. Moreover, it is possible to 

highlight that for the renovated building (Block I and Block VI) the required power is reduced of 

130 kW than before the renovation. 



Simulation report of Belgian demonstrator. Passive system integration 31 / 58 

 

 

 

BRICKER 

GA nº 609071 

 

 

 

Figure 32. Heating power before and after renovation for Block I, II and VI. 

Concerning the analysis for the target zones, Table 12 presents a summary of power heating 

demand corresponding to 95th percentile, 99th percentile and maximum values. A considerable 

reduction of the maximum required power after renovation can be noticed. In fact, looking at 

the power demand of all the zones reported in Table 12, for the 95% of the heating season (5449 

of 5736 hours) the specific power demand is lower or equal than 43.1 W/m2 (29.7 kW) which 

corresponds to a 30% of the maximum needed power demand (values for zone B1_F4_CL).  

Table 12. Heating demand of target building zones before and after renovation. 

    Heating supplied power [kW] 
Specific heating supplied power 

[W/m2] 

Zone Case 
95th 

percent. 
99th 

percent. 
Maximum 

95th 
percent. 

99th 

percent. 
Maximum 

Before  52.2 65.2 85.4 87.6 109.4 143.3 

After  39.5 47.5 67.4 66.3 79.7 113.1 

Before  44.2 55.0 72.3 89.1 110.9 145.8 

After  29.1 35.8 51.8 58.7 72.2 104.4 

Before  32.9 41.0 53.4 73.8 91.9 119.7 

After  20.8 25.6 35.8 46.6 57.4 80.3 

Before  42.6 51.9 66.8 61.8 75.3 97.0 

After  29.7 36.8 51.7 43.1 53.4 75.0 

Before  64.8 78.5 100.2 94.0 113.9 145.4 

After  42.7 52.7 76.4 62.0 76.5 110.9 

 

Finally, Table 13 reports the energy supplied by the distribution system in the target zones and 

at block level before and after renovation. Following the previous results concerning the heating 
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power, the reduction ranges from 43.4% in Block II and 76.5% in Block VI, with a significant 

decrease in the target zone ranging from 44.9% of zone B6_F1_LB to 84.3% of zone B6_F3_LB. 

Table 13. Comparison of the supplied energy during the year before and after renovation 

Zone / Building Block 
Before 

renovation 
[kWh/m2] 

After renovation 
[kWh/m2] 

Relative 
reduction 

[%] 

B6_F1_LB 102.2 56.3 44.9% 

B6_F2_LB 169.0 45.3 73.2% 

B6_F3_LB 222.7 35.1 84.3% 

B1_F4_CL 216.0 51.6 76.1% 

B1_F5_CL 258.9 76.4 70.5% 

Block I 168.5 78.8 53.2% 

Block II 120.9 68.4 43.4% 

Block VI 184.3 43.3 76.5% 

 

3.2.1 Overheating at whole building level 

It is interesting now evaluate the comfort conditions at whole building level. In order to do this, 

the following key performance indicators are used: 

 Overheating Period (𝜏𝑂𝐻): number of hours in which the indoor air is higher than 25°C; 

 Overheating Degree Hours (𝑂𝐷𝐻): integral in time of the positive temperature 

difference between the simulated indoor air temperature and 25°C, the threshold 

temperature value. 

The yearly values of these indicators are reported in Figure 33 and Figure 34 for the zones in 

Block I and Block VI. In general, it is possible to point out an important overheating risk after the 

renovation, in particular in Block VI, where the average overheating period for all the zones 

exceeds the 22% of the occupied period and increases proportionally to the building floor, 

reaching the 33% in zone B6_F4_LB. In Block I the average overheating period is around 17%, 

with a peak of 25% of the occupied period for zone B1_F3_LB and B1_F5_CL. In this case, the 

results are more influenced by the use of the zones, thus by the internal gains, which are higher 

for the classes and for the laboratories (indicated with “CL” and “LB”). 
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Figure 33. Overheating period and Overheating Degree Hours for Block I after the renovation. 

 

 

Figure 34. Overheating period and Overheating Degree Hours for Block VI after the renovation. 

Figure 35 shows the relation between the Overheating Period 𝜏𝑂𝐻 and the Overheating Degree 

Hours (𝑂𝐷𝐻) for the zones in Block I, II and VI before (filled marks) and after (empty marks) 

renovation. It should be pointed out that the envelope renovation (installation of new windows 

and insulation) leads to a higher overheating in all the building zones. In particular, the increase 

is more significant in Block VI, where the overheating period in most of the zone after the 

renovation exceeds the 35%, and in Block I while in Block II the increment of overheating is 

acceptable. 



Simulation report of Belgian demonstrator. Passive system integration 34 / 58 

 

 

 

BRICKER 

GA nº 609071 

 

 

 

Figure 35. Relation between Overheating Degree Hours and overheating period for the zones in the 
renovated blocks (before and after renovation). 

For the target zones where aerating windows and PCM insulating panels are installed, a more 

detailed analysis is carried out (see Figure 36 from Figure 39). In these monthly values of ODH 

and the related overheating period, before and after renovation) is compared. 

 

Figure 36. Monthly values of ODH and 𝝉𝑶𝑯, Zone 
B6_F1_LB. 

 

Figure 37. Monthly values of ODH and 𝝉𝑶𝑯, Zone 
B6_F2_LB. 
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Figure 38. Monthly values of ODH and 𝝉𝑶𝑯, Zone 
B6_F3_LB. 

 

Figure 39. Monthly values of ODH and 𝝉𝑶𝑯, Zone 
B1_F4_CL. 

 

Figure 40. Monthly values of ODH and 𝝉𝑶𝑯, Zone B1_F5_CL. 

It is possible to point out that, except for the zone B6_F1_LB and B1_F5_CL, overheating occurs 

not only during the summer period but also during winter time. A reduced effect is observed in 

zones B6_F3_LB and B1_F4_CL where, after the renovation, a slight overheating is introduced 

during the heating season with a maximum 𝑂𝐷𝐻 occurring in April in zone B1_F4_CL. On the 

other hand, in zone B6_F3_LB the 𝑂𝐷𝐻 in April reached 143°C and 𝜏𝑂𝐻 exceeds 100 hours and 

also during winter a slight overheating occurs.  

The overheating issue during winter season highlights the importance of the control of the 

heating system that have to be tailored to the specific needs of the refurbished building. 
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3.3 Focus on phase change material 

The ceiling of zone B1_F5_CL is insulated with a PIR panel doped with 30% of microcapsule 

containing the phase change material RT27, which has an activation temperature between 26-

28°C. The PCM slightly increases the panel transmittance (in comparison to the pure PIR) and it 

allows to obtain an higher thermal capacitance of the panel, which increases from 1.45 kJ/(kgK), 

the value for the pure PIR, to 11.86 kJ/(kgK), the peak during the activation period when the 

panel temperature is within the activation interval of RT27. 

On the one hand, the aim is to assess the effect of the insulation in zone B1_F5_CL in terms both 

of energy demand and indoor air temperature and, on the other hand, to evaluate the behaviour 

of the PCM in the ceiling panel, considering the hours of activation, the amount of energy 

charged and discharged during the phase change and the ceiling surface temperature. 

As highlighted in Section 3.2, the performance analysis of the PIR+PCM panel has been carried 

out for the building after renovation. In Table 14 shows the main effect of the BRICKER 

renovation package in zone B1_F5_CL, that is the reduction of the transmission losses. 

Comparing the monthly values before and after renovation, the reduction ranges from -59% in 

June to -72% in November-April. 

Table 14. Transmission losses before and after renovation. 

Month 
Transmission losses 
[before renovation] 

[kWh/(m2y)] 

Transmission losses 
[after renovation] 

[kWh/(m2y)] 

Relative variation 
[%] 

January 45.15 12.68 -72% 

February 37.91 10.62 -72% 

March 34.46 9.48 -72% 

April 24.07 6.70 -72% 

May 17.50 6.63 -62% 

June 15.33 6.22 -59% 

July 12.64 4.00 -68% 

August 11.78 4.76 -60% 

September 12.93 3.63 -72% 

October 21.93 6.40 -71% 

November 32.26 9.12 -72% 

December 42.83 12.16 -72% 

 

In order to evaluate the performance of the PCM embedded within the panel, specific indicators 

have been introduced that evaluate the PCM activation, the current amount of energy charged 

and discharged and the equivalent specific heat capacity reached during the activation period 

by the PIR+PCM panel (𝑐𝑝,𝑒𝑞). 

The first indicator is the activation period, which gives a general information on the PCM phase 

change and if it is effectively exploited. It is defined as the period during the year in which a 

given node temperature 𝑇 is within the phase changing temperature range (𝑇𝑙𝑜𝑤 ≤ 𝑇 ≤ 𝑇𝑢𝑝). 
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Figure 41 shows the activation period for each month of the PCM in the insulation panel and 

monthly value of 𝑂𝐷𝐻: the phase change occurs in the warmer months from May to September, 

when the temperatures in the panel ranges between 26°C and 28°C. Therefore, the behaviour 

complies with the predicted one and can contribute to the reduction of the overheating risks.  

 

Figure 41. Hours of activation of each node of the PCM in the panel. 

The PCM activation periods does not provide information on the effect of the PCM during the 

melting phase. Therefore, it is useful to further calculate the amount of the stored energy within 

a PCM layer and the related equivalent specific heat capacity 𝑐𝑝,𝑃𝐼𝑅+𝑃𝐶𝑀 . 

Figure 42 shows the monthly values of the amount of energy charged by the PCM during the 

year, the average and the maximum instantaneous equivalent specific heat capacity reached by 

the PIR+PCM panel. The average value of 𝑐𝑝,𝑃𝐼𝑅+𝑃𝐶𝑀 provides an indication on the operation of 

the PCM and depends on both the hours of activation and on the temperatures reached within 

the panel, which influence the instantaneous equivalent heat capacity during the heating phase 

and the cooling phase according to the values reported in Table 11. 

It can be pointed out that the maximum instantaneous value of the equivalent specific heat 

𝑐𝑝,𝑃𝐼𝑅+𝑃𝐶𝑀  is reached in summer period (May-September), as well as for the average values. 

This is in line with the hours of activation previously evaluated and with the features of the PCM 

type RT27 that is activated in the temperature range 26°C – 28°C. Accordingly, the maximum 

amount of the energy stored occurs in May-June, when also the highest 𝑐𝑝,𝑃𝐼𝑅+𝑃𝐶𝑀 value is 

reached. Moreover, Figure 42 shows that the PCM can store energy during the whole year, when 

the activation occurs. 
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Figure 42. Energy cumulated by PIR+PCM panel and specific heat capacity. 

In order to give a complete information on the behaviour of the panel, it is important to consider 

also the amount of energy discharged by the PCM during the solidification phase. The ideal 

behaviour of a PCM material during summer period is to store energy during the day in order to 

reduce cooling loads and it releases it at night time during unoccupied hours. On the contrary 

during the heating season, the PCM stores energy during the unoccupied period, in order to 

provide an additional gain during the occupied hours due to the solidification. In Figure 43, the 

monthly value of the energy charged and discharged by the PCM during the occupied and 

unoccupied period is reported. May and July comply with the ideal behaviour of the PCM, in fact 

the material can shift the internal loads to the unoccupied hours charging energy in the melting 

phase and discharging energy during the solidification phase. In particular, in June the PCM 

stores during the occupied hours 779 kWh during the melting phase, and it is able to discharge 

during the unoccupied with the solidification hours 742 kWh. This is in line also with the trend 

of the equivalent heat capacity shown in Figure 42, where it is highlighted that the maximum 

values are reached in the period May-September. 
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Figure 43. Monthly energy charged and discharged by the PCM during occupied and unoccupied period. 

It is interesting to understand which influence has the additional capacitance of the PCM 

material on the overall energy performance and comfort conditions of the target zone. In order 

to do this, the PCM+PIR layer in the insulating panel is replaced by an equivalent PIR layer of the 

same thermal resistance. The results show that the transmission losses are not affected by the 

PCM neither in terms of amount (the difference between the simulation results with pure PIR 

and with PIR+PCM are negligible) nor in terms of distribution during the day. In fact the peak 

and the minimum values occur at the same time in the two configuration (with pure PIR and 

with PIR+PCM) highlighting, as expected, that during winter the installed PCM does not influence 

significantly the thermal capacity of the ceiling. 

In Figure 44 the values of the hourly temperature are shown for the existing building (X axis) and 

for the renovated one (Y axis) and highlight an important increase of the overheating within the 

zone. In fact, from June to September the indoor air temperature is higher than 25°C for the 22% 

of the occupied hours because of the reduced heat losses through the envelope during the night 

due to the insulation, with an average increase in comparison to the existing case of +2.7 °C and 

a peak of +7.5 °C during the occupied hours. Moreover, the overheating problem occurs also 

during the heating season (Oct-May), where the indoor air temperature is always higher than 

21 °C during the occupied period, with significant increase in comparison to the zone conditions 

before renovation (around 4 °C). 
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Figure 44. Comparison between the indoor air temperature before and after the renovation. 

The presence of a phase change material modifies the temperature gradient of the sandwich 

ceiling panel with respect to a PIR only insulating panel. The minimum and maximum monthly 

values are reported in Figure 45 with red bars whereas average monthly values are shown with 

a black dot. 

It can be said that generally in absolute terms the average temperature difference is very limited 

independently to the reference month. The positive effect of PCM to limit the overheating can 

be seen in a decrease of the surface temperature with respect to the PIR only configuration 

during the summer season, but as it can be seen in Figure 45, the maximum temperature 

difference is limited (lower than 1°C). 

 

Figure 45. Surface temperature difference (min and max values) between the PIR+PCM panel and a 
pure PIR panel. 
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To summarize, the effect of the installation of BRICKER technologies is evaluated for zone 

B1_F5_CL, with a special focus on the ceiling insulation with a PIR+PCM panel. It is possible to 

results highlight hand a strong reduction in the transmission losses (around 70%) due to the 

insulation that in parallel causes an increase of the indoor air temperature both in winter and in 

summer. Moreover, the simulation results demonstrate that the PCM is activated during the 

summer months, as it is expected considering the melting range between 26°C and 28°C, but it 

have a slight effect on the indoor thermal conditions and on the ceiling surface temperature. 

 

3.4 Focus on aerating window 

The aim of the aerating window is to increase the ventilation rate in order to improve the 

internal comfort conditions both in summer and in winter, while reducing the energy demand 

with the integration of a heat recovery. 

As it was described in Section 3.2 in order to estimate the performance of the aerating windows 

installed in the target zones, in parallel to the building simulation after the complete renovation 

(Case 2.1), we defined an additional model assuming the same ventilation rate guaranteed by 

the aerating windows (fan flow rate during occupied period is set to 242 m3/h) and constant 

infiltration rate around 0.15 h-1 without considering the effect of the heat recovery (Case 2.2 - 

HRU eff=0) 

In particular, the performances of the aerating windows are evaluated for the target zones 

quantifying the activation period of schemes, fan’s electrical consumption, the heat recovered 

and seasonal performance factor, ventilation losses during the year, supplied heating power by 

the distribution system, comfort conditions within the spaces and CO2 concentration. 

Concerning the operative performance of the aerating windows, the graph in Figure 46 shows 

the number of hours when each working scheme described in Section 2.2.2 is activated for the 

zones during the day ventilation (5:00 a.m. - 10:00 p.m.). The total number of hours when the 

day ventilation mode (i.e. a flow rate accounting for 242 m3/h by each ventilation unit) is active 

accounts for 3927 hours per year. 

In particular, working scheme “Sc1” refers to the free cooling mode, “Sc2” to the heat recovery 

mode and “Sc3” refer to the mixing mode. For Block VI, the number of hours for the cooling 

mode increase according to the floor of the building, from 24% in floor 1 to 29% in floor 3, mainly 

due to the solar gains through the transparent envelope that increase the indoor temperature 

and activate the mode Sc1. Accordingly, the heat recovery mode Sc2 is active for 68% of the 

time in zone B6_F1_LB and for the 53% in zone B6_F3_LB. In the zone B1_F4_CL, Sc1 is active 

for 21% of the time, while the heat recovery mode for 72%. The mixing mode is active for around 

7% of the time in all the zones. 
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Figure 46. Number of hours when the working schemes are active. 

Figure 47 reports the yearly fan electrical consumptions for the ventilation units in the zones 

where the aerating windows are installed. It is possible to point out that the fan consumption 

during the cooling season (from May to September) are significantly lower than during the 

heating season and accounts for around 30% of the yearly energy absorbed. The specific yearly 

electrical consumption for each zone ranges from 0.80 kWh/(m2y) (for zone B6_F3_LB with 2 

HRUs) up to 3.70 kWh/(m2y) (for zone B1_F4_LB with 8 HRUs). 

 

Figure 47. Fan electrical consumption over the heating and cooling season. 

During the heating season, each aerating window recovers different amounts of heat in the 

zones that vary from 909 kWhth to 3256 kWhth. This wide range is due to the number of 

ventilation machine installed in the different zones. In fact, considering that the total heat 

recovery in the zones ranges from 5284 kWhth to 7728 kWhth, the higher the number of 
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ventilation machines, the lower the heat recovery per unit (Figure 48). Defining the Seasonal 

Performance Factor (SPF) as the ratio of the recovered heat and fan electrical consumption 

during the heating season, Figure 48 shows the highest SPF accounting for 16.4 occurs in zone 

B6_F3_LB, where only one aerating window (that means two ventilation units) is installed. In 

B6_F2_LB and B1_F4_CL where 4 aerating windows (eight ventilation units) are installed, the 

SPF is respectively 4.5 and 4.7. 

 

Figure 48. Recovered heat power and electrical supplied power of the aerating window during the 
heating season. 

In order to evaluate the effect of the aerating windows on the energy balance, we introduced a 

comparison among the winter and summer infiltration and ventilation losses of the target zones 

before and after renovation (Case 2.1) and without considering the effect of the heat recovery 

(Case 2.2). 

As expected, due to the envelope renovation and to the installation of new windows the 

infiltration losses strongly decrease in all the zones in comparison to the existing building: 

around -70% in winter, while the summer reduction ranges from 46% to 65%. Moreover, by 

comparing the results of the renovated case (HRUs) with the simulation without heat recovery 

(eff=0), it is possible to highlight the effectiveness of the mixing mode that allows to minimize 

the winter ventilation losses. In particular, the average reduction of the ventilation losses due 

to the operation of the heat recovery in the zones is around 5 kWh/(m2y) and it is lower than a 

half in comparison to the average fan electrical consumption of the aerating windows, 

accounting for 2.25 kWh/(m2y). 
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Figure 49. Ventilation and infiltration losses before and after the renovation. 

The reduction of the infiltration and of the ventilation losses due to the renovation can lead to 

discomfort issues due to the increasing of the internal temperatures and the increment of the 

CO2 concentration in the spaces. In this regard, the aerating windows can be an effective solution 

to mitigate the problem. 

In order to evaluate the effect of the aerating window on the indoor conditions, a detailed 

monthly analysis of the comfort according to the standard EN 15251 [5] and classified according 

to the categories criteria reported in Table 15. 

In particular, the results for Case 2.1 are compared with the condition of an equivalent 

renovated building without considering the effect of the heat recovery. It is possible see a slight 

increase of the indoor air temperature due to the effect of the heat recovery that lead to an 

increment of the hours in Class IV (hot). On the other hand, in zone B6_F1_LB the discomfort 

due to the low temperature is reduced around -10% and it is completely solved in zone 

B1_F4_CL. 

Table 15. Definition of the comfort categories. 

Class 
Thermal state of the body as a whole 

PPD [%] PMV [-] 

Class I < 6 -0.2 < PMV +0.2 

Class II < 10 -0.5 < PMV +0.5 

Class III < 15 -0.7 < PMV +0.7 

Class IV (hot) >15 PMV >0.7 

Class IV (cold) >15 PMV<-0.7 
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Figure 50. Indoor comfort conditions according to EN 15251. 

Finally, an analysis of the indoor air quality after the renovation has been developed in order to 

highlight the effect of the aerating windows on the CO2 concentration within the target zones. 

In particular, the results for the Case 2.1 considering the effect of the ventilation units are 

compared with the CO2 concentration values obtained for the same renovated zones assuming 

a constant air change rate of 0.6 h-1 (as it is assumed both for the building before renovation and 

for the zones without the aerating windows installed). 

 

Figure 51. CO2 concentration in the target zones. 

State that the ventilation flow rate without the aerating windows is constant (0.6 h-1), the CO2 

concentration in the zone is the same for all the target zones. Figure 51 highlights the risk of 

high CO2 concentration after the renovation and the importance of a proper ventilation strategy 
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to ensure the indoor air quality. In fact, without the aerating windows, the hours with a value 

higher than 1200 ppm are significant and account for 3596. On the contrary, with the aerating 

windows the indoor air quality is high in B6_F1_LB and B6_F2_LB, while in zone B6_F3_LB and 

B1_F4_CL for around 20% of the hours during both occupied and unoccupied period are above 

the limit. 

 

Figure 52. CO2 concentration in the zones with the aerating windows - 48 hours (14.12 - 15.12 - worse 
case when the mixing mode is active) 

In addition, in order to verify the indoor air quality occurring in case of mixing mode, the CO2 

concentration is evaluated for two reference days when the Sc3 is active (Figure 52). In all the 

target zones, the level of CO2 concentration at the end of the night, when the spaces start to be 

occupied, is equal to the outdoor concentration (that is assumed equal to 400 ppm). Moreover, 

it is possible to see that or zone B6_F1_LB and B6_F2_LB the level of CO2 is lower than the 

recommended limit (set to +350 ppm than the outdoor concentration), while the values are 

higher, as also shown in Figure 51, for B1_F4_CL and for zone B6_F3_LB, that presents a more 

severe condition for 648 hours with a CO2 concentration higher than 900 ppm. In those zones, 

specific on site CO2 measurements should be carried out after renovation to verify the actual 

CO2 concentration values and, accordingly, further air change rate should be introduce to ensure 

the indoor air quality by increasing the ventilation rate of the aerating windows or with natural 

ventilation. 

To conclude, the effect of the aerating windows has been investigated both in terms of energy 

balance, performances, comfort and indoor air quality. It is possible to see that, considering the 

balance between the estimated electrical energy consumption of the fan (around 2.25 

kWh/(m2y)) and the reduction of the ventilation losses (around 5 kWh/(m2y)), the installation of 

the aerating windows is effective. Moreover, the ventilation units allow to improve the indoor 

comfort, mitigating the effect of the overheating after renovation and to reduce the CO2 

concentration in the zones allowing an acceptable indoor air quality. 
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4 Conclusions 

In this report, the renovation potential of the Belgian demo case has been investigated, with a 

particular focus on the effectiveness of the BRICKER technologies installed. 

At whole building level, the reduction of the heating demand due to the installation of the 

passive BRICKER renovation packages is around 16%, but it is important to consider that the 

envelope interventions will be applied only to Block I, II and VI envelope. In this regards, the 

higher energy saving has been reached for Block VI, where the renovation packages lead to a -

68% in term of the heating demand, while for Block I the reduction is around 39% and for Block 

II accounts for 19%. The reduction of the heat supplied to terminals is reduced accordingly. In 

particular in circuits “C1” and “C6” the reduction is quite large and amounts to 51% and 82%, 

respectively. At building level, this reduction translates in 24%, since the circuits “C1” and “C6” 

account for the 18.9% of the total building consumption (before renovation works). 

As a consequence of passive intervention, the existing terminals result oversized w.r.t. the 

necessities, causing therefore an increase of the overheating risk in Block I, II and VI. This 

simulation work highlight very clearly as the control strategy and regulation of supply water 

temperature has to be revised carefully after renovation. A proposal methodology is here 

developed and presented as Annex. 

It is demonstrated as the installation of the PIR+PCM material does not mitigate the overheating 

problem in the target zone B1_F5_CL. The effect on the indoor air temperature and surface 

panel is almost negligible w.r.t. to a scenario without PCM+PIR insulation material. 

Concerning the aerating windows, significant improvement on the comfort conditions have 

been observed, in particular in zone B6_F1_LB and B6_F2_LB. The aerating window contribute 

to reduce the discomfort due to the high temperatures in the zones, in particular when the 

overheating is not too severe. After the renovation, in some zones the aerating windows 

increase the yearly ventilation losses in comparison to the existing building; nevertheless it has 

been highlighted that the higher contribution occurs during summer, where the ventilation 

losses allow to reduce the internal loads. The operation of the aerating windows highlight a 

constant heat recovery potential in the zones as well as the electric consumption of the fan for 

each ventilation unit, hence the efficiency of the aerating windows in terms of SPF depends on 

the number of unit installed in the reference room. 
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6 Annex: Regulation of radiators’ emitted power after building 
renovation 

6.1 Introduction 

In this report, the actual control strategy implemented in the Belgian demo of BRICKER project 

is introduced, compared against an ideal approach and accordingly optimized. The resulting 

proposed approach is then tested by means of numerical simulations over a base case scenario 

before renovation.  

The main conclusion of this work is the demonstration that control strategy of energy generation 

and distribution systems has to be revised whenever deep renovation of passive or active 

building technologies is undertaken. Contrarily to which, project renovation goals cannot be 

met. 

 

6.2 Current control strategy in Belgian demo 

Figure 53 shows the existing heating system which can be ideally divided into primary and 

secondary loops. The primary loop comprises the energy generation components (gas boilers), 

whereas the secondary loop consists of the heating distribution and emission devices as well as 

the circulating pumps and pipes. These loops are separated by an intermediate heat exchanger.  

Gas boiler 1

2300 kW

Gas boiler 2

2300 kW

Gas boiler 3

2900 kW

Heat exchanger
7500 kW

Heating header
Return side

10 Space heating 
circuits 

(8 radiators – 2 AHUs)

Heating header
Supply side

1 Conditioned 
ventilation circuit

(AHUs)

 

Figure 53. Existing energy system layout. 

In total, there are 11 distribution circuits from which: 10 supply hot water for space heating 

purposes (8 through radiators and 2 through AHUs) and 1 for conditioned ventilation (some 

small and no centralized AHUs working only few hours in the year).  

Regarding to circuits supplying hot water to radiators, they may serve one entire block or a 

fraction of it depending on the case. This report focuses on the regulation strategy of the 

thermal emitted power of radiators connected to this type of circuits. 
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The radiators’ emitted power is regulated by adjusting uniquely the water supply temperature 

according to the actual needs of the served block. Since no thermostatic valves are installed, the 

water flow rate remains constant through them. The regulation is performed at distribution 

circuit level by a PI controller configured with a proportional band of 10 K and an integration 

time of 600 s which acts over the 3-way valve as shown in Figure 54. 

Setpoint 
Temperature

(From heating curve)

PI

(controller)

Valve opening
(manipulated variable)

Supply temperature
(controlled variable)

Feedback signal

3-way

valve

e(t)
+

-

 

Figure 54. Scheme of the regulation of radiators’ circuits 

The water set point temperature 𝑇𝑤,𝑠𝑝 to be provided to the controller is calculated from one 

base temperature and two corrections as shown in Eq. (6). 

𝑇𝑤,𝑠𝑝 = 𝑇𝑤,ℎ𝑐 + ∆𝑇𝑤𝑖𝑛𝑑 + ∆𝑇𝑠𝑜𝑙  (6) 

Where, 𝑇𝑤,ℎ𝑐 is the base temperature calculated from the system heating curve (Eq. (7)). Looking 

at the shape, it corresponds to transmission losses at steady state regime. More details about 

this issue are provided in Deliverable D4.43.a. ∆𝑇𝑤𝑖𝑛𝑑 is a correction that takes into account 

infiltration losses (Eq. (8)) and ∆𝑇𝑠𝑜𝑙 solar gains (Eq. (9)). 

𝑇𝑤,ℎ𝑐 = 𝑇𝑎𝑖𝑟,𝑠𝑝 +  𝑘 ∙ (𝑇𝑎𝑖𝑟,𝑠𝑝 − 𝑇𝑜𝑢𝑡)
𝛼

 (7) 

∆𝑇𝑤𝑖𝑛𝑑 = 𝑀𝑖𝑛(0.1 ∙ 𝑣𝑤𝑖𝑛𝑑 , 5.4) (8) 

∆𝑇𝑠𝑜𝑙 = 𝑀𝑎𝑥(−0.01 ∙ 𝐼𝑔, −5) (9) 

The base temperature 𝑇𝑤,ℎ𝑐 is calculated in function of the required indoor set point 

temperature of a specific block (𝑇𝑎𝑖𝑟,𝑠𝑝) and the outdoor dry bulb temperature (𝑇𝑜𝑢𝑡). The 

heating curve introduced in Eq. (4) is an intrinsic characteristic of the existing control approach 

which was implemented by the firm Honeywell and cannot be changed. Only modifications to 

values of coefficient 𝑘 and exponent 𝛼 can be carried out. Currently, they amount to 4.272 and 

0.742 respectively. There is no certainty about the way they were estimated during control 

implementation phase. 

The wind speed correction can range from 0 K to 5.4 K, corresponding to a wind speed of 0 km/h 

and 54 km/h (or more), respectively. It assumes a linear relationship between wind speed and 

infiltration losses and also a linear relationship between infiltration losses and temperature 

correction. 
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The incident solar radiation correction can range from 0 K to -5 K corresponding to an incident 

global radiation value of 0 W/m2 and 500 W/m2 (or more), respectively. It assumes a linear 

relationship between incident radiation and solar gains and also a linear relationship between 

solar gains and temperature correction. 

Once 𝑇𝑤,𝑠𝑝 is determined another complementary correction is performed in order to take into 

account the real state of the indoor temperature 𝑇𝑎𝑖𝑟 with respect to the setpoint value 𝑇𝑎𝑖𝑟,𝑠𝑝. 

To do this, only one space of the entire block supplied by a specific distribution circuit is 

monitored. 

The measured deviation between actual and setpoint indoor temperature is used to calculate 

an equivalent indoor setpoint temperature 𝑇𝑎𝑖𝑟,𝑠𝑝,𝑒𝑞𝑣 as shown in Eq. (10) which is then 

introduced in Eq. (6) in order to calculate a new “corrected” hot water setpoint temperature. 

𝑇𝑎𝑖𝑟,𝑠𝑝,𝑒𝑞𝑣 = 𝑇𝑎𝑖𝑟,𝑠𝑝 + 𝑅𝐹 ∙ (𝑇𝑎𝑖𝑟,𝑠𝑝 − 𝑇𝑎𝑖𝑟) (10) 

From Eq. (10), 𝑅𝐹 is a so-called “room factor”. It corresponds to an empirical value that can vary 

from 0.1 to 5. A value equal to 1.05 was identified from data provided by Honeywell. 

 

6.3 Theoretical heating curve 

Considering a generic radiator installed into a room and operating at steady state regime. If the 

over-temperature between radiator and environment (∆𝑇) is calculated by means of the 

arithmetic approach [8], the water temperature difference between the inlet and outlet is 

∆𝑇𝑤 = 𝑇𝑤,𝑠𝑢 − 𝑇𝑤,𝑒𝑥 and the environment temperature is equal to the indoor setpoint (𝑇𝑎𝑖𝑟,𝑠𝑝); 

then the required water supply temperature to make the radiator covering a certain heating 

load ( �̇�𝑟𝑎𝑑) can be calculated as:  

𝑇𝑤,𝑠𝑝 = 𝑇𝑎𝑖𝑟,𝑠𝑝 + (
�̇�𝑟𝑎𝑑

�̇�𝑟𝑎𝑑,𝑁

)

1
𝑛

∙ ∆𝑇𝑁 +
1

2
∙ (

�̇�𝑟𝑎𝑑

�̇�𝑟𝑎𝑑,𝑁

) ∙ (
�̇�𝑟𝑎𝑑,𝑁

�̇�𝑟𝑎𝑑
) ∙ ∆𝑇𝑤,𝑁 (11) 

Where �̇�𝑟𝑎𝑑,𝑁,∆𝑇𝑤,𝑁 and �̇�𝑟𝑎𝑑,𝑁 are the mass flow rate, water temperature difference and the 

emitted power, respectively, at nominal conditions (test or design). �̇�𝑟𝑎𝑑 is the actual mass flow 

rate. In the case of this building demo, this value is constant and assumed equal to the nominal 

one. 

The required radiator emitted power (�̇�𝑟𝑎𝑑) can be estimated from the enclosed room’s air 

volume heat balance (assuming steady state) as: 

�̇�𝑟𝑎𝑑 = �̇�𝑡𝑟𝑎𝑛𝑠 + �̇�𝑖𝑛𝑓 −  �̇�𝑠𝑜𝑙 − �̇�𝑖𝑛𝑡 (12) 

In such a way the installed radiator must cover: transmission (�̇�𝑡𝑟𝑎𝑛𝑠) and infiltration losses 

(�̇�𝑖𝑛𝑓). The effect of solar (�̇�𝑠𝑜𝑙) and internal (�̇�𝑖𝑛𝑡) gains (occupants, lighting and appliances) 
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contributes to decrease the heating load required to be covered. A proper definition of the 

heating curve must consider ideally all these effects. 

Comparing the actual approach introduced in the previous section against the one just 

described, 3 main limitations arise. They are:  

 Incomplete number of heat balance components included (3 over 4). Moreover, 

transmission losses are considered only at steady state regime. 

 No proper way to calculate water temperature corrections. The linear superposition of 

losses and gains of Eq. (12) cannot be shifted to water temperature calculation as Eq. 

(6) assumes. Eq. (11) shows the effect’s superposition is not linear. 

 Not proper way to represent solar gains and infiltration losses: linear relationship 

between solar gains and incident radiation; and infiltration and wind speed are not 

correct. 

 

6.4 Proposed approach 

The proposed approach here presented seeks to improve the accuracy in the calculation of the 

water supply temperature keeping in mind that the structure of heating curve equation and 

corrections cannot be modified; and the number of required parameters and inputs as well as 

measured variables cannot be extended. Thus, the proposed approach must maintain the same 

framework as the original one: one setpoint temperature and one correction according to the 

actual state of the indoor temperature. Details are provided in the next sections. 

6.4.1 Water supply temperature 

Water supply temperature is calculated by means of Eq. (7). Equations (8) and (9) are not used 

anymore. New parameters 𝑘 and 𝛼 are determined from a regression procedure carried out 

after evaluating (11) by replacing: 

 �̇�𝑟𝑎𝑑 = �̇�𝑈𝐴 = 𝑈𝐴 ∙ (𝑇𝑎𝑖𝑟,𝑠𝑝 − 𝑇𝑜𝑢𝑡) (13) 

Where �̇�𝑈𝐴 corresponds to the transmission losses at steady state and 𝑈𝐴 the heat transfer 

coefficient by transmission to the external environment of the room or control volume. 

Once fitted the parameters, whenever corrections by infiltration losses or radiation gains are 

required, they are performed by calculating first an equivalent indoor setpoint temperature as: 

 𝑇𝑎𝑖𝑟,𝑠𝑝,𝑒𝑞 = 𝑇𝑎𝑖𝑟,𝑠𝑝 +
�̇�𝑖𝑛𝑓

𝑈𝐴
−

�̇�𝑠𝑜𝑙

𝑈𝐴
 (14) 

And then replacing in Eq. (7) (only the term in parenthesis). 

If infiltration losses are considered as: 

�̇�𝑖𝑛𝑓 =   𝐻𝑖𝑛𝑓 ∙ (𝑇𝑎𝑖𝑟,𝑠𝑝 − 𝑇𝑜𝑢𝑡) (15) 
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Where, 𝐻𝑖𝑛𝑓 is the heat transfer coefficient by infiltration to the external environment of the 

room or control volume which corresponds to: 

𝐻𝑖𝑛𝑓 = 𝜌𝑎𝑖𝑟 ∙ �̇�𝑖𝑛𝑓 ∙ 𝐶𝑝,𝑎𝑖𝑟 (16) 

Where in turn, 𝜌𝑎𝑖𝑟 is the density of dry air equal to 1.204 𝑘𝑔/𝑚3, �̇�𝑖𝑛𝑓 the infiltration 

volumetric flow rate defined as the internal volume of the zone (𝑉𝑖𝑛) times the air change rate 

per hour (𝐴𝐶𝐻) and 𝐶𝑝,𝑎𝑖𝑟 the specific heat of dry air equal to 1.012 𝑘𝐽/𝑘𝑔 − 𝐾, then 𝑘 and 𝛼 

can be determined by replacing �̇�𝑟𝑎𝑑 = �̇�𝑈𝐴 + �̇�𝑖𝑛𝑓 in Eq. (12) and the equivalent indoor 

setpoint temperature to perform water temperature correction due to solar gains is: 

𝑇𝑎𝑖𝑟,𝑠𝑝,𝑒𝑞 = 𝑇𝑎𝑖𝑟,𝑠𝑝 −
�̇�𝑠𝑜𝑙

𝑈𝐴 + 𝐻𝑖𝑛𝑓
 (17) 

In subparagraph 6.5.2 both options are assessed. 

6.4.2 Indoor air temperature 

The definition of 𝑅𝐹 comes from a theoretical analysis. Considering in a specific time a radiator 

working and emitting power to the room at �̇�𝑟𝑎𝑑  rate. In that moment the resulting indoor 

temperature (different to the setpoint) is equal to 𝑇𝑖𝑛 and the energy balance into the room can 

be defined as in Eq. (18). Being �̇�ℎ𝑒𝑎𝑡 the power needed to cover exactly the heating demand 

and bring the indoor temperature to 𝑇𝑎𝑖𝑟,𝑠𝑝, then the required amount of extra power to do so 

is equal to  ∆�̇�𝑟𝑎𝑑 = �̇�ℎ𝑒𝑎𝑡 − �̇�𝑟𝑎𝑑. Assuming also the time to perform this correction is small 

enough to consider no changes in solar and internal gains. Then ∆�̇�𝑟𝑎𝑑 (helped by Eq. (12)) 

corresponds to: 

 ∆�̇�𝑟𝑎𝑑 = (�̇�𝑡𝑟𝑎𝑛𝑠,ℎ − �̇�𝑡𝑟𝑎𝑛𝑠,𝑟) + (�̇�𝑖𝑛𝑓,ℎ − �̇�𝑖𝑛𝑓,𝑟) (18) 

Subscript “r” corresponds to the actual condition and “h” to the one to accomplish with heating 

demand. 

Finally, considering transmission losses as the sum of two components: one corresponding to 

steady state losses (�̇�𝑈𝐴) equal to Eq. (13) and another to the energy stored in the walls (�̇�𝑠𝑡𝑜𝑟𝑒𝑑) 

as Eq. (19) and infiltration losses as Eq. (15). 

 �̇�𝑡𝑟𝑛𝑠 =  �̇�𝑈𝐴 + �̇�𝑠𝑡𝑜𝑟𝑒𝑑  (19) 

Then a corrected indoor setpoint temperature to then be applied in Eq. (7) can be defined: 

𝑇𝑎𝑖𝑟,𝑠𝑝,𝑐𝑜𝑟𝑟 = 𝑇𝑎𝑖𝑟,𝑠𝑝,𝑒𝑞 + 𝐶𝐹 ∙ (𝑇𝑎𝑖𝑟,𝑠𝑝 − 𝑇𝑖𝑛) +
�̇�𝑠𝑡𝑜𝑟𝑒𝑑,ℎ − �̇�𝑠𝑡𝑜𝑟𝑒𝑑,𝑟

𝑈𝐴
 (20) 

Where: 

 𝐶𝐹 =
𝑈𝐴 + 𝐻𝑖𝑛𝑓

𝑈𝐴
 (21) 
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Since no way to evaluate in practice stored energy in walls is available, the third term of Eq. (19) 

is neglected even risking accuracy in indoor temperature correction. 𝑅𝐹 is replaced in Eq. (9) by 

a value equal to 𝐶𝐹. 

If infiltration losses are comprised in the heating curve regression, then 𝑈𝐴 + 𝐻𝑖𝑛𝑓 should be 

inserted Eq. (19) and denominator of Eq. (20) instead of 𝑈𝐴. In this case 𝐶𝐹 = 1. 

 

6.5 Application of proposed approach 

6.5.1 Determining parameters k, α and RF 

The procedure to get required parameters 𝑘 and 𝛼 of Eq. (7) and 𝑅𝐹 of Eq. (10) is explained by 

applying the proposed approach of previous chapter over an example. In this case, distribution 

circuit 6 and its monitored zone B6_F3_LB are chosen as example. 

Considering the theoretical heating curve introduced in subchapter 3.3 of Deliverable D4.43.a, 

the first step of this procedure is to obtain the heating load to be covered by the radiator (�̇�𝑟𝑎𝑑). 

As previously stated, the proposed approach  

Table 16 presents the main characteristics of thermal zone B6_F3_LB needed to calculate 

transmission and infiltration losses. Figure 55 shows the resulting losses for a range of outdoor 

temperature between -15°C to 20°C. Both are also calculated assuming a desired indoor 

temperature set point of 20°C. 

Table 16. Thermal zone characteristics 

 

Figure 55. Load to cover by installed radiator. 

 

On the other hand, Table 17 presents the required radiator parameters to be inserted in the 

theoretical heating curve of Eq. (10). 

Regarding to installed radiator characteristics, since 12 devices are installed in the analyzed zone 

(in different configurations), values of Table 17 correspond to an equivalent one calculated at 
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]

Qrad=UA*(20-Tout)Qrad=UA*(20-Tout)

Qrad=(UA+Hinf)*(20-Tout)Qrad=(UA+Hinf)*(20-Tout)

Parameter Value Unit 

𝐴𝑧𝑜𝑛𝑒 446 m2 

𝑉𝑖𝑛 2,048 m3 

𝐴𝑤𝑎𝑙𝑙,𝑒𝑥𝑡 153 m2 

𝐴𝑤𝑖𝑛𝑑𝑜𝑤 174 m2 

𝐴𝐶𝐻 0.6 1/h 

𝑈𝐴 1.237 kW/K 

𝐻𝑖𝑛𝑓 0.4158 kW/K 
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design conditions 75/60/20. The mass flow rate at operating conditions is constant and equal to 

the nominal one (�̇�𝑟𝑎𝑑 = �̇�𝑟𝑎𝑑,𝑁). 

Once heating load to be covered and radiator characteristics are estimated, the required supply 

water temperature is calculated by means of Eq. (10). Finally, parameters 𝑘 and α are obtained 

from a regression procedure imposing the equation shape of Eq. (7). 

Figure 56 shows the resulting water supply temperature for 3 different conditions: transmission 

losses (black squares), transmission and infiltration losses (black circles) and their corresponding 

regression curves (grey lines). The dashed grey line corresponds to the actual heating curve used 

in Belgian demo.  

Table 17. Installed radiator characteristics 

 

    Figure 56. Required water supply temperature to cover a 

certain load. 

Regression curves present maximum errors in the calculation of water supply temperature of 

0.04 K and 0.06, respectively. 𝑅𝐹 is calculated from Eq. (20). 

6.5.2 Simulation of different scenarios 

To assess the suitability of the proposed approach, 5 scenarios were defined and simulated over 

the detailed model already introduced in Deliverable D4.43.a. Simulation parameters and 

conditions are the same as the ones listed in the mentioned report. Details about 5 defined 

scenarios are listed in Table 18. 

Table 18. Control parameters for different scenarios 

Scenario 𝒌 𝜶 𝑹𝑭 
1 4.272 0.742 1.05 

2 4.272 0.742 1.05 

3 2.766 0.792 1.33 

4 3.466 0.793 1.00 

5 3.466 0.793 1.00 

1 4.272 0.742 1.05 
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Tw,hc (QUA+Qinf)               Tw,hc (QUA+Qinf)               

Tw,hc = 20+4.272*(20-Tout)
0.742Tw,hc = 20+4.272*(20-Tout)
0.742

Parameter Value Unit 

�̇�𝑟𝑎𝑑,𝑁 53.8 kW 

𝑛 1.3 - 

 �̇�𝑟𝑎𝑑,𝑁 3,465 kg/h 

∆𝑇𝑁 48.3 K 

∆𝑇𝑤,𝑁 13.3 K 

𝑇𝑤,𝑠𝑢,𝑁 75 C 
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Scenario 1 corresponds to the actual approach as described in paragraph 3.3 of Deliverable 

D4.43.a. Scenario 2 uses the same value for parameters 𝑘 and 𝛼 but without any correction 

(solar or infiltration). Scenario 3 corresponds to the proposed approach with 𝑘 and 𝛼 obtained 

only considering transmission losses at steady state without corrections. Scenario 4 comprises 

transmission and infiltration losses (also proposed approach). Finally, scenario 5 uses the same 

parameters as scenario 4 but integrates the correction by solar gains in function of incident 

radiation as shown in Figure 57. 

 

Figure 57. Solar gain correction 

6.5.3 Results and discussion 

Figure 58 summarizes by means of a box-and-whisker plot the resulting indoor temperature 

along the simulation period for those time steps when heating power is required. Values are 

divided into setpoint hours (left) and setback hours (right). 

  

Figure 58. Box-and-whisker plot of resulting indoor temperature when heating power is 
needed. Data divided into setpoint hours (left) and setback hours (right). 

Upper and lower edges of the orange boxes correspond to the 25th and 75th percentiles. The line 

at the middle of the box corresponds to the median value of the sample. The whiskers (straight 

lines) extend to the 5th and 95th percentiles, respectively. Black crosses correspond to minimum 

and maximum values; and black dots correspond to setpoint and setback temperature values 

(depending on the graph).  
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For setpoint hours, the sample’s size for 5 scenarios is 1539 hours over 5736 of heating season. 

Most of the scenarios present high percentage of time above the desired set point value: 91% 

for scenarios 1 and 2; and 76% for scenario 4. Scenarios 3 and 5 present a 39% and 33% 

respectively. Scenario 3 is the one that presents the biggest variability with a median value close 

to the setpoint. 

For setback hours, the sample’s size for 5 scenarios corresponds to 4021, 3988, 4040, 4003 and 

4056 hours respectively. High amount of time considering the lower targeted indoor 

temperature compared to set point. This fact is caused by the poor quality of the envelope and 

also the activation system settings. As a common characteristic for all the scenarios is the 

percentage of time above the defined setback value. The smallest one correspond to scenario 3 

with a 76%. All the scenarios overestimate the required water supply temperature for small 

thermal loads. 

In terms of yearly energy demand the results are not that different. In specific terms the values 

in consecutive order are 181.4, 185.8, 157.9, 178.5 and 167.7 kWh/m2-K. 

Taking into account both resulting indoor temperature along the year and heating energy 

demand, scenario 3 is the optimum among the ones assessed. However, the response is not 

satisfactory because of the important dispersion around the setpoint value. 

Figure 59 presents the comparison between the water supply temperature obtained by 

replacing in Eq. (11): transmission losses at steady state (�̇�𝑈𝐴) v/s heating demand (�̇�ℎ𝑒𝑎𝑡) and 

the difference between heating demand and the stored energy in walls (�̇�ℎ𝑒𝑎𝑡 − �̇�𝑠𝑡𝑜𝑟𝑒𝑑) v/s 

heating demand (�̇�ℎ𝑒𝑎𝑡). All these heat flows were obtained from another simulation carried 

out over the model by imposing the indoor temperature (setpoint and setback values) according 

to the operating schedule introduced in section 6.5.2. 

  

Figure 59. Supply water temperature in function heating demand versus water temperature 
from steady state transmission losses (left) and the difference between heating demand and 

the stored energy in walls. 

Figure 59 (left) shows why scenario 3 resulted to be the best one. The reason is no other than 

steady state transmission losses profile is the most similar to the resulting heating demand. On 

the other hand, Figure 59 (right) compares the resulting water temperature profiles when 

heating demand is known which means that all the components of the heating balance are 

known (ideal case) versus the one when all the components are known excepting the stored 

energy in the opaque envelope. Big dispersion in general between both demonstrates that even 
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being able to predict perfectly all the components of Eq. (12) the massive effect of the wall plays 

key role in the variation of heating demand and cannot be neglected. Big dispersion at lower 

values (i.e. required water temperature less than 30 °C) seems to be the reason of the high over-

heating observed during setback hours. To finalize, all this background demonstrates that a 

better accuracy can be reached if stored energy is included “somehow” in the calculation of 

indoor temperature correction of Eq. (20). 


