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Nomenclature and abbreviations 

Abbreviations 

BES Whole-Building Energy Simulation 

BBRI Belgian Building Research Institute 

CFD Computational Fluid Dynamics 

CCF Closed Cavity Facade 

DSF   Double Skin Façade 

FEM  Finite Element Method 

HVAC Heating Ventilation and Air-Conditioning 

MBE Mean Bias Error 

NTNU Norwegian University of Science and Technology 

RMSE Root Mean Squared Equivalent 

R2 Coefficient of Determination 

VDF Ventilated Double Façade  

Nomenclature 

Ainlet Area of the inlet [m2] 

ash Solar absorptance of shading [-] 

dcav Depth of the cavity [m] 

drecess Recess depth of window (distance of interior window and building external plane) [m] 

dsh Position of the shading measured from the external skin [m] 

dsh,gap Ventilation gap around the shading [m] 

𝛥𝑇 temperature difference [K] 

𝑒24ℎ
+  Area-specific daily heat gain [Wh/m2] 

𝑒24ℎ
−  Area-specific daily heat loss [Wh/m2] 

f%ext External frame fraction [%] 

f%int Internal frame fraction [%] 

𝑔 solar factor [-] 

ℎ𝑐 convective heat transfer coefficient [W/m2K] 

hinlet Position of inlet measured from the floor level [m] 

𝐼𝑡𝑟  Transmitted solar radiation (on the vertical plane) [W/m2] 

𝐼𝑡𝑟,𝑛𝑒𝑡 Net transmitted solar radiation  [W] 

Mi Measured value at one point 

n Total number of measurements 

Pi Simulated predicted value 

�̇�𝐿𝑊,𝑐𝑜𝑛𝑣  Surface heat flux (includes long-wave radiative and convective heat flux) [W/m2] 

�̇�𝑡𝑜𝑡
+  Total heat gain rate (includes short and long-wave radiative and convective heat flux) [W/m2] 

�̇�𝑡𝑜𝑡
−  Total heat loss rate (includes short and long-wave radiative and convective heat flux) [W/m2] 

𝑆𝑖(𝑡) Sensitivity index 

𝑆𝑖,𝑑 Distance of sensitivity index 

Tglass Indoor surface temperature of the glass pane (inner skin, indoor-facing glass pane) [°C] 
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Uf_ext Heat transfer coefficient of the frame of the exterior skin including linear heat transfer coeffi-

cients of the glazing edge (Ψg])[W/m2K] 

Uf_int Heat transfer coefficient of the frame of the interior skin including linear heat transfer coeffi-

cients of glazing edge (Ψg) [W/m2K] 

Ug_int Center of glass heat transfer coefficient of interior glazing calculated at reference conditions 

(ISO 15099) [W/m2K] 

Ug_ext Center of glass heat transfer coefficient of exterior glazing calculated at reference conditions 

(ISO 15099) [W/m2K] 

Vcav Volumetric airflow rate in the cavity [L/s] 

Greek symbols 

ρsh Solar reflectance of shading [-] 

τe,g_ext Solar transmittance of external glazing [-] 

τe,g_int Solar transmittance of interior glazing [-] 

τe,sh Solar transmittance of shading [-] 
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1. Introduction, aims and goals 

Double skin façades (DSFs) are a type of solar façades which are often adopted to reduce the 

energy use of a building [1] and provide better thermal and visual comfort conditions com-

pared to a traditional single-skin façade [2]. The common characteristics of double skin fa-

çades include two glazed skins and a cavity in-between, in many cases incorporating shading, 

and openings on one or the other skins to both or either the indoor or outdoor space, enabling 

cavity ventilation. Depending on the cavity geometry and the position, size and specification 

of these elements, there are several different concepts how energy savings can be achieved by 

DSFs (Figure 1): through reduction of transmission losses, utilization of solar heat or extend-

ing or enhancing natural ventilation possibilities. Some types of DSFs can even be integrated 

into building HVAC systems to further minimize energy demand by recovering exhaust-air 

heat. However, the solutions that work well in winter might have negative impacts in summer, 

i.e. increase of cooling energy due to overheating of the cavity [3].  
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Figure 1 - Energy and thermal comfort potentials and risks dependant on DSF type 

Working as a sustainability consultant I have experienced, that while the notion of reducing 

energy use through double skin façades is generally acknowledged by the designers, in many 

cases the decision on façade types is depends on architects who are not familiar with the range 

of possible concepts for DSFs: configurations, operational modes, synergic possibilities with 

HVAC systems, and their  - sometimes detrimental - consequences on building energy de-

mand. This lack of knowledge is not surprising, as there is no unified terminology of DSFs 

which expresses the energy and thermal comfort potentials of the different types. Understand-

ing this gap of knowledge steered my research in the direction of developing the missing ty-

pology.  

The design of a high-performance DSF has further difficulties. Because of the presence of 

controllable elements in the concept and the more complicated thermophysical behaviour 

compared to conventional building envelope solutions, the design and optimisation of a DSF 

cannot be based on rules-of-thumb or simple, statical performance parameters like g- or U-

values. A detailed simulation of the thermal, fluid mechanics and optical behaviour of a DSF 

can be obtained using different approaches, such as on-purpose built models [4–6], or dedi-

cated CFD simulations [7,8]. However, the simulation of the DSF alone without the integra-

tion into the building limits to a great extent the possibility to study the DSF’s performance 

under real operation. Due to their controllable and adaptable nature, their design should be 

based on results derived from dynamic simulations.  

Building Energy Software (BES) tools are meant for modelling an entire building and predict-

ing the whole building energy performance, and when a DSF is modelled in a BES tool, it is, 

therefore, possible to link the DSF’s performance with that of the entire building, replicating 

the complex interaction between airflow in the façade, the HVAC system, and the building 

energy management system. BES tools are an established decision support tools on standard 

building projects from early design phases, and there also a series of studies where different 
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BES tools have been used to evaluate the behaviour of DSFs [9–13], [P1,P3]. Exhaust-air fa-

çades are DSF types where the cavity airflow is integrated in the building HVAC system. 

Modelling these types of façades in BES tools is particularly practical due to tools the inte-

grated approach. BES tools, however, have not been developed with the precise requirement 

to simulate an advanced building envelope system such as a DSF. Only a few BES tools in-

clude dedicated modules for DSF simulation, while it is more common that the modelling of 

these systems might require some workarounds or the use of relatively advanced simulation 

strategies [14].  

Robust and comprehensive comparison and experimental validation of models are crucial to 

use computational models trustfully. Validation of BES tools are common practices using 

standardised geometries and configurations, such as the IEA Building Energy Simulation Test 

and Diagnostic Method (IEA BESTEST) or the ANSI/ASHRAE Standard 140, and these 

standards are used to validate and verify different functions of the tools, ranging from build-

ing system and wall assemblies (e.g. [15,16]) to environmental systems (e.g. [17,18]). How-

ever, DSFs are more complex building elements, than single skin façade and window systems, 

and are not covered within the standard validations procedures. Dedicated validation and veri-

fication activities targeting such tools’ reliability in replicating DSF systems’ performance is 

needed [19]. 

To help engineers, designers, simulation experts and also software developers to understand 

the potentials and limitations of thermal performance prediction of DSFs using building ener-

gy simulation tools, motivated me to explore the modelling possibilities of a selected type of 

DSF within a particular BES tools, quantify the impact of modelling options and design pa-

rameters on the energy and thermal comfort outputs, and validate the simulation results to ex-

perimental data. The validation and parameter sensitivity of the selected tool was done in the 

context of a research cooperation activity completed with the researchers of Norwegian Uni-

versity of Science and Technology, thus results are also evaluated in comparison to other BES 

tools. 

1.1. Research gaps and objectives 

The majority of the classification approaches used in the literature were found published be-

tween 2000 and 2004, e.g. Kragh [20], Oesterle et al. [21], Széll [22], Saelens [3], Pottgiesser 

[23] and BBRI [24], from which the BBRI and Pottgiesser’s classification is the most com-

prehensive. In Hungarian, the first major reference and typology of double skin facades in 

Hungarian was written by Széll [22], which remained the only published classification found 

in Hungarian before my first version of the comprehensive typology suggestion in 2011 

[PT1]. In practice, klímahomlokzat (climate façade) is used for DSFs in Hungarian, which is 

confusing as it is restricted to one subtype in English [25,26].   

As the classifications include different types of criteria, it is necessary to evaluate the ra-

tionale behind each criteria, and whether the categorization based on that façade characteristic 

is relevant from the energy and comfort perspective seen on Figure 1; or it is only important 

from e.g. constructional point of view. The authors use 1-4 classificatory criteria for catego-

rizing DFSs, that can be clustered into the following 6 types of characteristics: 

• Ventilation mode of the building [22] 

• Ventilation type of the façade or ventilation source [3,24] 

• Operation mode, also used as: origin and destination of the airflow; airflow mode; venti-

lation mode; position of the ventilation openings; ventilation systems [3,23,24] 

• Width of cavity [27] 

• Partitioning of the façade cavity, façade compartmentalisation [3,22–24] 

• Construction type  [3,23] 
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Additionally, the categories within a classification criteria, differ as well. While there is a 

good agreement in the possible airflow modes, where specified, for the cavity partitioning on-

ly the conceptual similarities can be identified, while the names are diverse, also contradicto-

ry. E.g. mechanically ventilated exhaust-air façades, that are one storey high and are parti-

tioned vertically are called Active Wall by  Kragh, légelvezető homlokzatok, i.e. exhaust-air 

façades by Széll, Saelens and Pottgiesser, mechanically ventilated air exhaust VDF per storey 

juxtaposed modules by BBRI. In some other sources, this type is also called climate façade, 

climatic façade.  

Neither of the classifications include the type of Closed Cavity Façade, that is an innovative 

façade type from around 2010 [28,29], and there is also a disagreement in whether double 

skin roofs are included in the classification, or not. As there are several names, classificatory 

criteria present in the literature, but neither of them is complete, and no generally used termi-

nology is present in Hungarian, I have set a goal to develop a classification for DSFs which 

includes all types of double skin envelopes, and classificatory criteria are selected based on 

what is relevant for energy and comfort use, and where category names are unambiguous and 

clear. 

Objective 1  Development of a classification of the double skin envelope systems that in-

dicates the energy and comfort potentials, and is clear and compact. A well us-

able typology is to be developed in English, and also in Hungarian. 

It is indisputable that modelling with BES tools is useful in the design process of a building, 

but the modelling of DSF systems in BES has some intrinsic limitations due to simplifications 

in the geometry and heat flow characteristics of components (inlet and outlet regions, enclo-

sures around the cavity, shading) and the use of empirical correlations to solve some of the 

transport equations (especially the mass transport and convective heat transfer) [30]. There is 

no guidance on how to model DSFs within the available framework of BES tools. The stand-

ard approach available in many BES tools is to model DSFs as thermal zones, and while in-

creasing the number of zones is anticipated to increase model precision [31], there is no con-

sensus on the number of stacked thermal zones within a storey. In some tools, also designated 

models are provided for DSF modelling, which include different assumptions that target the 

more precise modelling of DSF cavity (e.g. EnergyPlus, IDA ICE). There has been no com-

parison on how the selection of modelling methods affects the results and the prediction pre-

cision of energy and comfort performance indicators, and a comparative analysis could serve 

as a guidance for practitioners in selecting the appropriate modelling method. I have chosen 

IDA ICE as the BES tool to be evaluated, as it incorporates both types of modelling ap-

proaches, and with respect to other BES tools, the mathematical model of IDA ICE is trans-

parent and well customizable, which makes this tool appropriate in designing DSFs.  

Objective 2  Determination of the influence of different modelling methods of an ex-

haust-air façade in IDA ICE on energy and comfort performance indica-

tors. To explore limitations and options in modelling an exhaust air DSF and 

quantify the effect of the modelling method on the selected indicators. To de-

fine the ideal number of stacked zones and give guidance to the designers in se-

lecting modelling method. 

To identify the prediction precision of the BES tools validation studies dealing with DSF 

models in BES tools under real environmental conditions (case study buildings or test cells) 

have been reviewed and around a dozen of validation projects were identified. These include a 

variety of façade types and software tools that were validated, physical quantities and statisti-

cal indicators used during validation tasks, and duration of validation period. [10,31–38]. It is 

seen in the literature that the tools in existing validations have an overall good performance 

(R2:0.8-0.98), but can produce significant errors in predicting values at periods with high solar 
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radiation. Many of the studies cover naturally ventilated, outdoor-air curtain mode types, 

while there is a lack of validation of the exhaust-air façade type. The type of tool undergone 

validation is unbalanced – while EnergyPlus has been compared in the many of the cases, 

with a few examples of TRNSYS and VA114, ESP-r and BSim. there is no validation study 

for IDA ICE. The studies include a variety of physical quantities measured and compared: 

cavity air temperature, surface temperatures facing the outdoor, cavity and indoor, air veloci-

ty/airflow rate/massflow, heating/cooling loads, but no study was found that includes trans-

mitted solar radiation, or heat flux towards the indoors. A further research gap has been iden-

tified in the validation period and variety of conditions of the DSFs. Only a few studies cover 

more than one period with different environmental conditions (e.g. both heating and cooling 

season). Extending the scope of validation on different predominant conditions adds to the 

confidence of using these methods for annual calculations. 

Objective 3 Validation of DSF model of an exhaust-air façade in IDA ICE. Comparing 

the simulation results of two distinct modelling methods with experimental test 

cell data for energy and comfort performance indicators. Determining the mod-

els’ ability to replicate the thermophysical behaviour and energy balance of the 

systems in using qualitative and quantitative methods. 

BES tools are not solely used for predicting the actual precise values of a design configura-

tion, but to compare design alternatives in different design phases, in a quick way. Studies 

seldom include validation results for more than one configuration. There is no consensus on 

whether adding shading to the simulation adds to the precision of the models, or not. [10,39] 

It is particularly interesting to verify the ability of this simulation method in comparing differ-

ent design options. This type of validation is generally missing from the literature, in absence 

of a variety of different configurations under the same environmental conditions.  Fulfilling 

these gaps formulated the following objective:  

Objective 4 Evaluation of capabilities of the exhaust-air façade model in replicating 

changes of slightly different configurations. Determining whether IDA ICE 

exhaust-air façade model is sensitive to and precise in predicting the difference 

in the performance when one parameter of the DSF configuration is changed 

(glazing type and shading on/off) is assessed by means of comparison with ex-

perimental data available from test cell experiments.  

Finally, in the literature a vast number of studies have been identified that focus on optimizing 

DSFs by changing one or more characteristic of the façade. When the goal is compare the per-

formance of different DSF configurations, many parametric studies can be found in the litera-

ture, that use a wide range of simulation methods (2D analysis [40,41]), energy modelling 

[3,42,43], [P1,PT1], CFD [44–46], experiments [44]) and study a wide range of parameters, 

including cavity depth [42,44,47–49]; cavity height [3],[PT1], glazing U-values 

[3,38,40,42,44,47,50], glazing solar properties [3,41,42,45,46,50,51], shading type or slat an-

gles [PT1], the position of the shading [44], [43], airflow rate in the cavity, size of openings 

[3], [PT1], window to wall ratio [52]. The examples found in the literature make use of differ-

ent methodologies, and boundary conditions, and typically concentrate on a limited number of 

parameters. The parametric analysis typically covers input parameters that illustrate conceptu-

ally different design choices (e.g. solar glazing versus clear glazing), in contrast to evaluating 

the effect of small changes in the design parameters. In the majority of the cases, only a short 

period is investigated, e.g. single-day analysis with representative environmental conditions 

(either only winter or summer), and many studies only assess only one or two performance 

indicators, e.g. heating or cooling energy use. Studies that analyse different orientations are 

also rare (e.g. [42]), even though to reach a uniform architectural expression, fully glazed – 

especially high rise – buildings are in many cases constructed with the same type of façade on 
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all orientations while allowing some flexibility in the actual specifications. While it is typical 

to limit the scope of the analyses to the South orientation, it has been seen previously that the 

summer overheating risk in the cavity is the highest on the West orientation [43], [P2]. With 

this variety of features, methods, and techniques makes it difficult to come to a general con-

clusion on the importance of one parameter over another. Indeed, the goal of a parametric 

analysis is not to compare the importance of each parameter, but to investigate the optimal de-

sign choices within a given domain of possibilities. The sensitivity analysis on the other hand 

is suitable to give information on the relative order of importance of different parameters. In 

an ideal design or research process, the sensitivity analysis is developed prior to the paramet-

ric analysis to initially reduce the numbers of parameters that later need to be investigated by 

identifying those that have a larger impact on the selected simulation output.  Some sensitivity 

analysis for DSF parameters investigating the effect of small changes of a baseline have also 

been performed [42,53] but these studies are also characterised by a limited number of param-

eters, which make it impossible to determine which are the most influencing parameters when 

designing a DSF. 

Objective 5 Determination of the most influencing parameters in an exhaust-air façade 

model of IDA ICE. Defining which are the most influential parameters when 

calculating DSF annual thermal performance with a BES tool. Evaluation of 

whether the same parameters are the most influential under different outside 

boundary conditions: or is the design strategy a dependent on different climates 

and the orientation? 

Fulfilling the objectives 3-5 was done in an international cooperation with researchers of 

Norwegian University of Science and Technology and Politecnico di Torino, in the context of 

an inter-software comparison. In addition to the evaluation of the tool IDA ICE done by the 

current author, the cooperative research covered further popular BES tools: validation of En-

ergy Plus, IES Virtual Environment (IES-VE), and TRNSYS, and the sensitivity analysis of 

EnergyPlus.  

2. Methods used 

2.1. Development of DSF classification  

First, building on existing literature, the classificatory criteria appearing in existing literature 

was listed and the rationale behind classificatory criteria in terms of their effect on energy use 

and comfort shown on Figure 1 was evaluated from the following aspects:  

A. Is that criteria relevant: Does the criteria directly influence the thermal performance of 

the façade? 

B. Is the criteria independent: Does the inclusion of that criteria add information on ener-

gy saving potential compared to the other criteria, or can the aspects be covered by 

other characteristics? 

The criteria that are both relevant and independent are included in the categorization. Next, 

the categories within each classificatory criteria were defined, by selecting the most appropri-

ate categories, from the already present terms, where they exist, with the help of these aspects: 

C. Are the categories exhaustive: Do the categories defined in the criteria cover all typi-

cal DSF types? Classifications were compared to the each other and also case studies 

in the literature were reviewed, in search of DSF types that cannot fit existing catego-

ries. 

D. Are the categories specific: Is there an established terminology that would express the 

characteristics in a more specific way? 
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E.  Are the categories clear: Does the name conflict the terminology used by other classi-

fications, or the general language? 

The classification criteria both relevant and independent are defined: Ventilation mode, Oper-

ation mode (more than one can be selected), Construction type and partitioning of the cavity. 

Examples of developments made during the definition of categories: 

- A new category is suggested for Closed Cavity Façade, within Ventilation type of the 

façade and Operation mode missing from existing literature.  

- multi-storey louver façade was missing from most terminologies. The Hungarian term 

“pikkelyes homlokzat” is suggested [PT3,P4]. 

- after identifying case studies for double skin roofs, opposed to the typology of Pottgies-

ser, it is suggested that it is more appropriate to include roofs in the category of Double-

skin systems rather than Exhaust-air systems, as these systems work only well when, 

with the help of an operable inner skin, multiple airflow modes, including naturally ven-

tilated options are possible.  

- selection of most appropriate name for categories with ambiguous names: i.e. window-

like elements that are naturally ventilated and have operable elements towards the out-

side and inside should be called “Box-windows” with an indication of airflow, instead of 

kapcsolt ablak, supply air window, or air supply naturally ventilated double window. 

- specification of category names, e.g. “multi-storey DSF”  instead of “multi-storey fa-

çade”, to avoid confusion when compared with single skin façades. 

2.2. Description of the exhaust-air façade: experimental data and modelling 

The DSF type modelled and evaluated in the thesis is an exhaust-air façade, i.e. a single sto-

rey-high façade with horizontally partitioned cavity, that is mechanically ventilated, where the 

indoor air flows into the cavity through a bottom opening and is extracted through a duct, 

placed at the top of the ventilated gap.  

Experimental data from a long-term measurement campaign using an outdoor test-cell facility 

(that replicated a full-scale office room) equipped with two modules of exhaust-air facades lo-

cated in northern Italy, more extensively described in [PT5] and [54], was made available by 

the project partners for the validation analysis, and the geometry and structures of this façade 

were used during modelling as well. The two DSF modules (1.6 m*3.4 m) were almost south-

exposed, with two similar configurations: the external skin of the DSF was made of an insu-

lated glazing unit with two glass panes with a selective coating in both modules, and the in-

ternal skin was made of insulated glazing for Module B, while a single, clear glass pane for 

Module A. A controllable, highly reflective roller blind was placed at approximately one-third 

of the cavity, measured from the exterior glazing unit for both glazing units. Most of the fa-

cades’ thermal and optical properties were available from technical documentation. The glob-

al solar optical and thermal properties of the glazing and shading have been calculated, based 

on the available information or a realistic hypothesis based on similar designs, using with 

LBNL Window 7.7 and Optics6 using the IGDB v29. 

The experimental facility was equipped with a wide range of sensors (thermocouples for sur-

face and air temperature measurements, heat flux meter sensors, pyranometers both inside and 

outside). Thermocouples and heat flux sensors measuring the façade were placed at three 

height levels and on several layers of the DSF and the results of these were area-weighted av-

eraged, where needed. The outdoor solar irradiance was measured both on the horizontal and 

vertical plane, as well as the solar irradiance transmitted through each DSF module.  The test-

cell was also equipped with contact sensors to record the surface temperature values for all the 

cell’s surface, as well as with sensors for indoor air temperature measurements.  
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The modelling and validation task focused on the case-study façade and the façade-related 

quantities and not on the environment and environment-related quantities, because the goal of 

the research was to validated the façade model, not the whole experimental setup. During the 

validation the measured internal air and surface temperatures of the test cell were used as 

boundary conditions in the models, in order to reduce the inaccuracies related to other test cell 

parameters that were not characterised.  The weather file used was customized for the simula-

tion periods by using the data registered in situ. Wind data was not recorded, thus the effect of 

the wind speed in the calculation of the outdoor convective heat exchange coefficient is not 

accounted for. Because of the location of the measurement site and its surroundings, and the 

type of facade, the impact of such a simplification is deemed minimal. 

In IDA ICE two distinct modelling methods are available (Figure 2): in-built model or a mod-

el configured of thermal zones, of which the mathematical model defers in three aspects:  

- the possibility to model a thermal gradient in the cavity by partitioning the cavity into 

several zones is only available for the zone model;  

- the convective heat gain coefficients used in the cavity (dependent on either ΔT or 

ACH, for the zone model; on ΔT or 𝑣, 𝑙,η ,ρ,  𝑅𝑒, λ,  𝑃𝑟 for the in-built model);  

- and the presence of enclosing elements perpendicular to the façade plane: present only 

in case of zonal model 

   

a)  b)  c)  

Figure 2 – Schematic representation of models in IDA ICE a) in-built model, b) model consisting of 1 thermal 

zone c) model consisting of 3 thermal zones  

The comparative analysis covered the two main modelling methods: as well as other effect of 

relevant modelling options as a result of software limitations. The validation covered the in-

built model and a model consisting of three stacked thermal zones. The sensitivity analysis 

concerned the in-built model.  

The comparative analysis and the sensitivity analysis was done using annual simulations for 

typical years: weather files were downloaded from the EnergyPlus weather database site. To-

rino weather was used in the comparative analysis, while the sensitivity analysis was done us-

ing weather data for three locations and all four orientations (Torino, Hong Kong, Oslo). 

During the validation for four periods with representative conditions and constant operational 

strategies: summer and winter; with and without shading. For each period, the simulation ran 

for two consecutive weeks, for each of the first week was only used for modelling warm-up, 

while the second week was used for the actual validation process. The DSF configurations 

were present next to each other, hence the measurement of them was done with the same envi-

ronmental conditions. 

2.3. Selected thermal performance indicators 

The following indicators were used during the research for evaluating energy and thermal 

comfort performance, the combination of these were customized to each task: 
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- Tglass [°C]– The surface temperature of the interior skin towards the room; 

- Tcav [°C]– Average cavity temperatures; 

- Texhaust [°C]–Temperature of the exhaust air in the cavity; 

- �̇�𝐿𝑊,𝑐𝑜𝑛𝑣(𝑡) [W/m2] – the (average) specific heat flux (i.e. the sum of the convective 

heat flux exchanged between the surface of the inner skin and the indoor air, and the 

radiative heat flux in the long wave infrared region exchanged between the surface of 

the inner skin and the surfaces of the room behind the DSF); 

- 𝐼𝑡𝑟(𝑡) [W/m2].– the average transmitted solar radiation through the entire DSF structure, 

measured on the vertical plane; 

- 𝐼𝑡𝑟,𝑛𝑒𝑡(𝑡) [W/m2] – Net solar transmission through the façade; 

- �̇�𝑡𝑜𝑡(𝑡) [𝑊/𝑚
2] – Total specific transmitted heat through the façade (Eq. 1) 

- 𝑒24ℎ
+  [Wh/m2] Daily energy gain – (Eq. 2) 

- 𝑒24ℎ
−  [Wh/m2] Daily energy loss – (Eq. 3.) 

- 𝐸+ [kWh/m2] – Annual energy gain: sum of 𝑒24ℎ
+  for 365 days 

- 𝐸− [kWh/m2] – Annual energy loss: sum of 𝑒24ℎ
−  for 365 days  

Hourly heat transfer: 

�̇�𝑡𝑜𝑡(𝑡) = 𝐼𝑡𝑟(𝑡) + �̇�𝐿𝑊,𝑐𝑜𝑛𝑣(𝑡)  (1) 

Daily heat gain: 

𝑒24ℎ
+ = ∫ �̇�𝑡𝑜𝑡

+ (𝑡)𝑑𝑡
00:00+24h

00:00

  (2) 

Daily heat loss: 

𝑒24ℎ
− = ∫ �̇�𝑡𝑜𝑡

− (𝑡)𝑑𝑡
00:00+24h

00:00

  (3) 

2.4. Methodological steps of the comparative analysis 

First, the modelling options and limitations were explored within the software tool by study-

ing software code, modellers forums, and literature. The following options were identified: 

- selection of basic concepts: dedicated in-built component model, or models construct-

ed of one or more connected thermal zones  

- number of thermal zones: in the literature it was suggested, that by increasing the 

number of thermal zones the prediction of thermal gradient is more precise 

- type of horizontal connections – a limitation of the tool: in case of stacked thermal 

zones, when the cavity horizontal section is small (0.5m2), only airflow connections 

can be configured, instead of fully integrated thermal and radiation connections.  

- ventilation assumed in the inner or outer cavity, defined by the hierarchical position of 

the shading: when shading is installed in the cavity only one of the cavities are venti-

lated, while the other is considered as part of the window, which affects the airflow as-

sumptions used. 

Second, the models according to Figure 3 were configured, where all models were configured 

both with and without shading in the cavity, except for the models _i. 

The evaluation was done by examining the time profiles of the outputs for identifying causes 

of difference; quantifying the effect of each modelling decision by calculating the maximum 

deviation of the hourly output values of the selected indicators (Tglass, Tcav, Texhaust, �̇�𝑡𝑜𝑡, 𝐼𝑡𝑟,𝑛𝑒𝑡), 

and the annual the percentage difference in 𝐸+ and 𝐸− for each of the models compared to the 

relevant baseline, and quantifying the range of the differences when all models are consid-

ered. Simulation time was also logged. 
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 in-built 1 vertical zone 

2 vertical 

zones 

3 vertical 

zones 

6 vertical 

zones 

A 

1 DSF module horizontally; 

Shading integrated in the ex-

ternal skin, when present 

 

 ID in-built 11_A 12_A 13_A 16_A 

B 

2 DSF modules horizontally; 

Shading integrated in the ex-

ternal skin, when present 

 

 ID  21_B   26_B 

i 

1 DSF module; 

Shading integrated in the in-

ternal skin 

 

 ID in-built_i 11_i    

Figure 3 – DSF models compared  

2.5. Validation of exhaust-air façade model in IDA ICE 

First, the case study façade was modelled using two approaches. The model geometry of the 

zone model followed the experimental setup, that was constructed of two modules horizontal-

ly. The in-built model consisted of one element vertically, while the zone model consisted of 

three identical thermal zones, that were configured to match the data points in the experi-

ments. Next, the data from the experiments were processed, and a suitable set of data was se-

lected for examining each configuration. Input data for boundary conditions were processed in 

the format required by the tool and the measured data for the Tglass, Tcav,, �̇�𝐿𝑊,𝑐𝑜𝑛𝑣, 𝐼𝑡𝑟 physical 

quantities were selected, area-averaged, where needed.  

From the literature, the methods and performance metrics were selected that are appropriate to 

compare the simulated and measured values, for the selected thermophysical quantities, 

through both a qualitative and quantitative approach. The quantification of the mismatch be-

tween the experimental data and the numerical data was assessed through the calculation of 

three commonly used statistical indicators, as described in the following equations: the Root 

Mean Square Error (RMSE) (Eq. 4) and the Mean Bias Error MBE) (Eq. 5) and Coefficent of 

determination (R2) (Eq. 6). The reason of the selection of these indicators was that all three 

indicators show the precision of different aspects: RSME quantifies how much the simulated 

data series differs from other experimental data, MBE shows the direction of error, and R2 

shows the correlation of the two data series. 

𝑅𝑀𝑆𝐸 = √
∑ (𝑃𝑖 −𝑀𝑖)2
𝑛
𝑖=1

𝑛
(4) 

𝑀𝐵𝐸 =
∑ (𝑃𝑖 −𝑀𝑖)
𝑛
𝑖=1

𝑛
 (5) 

𝑅2 =

(

 
𝑛∑ 𝑀𝑖 ∗ 𝑃𝑖 − ∑ 𝑀𝑖 ∗ ∑ 𝑃𝑖

𝑛
𝑖=1

𝑛
𝑖=1

𝑛
𝑖=1

√(𝑛∑ 𝑀𝑖
2 − (∑ 𝑀𝑖)

𝑛
𝑖=1

2𝑛
𝑖=1 ) ∗ (𝑛∑ 𝑃𝑖

2 − (∑ 𝑃𝑖
𝑛
𝑖=1 )2𝑛

𝑖=1  )

 

2

(6) 

Where Pi  is the predicted value by the simulation; Mi is the measured value at one point; and n 

is the total number of measurements.  
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The time profiles of the simulations were compared to experimental data and the magnitude, 

direction and time of the errors were evaluated. The statistical indicators were calculated for 

the validation period as a whole, and for each period, in search for trends in the prediction 

precision when changing façade configuration, shading presence, weather conditions, and 

modelling method. After evaluating the four physical quantities, the derived quantities, 𝑒24ℎ
+  

and 𝑒24ℎ
−  were also validated.  

Afterwards, it was evaluated whether the tool is capable of replicating the change in the per-

formance when one parameter in the DSF design is changed (i.e. glazing type and shading 

on/off). The sensitivity of the models to different glazing configurations, was done by calcu-

lating the relative difference of the values of Module A and B: 

∆𝑋𝑖 =
𝑋𝑀𝑜𝑑𝑢𝑙𝐴,𝑖 − 𝑋𝑀𝑜𝑑𝑢𝑙𝑒𝐵,𝑖

𝑋𝑀𝑜𝑑𝑢𝑙𝑒𝐵,𝑖
 (7) 

where X can be any of the physical quantities measured or simulated.  

Finally, the results were compared to the results of simulations done by cooperation partners 

using other tools and the prediction precision of IDA ICE was compared in an inter-software 

context.  

2.6.  Determination of the most influential design input parameters  

First, the type of analysis was selected. The choice of the method to be adopted in a sensitivity 

analysis study heavily relies on considerations of computational time versus aims [55]. Local 

sensitivity analysis has been chosen in this work, as it is proven to be a computationally effi-

cient screening method that is a reliable strategy if the purpose of the analysis is to identify a 

cluster of input parameters most sensitive to the model output variability [56]. Many types of 

sensitivity analysis techniques exist but all return a list or a ‘‘sensitivity ranking” of the input 

parameters according to their influence on the outputs of the model. As each sensitivity analy-

sis technique results in a slightly different sensitivity ranking, the actual ranking is not as im-

portant as much as is the determination of the key parameters to which the model is most sen-

sitive [57]. From a practical point of view, the parameters consistently appearing near the top 

of the list will be the ones which are the most sensitive and require the most attention. The 

correctness of the approach is also justified by its popularity in the scientific literature and 

wide adoption for local sensitivity analysis using BES tools [55,58].  

A local sensitivity analysis consists in changing each parameter individually. The method 

adopted in this work follows the technique outlined in [75,76] and explores a limited input 

space around a baseline case following a method where all parameters are modified by the 

same order of magnitude, i.e. by the same perturbation. Local sensitivity indices are defined 

as follows: consider a model with n independent inputs Xi = 1, . . ., n.. For a given value of X , 

the local sensitivity indices (Si) are proportional to the partial derivatives of the output y with 

respect to the chosen ith input parameter xi (first-order sensitivity index):  

𝑆𝑖(𝑡) = 𝑋𝑖
𝜕𝑦𝑘(𝑡)

𝜕𝑋𝑖
 (8) 

The sensitivity index is calculated for each hour of the annual simulation. To get a single val-

ue of each parameter, representing the sensitivity over the whole period, the impact of each 

parameter is then determined by using the distance of the sensitivity index (𝑆𝑖,𝑑), following 

Spitz et al. [59], and is calculated using the mean (𝑆𝑖,𝑚) and the standard deviation (𝑆𝑖,𝑠𝑡𝑑) of 

Si over the considered (annual) period according to the following equation: 

𝑆𝑖,𝑑 = √𝑆𝑖,𝑚
2 + 𝑆𝑖,𝑠𝑡𝑑

2 (9) 
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The perturbation was set to ±10% for each parameter around the baseline case after testing 

different perturbation intervals (±5% and ±25%) that proved the robustness of the selection. 

First, the values for hourly 𝑆𝑖 and annual 𝑆𝑖,𝑑 values for the +10% and -10% perturbations 

were calculated analysed for each PI and case with and without shading, and the ranking with-

in each case was determined. The parameters were clustered into categories of high, moderate 

and low influence. Then, 𝑆𝑖,𝑑,max defined as the higher of the 𝑆𝑖,𝑑 value resulting from the two 

perturbations, was calculated, and based on this, a ranking was assigned to the parameter for 

each PI, orientation and climate. The top 5 parameters appearing at the top of the list were 

compared for the three climates and orientations, to identify further trends.  

Finally, the results were compared to the results of cooperation partners using EnergyPlus and 

the prediction precision of IDA ICE was compared in an inter-software context.  

In total, 18 parameters likely to be considered by the designers or consultants planning the 

exhaust-air façade configuration during the design phase were selected (Table 1).  

Table 1 – Parameters considered in the sensitivity analysis 

Name Parameter Baseline value 

Geometrical parameters 

dcav Depth of the cavity measured from glass to glass 0.22 m 

dsh 
Position of the shading measured from the internal surface of the external 

skin glazing system 
0.073 m 

dsh,gap 
Ventilation gap around the shading, all directions (Distance of shading edge 

from the edge of the window element) 
0.03 m 

f%ext Frame fraction of external window element 10% 

f%int Frame fraction of internal window element 10% 

drecess 
Recess depth of window (distance of window external surface to building 

face) 
0.22 m 

Ainlet Area of the inlet  0.015 m2 

hinlet Position of inlet measured from the floor level 0.05 m 

Thermal and optical parameters 

Ug_ext 
Centre of glass heat transfer coefficient of exterior glazing calculated at ref-

erence conditions (ISO 15099) 
1.357 W/m2K 

τe,g_ext Total energy (shortwave) transmittance of external glazing system 0.324 

Ug_int 
Centre of glass heat transfer coefficient of interior glazing system calculated 

at reference conditions (ISO 15099) 
1.507 W/m2K 

τe,g_int Total energy (shortwave) transmittance of interior glazing system 0.492 

τe,sh Total energy (shortwave) transmittance of shading 0.2 

ρsh Total energy (shortwave) reflection of shading 0.7 

αsh Total energy (shortwave) absorption of shading 0.1 

Uf_ext 
Heat transfer coefficient of the frame of the exterior skin including linear 

heat transfer coefficients of the glazing edge (Ψg) 
2 W/m2K 

Uf_int 
Heat transfer coefficient of the frame of the interior skin including linear 

heat transfer coefficients of glazing edge (Ψg) 
2 W/m2K 

Airflow parameters 

Vcav Volumetric airflow rate in the cavity 5.556 L/s 
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The parameters exclude the cavity height. Although it is considered to highly affect the re-

sults, this was not assessed, as this parameter is dependent on the floor height, which is usual-

ly a basic input given to the façade consultant by the design team.  

Most parameters can be directly defined in the software tool independently of other parame-

ters, except for U-values and solar optical properties. The U-value were calculated in an itera-

tive process: by adjusting either the emissivity values of the glazed layers and/or the gas in the 

cavity without changing the thickness or other features so that the reference value reaches the 

targeted value and the optical properties of the glazed system are not modified. For the solar 

transmission (τ), reflectance (ρ) and absorption (a) values as τ+ρ+a=1 in all cases, the three 

values were modified for each variant, by attributing the difference of the examined parameter 

to other two parameters in a ratio of their original value. 

The effect of the perturbation on each parameter values was assessed using three Performance 

Indicators (PIs), that were also presented during the validation: Tglass [°C],  𝑒24ℎ
+  [Wh/m2], and   

𝑒24ℎ
−  [Wh/m2]. The cavity air temperature (Tcav) had been excluded from this analysis as the 

validation has shown high errors in the peak calculated values compared to experimental data.  

3. Main results and scientific findings 

Finding 1 

Classification of DSFs indicating thermal performance potentials 

Related publications: [PT1,PT3,PT4] 

I have improved the classification system of double skin glazed envelopes. I have defined 

the classification criteria: the Ventilation mode, Operation mode and Construction type 

and partitioning of the cavity are relevant and independent classificatory criteria, which 

in combination define the thermal performance improvement concept of the different 

types, including the energy saving and thermal comfort potentials, and integration pos-

sibility to the building HVAC. I have extended the list of categories within each classifi-

catory criteria to include all types of double skin envelopes known to this point, and de-

fined the specific, clear names both in English and Hungarian.  (Table 2) 
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Table 2 – Improved classification of double skin envelope systems 

 Ventilation mode // Szellőzési mód 

 

Mechanically 

ventilated ex-

haust-air sys-

tems 

Gépi elszívásos 

rendszerek 

Dedicated air 

network 

Dedikált 

léghálózat 

Non-

ventilated 

buffer sys-

tems  

Zárt puffer 

rendszerek 

Double-skin systems, 

partly or fully natu-

rally ventilated 

Kéthéjú, részben vagy 

teljesen természetes 

szell. rendszerek 

Operation mode  

(select all relevant) 

Működési mód  

(a relevánsak 

megnevezése) 

indoor air  

curtain  

belső  

légfüggöny 

(air exhaust) 

(légelvezető)  

 

closed circuit air 

supply 

zárt rendszerű  

légbevezetés 

buffer 

puffer  

outdoor air curtain 

külső légfüggöny 

air supply 

légbevezető  

air exhaust 

légelvezető 

(buffer) 

(puffer) 

C
o
n
st

ru
ct

io
n

 t
yp

e 
a

n
d

 p
a

rt
it

io
n
in

g
 o

f 
th

e 
ca

vi
ty

 /
/ 

S
ze

rk
ez

et
i 

re
n
d
sz

er
 é

s 
a 

lé
g
ré

s 
fe

lo
sz

tá
sa

 

window type sys-

tems  

ablakszerű 

szerkezetek  

exhaust-air  

window  

elszívásos ablak 

- 

compound 

window 

kapcsolt 

ablak  

box-type window 

 dobozablak  

D
o

u
b

le
 s

ki
n

 f
a
ca

d
es

 /
/ 

K
ét

h
éj

ú
 h

o
m

lo
k
za

to
k
 

vert. and 

horiz. part.  

függ. és 

vízsz. osztás  
exhaust-air  

facade  

elszívásos 

 homlokzat  

closed cavity  

façade (CCF) 

zárt légrésű  

homlokzat 

 

buffer façade 

Pufferhom-

lokzat/ 

Többszintes 

kéthéjú zárt 

homlokzat  

box-type window  

facade  

dobozablakos hom-

lokzat 

horizontally 

part.  

vízszintes 

osztás  

- 
corridor facade  

folyosós homlokzat  

multi-storey 

többszintes  

multi-storey  

exhaust-air  

facade  

többszintes  

elszívásos 

homl.  

- 

multi-storey DSF 

többszintes kéthéjú 

homlokzat 

multi-storey louver  

façade 

pikkelyes homlokzat  

mixed part. 

mode 

összetett 

felosztás  

-  - -  
shaft-box-type facade 

kürtős-dobozablakos  

homlokzat  

double skin roofs 

kéthéjú tetők 
-  - -  

multi-layered glass 

roof 

kéthéjú tető 
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Finding 2 

Sensitivity of thermal performance indicators of exhaust-air façades on the modelling meth-

ods adopted in IDA ICE 

Related publications: [PT7] 

I have determined the potentials and limitations of modelling an exhaust-air façade in IDA 

ICE and evaluated the influence of the following approaches on  the hourly values of Tglass, 

Tcav, Texhaust, �̇�𝑡𝑜𝑡, 𝐼𝑡𝑟,𝑛𝑒𝑡 and annual value of 𝐸+ és 𝐸−:  

- selection of the two distinct modelling methods: in-built and zonal model,  

- number of zones horizontally (1-2), 

- number of zones vertically (1-6), 

- two types of horizontal connections of the stacked thermal zones: airflow only, ful-

ly integrated connections, 

- the hierarchical position of the shading: inner or outer skin. 

I have evaluated the change in hourly values over the annual period from each model altera-

tion (Figure 5). The more precise prediction of thermal stratification could not be verified, as 

shown on Figure 4. 

The differences are of different significance when energy and comfort performance prediction 

is concerned. 2-3 °C change in the glass surface temperature results in approximately 0.1 °C 

of change in the operative temperature. The difference in the cavity temperature and the ex-

haust temperatures are significant when using the values for sizing HVAC systems. The max-

imum difference values of solar transmission and total heat transfer are in the range of several 

hundreds of watts, which is significant for the heat balance of a cellular office. The difference 

in the total annual values for energy loss and energy gain are in a range that can affect the de-

sign decision outcome. 

Table 3 – Maximum differences in the performance indicators  

 

Tglass  

(°C) 

Tcav  

(°C) 

Texhaust  

(°C) 

Itr,net  

(W/m2) 

�̇�𝒕𝒐𝒕  
(W/m2) 

E- 

(kWh) 

E+ 

(kWh) 

shading off 2.2 6.0 8.1 41 27 99 (19%) 260 (15%) 

shading on 

(external skin) 
0.8 1.7 3.0 9 8 63 (13%) 37 (5%) 

shading on 

(all models) 
2.7 6.1 6.1 10 28 151 (39%) 211 (29%) 

 

 

 
a) summer afternoon, shading off 

 
b) summer afternoon, shading on 

Figure 4 – Vertical temperature profiles resulting of different modelling methods 
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Shading off 
Shading on 

in external skin in internal skin 

Average surface temparature of the inner glazing 

 

Average cavity air temperature 

 

Transmitted net solar radiation 

 

Transmitted total heat 

 

    

 

Figure 5 – Differences in in surface, cavity air temperature, transmitted net solar radiation and total transmitted 

heat values of the variants  

 

 

 



18 

 

I have shown that the predicted thermal performance of an exhaust-air façade in IDA 

ICE 4.8 (SP1) depends on the selection of the modelling approach in a magnitude that 

can even affect design decisions. The difference of the results obtained from the analysed 

modelling options is lower than the errors of the simulations verified by validation. 

2.1 The difference range of hourly values obtained from different modelling ap-

proaches, when all models and a full annual cycle is considered, is: 

- 0-2.7 °C for internal glass temperature; 

- 0.1-6.1 °C for average cavity temperature; 

- 0.1-8.1 °C for exhaust-air temperature; 

- 0-41 W/m2 for transmitted net solar radiation (per façade m2);  

- 0-28 W/m2 for total heat transmitted (per façade m2). 

Maximum relative differences of annual energy transmission through the façade: 

- 29% difference in annual energy gain; 

- 39% difference in annual energy loss. 

2.2  I have shown, that selection of the two distinct modelling methods (in-built or zone) 

has moderate effect on the hourly values of the thermal performance indicators. 

The highest difference in the results for the two models is 13% for annual energy 

gain and 4% for annual energy loss.  

2.3 I have shown, when modelling exhaust-air façades as a series of equal-size thermal 

zones with fully integrated horizontal connections, increasing the number of zones 

in the range of 1-6 per storey has low influence on internal glass surface tempera-

tures, average cavity temperatures, exhaust air temperature, and also net solar ra-

diation and annual energy gain; moderate influence on the total heat transmitted, 

and annual energy loss. As the simulation time increases linearly, dividing the cavi-

ty into equal zones to predict more precise exhaust air temperatures, is not sug-

gested. 

2.4  I have shown that for a 6-zone model, when only airflow connections are provided 

instead of fully integrated horizontal connections, the difference is significant in 

the hourly values of transmitted net solar radiation and transmitted total heat, 

which can be up to 50% in case of the transmitted radiation. The influence on an-

nual energy transmission through the façade is however, low: annual energy gain 

(5%) annual energy loss (3%).  

2.5  I have shown that the decision on whether the shading is integrated in the inner 

skin or the outer skin has a high influence on the thermal performance indicators: 

the maximum difference in the hourly values is 2.5 °C for glass surface tempera-

tures, 5 °C for average cavity temperature. The change causes low, 7% difference 

in the annual energy gain through the façade of the in-built model and moderate, 

28% for the zonal model, while the annual energy loss through the façade is mod-

erate, affected by 16-20% respectively. 

From the results, it cannot be ascertained which modelling approach (zone or in-built) is more 

precise in prediction of performance, and it is a further task to provide a comparative valida-

tion for the approaches. The following suggestions can be formulated: in light of the results 

and the simulation time needed, increasing the number of zones in case of a single-storey fa-

çade, as opposed to the suggestions in the literature, is not reasonable. Based on the results the 

limitation of the horizontal connections is suggested to be overcome by modelling DSFs with 

a component width that results in a horizontal area exceeding the limit of 0.5m2, instead of 

following the exact DSF geometry.  
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The high effect on the results of the selection of which skin the shading should be integrated 

in is due to the different assumption on the airflow and convective heat transfer cofficients, 

and shows that the more detailed approach to this modelling assumption of the tool could be a 

direction for improvement for software developers. 

Finding 3 

Validation of exhaust-air façade model in IDA ICE – modelling methods 

Related publications: [PT2] [PT5] [PT6] 

By comparing simulation results to experimental data obtained from a full-scale outdoor test 

cell for four periods with representative environmental conditions, I have determined the 

models prediction precision for summer and winter conditions, for four types of façade con-

figurations that cover two types of glazing for the internal skin, and configurations with and 

without shading. 

By comparing simulation results to experimental data obtained from a full-scale outdoor 

test cell I have extended the validation scope of the BES tool IDA ICE 4.8 (SP1) for ex-

haust-air façades, for the physical quantities representative of the thermal performance 

of an exhaust-air façade: interior glazing surface temperature, average cavity air tem-

perature, transmitted solar radiation, heat flux from convective and long-wave radiative 

sources; and the daily energy gain and loss derived from these physical quantities. I have 

verified that the model is appropriate for gaining information on the general behaviour 

of the DSF during design phase, and comparing different design options. However, the 

errors at the peak values are too high for using this model on its own for sizing HVAC 

systems. 

3.1 I have demonstrated that albeit the simplifications of the thermophysical model in-

trinsic in BES tools, the physical quantities representative of thermal performance 

of an exhaust-air façade can be predicted qualitatively correctly with this model. 

This means that both the in-built model and the model configured of stacked-

thermal zones can predict the main features of the time profiles for the four physi-

cal quantities correctly in terms of the number of peaks and valleys, with a maxi-

mum 2-hour shift in the peaks, compared to the experiments. The model is also 

able to predict the trend of changes in daily heat gain through the façade in both 

winter and summer, and the daily heat loss through the façade in winter correctly. 

3.2 I have demonstrated that the average errors defined by RMSE and MBE for the 

four physical quantities are low, and the correlation between the model and the 

experiments are high, expressed by R2 values. However, the errors in the predic-

tion of peak values high:  

- -5.3–6 °C for interior glazing surface temperature,  

- -10.2–7.7 °C for cavity air temperatures,  

- -97–41 W/m2 for transmitted solar radiation and  

- -6.2–89W/m2 for heat flux from convective and long-wave radiative sources 
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Tglass Tcav 

    

a) winter,shading on b) summer shading off c) winter,shading on d) summer shading off 

Itr qconv+LW 

    

e) winter,shading on f) summer shading off g) winter,shading on h) summer shading off 

 

Figure 6 – Time distribution profiles of the physical quantities for two selected days (Module A) 

 

 
a) winter, shading off 

 
b) summer, shading on 

 

Figure 7 - Daily transmitted energy for Module A for two periods  

 

3.3. By assessing two different glazing configurations for the inner skin, I have demon-

strated that in terms of the physical quantities the models can predict the effects of 

changing the configurations qualitatively correct: the tool is generally able to pre-

dict which configuration will have higher values for the four physical quantities. 

The relative difference in the physical quantity values calculated from the simula-

tions is under- or overpredicted in the range of up to 50% of the relative differ-

ences calculated from the experimental results. 
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a) Interior glazing surface temperature 

 

b) Cavity air temperature 

 
c) Heat flux 

 
d) Transmitted solar radiation 

 

Figure 8 - Comparison of the relative difference of Module A and Module B. Relative cumulative frequency of 

the relative difference calculated from experimental and simulated values 

3.4 I have compared the prediction precision of two modelling approaches: the in-built 

DSF model and a model consisting of 3 stacked thermal zones, and have shown, 

that as the RMSE, MBE and R2 of the experimental and simulation values are is 

inconsistent throughout the different physical quantities, configurations and vali-

dated periods, neither of the two models can be pronounced as being more precise 

Table 4 - MBE and RMSE values calculated for the two models. The result of the model (zone or in-built) that 

has lower values for the given indicator and physical quantity has been highlighted with bold 

 
RMSE MBE 

 
Module A Module B Module A Module B 

 
zone in-built zone in-built zone in-built zone in-built 

𝑇𝑔𝑙𝑎𝑠𝑠   [°C] 1.55 1.58 0.83 0.78 -0.04 -0.03 -0.15 -0.04 

𝑇𝑐𝑎𝑣  [°C] 2.53 2.71 3.20 3.11 -0.07 -0.51 0.16 -0.32 

𝐼𝑡𝑟  [W/m2K] 22.21 20.52 12.84 12.58 -3.48 0.51 -1.32 1.43 

�̇�𝐿𝑊,𝑐𝑜𝑛𝑣  [W/m2K]   17.31 15.61 9.29 10.78 3.52 3.34 2.58 3.56 
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3.5 I have demonstrated that the exhaust-air façade models in IDA ICE are more pre-

cise in calculating energy gain through the façade, than calculating energy loss. 

The daily energy gain through the façade is within, or close to the error range of 

the experiments. while the daily energy loss is overpredicted up to 76%, and the 

magnitude of this highly differs depending on the simulated configuration.  

 

 

 

Figure 9 – Sum of energy gain and loss energy for the complete periods with indication of difference compared 

to the experimental values 

 

3.6 I have compared the prediction precision of the in-built exhaust-air façade model 

within IDA ICE to the validation results of three other BES tools: EnergyPlus, 

TRNSYS, IES VE in the literature, and have demonstrated that the differences in 

prediction precision of the models, defined by the RMSE of the experimental and 

simulation values, are inconsistent throughout the different configurations, physi-

cal quantities and validated periods, thus IDA ICE cannot be pronounced as being 

more or less precise than other tools. 

 

Table 5 - MBE and RMSE values calculated for the models in Energy Plus ‘Airflow Window’, TRNSYS, IDA ICE 

and IESVE over the whole simulation period [PT2] 

 EnergyPlus  TRNSYS IDA ICE IES VE 

MBE RMSE MBE RMSE MBE RMSE MBE RMSE 

𝑇𝑔𝑙𝑎𝑠𝑠   [°C] -0.2 2.4 -1.1 2.4 0.4 1.5 -0.5 2.6 

𝑇𝑐𝑎𝑣  [°C] -0.8 3.9 -0.9 3.5 -0.3 2.6 -0.9 3.9 

𝐼𝑡𝑟  [W/m2] 0.2 14 -4.9 12 2.6 15 N/A N/A 

�̇�𝐿𝑊,𝑐𝑜𝑛𝑣  [W/m2]   0.9 13 1 11 0.2 21 4.6 17 

 

3.7 I have demonstrated that adding a roller blind to the exhaust-air façade model 

does not reduce prediction precision. The  R2 values of internal glass surface tem-

perature and average cavity temperature predictions is slightly higher when there 

is no shading in the cavity compared to when shading is provided, the transmitted 

solar radiation is significantly more precisely predicted when shading is installed 

in the cavity, as opposed to the same façade without shading. Similarly, the predic-

tion precision of heat flux is moderately higher for the cases with shading. 
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Table 6 - R2 values for each period, for the four physical quantities, in-built model. Higher values that indicate 

higher precision of each configuration has been highlighted with bold 

  𝑇𝑔𝑙𝑎𝑠𝑠 𝑇𝑐𝑎𝑣 �̇�𝐿𝑊,𝑐𝑜𝑛𝑣 𝐼𝑡𝑟 

  Mod. 

A 

Mod. 

B 

Mod. 

A 

Mod. 

B 

Mod. 

A 

Mod. 

B 

Mod. 

A 

Mod. 

B 

winter 
shading on 0.92 0.95 0.91 0.89 0.94 0.97 0.85 0.86 

shading off 0.96 0.97 0.94 0.90 0.91 0.86 0.68 0.76 

summer 
shading on 0.93 0.95 0.92 0.91 0.96 0.98 0.90 0.91 

shading off 0.96 0.96 0.93 0.93 0.95 0.93 0.72 0.76 

The magnitude of the errors is higher than the differences resulting of different modelling 

methods. The mathematical model describing the heat transfer methods and modelling of 

shading should be further developed in order to gain better predictions. 

Finding 4  

Determination of the most influential design input parameters of an exhaust-air façade model 

on energy and comfort performance indicators 

Related publications: [PT6] 

By conducting a sensitivity analysis on three climates and four cardinal orientations I have de-

termined what is the influence of the input design parameters of an exhaust-air façade model 

in IDA ICE building energy simulation tool on calculated energy and comfort related perfor-

mance indicators: internal glazing surface temperature, daily energy gain and daily energy 

loss. From the sensitivity ranking of each parameter I have determined the list of parameters 

that have high, moderate and low influence on each indicator, for each boundary condition 

and cases with and without shading.  

I have determined the level of influence of 18 design parameters of exhaust-air façades 

on the thermal performance indicators, defined as internal glazing surface temperature, 

daily energy gain and daily energy loss, calculated with the in-built DSF model in IDA 

ICE 4.8 (SP1). 

4.1  I have determined the 7 out of the 18 specifiable parameters that were found influ-

ential during the design of an exhaust-air façade for one or more Performance In-

dicator: τe,g_ext, τe,g_ext, Ug_int, Ug_ext,, τe,g_int, Vcav, ρsh, τe,sh, . I have shown that, although 

the ranking of the parameters is different for each PI and cases with/without shad-

ing, the parameters that are highly influential for one or the other PI tend to be al-

so moderately influential for at least one other PI (Table 7). 

It is not surprising to find the general trend, the model is more sensitive to the parameters de-

scribing the glazing thermal and optical properties and shading optical properties, when acti-

vated, than to the geometrical and frame properties. It is more interesting to see that when 

shading is on, the absorption, shading gap and shading distance from the external skin have 

low effect on the PI results. The ranking of this last parameter is unexpected, as the optimal 

shading position within a DSF cavity is deemed important [43]. This analysis reveals that, 

while it is possible to define the position of the shading in IDA ICE, in absence of detailed 

calculations for the air distribution, air flow regimes  and convective heat gain coefficients in 

the cavity, the change of the position of the shading will have low effect on the overall results. 

Consequently, this tool is not appropriate for studying the optimal shading position. 
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Table 7 – List and degree of influence of the most influential parameters for each PI, with and without shading 

 Shading off Shading on 

 𝑻𝒈𝒍𝒂𝒔𝒔 𝒆𝟐𝟒𝒉
+  𝒆𝟐𝟒𝒉

−  𝑻𝒈𝒍𝒂𝒔𝒔 𝒆𝟐𝟒𝒉
+  𝒆𝟐𝟒𝒉

−  

τe,g_ext +++ +++ - ++ ++ - 

Ug_int ++ - +++ ++ ++ +++ 

Ug_ext, ++ - +++ ++ - +++ 

τe,g_int + +++ - - ++ -- 

Vcav + --- - + -- ++ 

ρsh    +++ +++ ++ 

τe,sh,    - ++ - 

dcav -- --- --- -- --- --- 

Uf_ext - --- - - --- - 

Uf_int - --- - - --- - 

f%ext - - - - - - 

f%int - - - - -- - 

drecess - - --- - --- --- 

ash    - --- --- 

dsh    -- --- --- 

dsh,gap    -- --- --- 

Ainlet       

hinlet       

Legend: 

+++ high influence in all cases 

++  high to moderate influence in all cases 

+ moderate influence in some cases 

 

-  low influence in all cases 

-- low influence to insensitive 

--- insensitive 

empty cells: parameters not used in the calculation 

 

The ranking of the parameters associated with the air flow rate in the cavity is also unantici-

pated: volumetric air flow of the cavity (Vcav) was ranked as moderately sensitive at best, 

while cavity depth, ranked the last for nearly all performance indicators and cases. The reason 

for this lies in the mathematical model used in the calculations, as the prevailing calculation 

method of convective heat gain coefficient selected by the algorithm appeared to be the one 

based on temperature difference of the surface and the cavity air, opposed to the calculation 

method that is a function of air speed and cavity height. Hence, the change in the volumetric 

airflow rate does not affect the calculated convective heat gain coefficient, which would have 

a more pronounced effect on the energy balance of the cavity. 

4.2 I have shown that the exhaust-air façade model in IDA ICE building energy simu-

lation tool is insensitive to changes in the shading position and the cavity depth. In 

absence of detailed calculations for the air distribution, air flow regimes and con-

vective heat gain coefficients in the cavity this model is inappropriate to compare 

and optimize these attributes of an exhaust-air façade during the design phase. 
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4.3 I have shown that the typical volumetric air-flow of an exhaust-air façade modelled 

in IDA ICE building energy simulation tool has low to moderate influence on the 

PIs. 𝒆𝟐𝟒𝒉
+  is insensitive to this parameter, 𝒆𝟐𝟒𝒉

−  is moderately sensitive, when shad-

ing is on, while 𝑻𝒈𝒍𝒂𝒔𝒔 tends to be more sensitive to this parameter when the annual 

solar radiation is low. 

The results of the analysis are important because they show that the main constructional (size 

and airflow rate) characteristics of the exhaust-air façade can be fixed at the pre-liminary 

stage, when both the overall envelope vision and energy concept of the building is designed, 

without hindering the possibility to significantly modify the behaviour of the system at a later 

stage (by a careful selection of the glazed and shading layers). 

Finding 5  

Robustness of the most influential design input parameters of an exhaust-air façade model on 

energy and comfort performance indicators 

Related publications: [PT6] 

I have determined how climate, orientation and the software used affects the list of pa-

rameters that moderately and highly influence calculated thermal performance indica-

tors of  an exhaust-air façade, within BES tools. 

5.1 I have shown that within IDA ICE 4.8 (SP1) the list and number of highly influen-

tial parameters on energy gain and energy loss remain the same for every orienta-

tion and each climate. For the interior glass temperature the orientation affects the 

ranking of the parameters: on North orientation the solar optical properties of the 

glazing or the shading - where present - become less influential compared to the U-

values of the glazing. 

5.2 By comparing the sensitivity ranking of parameters in the exhaust-air façade mod-

el of IDA ICE to the rankings of the same parameters in Energy Plus, I have 

shown that the list of the highly and moderately sensitive parameters is the same, 

however, the ranking of the following parameters are different:  

- τe,g_int  is less sensitive in IDA ICE for 𝑻𝒈𝒍𝒂𝒔𝒔 and more sensitive for 𝒆𝟐𝟒𝒉
+ ,  

- while Vcav  is less sensitive in IDA ICE for both 𝑻𝒈𝒍𝒂𝒔𝒔 and 𝒆𝟐𝟒𝒉
+ . 

The results of the sensitivity analysis have been compared to the results of the sensitivity 

analysis completed in Energy Plus by partners at NTNU [PT6]. While IDA ICE allows more 

inputs than EnergyPlus to be tested, the sensitivity analysis showed that using EnergyPlus 

does not limit the possibilities in designing DSFs through BES tools, as the most sensitive pa-

rameters are available in both tools. The analysis also pointed out that the difference in the 

mathematical models of BES tools can result in different solutions when seeking the optimal 

design solutions, due to the difference in the influence of the parameters on the outputs. 
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a) Tglass - Shading off

 

b) Tglass - Shading on

  

c) 𝑒24ℎ
+ Shading off 

 

d) 𝑒24ℎ
+ Shading on

 

e) 𝑒24ℎ
− , Shading off

 

f) 𝑒24ℎ
− , Shading on 

Figure 10 – Si,d,max of the parameters ranked 1st-5th on each orientation and climate  
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Figure 11 – Intersoftware comparison of Si,d, values for IDA ICE and EnergyPlus [PT6]: a) Internal glazing 

temperature b) Daily energy gain 𝑒24ℎ
+  c) Daily energy loss 𝑒24ℎ

−  
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