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ABSTRACT 
There is a need of more knowledge about the mechanisms of water leakage through façades 
exposed to driving rain to make reliable risk analyses. Therefore, we have studied it in more 
detail and the outcome include inter alia a new algorithm. The algorithm is developed for 
calculation of water leakages through rain screen deficiencies. The algorithm is based on 
empirical values from many measurements according to standardized test method and 
validation. Even though the leakage process is very complicated, simple correlations have 
been shown. The leakages flow rate through deficiencies are mainly limited by the runoff rate 
and the catch area above the hole and around the hole with dam. Apart from wind pressure as 
a driving force, the inlet of the holes is often on a higher level than the outlet at the rear of the 
façade, which creates significant hydrostatic pressure, which can be elevated by impoundment 
at the obstacle. This is the main reasons to comprehensive water leakages through façades 
without any wind pressure (pressure equalized façades). 
If precise information about defects data is not available, there are extensive measurements 
supporting the following assumption – a realistic leakage flow for a small or invisible spot 
leakage at a façade detail is presumed to be 0.5 to 2% of the runoff rate per meter of façade 
width. If there are multiple penetrations or obvious defects in the façade design in 
combination with the dams, a significantly higher proportion of the runoff flow can leak in. 

KEYWORDS  
Rain intrusion, runoff, catch area, mechanisms of water leakage, façade details 

INTRODUCTION 
The latest research in Sweden confirms the statements in ASHRAE Standard 160, which state 
that façades are normally not completely rainproof (ASHRAE, 2016) and should be 
considered in moisture calculations (Olsson, 2017b). In addition, there is no reliable 
theoretical risk analysis tool to assess the moisture resistance of new façade solutions and of 
renovation solutions (Bednar & Hagentoft, 2015). If you rely solely on today's theoretical 
analyses, you end up underestimating water intrusion with consequences such as moisture-
related damage, interior environment problems, and failure to meet energy efficiency 
requirements. Among other things, there is a lack of input data for driving rain intrusion to 
enable sufficiently relevant analyses. Several studies have therefore been conducted in recent 
years to investigate rain resistance due to driving rain and leakage flow in full scale with 
different solutions and different mounted details in Sweden (Olsson, 2017a).  

One significant conclusion from the studies is that leakage at cracks and joints between 
façades and façade details and details are more the rule than the exception, regardless of 
façade type, material, ventilated vs unventilated, etc. Similar conclusions are drawn in other 
similar studies (Lacasse, 2003, Straube, 1998). Furthermore, (Olsson, 2016) has shown that 
significant leakage can be expected even in extremely small and invisible penetrations, 
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making it difficult or practically impossible to visually assess whether attachment details have 
been mounted tight. It is a matter of spot leakage flows of 0.01–0.05 l/min,m during a heavy 
driving rain load for rain-exposed multi story façades or 0.5–2% of the runoff rate per meter 
of façade width (Olsson, 2017a) for small or invisible penetrations. These results correlate 
well with an earlier study (Sahal & Lacasse, 2004), where a function was developed to 
describe the connection between applied quantity and leakage flow. The percentage of leakage 
in the study was 1.2–2.5% of the runoff rate per meter of façade width. It penetrated via a 50 
mm elastic joint that was missing sealant between a mounting plate and the façade (in 
connection to a ventilation lead-through in the façade with a 15 mm protrusion). A study of a 
field experiment that was published relatively recently (Ngudjiharto, 2015) showed that the 
percentage of leakage flow was 1.5% of the runoff rate at a window detail with a 90 mm long 
penetration (without dam). Naturally, greater leakage can occur with noticeable penetrations, 
multiple penetrations in close proximity, façade details that both dam and lead in water, and 
extreme loads (Van Den Bossche, 2013, Lacasse, 2003).  

The outcome of several of these studies and a newly study, (Olsson & Hagentoft, 2018) to be 
submitted 2018, which this paper is mainly based on has increased the understanding, both 
practical and theoretical, of driving rain intrusion and its mechanisms, and to present a 
modelling theory. 

METHODS 
Many targeted experiments with different vertical surfaces (fibre cement and polycarbonate 
board) and different hole geometry and dam sizes were conducted. The results of the 
measurement and linear regression analysis serve as the basis for the empirically-determined 
values. As in previous studies (Olsson, 2017a), a standardized method, EN 12865, (SIS, 2001) 
was used. Additionally, theory from literature and simple phenomenological experiments 
performed prior served as the basis for describing the water’s behaviour on a vertical surface 
and with different types of defects. 

THEORY 
A theoretical description of the most dominated factors and forces involved that are of 
practical significance to the inward leakage process follows. 

Amount of water that can reach the defect 
If the façade is capillary saturated or non-moisture-absorbing, then all the driving rain that 
lands on the façade surface will run downwards and be added along the vertical façade 
surface. The greatest runoff rate thus occurs at the bottom of the façade provided there are no 
water-diverting details. The water quantity that loads a penetration, Gmax (kg/s), is based on 
the area (catch area) above the penetration, defined by height, H, (m) and width, D or W, (m), 
see equation (1) and Figure 1(a). The width of the catch area is made up of either the width of 
the hole (D) or the width of the dam (W). The dam can direct in more water from surfaces 
next to and above the hole. Designations for the geometry of the dam are also provided in 
Figure 1(a) and (b). The driving rain intensity is denoted gDR (kg/(m2s))

𝐺𝑚𝑎𝑥 = 𝐻 ∙ 𝐷 ∙ 𝑔𝐷𝑅     𝑜𝑟     𝐻 ∙ 𝑊 ∙ 𝑔𝐷𝑅 (1) 

The water leakage rate through the defect is denoted G (kg/s). We define a factor η (-) 
describing how efficiently the caught water is actually leaking in through the façade layer, see 
equation (2).  
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𝐺 = 𝜂 ∙ 𝐺𝑚𝑎𝑥  0 ≤ 𝜂 ≤ 1        (2) 

a) b) c) 

Figure 1. (a) Catch area as regards hole width (D) or dam width (W) plus façade height (H). 
The assumed catch area is shown within the two vertical lines. (b) The figure shows a dam 
located at the bottom edge of a hole in a polycarbonate board. The dimension of the protrusion 
is given by (L). (c) Wall section with spraying water with different holes and a dam. The 
height difference (h) between the highest and the lowest point of the water across the hole 
constitutes the hydrostatic pressure. The figure shows how the water penetrates through a 
horizontal hole, downward-sloping hole and a hole with underlying dam. 

Hydrostatic pressure 
The hydrostatic pressure Ph (Pa) is determined by water depth h (m), gravity g (m/s2) and the
water’s density ρ (kg/m3); see equation (3) and Figure 1 (c). The highest pressure thus occurs
at the bottom of a pool of water or at the bottom edge of a hole filled with water. Increased 
hydrostatic pressure may therefore occur at protruding details in façades that cause dams.  

𝑃ℎ = 𝜌 ∙ 𝑔 ∙ ℎ  (3) 

Wind pressure 
In addition to the hydrostatic pressure described earlier, wind pressure is an essential driver 
for water leakage into façades due to air pressure difference across the façade layer. Assuming 
that the façade constitutes the dominant air pressure differences across the wall, the façade is 
subjected to the current wind pressure. The wind pressure Pw (Pa) across the façade layer can 
be estimated using the following formula, where wind velocity is denoted v (m/s) and f (-) is a 
form factor with a value somewhere between 0 and 1 depending primarily on wind direction 
in relation to the façade: 

𝑃𝑤 = 𝑓 ∙
𝜌∙𝑣2

2
(4) 

Capillarity and surface tension 
The surface properties of the materials have a bearing on how water acts on material surfaces. 
Even if the material is not capillary absorbing, the water may act differently on a surface 
depending on the surface energy of the material, or as it is also called the surface tension. 
Water has a lower surface tension than e.g. hydrophilic materials like steel, aluminium, glass 
and stone. For this reason, the water tends to flow out over such material surfaces (De Gennes 
et al., 2004). Conversely, water has a higher surface tension than hydrophobic materials, such 
as many plastics. The water surface tension coefficient is denoted γ, for water at 20 °C is 
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equal to 72,8 mN/m. The meniscus that is formed on the backside of the rain screen is 
resulting in a counteracting pressure, with a radius r (m) and contact angle θ we get: 

𝑃𝑚𝑒𝑛 =
2𝜋∙𝑟∙𝛾

𝜋∙𝑟2 =
2𝛾

𝑟
(5) 

MODEL  
We assume that the total pressure will be an important factor to include in an algorithm for 
estimated leakage flow. Thus, the estimated value of the leakage factor can be expressed as: 

 𝜂𝑒𝑠𝑡 = 𝑓(𝑃𝑡𝑜𝑡)  (6) 

The total pressure for a non-absorbing surface is obtained through: 

𝑃𝑡𝑜𝑡 = 𝑃𝑤 + 𝑃ℎ − 𝑃𝑚𝑒𝑛 (7) 

The counterpressure in the meniscus that forms on the rear counteracts leakage, while the 
pressure from the water column and the wind helps to increase the leakage. For an absorbing 
surface, a counteracting meniscus does not form on the rear in the same systematic way and 
Pmen is set to zero otherwise given by (5).  

VALIDATION OF MODEL 
The measured leakage flow was examined in relation to the hole width or dam width and the 
actual runoff rate as per equation (2). We found that the dam width has a significant impact. If 
the hole is small in relation to the dam, maximal leakage efficiency of η=0.5 is obtained as a 
rough target value. The maximal leakage efficiency of η=1 is obtained at higher wind pressure 
as a rough target value.  

The following formula, with linear relation to the total pressure, for leakage factor ηest was 
adopted: 

𝜂𝑒𝑠𝑡 = 𝜂0 + 𝛼 ∙ 𝑃𝑡𝑜𝑡 + 𝛽 ∙
𝐷

𝑊
+ 𝛾 ∙

𝐷

𝐿
(8) 

A large number of measurements were performed (Olsson&Hagentoft to be submitted 2018) 
and the constants in equation (8) were determined using linear regression, see Table 1. The 
wind pressure used in equation (4) relates to the maximum pressure that occurs under each 
wind pressure cycle. According to method EN 12865, the wind pressure during one-third of 
each cycle is zero, Pw/2 and Pw respectively. The average pressure over the cycle is thus Pw/2. 
The total pressure Ptot, used in equation (8) is set to zero if negative. ηest is limited to stay in 
the range of zero to one. 
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Table 1. Constants determined for equation (8) for a number of experimental cases. R2 is a
determination coefficient. The table applies for different runoff rates see column Runoff and 
different D width, see column Case. 
Case 𝜂0 𝛼 𝛽 𝛾 𝑅2 Runoff 

(l/min,m) 
Fiber cem. with hole (2/4/8 mm) 
          (-//-)  
Fiber cem.-hole with dam (1/4 mm) 
          (-//-)   
Polycarbonate with hole (4 mm) 
          (-//-) 

0.19 
0.16 

-0.039
0.012
0.065
0.19

0.0011 
0.0010 
0.00035 
0.00044 
0.0013 
0.0014 

- 
- 

1.36 
0.92 

- 
- 

- 
- 

-0.044
-0.055

-
- 

0.71 
0.69 
0.85 
0.71 
0.88 
0.36 

2.9 
1.1 
2.9 
1.1 
2.9 
1.1 

Polycarb. hole with dam (1/4 mm) -0.011 0.00054 1.30 0.040 0.73 2.9 
          (-//-) 0.029 0.00042 0.77 -0.043 0.47 1.1 

Comments for validation  
The results of linear regression in Table 1 show in most cases R2 > 0.7, which indicates that 
there are more or less clear correlations even though the water forms stochastically on 
surfaces to varying degrees. In some cases with low runoff rate, rivulets or small hole equal to 
1 mm, there were no clear correlations for holes without dam.  
We can establish that constants was not changed very much with different runoff rates, see 
Table 1. This indicates that the algorithm is applicable for different runoff rates with moisture-
absorbing façades. Accordingly, equation (8) suits this best as a uniform water film is formed 
on the façade surface, resulting in a smaller spread in the repeated experiments. For non-
absorbing materials, rivulets instead occur, particularly at low runoff rates, which move more 
stochastically across the surface.  

USE OF ALGORITHM  – AN EXAMPLE 
An example of how the algorithm, equation (2), can be used is presented here. The driving 
rain load in, for example, Gothenburg for the most exposed compass direction is assumed to 
be 250 liters/year, m2. For a pressure-equalized façade with a three-meter high façade 
(capillary saturated), the runoff rate that can strike a hole in the lower part of the façade is 750 
liters/year,m. For a small, downward-sloping (h=60 mm) hole with e.g. a 3 mm diameter and 
with a dam of 60 mm (W) and 30 mm (L), (ηest = 0.24) as per equation (8) based on the 
constants for fibercement board (holes with dam) indicates a spot leakage of 11 liters/year 
(equivalent to 1.5% of the total runoff rate per meter of façade width), which is significant.  

DISCUSSION AND COMMENTS 
The algorithm was based on our own newly made studies and validated against measurement 
results from our own earlier studies and the studies of others (Olsson & Hagentoft, 2018), and 
seems to fall relatively well in line. 

If precise data is not available, there are extensive measurements supporting the following 
assumption – a realistic leakage flow for a small or invisible spot leakage at a façade detail is 
presumed to be up to a few percent of the flow rate per meter of façade width. If there are 
multiple penetrations or obvious defects in the façade design in combination with the dams, a 
significantly higher proportion of the runoff rate can leak in. Exactly how the spread of the 
leakage in the wall appears, needs to be known or investigated, alternatively that the worst 
case scenario (the whole leakage is placed concentrated and in the most critical point) is 
applied. 
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CONCLUSION 
A new calculation algorithm, using equation (2) and (8) was developed as an expression based 
on runoff rates that strike the width of the hole or dam, plus a factor ηest. The constants in 
equation (8) are based on empirical values. The new knowledge increases the ability to make 
more accurate calculations of expected leakage flows. However, there must be exact data on 
factors such as geometry and the dimensions of holes and dams. Furthermore, the constants in 
Table 1 must be selected with respect to representative of the façade material.  

ACKNOWLEDGEMENT 
The support provided by the Swedish Energy Agency and SBUF (the Swedish construction 
industry’s organization for research and development) is gratefully acknowledged. 

REFERENCES   
ASHRAE 2016. ASHRAE Standard 160-2016 Criteria for Moisture-Control Design Analysis 

in Buildings. ASHRAE website (www.ashrae.org): ASHRAE. 
BEDNAR, T. & HAGENTOFT, C.-E. 2015. Annex 55-Reliability of Energy Efficient 

Building Retrofitting- Probability Assessment of Performance and Cost (RAP-
RETRO), Report 2015:7. International Energy Agency (IEA) och Energy in Buildings 
and Communities Programme (EBC). Gothenburg: Chalmers University of 
Technology. 

DE GENNES, P.-G., BROCHARD-WYART, F. & QUÉRÉ, D. 2004. Capillarity and wetting 
phenomena: drops, bubbles, pearls, waves. New York: Springer Science & Business 
Media. 

LACASSE, M. 2003. Recent studies on the control of rain penetration in exterior wood-frame 
walls. National Research Council Canada. 

NGUDJIHARTO, E. 2015. Field Study of Wind Driven Rain Penetration into Vinyl Sidings 
and Stucco-Clad Wood-Frame Wall Systems at Window Sill. Master, Master of 
Applied Science (Building engineering) at Concordia University. 

OLSSON, L. 2016. Laboratory study of driving rain resistance of four facade systems with 
window fittings-Experimental results of leakage flows. CESB16-Central Europe 
toward Sustainable Building 2016. Prague: Grada Publishing a.s. Czech Technical 
University in Prague. 

OLSSON, L. 2017a. Rain intrusion rates at facade details - a summary of results from four 
laboratory studies. 11th Symposium on Building Physics, 11-14 June. Trondheim, 
Norway: NTNU. 

OLSSON, L. 2017b. Rain resistance of façades with façade details: A summary of three field 
and laboratory studies. Journal of Building Physics, Article first published online: 
June 13, 2017  

OLSSON, L. & HAGENTOFT, C.-E. 2018. Driving rain induced water leakage through rain 
screen defects in façades. To be submitted 2018. 

SAHAL, N. & LACASSE, M. 2004. Water entry function of a hardboard siding-clad wood 
stud wall. Building and Environment, 40, 1479-1491. 

SIS 2001. SS-EN 12865 Hygrothermal performance of building components and building 
elements-Determination of the resistance of external wall systems to driving rain 
under pulsating air pressure. The European Standard EN 12865:2001 has the status of 
a Swedish Standard. Stockholm: SIS, Swedish Standards Institute. 

STRAUBE, J. F. 1998. Moisture control and enclosure wall systems. Doctoral thesis, 
University of Waterloo. 

VAN DEN BOSSCHE, N. 2013. Watertightness of Building Components: Priciples, Testing 
and Design Guidelines. Doctoral thesis, University Ghent, Belgium. 

7th International Building Physics Conference, IBPC2018

1052

http://www.ashrae.org)/

	Table of Contents
	Keynotes
	Dynamic Environment, Adaptive Comfort, and Cognitive Performance (497)
	Green Infrastructure and Urban Sustainability Recent Advances and Future Challenges (499)
	Multiphysics Modeling of Materials, Assemblies, Buildings and Cities (496)
	The Physics in Natural Ventilation of Cities and Buildings (501)

	BE-1 Diagnostics and Models for Building Performance
	A state-space based method to predict thermal performance of pipe-embedded double skin façade case study in Guangzhou (115)
	Computer Tomography as a data acquisition tool for quantifying and modeling in-pore gypsum crystallization in building materials (84)
	Determination of the input data for computational simulation of active glazing with changeable optical properties (92)
	Predicting the thermal conductivity of porous building materials with nanopores or reduced gas pressures (80)
	Rational selection of experimental readouts for hygric material characterisation (197)
	Towards validation of a numerical model of a test cell laboratory (362)

	BE-2 Liquid Water in Buildings and Materials
	Adsorption and film forming of train of water droplets impacting porous stones (373)
	Application of rain intensity dependent rain admittance factor (RAF) in hygrothermal performance assessment of wall systems (202)
	Do interface resistances matter in historic masonries - analysis based on X-ray tomography and heat, air and moisture modelling (33)
	Drainage and retention of water in small wall drainage cavities experimental assessment (253)
	Rain-tightness of door sill sealing (95)
	Water uptake in masonry effect of brickmortar interface (216)

	BE-3 Innovative Thermal Insulation Systems
	Aerogel-enhanced blankets state-of-the-art, market readiness and future challenges (106)
	Hygrothermal analysis of a vapour-open assembly with vacuum insulation panels (440)
	Measurements of temperature dependency on thermal insulation thickness in ventilated attics (199)
	Prediction of the long-term performance of vacuum insulation panels installed in real building environments (342)
	Super insulation material in district heating pipes (187)
	Super insulation materials in the building sector field studies and future challenges (206)

	BE-4 Moisture in Buildings and Materials
	Effect of air pressure on moisture transfer inside porous building materials three-dimensional behavior of moisture and air (116)
	Evaluation of the impact of phase change humidity control material on energy performance of office buildings (167)
	Experimental analysis of micro-cracks on the change of moisture transport properties of AAC (37)
	Moisture monitoring of wood-frame walls with and without exterior insulation in a Midwestern U.S. cold climate (428)
	Psychrometer method to measure the moisture retention curves of porous building materials in the full humidity range (59)
	Semi-permeable membrane experiment for unsaturated liquid permeability of building materials potential and practice (58)

	BE-5 Ventilation Systems for Buildings
	Experimental analysis on a solar air heating façade system (235)
	Experimental validation of a model for naturally ventilated double-skin facades (465)
	Hygrothermal assessment of north facing, cold attic spaces under the eaves with varying single sided passive ventilation strategies and infiltration rates, in a cool, temperate climate (223)
	Hygrothermal performance of sealed attics in climate zone 3A (446)
	Moisture robustness of eaves solutions for ventilated roofs – experimental studies (331)
	Thermal performance of novel natural ventilation apertures in a high-performance single-family house (240)

	BE-6 Hygrothermal Performance and Mold Prevention
	Application of radiant floor heating in large space buildings with significant cold air infiltration through door openings (131)
	Evaluating the hygrothermal performance of wooden beam heads in 19th century town houses using in-situ measurements (419)
	Experimental investigations of wooden beam ends in masonry with internal insulation results contrasting three years of the experiment (405)
	On the hygrothermal behaviour of brick veneer cladded timber frame walls the role of the vapour diffusion resistance of the wind barrier (123)
	Performance evaluation of a highly insulated wall to withstand mould (208)
	Renovation with internal insulation and heat recovery in real Life  – energy savings and risk of mold growth (93)

	BE-7 Energy Retrofits for Building Envelopes
	A sustainable approach to the adaptive reuse of historic brick buildings analysis of energy efficiency strategies for historic facade retrofits (433)
	Experimental investigation of latent heat thermal energy storage for highly glazed apartments in a continental climate (13)
	Interior insulation retrofit of a brick wall using super insulation materials design of a field testing in an industrial brick building (99)
	Light transmissibility characterization of a new coating for window retrofit (444)
	Monitoring and modelling of a prefabricated exterior envelope retrofit (474)
	Retrofit of the existing buildings using a novel developed aerogel-based coating results from an in-field monitoring (277)

	BE-8 High Performance Building Envelope Systems
	Comparing exterior wall finishes using life-cycle assessment (372)
	Experimental study of the performance of a double skin façade window under non-solar conditions (65)
	Hygrothermal performance assessment of wall systems with various concrete and insulation configurations (194)
	Preparation and thermal performance of diatomite-based composite phase change materials wallboard (175)
	Study of the mechanical behavior of traditional Japanese mud wall on bamboo lath (272)
	Thermal stability of lightweight frame partitions exposed to pulsed wind load (41)

	BE-9 Innovations in Wood
	Determination of lead dust fall rates during deconstruction of wood frame buildings in an urban region in the Northeastern United States. (317)
	Hygrothermal performance of a hygroscopic and permeable wall assembly impact of a vented wall cavity (468)
	Improving durability of wooden beam bearings in inside insulated walls by tempering the beam’s heads (407)
	Sorption hysteresis in wood and its coupling to swelling a new modeling approach (369)
	The effects of production technologies on the air permeability properties of cross laminated timber (410)
	Understanding swelling of wood through multiscale modeling (395)

	BE-10 Solar Energy Harvesting and Management
	A transparent insulation solar façade coupled with a selective absorber an experimentally validated building energy simulation model (300)
	Power generation and visual comfort performance of photovoltaic toplighting technologies in transient spaces (255)
	Solar and lighting transmission in complex fenestration systems with perforated solar protection systems (436)
	Solar efficiency index of building envelopes and load matching in low energy buildings (215)
	Study on the design method of integration of roof and photovoltaic based on aesthetics, technology and energy-saving characteristic (130)
	Thermal performance of PCM-glazing unit under moderate climatic conditions (38)

	EC-1 Environmental Control Equipment and Systems
	A deep reinforcement learning method for model-based optimal control of HVAC systems (66)
	Air cooling and dehumidification with a zeolite coated heat exchanger regenerated by solar thermal energy (352)
	Evaluating the energy consumption and heat loss in the hot water supply and heating systems of a nursing home (177)
	Extracting radiant cooling from building exhaust air using the Maisotsenko-cycle principle (276)
	Periodic alternation between intake and exhaust of air in dynamic insulation (328)
	The energy saving performance of ventilation-heat-recovery system in residential buildings in the summer of hot-summer and cold-winter zone in China (145)

	EP-1 Residential Energy Analysis and Management
	Characterisation of the flexibility potential from space heating in French residential buildings (172)
	Evaluation of the impact of weather variability on a net zero energy building advantage of sensitivity analysis for performance guarantee (192)
	Numerical analysis of a ground-source heat pump system in traditional Japanese “Kyo-machiya” dwellings (166)
	Offsetting peak residential cooling loads using a medium temperature chiller and sensible cold thermal storage (181)
	Prosumer cluster of single-family houses under the Danish net metering policy (473)
	Visualizing the quantitative comparison between exergy & energy analysis results with ExFlow (198)

	EP-2 Urban Energy Generation, Analysis and Management
	A review of microgrid energy systems (431)
	Impacts of climate change and its uncertainties on the renewable energy generation and energy demand in urban areas (146)
	Multi-stage optimal design of energy systems for urban districts (399)
	Novel gas-driven fuel cell HVAC and dehumidification prototype (244)
	Optimization of electric vehicle charging in a fully (nearly) electric campus energy system (259)
	Studying the impact of local urban heat islands on the space cooling demand of buildings using coupled CFD and building energy simulations (386)

	GB-1 Environmental Design, Sensing and the Built Environment
	An implementation for transforming a home energy management system to a multi-agent system (174)
	Bioclimatic tools for sustainable design  – uncertainty perspective (422)
	Campus as a lab for computer vision-based heat mapping drones a case study for multiple building envelope inspection using umanned aerial systems (UAS) (285)
	Optimal control strategies for passive heating and cooling elements reduce loads by two-thirds in the adaptive reuse of a San Francisco Bay Area office (153)
	Sensing and information technologies for the environment (SITE); hardware and software innovations in mobile sensing applications (430)

	GB-2 Green Roofs and Vegetation
	Experimental study on the stomatal resistance of green roof vegetation of semiarid climates for building energy simulations (104)
	Greening rooftops to reduce heat islands how large is large enough (402)
	Integrated vegetation model for studying the cooling potential of trees in urban street canyons (338)
	The use of a large, extensive green roof for multiple research objectives (447)
	Thermal performance of a green roof based on CHAMPS model and experimental data during cold climatic weather (423)
	Using rain and vegetation to improve thermal comfort in a hot street canyon with fully-integrated urban climate modeling (376)

	GB-3 Urban Microclimates and the Heat Island Effect
	An investigate on the quantitative correlation between urban morphology parameters and outdoor ventilation efficiency indices (429)
	Effect of urban texture on building energy performance (287)
	New microclimate monitoring method and data process for investigating environmental conditions in complex urban contexts (231)
	Rapid cooling of urban surfaces during rainfall physical basis, dominant energy fluxes, and sensitivity to pavement and rainfall prop (400)
	Using advanced urban canopy models to investigate the potential of thermochromic materials as urban heat island mitigation strategies (283)

	HF-1 Office Buildings
	A picture is worth a thousand words Smartphone photograph-based surveys for collecting data on office occupant adaptive opportunities (81)
	Benchmarking the energy efficiency of office buildings in Belo Horizonte, Brazil (52)
	Exploring occupants' impact at different spatial scales (147)
	Neural network models using thermal sensations and occupants’ behavior for predicting thermal comfort (28)
	Quantification of building energy performance uncertainty associated with building occupants and operators (148)
	Towards a new way of capturing occupant well-being (484)

	HF-2 Occupant Comfort in Special Cases
	Conserving energy, conserving buildings airtightness testing in historic New England homes (304)
	Field occupants’ behavior monitoring integrated to prediction models impact on building energy performance (169)
	Modeling and spatial visualization of indoor micro-climates for personalized thermal comfort (316)
	Occupants’ perception of historical buildings’ indoor environment. Two case studies. (356)
	Towards human-centered intelligent envelopes A framework for capturing the holistic effect of smart façades on occupant comfort and satisfaction (466)

	HF-3 Residences
	Energy flexibility of building cluster – part I ccupancy modelling (186)
	HOUSE project Building understanding through an enabled boundary object (324)
	Inter-ActiveHouse users driven building performances for nearly zero energy buildings in Mediterranean climate
	The influence of window opening habits on the residential energy use in nearly zero energy buildings (74)
	Utilization of heat recovery ventilation steady-state two-zone energy use analysis and field studies (72)

	HF-4 Lighting and Visual Quality
	Application of C-SVM classification algorithm to the lighting visual comfort of university classrooms (46)
	Developing and testing visual privacy metrics (60)
	Environmental conditions and occupant satisfaction in the workplace a controlled study in a living lab (85)
	Generating design-sensitive occupant-related schedules for building performance simulations (87)
	Lighting systems and users interactions in classrooms and laboratory rooms (415)
	Visual comfort assessment of different shading strategies in a commercial office building in the southeastern US (411)

	IE-1 Assessment and Analysis
	A method for an effective microclimate management in historical buildings combining monitoring and dynamic simulation the case of “Museo Archeologico di Priverno" (213)
	A preliminary study on description method of building information-response based on multi-disciplinary intersection (469)
	IEQ measurement and assessment tools for plug-and-play deep renovation in buildings (102)
	Influence of illumination on paper and silk used in Chinese traditional painting and calligraphy based on Raman spectroscopy in museum (120)
	The impact of indoor temperature and CO2 levels on occupant thermal perception and cognitive performance of adult students and the implications on buildings (137)
	Thermal and mycological active protection of historic buildings on the example of the baroque residence of Polish kings in Wilanów (40)

	IE-2 Field Studies
	Classification of the indoor environment in a high-school building by means of subjective responses (396)
	Comparison between qualitative and quantitative measurement in assessing thermal comfort in an elementary school (445)
	Empirical assessment of summertime overheating risk in new, retrofitted and existing UK dwellings (243)
	Indoor air quality and thermal comfort for elderly residents in Houston, TX – a case study (245)
	Method for detecting contaminant transport through leakages in a condemned school (195)
	The impact of physical environments on satisfaction in shopping centers (207)

	IE-3 Lighting and Windows
	A novel methodology to spatially evaluate DGP classes by means of vertical illuminances. Preliminary results. (471)
	Comparative study of different design configurations based on the daylight and visual comfort performance of electrochromic glass in a side-lit office building (452)
	Daylight availability in a room equipped with PCM window (36)
	Development of an electric-driven smart window model for visual comfort assessment (269)
	Lighting quality study of shopping malls in China based on the evaluation experiment (88)
	Thermal performance of an electric-driven smart window experiments in a full-scale test room and simulation model (270)

	IE-4 Ventilation and Air Conditioning
	A novel approach to near-real time monitoring of ventilation rate and indoor air quality in residential houses (249)
	Design and operational strategies for good indoor air quality in low-energy dwellings performance evaluation of two apartment blocks in East London, UK (162)
	Effects of semi-open space on micro-environmental control (173)
	Numerical investigation of a diffuse ventilation ceiling system for buildings with natural and hybrid ventilation (179)
	Research for the optimization of air conditioner sensor position based on the room spatial parameter (132)
	The impact of ventilation strategy on overheating resilience and energy performance of schools against climate change the evidence from two UK secondary schools (165)

	IE-5 Air Pollution and Control
	Analysis of dynamic variation characteristics and influential factors of PM2.5 on subway platforms under air-conditioning condition and ventilation condition (364)
	Assessing the performance of photocatalytic oxidation of volatile organic compounds in three different scaled set-ups (363)
	Fate of particles released by a puff–dispersion with different air distributions (475)
	Radon levels in rented accommodation (5)

	IE-6 Thermal Environment and Control
	Condensation-free radiant cooling using infrared-transparent enclosures of chilled panels (463)
	Experimental study on the impact of passive chilled beam in a room with displacement ventilation (42)
	Liquid desiccant-polymeric membrane dehumidification system for improved cooling efficiency in built environments (454)
	Simulation-based approach to optimize courtyard form concerning climatic comfort in hot and humid climate (105)
	The effect of the position and temperature difference of local radiant asymmetry on thermal comfort an experimental investigation (17)
	Thermal effect of metal fin inside elevated radiant floor based on the thermal utilization of a burning cave (479)

	IM-1 Intelligent Monitoring and Management Systems
	Implementation of integrated wireless sensors technology in renovation of social housing buildings. A Danish case study. (7)
	LightLearn Occupant centered lighting controller using reinforcement learning to adapt systems to humans (34)
	Sequential Monte Carlo for on-line estimation of the heat loss coefficient (225)
	The co-heating test as a means to evaluate the efficiency of thermal retrofit measures applied on residential buildings (464)
	The thermal resistance of retrofitted building components based on in-situ measurements (377)
	Wireless sensor system for intelligent facades (387)

	MS-1 Whole Building, Resilience, and Life Cycle Analysis
	A resilient refurbishment project for an Italian large sports hall (490)
	Dynamic life cycle assessment integrating cultural value (11)
	Investigation of energy modelling methods of multiple fidelities a case study (427)
	Optimal passive design strategies for nearly zero-energy dwellings in different Chilean climates using multi-objective genetic algorithms (24)
	Pareto optimality analysis for evaluating the tradeoff between visual comfort and energy efficiency (384)
	Passive survivability in residential buildings during heat waves under dynamic exterior conditions (426)

	MS-2 Lighting, Daylighting, and Multi-Physics Models
	Comparison of daylighting simulation workflows and results using plugins for BIM and 3D Modelling programs application on early phases of design process (310)
	Existing energy performance and the potential of simulation in school buildings – a review (4)
	Lighting simulation for external Venetian blinds based on BTDF and HDR sky luminance monitoring (56)
	Modelling of a naturally ventilated BIPV system for building energy simulations (273)
	Numerical analysis of the influencing factors on the performance of a  pipe-embedded window operated in summer (114)
	Validation of the EN 151932017 calculation method to estimate the daylight supply in a building comparison with dynamic climate-base (326)

	MS-3 Heat and Moisture Transfer in Materials and Assemblies
	Assessment of cumulative damage of selected building envelopes exposed to various environmental effects (32)
	Impact of the substrate thermal inertia on the thermal behaviour of an extensive vegetative roof in a semiarid climate (448)
	New algorithm for water leakages flow through rain screen deficiencies (205)
	PV-PCM system integrated into a double skin façade. A genetic optimization based study for the PCM type selection. (71)
	Stochastic modelling of hygrothermal performance of highly insulated wood framed wall (190)
	Thermal insulation of radon stack systems to avoid freezing (73)

	MS-4 Co-simulation and Platforms for Integrated Analysis
	A GIS based methodology to support multi-criteria decision making  for the retrofitting process of residential buildings (398)
	A new normative workflow for integrated life-cycle assessment (291)
	Big-open-real-BIM data model - proof of concept (161)
	BIM and game engine integration for operational data monitoring in buildings (383)
	Cross-platform, public domain simulation tools for performing parametric IAQ and energy analysis (380)
	Optimization of four-primary white LEDs based on protective effect and color quality-a solution for museum illumination (118)

	MS-5 Computational Fluid Dynamics and Energy Performance
	Analytical and experimental investigation on depth and pipe configuration for coaxial borehole heat exchanger (281)
	Comparison of lattice Boltzmann method and finite volume method of large eddy simulation in isothermal room flow (53)
	Development of a supermarket prototype building model (232)
	Improving the representation of convective heat transfer in an urban canopy model (424)
	Streamlined CFD simulation framework to generate wind-pressure coefficients on building facades for airflow network simulations (358)
	Unsteady-state exergy analysis on two types of building envelopes under time-varying boundary condition (33)

	MS-6 Data Analytics, Model Reduction and Calibration
	Achieving faster building energy model optimization through selective zone elimination (86)
	Comparison of data-driven building energy use models for retrofit impact evaluation (318)
	Modeling and model calibration for model predictive occupants comfort control in buildings (361)
	Neural networks to predict the hygrothermal response of building components in a probabilistic framework (91)
	Optimization of night cooling of commercial premises using genetic algorithms and neural networks (49)
	Use of calibrated building simulation to investigate comfort conditions in a healthcare facility (303)

	MS-7 Material Characterization and Model Parameters
	An experimental and modelling study on the adsorption characteristics of activated carbon under different challenge concentration levels (229)
	Development of a procedure for estimating the parameters of mechanistic emission source models from chamber testing data (308)
	Evaluation of the physical interpretability of calibrated building model parameters (248)
	Field experimental investigation of temperature, humidity and solar radiation impacts on formaldehyde emissions from interior furnish material (particle board): a preliminary study (261)
	Study on improving the surface wet condition of subfloor by hygroscopic material in rural residences of China (260)
	The application of computed tomography for characterising the pore structure of building materials (83)

	MS-8 Building Enclosure Design
	A dynamic thermal network model applied to ventilated attics (27)
	A holistic decision support tool for facade design (413)
	Considerations on the thermal modeling of insulated metal panel systems (309)
	Numerical thermal model of a double-glazed window filled with phase change materials (438)
	On the compliance of thermal performance requirements for highly insulated building units (238)
	The effect of ambient moisture conditions on heat flux time shift and decrement factor of multi-layered walls (392)

	PE-1 Economic and Policy Aspects of Green Buildings
	Conceptual framework for improved management of risks and uncertainties associated with the performance of the building enclosure (57)
	Effect of economic indicators on cost-optimal energy performance levels of residential building retrofits in the Mediterranean region of Turkey (347)
	Evaluation of efficiency and renewable energy measures considering the future energy mix (274)
	Optimization of government subsidization strategies for building stock energy refurbishment (357)
	Techno economic analysis of  individual building renovation roadmaps as an instrument to achieve national energy performance targets (233)
	The impact of an energy efficiency regulation in northern Canada (107)

	PS Poster Session
	A comparison of model order reduction methods for the simulation of wall heat transfer (70)
	A framework for comfort assessment in buildings and districts retrofit process (101)
	A rain simulator to examine green roof and soil moisture sensor performance (417)
	A study on natural lighting design strategies for teaching buildings in hot-summer and cold-winter zone of china—a case of the Arts and Sciences building of Xinyang Normal University (133)
	Analysis  of  thermal  bridges  in  insulated  masonry  walls  a  comparison  between  vacuum  insulated  panels  and  expanded  polystyrene (307)
	Application of PCM-to-air heat exchanger for free cooling applications (289)
	Assessment of the BIPV potential at the city of Prague and their effect on the built environment (333)
	Bio-inspired outdoor systems for enhancing citizens thermal comfort in public spaces by learning from nature (219)
	Building information modeling (BIM) implementation for sustainability analysis a mega airport project case study (492)
	Chemical analysis of precipitation and stormwater runoff from a large green roof (453)
	Computational evaluation of the thermal performance of underground bunkers the case of Albania (150)
	Criteria for identifying failure optimization algorithms in building energy optimization and case studies (90)
	Data-driven modeling for thermal dynamic analysis of a low energy house (152)
	Effect of microclimate on wind-induced pressurization of the building envelope a test case of twin high rise buildings (47)
	Effects of gaseous pollution and thermal conditions on the corrosion rates of copper and silver in data center environment a literature review (257)
	Elaboration of the decision space for an optimization of building retrofit (336)
	Energy flow through the Onondaga County Convention Center green roof (313)
	Estimating time constants for over 10,000 residential buildings in North America towards a statistical characterization of thermal dynamics (134)
	Experimental investigation of the impact of PCM containment on indoor temperature variations (470)
	Hygrothermal modelling of building enclosures reference year design for moisture accumulation and condensation risk assessment (211)
	Hygrothermal performance of historic massive wall when is 2D simulation necessary (239)
	Innovative composite materials with enhanced acoustic, thermal, and optical performance for urban pavements experimental characterization (230)
	Intrinsic evaporative cooling and weather-responsive natural ventilation for adaptive thermal comfort in tropical buildings (155)
	Long term measurements and HAM modelling of an interior insulation solution for an office building in cold climate (220)
	New technology creates new lightscape (39)
	Optical performance of polycarbonate multi-wall panels in the form of transparent insulation based on long-term outdoor measurements (406)
	Preliminary monitoring results of ventilated heavyweight building envelope from recycled aggregate (98)
	Research on the influence of building thermal performance and ventilation control modes on the natural ventilation potential of office buildings in China (127)
	Review of the sky temperature and solar decomposition, and their impact on thermal modeling (458)
	Roof windows for passive houses – what can be improved (182)
	Sensitivity analysis using the SWMM LID control for an extensive green roof in Syracuse, NY (149)
	Simulation of building physics for beginning design students (442)
	Study on multivariate regression model of indoor and outdoor particulate pollution in severe cold area of China (26)
	The design, construction and commissioning of a small scale dynamic calibrated hot box (241)
	The effect of human walking on distribution characteristics of indoor particulate matter (67)
	Thermal performance analysis of traditional housing in Albania (94)
	Uncertainty in building energy performance characterization impact of gas consumption decomposition on estimated heat loss coefficient (371)
	Using the PASSYS cell for model-to-model comparison of building simulation tools with respect to their abilities for combined heat, moisture and pollution transfer modelling (135)
	Ventilation potential assessments for residential building arrangements based on exceedance probability analysis (157)

	Author Index



