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ABSTRACT 

 

ASSESSING THE AIRTIGHTNESS PERFORMANCE OF CONTAINER-LIKE 

BUILDINGS IN RELATION TO ITS EFFECT ON ENERGY EFFICIENCY 

 

Bekboliev, Mirbek 

M.S. in Building Science, Department of Architecture 

Supervisor: Assoc. Prof. Dr. Ali Murat Tanyer 

 

December 2015, 155 pages 

 

This study analyzes the effect of airtightness on the energy efficiency of single and 

adjacent containerized buildings, before and after refurbishment. It further gives an 

overview of air leakage problems found in the sample of prefabricated buildings 

manufactured and located in Turkey.  

The air leakage of standard container-like building depends on a number of factors like 

the age of the building, manufacturing quality and quality of assembly implementation. 

The airtightness of four typical containerized buildings has been measured. The fan 

pressurization method has been applied and carried out with the Minneapolis Blower 

Door test and complemented by Infrared Thermography Camera screening to 

document all leakages within the building envelope. All building energy simulations 

have been performed with WUFI Plus to investigate the outcome of the respective air 

leakage of the building obtained from site. Following that, retrofit measures have been 

applied on one of the sample buildings. Test and simulation procedures have been 

repeated after retrofit to compare results.  

The post-retrofit simulation results of the four buildings show that poor airtightness 

has a negative impact on the energy performance of the building. This information is 

crucial for the future development of improvement measures in manufacturing 

prefabricated buildings. 

 

Keywords: Airtightness, Air Leakages, Blower Door, Energy Efficiency, WUFI Plus 
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¥Z 

 

KONTEYNER TIPI BINALARIN HAVA SIZDIRMAZLIĴI PERFORMANSININ 

ENERJI VERIMLIĴI ¦ZERINDEKI ETKISININ DEĴERLENDIRILMESI 

Bekboliev, Mirbek 

Y¿ksek Lisans Yapē Bilimleri, Mimarlēk Bºl¿m¿ 

Tez Yºneticisi: Assoc. Prof. Dr. Ali Murat Tanyer 

Aralēk 2015, 155 sayfa 

Bu ­alēĸma, hava sēzdērmazlēĵēnēn, standart tekil ve bitiĸik konteyner tipi binalarēn 

yenileme ºncesi ve sonrasē enerji verimliliĵi ¿zerinde etkisini incelemektedir. Ayrēca 

T¿rkiye'de bulunan ve ¿retilen emsal prefabrike binalarda bulunan problemler 

hakkēnda genel bir bakēĸ saĵlamaktadēr.  

Standart bir konteyner tipi binanēn hava sēzdērmazlēĵē binanēn yaĸē ve ¿retim veya 

montaj uygulamasēnēn kalitesi gibi faktºrlere baĵlēdēr. Bu ­alēĸmada ka­aklarē ve 

termal kºpr¿leri belirlemek amacēyla ñfan basēncē metodu" ile birlikte, "Minneapolis 

Blower Door Testi" ve "Kēzēlºtesi Termografi Kamerasē" kullanēlmēĸtēr. Sahadan elde 

edilen hava ka­aklarē verilerini araĸtērmak i­in t¿m binalarēn enerji sim¿lasyonu her 

bir bina i­in WUFI Plus kullanēlarak ayrē ayrē yapēlmēĸtēr. Ardēndan, se­ilen bir binaya 

tadilat tedbirleri uygulanmēĸtēr. Test ve sim¿lasyon prosed¿rleri tadilat sonrasē 

tekrarlanmēĸtēr.  

Dºrt emsal binanēn tadilat ºncesi ve sonrasē elde edilen sim¿lasyon verileri, hava 

sēzdērmazlēĵēnēn enerji verimliliĵi ¿zerindeki etkilerini gºstermektedir. ¢alēĸma 

sonucunda elde edilen bu bilgi prefabrik bina sektºr¿n¿n geliĸimi a­ēsēndan ºnemli bir 

yere sahiptir.  

 

Anahtar kelimeler: Hava sēzdērmazlēĵē, Hava ka­aklarē, Blower Door ºl­¿m¿, Enerji 

verimliliĵi, WUFI Plus  
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CHAPTER 1 

 

1. INTRODUCTION  

INTRODUCTION  

 

 

 

In this chapter argument, aim and objectives of the study are presented together with 

a section on the contribution of the study. It concludes with a disposition of the subject 

matter that follows in the remaining chapters. 

1.1. Argument 

Building energy performance is nowadays an important topic not only in architecture 

but in every field of human life. In some countries, it is a matter of prestige, while in 

others it is a necessity to survival. As a result of energy crises, dependence on fossil 

fuels and constant increase in energy prices, research and practice on high-

performance building construction has been increased in the past years. 

The European Commission set a target to reduce energy consumption with varied 

schemes and directives, which covers the Energy Performance of Buildings Directive 

(ECEEE, 2015). According to this directive, all new buildings have to meet the low 

energy building requirements by December 2020 (European Council, 2002). 

According to the Passive House Institute, one of the most common pathways accepted 

by many member countries, is the low energy standard of Passive House, which is 

currently applied in more than 15 countries worldwide, in particular Germany, United 

Kingdom and United States. However, there are some obstacles to use Passive House 

(PH) certification in Turkey on a broader base. One important factor is the cost of 

material and components, which is currently artificially raised by import taxes since 

local analogues approved by the PH Institute are not available. Payback rates are thus 

longer in Turkey and make projects often not feasible. In spite of the above-mentioned 

obstacles, there are some attempts to improve the situation. Funding organizations, 

municipalities and some end users are investing in energy efficient buildings but 

without certification. 

The PH comprises a building with super-insulation, high level of airtightness, thermal 

bridge free design, ventilation with heat recovery and good window/door system 
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(Passive House Institute, 2010). Due to the big number of buildings that have to be 

refurbished, PH Institute released the EnerPHit Standard, which allows existing 

building to meet less stringed requirements. 

Airtightness is not only one of the main criteria of PH but also a decisive factor for 

energy efficiency. For instance, in PH the air change rate at 50Pa should be less than 

0.6 (1/h), while in the EnerPHit a value of 1.0 (1/h) is accepted. Table 1 presents air 

leakage rates in different countries. 

Table 1: Air leakage rates for European Union, United States and Passive House (Source: IEA, 2013) 

 

Air tightness is especially important since, if not given, the mould risk in addition to 

other harmful pollutants, unhealthy indoor environment, waste of heat, problems in the 

exterior envelope may occur due to the air leakages. This may result in structural 

damages as well. According to the Fraunhofer Institute for Building Physics (IBP), 

poor airtightness (for instance leaky houses) will result in an increased U-value of the 

building material by 4.8 factor (Erhorn et al., 2008). In other words, thermal 

characteristic of a given material would be 4.8 times worse. In fact, proper air exchange 

is vital for the building usersô well-being, yet majority of the buildings have higher air 

change rate than expected. In cases where dwellings must meet an airtight value tighter 

than 3 ACH at 50 Pa, mechanical ventilation is vital to provide required amount of 

clean air. Withers and Sonne (2014) have provided their brief outline for the building 

ventilation schemes (Table 2) with recommendation to be combine control and 

monitoring for moisture. According to Jaggs and Scivyer (2009), in order to achieve 

energy and ventilation efficiency, mechanical ventilation have to be designed in 

tandem with the heat recovery system. At least 75% waste heat have to be recovered 

from exhaust with the help of the heat exchanger (Passive House Institute, 2003).  
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Table 2: Whole-house Mechanical Ventilation Options (Source: Withers and Sonne, 2014) 

 

About 36% of the whole energy used in Turkey falls to the building industry, the 

second major energy user in the region (UNDP in Turkey, 2015). Although major 

improvements were initiated through the TS 825 (2008) Standard, energy efficiency 

remains insufficient in practice since the control and verification mechanisms are not 

yet regulated. For example, airtightness measurements are not obligatory. 

As a result of several disasters, the use and manufacture of prefabricated building 

technologies increased after the 1999 Izmit and 2011 Van earthquakes. ñAFADò ï 

ñThe Prime Ministry Disaster and Emergency Management Authority of Turkeyò - 

supplies disaster-relief shelters, mainly containerized buildings and tents, because of 
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their fast fabrication and mobility (AFAD, 2015). In order to accommodate a growing 

number of people, rapid construction has gained importance in the selection of 

structural systems as well. Apart of emergency sheltering, containerized buildings are 

widely utilized at constructions sites both residential as dormitory and non-residential 

as offices, dining facilities, WC/shower, storages, laundry and guardhouses. This type 

of buildings is mainly assembled in factories, with strict quality control, by 

manufacturers and commissioned by clients. Ideally these buildings must satisfy the 

requirements of airtightness and energy efficiency like USACE-ASTM-E-779 Air 

Leakage Test Protocol or equivalent standard, which currently donôt  exist in Turkey. 

Thus, end users are complaining about air draft and dust accumulated within the 

container. Those structures are facing two major problems. First, rainwater that 

penetrates through leaky roof and accumulates in the insulation layer, which result in 

total damages like deterioration of the insulation and rust on the steel parts unless 

galvanized. The second problem is air leakage, which is ignored by most 

manufacturers. 

This study is carried for assessing the airtightness performance of single and adjacent 

type of container-like buildings in relation to its effect on energy efficiency. It is 

assumed that the adjacent units are worse in comparison to the single units regarding 

energy performance and airtightness since the adjacent units are transported separately 

and most of the time assembled on site by sub-contractors. Thus, unlike in the factory 

environment, site assembly might have negative impact on building envelopeôs 

quality. In this study, four containerized building units are studied. Using the building 

energy simulation software WUFI (Wªrme Und Feuchte Instationªr) Plus, existing 

situations are evaluated with the measured air leakage values obtained from Blower 

Door tests. Following that, in order to provide guidance on airtightness, retrofit air 

sealing is performed for the least airtight container.  

1.2. Aim and Objectives 

The main aim of this study is to understand the effect of airtightness on the energy 

consumption level of container-like buildings .  

The objectives of the study are: 
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¶ to measure airtightness level of selected containerized building units, 

¶ to perform airtightness retrofit of a selected unit, 

¶ to measure post-retrofit airtightness levels, 

¶ to evaluate the effects of airtightness on annual energy demand of selected 

case study units. 

This thesis is a step towards the development of effective and practical approaches for 

the simulation of energy efficiency of containerized buildings. Since containerized 

buildings are widely applied in various contexts, this study is focusing on providing 

an example for manufacturers to improve airtightness level and resolve leakages in 

place with simple and affordable methods. The study will also give an overall picture 

of the current airtightness situation in the prefabricated sector in Turkey. 

1.3. Contribution  

The contribution of this thesis is to provide assessment techniques that can guide and 

support future studies in performing a general energy estimation of buildings and to 

give practical instructions to designers and other construction professionals on how to 

achieve sufficiently airtight building envelopes in the Turkish prefabricated building 

sector through the combined approach of simulations and on-site blower door testing 

for existing conditions and post-retrofit measurements, which are introduced in the 

materials section. In this respect, energy efficiency simulations will no longer be based 

on assumptions but on real measured values. 

1.4. Thesis Structure 

This study is composed of five chapters. The introductory first chapter is composed of 

argument, aim and objectives, contribution and disposition. It provides a brief 

depiction of the importance of the research topic, explanation of the problem, 

expectations of the study and the order of the report. 

The literature review on the subject domain is presented in the second chapter. It 

contains information on airtightness, building air leakage problems, Blower Door 

measurements and a general overview of prefabricated buildings. The chapter is 

concluded with a critical review of the literature. 
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The third chapter on material and method provides a description of how the research 

is performed. The material part refers to what is examined and the method part refers 

to how the generated data is used in order to fulfill the aim of the study. First the case 

study buildings are presented as material. Following that, climate, airtightness 

measurement tool Blower Door, Infrared Thermography Camera and the energy 

simulation program WUFI Plus are introduced. The method of the study is laid out in 

the second part. Energy demand of the existing and post-retrofit buildings and air-

sealing retrofit are explained. 

In the fourth chapter, data and results of the research together with interpretations are 

presented. 

The findings of the study are summarized in the fifth chapter. 
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CHAPTER 2 

 

2. LITERATURE REVIEW  

LITERATURE REVIEW  

 

 

 

In this chapter, key themes related to the presented study are summarized as they were 

discussed in the general literature and in previous studies. 

2.1. Introduction to Airtightness  

Guyot et al. (2010) gave definition of the building airtightness as ñthe inward or 

outward air leakage resistance through unintentional leakage points or areas within the 

building envelope, driven by differential pressures due to the combined stack effects, 

external wind and mechanical ventilationò. 

In recent decades various researches indicated airtightness as important factor for 

energy demand both in new and existing buildings. According to Kronvall (1980), one 

of the main aspects for the building energy efficiency, airtightness has a strong 

connection to the indoor environmental quality.  

A typical breakdown for an average US building and its air leakage sources is 

illustrated in Figure 1.  

 

Figure 1: A Breakdown of Energy Use (Left) and Common Source of Air Leaks (Right) (Source: U.S. DOE, 

2007) 

Miller  et al. (2010) pointed out that the leakier the house, the higher bills for the 

electricity and gas in addition to risks of excessive humidity and occupantôs well-being 
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(see Table 3). The authors also stated that green building contractors and general 

builders should target to achieve airtightness not more than 5 ACH at 50 Pascal.  

Table 3: Typical Infiltration Rates for Buildings (Source: Miller et al., 2010) 

 

The effects of inadequate airtightness were investigated in a measurement study by the 

Fraunhofer Institute for Building Physics (Deutsche BauZeitschrift, 1989). The 

Fraunhofer IBP conducted experiments both on thermal and moisture permeation via 

vapour check and 14 cm mineral wool thermal insulation. 1-meter-long and 1 mm 

widths air leakage source have been designated at the center of the 1mĮ vapour check. 

The leakage source has been represented only in the vapour check (Figure 2). 
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Figure 2: The Effect Air Leakage in the Airtightness Layer (Adapted from: Fraunhofer IBP, 1989). 

Fraunhofer IBP (1989) reported that during the experiment, +20ÁC for interior and -

10ÁC for exterior was designated for thermal loss measurements, while +20ÁC interior 

up to 0ÁC on exterior side was produced for determining the humidity streams. Both 

experiments have been conducted at 20 Pascal. The moisture transmission and thermal 

insulation effect were under investigation. Such an experiment has shown that heat 

loss via 1mm gap in 14 cm insulation sample increased U-value by 4.8 times more 

than across the entire insulation area. In case of experiment without the gap, 0.5g/m2 

of moisture per day was able to penetrate via vapour barrier under the effect of 

diffusion. While a 1mm gap over a 1 square meter area in the vapour barrier resulted 

in 800g/m2 x24h of moisture transfer into the structure by convection. As a result of 

these two experiments, Fraunhofer Institute for Building Physics (Fraunhofer IBP) 

made a conclusion that in addition to condensation, the overall thermal resistance of 

the insulation material may decrease significantly in cases when thermal insulation has 

not been applied with proper airtightness methods. 

2.1.1. Common Air Leakage Problems 

According to Jaggs and Scivyer (2009), the precise airtight-barrier planning and highly 

qualified workmanship can help to eliminate air leaks that are frequently detected 

within the building enclosures (Figure 3). 
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Figure 3: Potential air leakage paths (Adapted from Jaggs and Scivyer, 2009) 

The same authors give a description for each path in the following Table 4. 

Table 4: Leakage Paths  
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Table 4: Continued 

 

2.1.2. Impact of Airtightness on Energy Consumption 

The impact of airtightness on energy consumption was reported from different states. 

According to Orme (2001), more than half of energy losses accounted for air leaks 

based data collected from 13 EU member states. Emmerich et al. (2007) reported that 

by reducing infiltration rates, the building heating and cooling energy demand 

reduction can be handled from 9 up to 36%. Similar study performed on office 

buildings in US. Based on study findings on existing and new US offices Emmerich 

and Persily (1998) showed that heating demand of 13%-25% accounts for airtightness. 

Based on building energy simulation results performed on office building, Yuill, 

Rioux, and Flanders (1997) reported that 51% increase in ventilation has been resulted 

from 0.5 till  1.5 ACH, while similar building simulated in another US state has 

different results. From 48 low-energy buildings tested for air leakages in Germany, 

approximately half of measured buildings had airtightness level higher than 3 (1/h), in 

this case mechanical ventilation cannot perform in efficient way (Zeller and Werner, 

1993). 

Moll (2012) described that with the good airtight construction 10 kWh would be 

enough to heat-up 1mĮ conditioned area to gain comfortable indoor environment 

during sub-zero winter conditions. The Author also highlighted that the new German 

houses with good thermal insulation and airtight construction technologies have 

approximately 60kWh consumption. The same author explains that energy 

consumption exceeding 500 kWh per mĮ of living area is widespread in leaky buildings 

(see table 2) and resultant heat losses through leakages. 
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2.1.3. Impact of Airtightness on Human Health 

Since most of the people are staying 80% indoors, physical and mental well-being are 

directly affected by working and living environment. 

"Health is a state of complete physical, mental and social well-being and not merely 

the absence of disease or infirmity." (Definition of WHO, 22nd July 1946). 

High infiltration rates can increase exposure to pollutants that originate from outdoors 

(Chan et al., 2005). According Seppªnen and Kurnitski (2009), the quality control for 

the building enclosure could started from airtightness as well as insulation. 

Bailes (2013) on the other hand stated some of the typical pollutants found in the air 

within the building as follows (Figure 4): 

¶ Water Vapor 

¶ Radon 

¶ Mould Spores 

¶ Carbon Monoxide 

¶ VOCs and Ozone 

¶ Formaldehyde 

¶ Allergens 

¶ Airborne Diseases 

¶ Nitrogen Oxides  

¶ Tobacco Smoke 
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Figure 4: Typical outdoor pollutants (Adapted from Bailes, 2013) 

Boulange et al. (2012) emphasized that airtightness affects positively on indoor air 

quality at the same time on ventilation system, which operates more efficiently. But in 

some cases whole envelope infiltration may seem adequate, building leakages may 

cause uncontrolled airflows and potentially insufficient ventilation in the rooms. 

Caygill (2010),in the work to UK Parliament POSTNote, reported different types of 

air pollutants found indoors driven from outdoor sources (Table 5). 
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Table 5: Pollutants, Sources and Health Impacts (Source: Caygill, 2010) 

 

Moll (2012) emphasizes that visible mould on open surfaces can be detected and 

eliminated easily in comparison to mould within the building structure, which poses 

invisible danger for inhabitantôs health. 

2.1.4. Impact of Airtightness on Acoustics 

According to Canada Mortgage and Housing Corporation (2013), airtightness has been 

identified as one of the important issues regarding energy saving, acoustics and IEQ 

in Multi-Unit-Residential-Buildings design. 

Iordache and Catalina (2012) analysed the leakage airflow using an acoustic method. 

The airtightness measurements and the airborne transfer of noise has been conducted 

inside of the building through the window seals to measure the Sound Transmission 

Loss (STL). According to the results of the experiment, the ACH rate is inversely 

correspond to the STL; in other words, the higher the STL, the smaller ACH level. 
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Sonoda and Peterson (1986) conducted a research on relation of airborne sound and 

air leakages via cracks. During the experiment, 160-8000Hz frequency airborne sound 

was provided. Detection of sound pressure levels has been done with the microphones 

on two ends of the cracks in sample material, at the same moment air leakage have 

been measured twice under -50 and +50 Pascal. According to their findings, the 

relation was established and verified positively. 

Varshney et al. (2013) have proven in their study that STL can be used as an alternative 

method to measure airtightness rates. The sound waves have been sent from transmitter 

to emitter through the different materials and hole sizes, following the measurements 

and comparison of the airtightness and acoustics results.  This approach gained 

positive outcome and proved its efficiency. 

2.2. Other Researches on Airtightness 

A number of studies were surveyed in the airtightness field. Three major topics are in 

the focus: Simulations, Measurements and Retrofits . 

2.2.1. Airtightness Simulations 

Mohamadi and Vahid Mirnoori (2012) have conducted research on conventional 

detached single-family dwellings in Cyprus using the Building Information Modeling 

(BIM)  tool. Their study mainly focused on airtightness construction mainly affected 

by substandard workmanship. They assumed various inputs and scenario for the 

airtightness levels of the dwellings. In spite of differences in insulation level of sample 

buildings poor airtightness was mainly caused by unprofessional workmanship. 

Capener et al. (2014) in their work have investigated the retrofitted fa­ades of two 

European multi-unit residential buildings built in the 1950ôs and 1980ôs in Munich 

(Germany) and in Oulu (Finland). To improve their energy performance, the retrofit 

included a fa­ade refurbishment with the TES1 method-utilizing timber based, 

prefabricated fa­ade element. As part of an advanced monitoring programme, 

hygrothermal gauges have been installed in the walls and they have been monitored 

                                                
1 ñTES Energy Facade is a systematical process of surveying, renovation planning, construction and 

maintenance of the building stock using prefabricated large sized timber frame elements.ò 

(E2rebuild.eu, 2015) 
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for more than one year after the retrofitting. The authors presented the results from the 

in-situ measurements of the two demonstrations and compared the findings. 

Berge (2011) analysed the possibilities to use a statistical prediction of the airtightness 

value and to compare the statistical predictions to simplifications commonly used by 

engineers. According to the authorôs findings, statistical models could be used as a 

guideline for inexperienced modelling engineers, in case of unknown airtightness 

values. 

Younes and Abi Shdid (2013) have studied methods for evaluating air leakage range 

from simple air change methods to multi-zone-coupled methods. The authors have 

proposed a methodology that would represent a roadmap for performing full 3-D 

envelope multiphysics hygrothermal simulations of air leakage in buildings. The 

methodology realistically depicts the various cracks common in an envelope in terms 

of shape, location, and quantity. 

US researcher Roberson (2004) used the multi-zone building airflow software model 

CONTAM to compare hourly air-change rates in a typical new home in the moderate 

climate of Houston, Texas. The author has simulated three leakage scenarios: typical 

new construction, energy-efficient new construction, and airtight construction. 

Following that, air-change results were analysed for time spent under-ventilated, 

adequately ventilated, and over-ventilated, and for exhaust ventilation efficiency, 

which is defined as percentage of total ventilation attributable to the fan. 

Jokisalo et al. (2009) have discussed the evaluation exercise of a multi-zone infiltration 

model of an existing two-storey detached house in cold Finnish climate. The study 

compared the simulated and measured pressure conditions of the building using the 

IDA-ICE - dynamic simulation tool. The initial data of the building model were 

obtained with extensive field measurements, including measurements of the 

airtightness of the envelope and performance of the ventilation system. 

2.2.2. Airtightness Measurements 

In order to examine how the different construction and design methods of two types 

of housing influence environmental impact over their 50-year life span, Kim (2008) 
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conducted study on a modular home and a conventional site built home in Benton 

Harbour. Accirding to Kim (2008), the total life cycle energy consumption for the 

modular home is 5% less than for the conventional homes. The conventional home 

was modelled with 80% worse air tightness, which results in 7% more natural gas 

consumption. 

Korpi et al. (2004) conducted study on the Finnish 100 timber-framed buildings. The 

average air leakage value for the buildings were 3.9ACH, which have been measured 

between 2002 and 2003. The authors indicated that the construction method and 

materials applied in the building directly linked to the airtightness rate. According to 

research findings, the most of the buildings are out of the range for being airtight and 

could not meet required quality control. 

In order to measure airtightness level of adjacent floors, suites and circulation areas, 

Finch et al. (2009) measured by multi-fan system 6 suites in each 4 apartment blocks 

in Vancouver. The comparisons of the air leakage rates have been conducted using 

data from all measured location. 

Another research has been conducted by Lawrence Berkeley Laboratoryôs Team. The 

research team analysed data concerning indoorȤoutdoor air leakage rates and building 

leakiness parameters for commercial buildings and apartments (Price, 2011). Since 

very few data were found from California buildings in regard of airtightness, the team 

compiled data from other states and some other countries. According to the analysis 

results, commercial buildings and apartments seem to be about twice as leaky as 

singleȤfamily houses, per unit of building envelope area. The researcher team 

highlighted that the transport of pollutants between units in apartments and mixedȤuse 

buildings is a crucial issue, which may expose occupants to high levels of pollutants 

such as tobacco smoke or dry cleaning fumes. 

Kalamees (2007) performed a field measurement study of airtightness on 32 Estonian 

detached houses between 2003 and 2005. Those houses were organized and 

classification made in respect for their storeys, ventilation type and construction 

technique. Combination of Blower Door tests, IR Thermal Imaging, Fogger test were 

performed on each house to get general overview for the average airtightness levels. 
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According to the results obtained from occupancy survey, cold floors, inconstant 

indoor temperature were detected mostly in the buildings with the poor airtightness. 

In Tsongas and Nelsonôs (1991) field study which they performed on 86 US houses 

that were built in an energy efficient way with good airtightness features it was found 

that despite the housesô good airtightness values (1.2ACH at 50Pascal) many leakages 

as well on the inside of exterior walls as on the outside existed. They used a combined 

methodological approach that was based on Blower Door testing and IR Thermal 

Imaging. Their main explanation for moisture build-up was that gaps in the building 

enclosure that were caused by unprofessional assembly undermined the building 

airtightness. A second even more problematic deficit was found in inner airtight 

barriers. Here air and moisture could enter the exterior wallsô insulation and would 

lead to mould and other problems. 

2.2.3. Airtightness Retrofit  

Krstiĺ, Koġki and Tomljanoviĺ (2014) conducted a research on how varying the type 

of window affects the airtightness values of residential units. The study was performed 

on three sets of residential units, each comprising two residential units with the same 

geometry and year of construction. A blower-door method was used in field-testing 

for the airtightness of residential units. The author concluded that the replacement of 

the old windows in the residential units with newer windows significantly improved 

the airtightness. 

The retrofit study of Orr et al. (2012) is based on the various improvements of the 

building envelope. They simultaneously applied additional insulation of 300mm on 

roof and exterior walls together with an airtightness layer, for the basement also an 

interior insulation was added, and the windows got additional glazing. The pre and 

post Blower Door measurements showed that the retrofit helped to decrease infiltration 

from 2.95 to 0.29 ACH50. This resulted according to authors in significant heat 

demand reduction from 13.1kW to 5.45kW. 

Hong, Ridley, and Oreszczyn (2004) examined the effect of a major domestic energy 

efficiency refurbishment programme on domestic space heating fuel consumption in 

England. The case study dwellings were monitored both before and after the 
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introduction of energy efficiency retrofit measures such as cavity wall insulation, loft 

insulation, draught stripping and energy efficient heating system. According to 

authorsô findings, cavity wall and loft airtightness insulation can reduce the space 

heating fuel consumption by 10% in centrally heated properties and 17% in non-

centrally heated properties. 

2.2.4. Approaches to Improve Airtightness 

According to Morgan (2006), the combination of materials like membranes, sealants 

and building components are main parts of the building airtightness system. Author 

also pointed out that the airtight building enclosure has to be designed at the 

preliminary design phase.  

Energy Saving Trust (2005) developed an airtightness strategy described in Table 6. 
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Table 6: Airtightness Strategy (Adapted from Energy Saving Trust, 2005) 

 

 

Figure 5: Continuous Airtightness Layer (Source: Energy Saving Trust, 2005) 

The alternative method for airtight construction, widely known in Passive House 

design and principles, is the application of tightly sealed oriented strand board over 
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insulated timber framed members (Finch et al., 2013). See Figure 6 for applied 

examples. Finch et al. (2013) also stated that ñit must be taken care of transitions 

between floors and roofs, but the rigidity and visibility of this approach generally 

results in very airtight buildings and is a potential solution for massȤtimber and other 

prefabricated walls.ò 

 

Figure 6: Air Sealed Timber Panels (Source: Finch et al., 2013) 

2.3. Problems in Building Envelope 

The major issues within the building envelope that are caused by thermal bridges, 

infiltration and moisture problems are being explained in the following sections .  

2.3.1. Thermal Bridges 

Passivhaus Institute defined thermal bridges as ña thermal bridge is a localized area of 

the building envelope where the heat flow is different in comparison with adjacent 

areasò. 

According to Day and Roaf (2007), thermal bridges in buildings occur mainly at metal 

lintels, wall ties, parapets, sun shades, window and door frames, concrete balcony 

slabs, concrete and metal columns and beams that connect both external and internal 

surfaces of the walls. 
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The thermal bridge effects are: 

¶ Altered temperatures of the inner wall surfaces, 

¶ Altered heat losses. 

2.3.2. Building Air Infiltration  

ñInfiltration is the unintentional or accidental introduction of outside air into a 

building, typically through cracks in the building envelope and through use of doors 

for passageò (ASHRAE, 2014). Air infiltration in buildings is one of the primary 

factors affecting indoor air quality and energy consumption (Chan et al., 2005). While 

unintended draft via the building enclosure, have negative impact on IEQ and 

ventilation rates. 

According to Pfeifer et al. (2001), air infiltration can damage all thermal insulation 

measures in the building. Poor or inadequate airtightness can cause discomfort for the 

inhabitants and sometimes cause damages in structure (see Table 7). 
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Table 7: Poor Airtightness. Problems and Causes (Source: Pfeifer et al., 2001) 

 

Bradshaw (2006) stated that infiltration could be decreased by using weather stripping 

and gasketing around doors and windows and by sealing the cracks on the building 

envelope.  

2.3.3. Moisture Problems 

Achenbach and Trechsel (1982) see the following sources as significant for moisture 

problems in building enclosures: 

¶ ñapplication of wet materials in building,  

¶ capillary rise of ground moisture,  

¶ rainwater or melted snow leakage into the building,  
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¶ condensation of water vapour,  

¶ constant high humidity environment,  

¶ utility water leakages.ò 

Lechner (2014) also pointed out that moisture can enter through the building envelope 

via capillary action, air leakage and vapour diffusion. Accumulated wet within the 

structure can form fungi and mould (see Figure 7). Structural damages examples like 

roof membrane fastener corrosion, mold growth, brick spalling, and decay of the 

thermal insulation may be easily caused by condensation or damp. The same author 

states that rust in steel structures, deterioration of insulation, mould and peeling of 

paint are major consequences caused by moisture through the building envelope.  

 

Figure 7: Consequences of Poor Airtightness (Source: Sedlbauer and Krus, 2002) 

According to Bynum (2001), 90% of moisture penetrates into the building by air 

leakage, while the rest 10% do so via vapour diffusion (Figure 8).  

Moisture affects negatively on building enclosures and insulation properties, in 

addition to damaging building materials and components (Deplazes, 2005): 

- Decay (timber and insulation), 

- Fungus and mildew, 

- Structural damage, 
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- Collapse of the loadbearing members, 

- Moisture accumulation. 

For instance, if temperature falls below dew point condensation may due to the failures 

within the thermal boundary. 

 

Figure 8: Moisture Content via Building Component (Source: Pro Clima, 2011) 

Deplazes (2005) explained that condensation (Figure 9) within the building envelope 

must be prevented and moisture must be allowed to dry out. Application of intelligent 

airtightness membrane recommended to be integrated to prevent condensation.  

 

Figure 9: Summer Condensation on PE Sheet (Source: Pro Clima, 2011) 
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2.4. Introductio n in the Prefabricated Buildings 

An early example of prefabrication was found in Great Exhibition, featuring the 

Crystal Palace built in 1851. Designed in less than two weeks, the construction 

period lasted only a few months. After the exhibition, the palace was dismantled and 

relocated (Kelly, 1951). 

ñPrefabricated building is a type of building that consists of several factory-built 

components or units that are assembled on-siteò (Gutenberg, 2015). There are several 

types of the prefab building units have been defined as follows: 

¶ Modular buildings 

¶ Pre-manufactured buildings (PEB) 

¶ Mobile buildings or trailers and caravans 

¶ Composite panel buildings 

¶ Insulating concrete formwork buildings 

¶ Light gauge steel framing (LSF) system buildings 

¶ Pre-cast concrete buildings 

¶ Pre-cast concrete panel system building 

¶ Steel frame buildings  

¶ Structural insulated panels (SIP) buildings 

¶ Timber frame system buildings 

¶ Containerized Building (Intermodal Steel Building Unit) 

2.4.1. About Containerized Buildings 

Starting from 2006, the cargo containers have gained popularity for use in housing 

industry, office construction, emergency shelters, storage, and construction purposes, 

while starting from 1954 only utilization for cargo containers was at the international 

naval freights, rail or truck deliveries (Brodaski, 2010). By 1958 a movement towards 

standardization of shipping containers had begun. In 1970, the ISO had released 

regulations considering dimensions (Figure 10), ratings, terminology, and markings 

(Worldshipping.org, 2009). 
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Figure 10: Standard ISO Shipping Containers (Source: Container, 2009) 

Due to their cheap price and big quantities cargo containers can be found in large 

amounts at any major ports. In Figure 11, cargo containers may remain unused until it 

would be shipped back or sold to the scrap-metal. As soon as the cargo container 

accomplishes its main purpose, it would need more financial efforts to ship empty 

container back rather than buy new in the one country of origin (Kotnik, 2008).  
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Figure 11: Containers at the Port of Iskenderun (Source: Iskenderun Post, 2013) 

According to Brodaski (2010), cargo container buildings emerged in the 1st half of 

1960s and gained interest of architects, who evolved designs further for quick 

assembly. Kotnik (2008) stated that during assembly of container buildings there are 

almost no groundwork excavation works, erections within the shortest time, and less 

waste generation than traditional construction procedure. 

2.4.2. Adjacent (Conex) Containers 

Stephen (1970) has described that when two end containers are placed laterally with 

the panels open and connected, a building with twice the floor space can be achieved. 

There are two types of containers: end containers and intermediate containers.  

Figure 12 is a floor plan of a pair of expanded end-containers, connected to one another 

in such expanded condition to form a continuous building module having a volume 

equivalent to twice the initial combined volume of the end containers. 
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Figure 12: Floor plan of a pair of expanded end-containers (Source: PrefArme Prefabrik, 2014). 

Figure 13 is an example of two pairs of end-containers positioned on top of each other 

to form a multi-storied structure. 

 

Figure 13: Two pairs of end-containers (Source: TFI International, 2008) 

2.4.3. AFAD - Disaster Relief Containers 

When disasters occur, there are a number of organizations that step in to provide help 

for the victims. Many of these organizations are involved in all aspects of aid, 
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including raising money, providing emergency shelters and disaster relief shelters, 

supplies, and organizing relief efforts.  

ñAn emergency shelter is a place for people to live temporarily when they cannot live 

in their previous residence, similar to homeless sheltersò 

(Princegeorgescountymd.gov, 2015). The emergency shelters are designed for people 

fleeing force majeure or wars and most of the times has fully operated facilities and 

utilities provided by government or organizations . 

The provision and deployment of the disaster relief shelters in sites are executed after 

the strike of a disaster during the emergency, reconstruction and rehabilitation phases 

(Hany Abulnour, 2014). Until the reconstruction process is done these shelters may 

still serve for their intended purpose. 

In the Turkey, the most famous of these organizations is ñAFAD - Afet ve Acil Durum 

Yºnetim Baĸkanlēĵēò - ñThe Prime Ministry Disaster and Emergency Management 

Authorityò (AFAD, 2015). This organization is involved in all steps of emergency 

management and mitigation, from advising on how to deal with future emergencies, to 

directly coordinating disaster response efforts, till  helping people to recover from the 

effects of disasters. There are 11 rescue and search divisions as well as 81 branches in 

provinces. In addition, AFAD works with various other disaster relief organizations 

such as Red Crescent (T¿rk Kēzēlay) and the United Nations (UN).  

There are two major disaster areas like Van Earthquake and Syria war refugees where 

AFAD used containers to accommodate big amount of people (AFAD, 2015). 

According to AFAD Report, nearly 30.000 containers were bought to Van Earthquake 

Container Cities in 15 February 2012. Total 35 container cities were built, from which 

4 container cities in Erciĸ and 31 in Van. All needs of 175.000 citizens were supplied 

in container cities, including basic needs (electricity, water, gas etc.) provided free in 

containers. Each container consist of 2 rooms, bathroom, kitchen and WC. 

In the same report, container number brought to Syria war refugee camps (Figure 14) 

was more than 11893 units. 
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Figure 14: Temporary Refuge Centers - General View (Source: AFAD, 2015) 

Table 8 represents current container numbers in Turkish Refugee Accommodation 

Centers throughout the country (AFAD, 2015). 
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Table 8: Current Status in Refugee Accommodation Centers (Source: AFAD, 2015) 

Province 
Accommodation Centers and Total 

Syrian Numbers 

The Numbers of Tents 

and Containers 

Current 

Numbers of 

Provinces 

Hatay 

Altēnºz¿ 1: 1.595 

Altēnºz¿ 2: 2.669 

Yayladaĵē 1: 3.217 

Yayladaĵē 2: 3.529 

Apaydēn (Container - City): 4.779 

572 Units 

1.380 Tents 

1.165 Containers 

15.789 

Gaziantep 

Ķslahiye:  9.392 

Karkamēĸ:  7.366 

Nizip-1: 11.174 

Nizip-2 (Container City): 5.138 

 

5.248 Tents 

1.000 Containers 
33.070 

Kilis 

¥nc¿pēnar (Container - City): 13.570 

Elbeyli Beĸiriye (Container - City): 

17.210 

5.645 Containers 30.780 

ķanlēurfa 

Ceylanpēnar: 27.229 

Ak­akale: 26.364 

Harran (Container - City): 13.540 

9.817 Tents 

2.000 Containers 
67.133 

Kahramanmaraĸ Central 2.737 Tents 14.986 

Osmaniye Cevdetiye 2.012 Tents 8.515 

Adēyaman Central 2.292 Tents 9.998 

Adana Sarē­am 2.142 Tents 10.189 

Mardin Midyat 1.300 Tents 2.366 

Malatya Beydaĵē (Container - City) 2.083 Containers 6.551 
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2.5. Critical Review of the Literature  

 

A total 62 number of references on airtightness were found via the literature review. 

According to evaluation, the limited research has taken place in respect for airtightness 

computer simulations. First part of the literature review focuses on theoretical part, 

while second part focuses on researches made on specific fields like simulations, 

measurements and retrofits.  

Most of the field studies have been conducted with pressurization technique using 

blower-door in various residential and non-residential buildings, in particular to 

evaluate the performance of building envelope before and after retrofits or simply 

document air leakages. Statistical analyses from various tests and information on 

previous measurements from different countries obtained and further evaluated. 

Guidelines and recommendations explained throughout the experiments. Various 

studies conducted on specific building components and materials like timber, cork, 

Oriented Strand Board (OSB) etc. tested both on site and at the laboratories. Some of 

them were investigating humidity and indoor air quality affects. Majority of the 

researches conducted on-site air leakage measurements focusing only on causes and 

its future prevention. 

Several studies in different continents and climate zones conducted over moisture 

problems on heating climates and water vapour carried by exhaust. According to 

findings condensation causes disturbing issues like fungi growth, deterioration of the 

building insulation and mould. Same problems occurred in cooling dominated 

climates. The solutions that may reduce air leakages are the of airtightness membranes, 

tapes and gasketing. 

Particular study over airtightness in the two-story detached building and in a five-story 

apartment building was analyzed using data from in-situ measurements and computer 

simulations. The effects of airtightness, ventilation rate, air leakage distributions, and 

outdoor environmental conditions on air pressure conditions in a detached house were 

simulated on a multi-zone simulation model using the simulation programs. 

Additionally, the airtightness model, mechanical ventilation and inter-zone flows that 
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are utilized in these software cannot perform analysis on energy demand linked with 

air flow.  

There is a small amount of studies performed on airtightness simulations as a whole 

combination process, which integrates field measurements together with retrofits. 

There are some studies conducted on field measurements to compare field results and 

computer simulations. In most of the cases studies were limited with measurements or 

simulations. Retrofit cases involved in with computer simulations were focused on 

material component rather than energy demand. In some other cases, the retrofit 

measures have been performed and blower door test results obtained, but no 

simulations have been performed. The airtightness concept has to be regarded as the 

whole integrated process. Thus, this study will focus on how airtightness 

refurbishment will affect energy consumption of the existing container building. 
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CHAPTER 3 

 

3. MATERIAL AND METHOD  

MATERIAL AND METHOD  

 

 

 

In the first part of this chapter various containerized buildings are introduced. They 

form the research material of the study . In the second part, the method of the study 

consisting of pressurization test on-site analysis with Blower-Door and computer 

simulation with WUFI Plus are presented. 

3.1. Material 

A case study was conducted on four typical containerized units widely used in Turkey. 

To illustrate those, information about typical floor plans and general characteristics of 

the buildings are presented.  

3.1.1. Case Study Buildings 

Container type buildings are a typical structure that is widely used in construction sites 

and disaster relief camps. According to complaints from end-users and manufacturer 

observations, typical air leakage issues occur within the adjacent container buildings 

at the assembly stage mainly due to manufacturing and/or assembly faults. Container 

modules assembled on site carry the highest risk of being leaky and having a poor 

building envelope. Hence, this study focuses on typical single and adjacent types of 

container-like buildings in order to determine their energy efficiency by means of air 

leakages before and in one case also after retrofit. 

The architectural drawings and information about units as well as their construction 

materials have been acquired from manufacturers . 

The containerized buildings examined in this study have been classified into two types 

of buildings; single units (Figure 15) and complex attached (adjacent) units (Figure 

16). 
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Figure 15: Typical Single Unit (Source: PrefArme Prefabrik, 2014) 

 

Figure 16: Typical Adjacent Office Units (photo credit by author, 2015) 

A single unit is a single story building consisting of one separate unit. While adjacent 

units - are examples of two or more units attached into one. They are transported onto 

the site separately, assembled with cranes, and afterwards sealed for airtightness. 
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The floor plans are shown in Figures 17-20. The covered floor areas are from 18 m2 

up to 36 mĮ. The rooms, in the following units, are arranged as office, living room, 

bedroom, dining room and kitchen, WC/Shower rooms. 

The sample buildings and their characteristics can be specified as follows: 

¶ TYPE A ï Typical adjacent office container unit with 37 mĮ merged from two 

standard containers of 3.5x8m and 3x3m. Office, kitchen, hall and WC (Figure 

17). 

 

Figure 17: Floor plan of Type A (Source: PrefArme Prefabrik, 2014)  
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¶ TYPE B ï Typical 3x7m single unit office container with 21 mĮ (Figure 18). 

 

Figure 18: Floor plan of Type B (Source: Vendeka Ltd, 2014)  
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¶ TYPE C ï Typical adjacent living container unit with 28.5 mĮ merged from 

two standard containers of 3x7m and 3x2.5m. Living room with kitchen, 

WC/Shower, Bedroom (Figure 19). 

 

Figure 19: Floor plan of Type C (Source: Hitit Prefabrik, 2014)  
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¶ TYPE D ï Typical 3x7m single unit living container with 21 mĮ (Figure 20). 

 

Figure 20: Floor plan of Type D (Source: PrefArme Prefabrik, 2014) 

3.1.2. Climate Data 

The case study buildings are located in Ankara (Turkey). The Ankara located in semi-

arid continental climate zone, with hot and dry summers, while winters are cold 

(Meteoroloji Genel M¿d¿rl¿ĵ¿, 2013). Weather data file (Figure 21-22) is used from 

the database of The U.S. DOE and The World Meteorological Organization. 
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Figure 21: Ankara Weather Data (retrieved from WUFI Plus Simulation, data source: Energy.gov, 2015) 

 

Figure 22: Ankara Weather ï General Information (retrieved from WUFI Plus Simulation, data source: 

Energy.gov, 2015) 

3.1.3. Minneapolis Blower-Door Test 

A typical Blower Door (Figure 23) composes of air pressure gauge, door frame with 

the cover material and fan. The test is multi-point pressure measurement to determine 

building airtightness under 50 Pascal in respect for the building volume. A standard 

Blower Door unit has: 

¶ A frame and a flexible canvas to adjust to a doorway, 

¶ A speed fan that is attached to the frame, 

¶ Pressure-Gauges (manometers) to measure the pressure difference between the 

interior and exterior. 
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Figure 23: Typical Blower Door (Source: Energy.gov, 2015). 

The Energy Conservatory (2007) defined the Blower Door as ña diagnostic tool used 

to test the airtightness and to help locating air leakage path.ò The tests are varied from 

measuring building natural infiltration rates, testing building airtightness and checking 

air leakages for fire protection and energy audit reports. 

The measuring tool for this study, Minneapolis Blower Door, is a modular testing 

system, which conducts tests in accordance with the ISO 9972 Thermal performance 

of buildings- Determination of air permeability of buildings ï Fan pressurization 

method (EN 13829 Standard); ASTM E779-10 Standard Test Method for Determining 

Air Leakage Rate by Fan Pressurization; CGSB-149.10-M86 Determination of the 

Airtightness of Building Envelopes by the Fan Depressurization Method. It is 

computer-controlled via laptop and the software TECTITE Express (Figure 24).  
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Figure 24: Standard Minneapolis Blower Door Test Assembled (Source: The Energy Conservatory, 2007) 

The Blower Door test are conducted following but not limited to ISO EN 13829, 

ASTM E-1827-11 and ISO-9972 Standard, as well as LEED and Energy Performance 

of Buildings Certifications, and Passivhaus. The common point of those standards is 

focus on 1 goal to measure conditioned space. There are 2 methods used in EN 13829 

Standard: 

-Method A, measuring the building as it is. 

-Method B used to measure building enclosure only, when all designated HVAC 

openings are tightly sealed and secured. 

3.1.4. Infrared Thermography Camera 

According to Maldague (2001), ñInfrared thermography is a process in which an 

infrared camera converts the spatial variations in infrared radiance from a surface into 

a 2D image as a range of colours or tonesò. 
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The Infrared Thermography Camera was used to detect and document air leakages 

during blower door test, which increases the air flow. Actual air movement cannot be 

observed but the effect it has on a surface. The air leakage, thermal bridges and 

condensation can be seen in the following sample image (Figure 25). 

 

Figure 25: Sample Infrared Thermography Image (Image source credit by author, 2014) 

Emissivity: 0.95 (data obtained from Testo Database) 

Relative Humidity: 60% Rh 

Reflected temperature: +21ÜC 

Indoor temperature: +21ÜC 

Outdoor temperature: min. -1ÜC; max. +7ÜC 

Measurement date/time: 17.12.2014 at 23.38 

æTinterior-exterior=21ÜC-1ÜC =20 ÜC 

æTinterior-window door sash=21ÜC -14.3ÜC=6.7 ÜC 
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æTinterior-window left sash=21 ÜC -13.6ÜC=7.4 ÜC 

æTinterior-window right sash=21 ÜC -14ÜC=7 ÜC 

æTinterior-floor=21 ÜC -18.1ÜC=2.9 ÜC 

Infrared Thermal Camera: Testo 875-1i  

Resolution: 320x240 Pixels 

Measuring range: -20 ÜC é100ÜC. 

Data Processing Software: Testo IRSoft version 3.6. 

Indoor and outdoor temperature data have been measured with standard thermometer. 

Thermal camera provides emissivity and reflected temperature values in the image. 

The Emissivity describes the capability of a body to emit electromagnetic radiation.  

The values for specific material can be obtained via table provided in the following 

link: http://www.testo.in/knowledg-base/online-training/thermography/emissivity-

table/ 

Reflected Temperature Information is identical to the ambient air temperature (Testo, 

2015).  

3.1.5. WUFI  Plus 3.0 

WUFI Plus Version 3.0 is simulation tool used to calculate the building energy 

demands, annual heating and cooling loads of existing and retrofit buildings. This 

software was programmed by German Institute - Fraunhofer IBP. 

Developed by K¿nzel (1994) WUFI Plus (Wªrme und Feuchte instationªr ï Transient 

Heat and Moisture) (Figure 26) is a dynamic whole-building simulation model based 

on the hygrothermal boundary estimation scenario. This tool was validated using data 

from outdoor and laboratory tests. It allows the calculation of the moisture transport 

and transient heat in materials, exposed to natural exterior and interior climate 

conditions (Antretter et al., 2011). 

http://www.testo.in/knowledg-base/online-training/thermography/emissivity-table/
http://www.testo.in/knowledg-base/online-training/thermography/emissivity-table/
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Figure 26: WUFI Plus Interface (Source: Retrieved from Pre-Retrofit Simulations, 2015) 

With the WUFI Plus users can : 

¶ ñSimulate, estimate and analyze the humidity and heat flow within different 

construction, 

¶ Measure the damp load in the separate components, 

¶ Foresee mould forming risks, 

¶ Calculate exterior condition effect of on the design, 

¶ Change the effects of airtightness according to the quality of assembly of 

the construction.ò 

The causes of the mould damage building structure are often not precisely known, thus 

simulation methods are needed, whereby humidity and vapor and damp can be 

analyzed whole building as well as each building layer. 

The material properties employed in these simulations are taken from the WUFI 

material database, which has been validated both by laboratory and site measurements.  
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3.1.6. Air Sealing Material  

There are four type of air sealing material implemented within the project: 

a) Pro Clima Contega Solido SL (80mm x 30m), used for the Floor and Sandwich 

Panel Junction and Sandwich Panel Ceiling Junctions (Table 9): 

Table 9: Pro Clima Contega Solido SL (Source: Pro Clima, 2015) 

 

b) Pro Clima Tescon Vana (60mm x 30m), used for Sandwich Panel Junctions 

(Table 10): 

Table 10: Pro Clima Tescon Vana (Source: Pro Clima, 2015) 
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c) Pro Clima Extoseal Encors (100mm x 20m), used for floor junctions and 

exterior HVAC flex duct sealing (Table 11): 

Table 11: Pro Clima Extoseal Encors (Source: Pro Clima, 2015) 
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d) Pro Clima Intello Membrane, used for WUFI Plus simulation (Table 12): 

Table 12: Pro Clima Intello (Source: Pro Clima, 2015) 

 

e)  Olive C-22 Silicone Sealant (Table 13): 

Table 13: Olive C-22 Silicone Sealant (Source: Olivequimica, 2015) 
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3.2. Methodology 

To perform the study, a building survey, on-site building measurements and computer 

analysis will be conducted on both existing and the retrofit case.  

Firstly, the existing container-like buildingsô geometry and real conditions are 

evaluated. In the second step, the Blower Door measurements will be carried out 

recording all leakages and anomalies within the building envelope. There is not any 

published work on blower door tests conducted to measure airtightness of existing 

containerized buildings in Turkey. Therefore, the measured on-site air change rate 

@50Pa values were used as input in the whole building energy simulation software to 

achieve the most realistic results. Following that, the energy demand of the typical unit 

will be simulated with airtightness retrofit strategies. Airtightness data inputs will be 

obtained with the help of the Blower Door test. This process will comprise of the fan 

pressurization method according to DIN EN 13829 Standard and simulation in the 

WUFI Plus software. 

Retrofit improvements (air sealing with tapes) have been applied only on the single 

type container unit. The reason is that the adjacent units are merged out of single units. 

Both in the existing and in the retrofit cases, computer simulation inputs are using 

default values and materials that are available in the calibrated library. The climate 

EPW-file for Ankara has been downloaded from the US Department of Energy 

resource portal. Typical building components and materials are taken from softwareôs 

integrated library. 

3.2.1. Field Measurements: The Fan Pressurization Method 

The fan pressurization method is applied on each building. Pre and Post-retrofit case 

measurement procedures remain the same. Airtightness measurements are carried out 

with the Minneapolis Blower Door Test supported by Infrared Thermography Camera 

screening to document leakages and thermal bridges in accordance with DIN EN ISO 

13829 Standard and Passive House Blower Door Measurement Protocol. At the end of 

the test, TECTITE Express 4.0 software operated in the automated mode generates a 

full report with certificate that meets LEED and Passivhaus Standards. 
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Weather conditions are recorded during and after the test using digital thermometers 

and smartphone weather forecast application. For the purpose of the tests all external 

doors and windows are closed, with the internal doors left open. The Blower Door 

canvas wrapped on top of the special adjustable frame and mounted into one of the 

exterior door thresholds, all exterior inlets are temporarily sealed, exhaust grills and 

all designated openings are in closed position or air tightly secured (Figure 27).  

 

 

Figure 27: Air Sealing the Ventilation System with Rubber Balloon to Prepare the Blower Door Measurement 

(Source: BlowerDoor Gmbh, 2013) 

At the following step, fan should be installed onto the slot of the canvas (Figure 28). 

The airflow rate through the fan indicated buildingôs airtightness rate. The pressure 

gauge measures indoor and outdoor pressure fluctuations as well as baseline pressure 

before and after the test.  
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Figure 28: Minneapolis Blower Door Test (image credit by author, 2015) 

In seconds, the Blower Door with the help of the fan pressurizes or depressurizes 

building. The test itself consist of multi-point measurements. During the 

measurements the air flows directly through unintended leakage points within the 

building enclosure outwardly or inwardly under the constant air pressure of 50 Pascal 

(Figure 29). 

If there are leakages in the building envelope, outside air infiltrates the building 

through them. During the walk around, the building is carefully inspected for airflows, 

which are pinpointed with the IR thermography camera. 
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Figure 29: Working Principle of Minneapolis Blower Door Test (Source: BlowerDoor GmbH, 2013) 

3.2.2. Whole Building Energy Simulations 

The whole building energy simulations software was used to demonstrate the effect of 

air leakage on the building energy use only. The pre-retrofit and post-retrofit case 

building will be modeled using the Fraunhofer Instituteôs WUFI Plus. The modeling 

and simulations were be performed for the climate of Ankara. Airtightness inputs have 

been validated by field measurements. 

The WUFIôs simulation sequence is defined by the softwareôs workflow (Figure 30).  
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Figure 30: WUFI Workflow Sequence (Source: Fraunhofer IBP, 2013) 

A steady-state approach for assessing the energy performance is combined with the 

dynamic modeling features of a whole building simulation model including a full-scale 

hygrothermal component analysis (Fraunhofer IBP, 2013). 

There are two modes to simulate a building, WUFI Passive and WUFI Plus. The WUFI 

Plus selected for this research. The Simulation procedure for WUFI Plus starts from 

the top of the navigation tree and edit point-to-point top down (Figure 31). Software 

guides the user about the next steps. It also points out to the missing input data in case 

of errors occurs. 

First, the user can add optional information about the project. 

After some basic information like addresses and contact information, the user has to 

select a climate for the calculation. Either the measured climate data for a location or 

import from weather databases. 

When the climate is chosen, the building geometry has to be set. Either with the 

building wizard, or 3d model. 

The next step starts with the definition of the assembly of the components. Predefined 

assemblies can be read from the assembly database. New constructions can be edited 
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in this dialog. User can select in the material data for the individual layers (Fraunhofer 

IBP, 2013). 

Following that, prospective loads can be defined in day profiles. In Design Conditions 

temperature, moisture and ventilation conditions can be edited. 

In the other parameters are the initial conditions and the accuracy of calculation to 

define. At the end, the HVAC system have to be specified, but in this study will be set 

for the default. 

 

Figure 31: WUFI Plus Navigation Tree (image source credit by author, 2015) 

The detailed simulation steps of the WUFI Plus are given in Appendix A. 
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CHAPTER 4 

 

4. RESULTS AND DISCUSSION 

RESULTS AND DISCUSSION 

 

 

 

In this chapter results of the pre and post-retrofit cases together with discussions are 

presented. In addition, energy demand simulations of the case study buildings are 

demonstrated. 

4.1. Evaluation of the Airtightness of the Pre-retrofit Case 

As stated in the previous chapter, four containerized units have been studied in terms 

of airtightness. In this part, details of the existing conditions are evaluated. This study 

has also shown that quantitative data providing information on the airtightness of a 

building envelope could be obtained by using a thermography survey of surface 

temperature during Blower Door test. These thermographic images taken in the sample 

buildings showed thermal anomalies in the building envelope. All measurements have 

been conducted during good weather, avoiding high winds, rain and snow conditions 

or several days after precipitation. If the outdoor temperature is lower than indoor 

temperature, the defects will show up as cooler in an IR image and in case of higher 

temperature, thermal image would show warmer patterns.  

The summary of the Blower Door measurement results of the pre-retrofit case are 

presented in Figure 32 and Appendix D.  
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Figure 32: Pre-retrofit Blower Door Test Results 

According to result of the audit, container Type B has worse envelope air leakage in 

comparison to container Type D. While container Type C has the worst airtightness 

results. 

The most of the detected air leakages have been occurred in different parts of the 

building (Appendix I). 

4.2. Simulation of the Energy Demand of the Pre-retrofit Case 

Measured airtightness test values are crucial to have realistic results in the energy 

demand simulation. Simulation of the energy loads and demand of the existing 

building is held in two stages. All required date and drawings are collected from the 

manufacturers. Site visits are made at the building locations. The exterior building 

envelope is evaluated. All air leakages are detected and documented. 

The Blower Door measurement reports for each containerized unit can be found in the 

Appendix D. 

In the following stages, in order to determine the baseline loads and demands 

conditioned boundary of the existing building was determined by the help of the WUFI 

Plus 3.0. The typical building enclosure components of a standard containerized 
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building represented in Figure 33. The simulation inputs related to building 

components for the pre-retrofit case are available in the figures 34-35-36 and Appendix 

B. 

 

Figure 33: 3D Section of building envelope (image source credit by author, 2015) 
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Figure 34: Container Exterior Wall 
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Figure 35: Container Roof 
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Figure 36: Container Slab 

After determining the thermal envelope, all necessary inputs are entered into the 

software. 

Simulation results for all selected buildings are given in Following Figure 37 and 

Appendix E. 
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Figure 37: Pre-Retrofit WUFI Plus Building Energy Simulation Results. 

4.3. Retrofit Procedure  

This study focused on adjacent and single type container buildings. Each type has one 

office and one living container. As it has been mentioned in the previous sections, 

container type B have worse envelope in comparison to container type D, while 

container type C have the worst results in respect for airtightness level obtained from 

all site measurements (Figure 32). The energy simulation results (Figure 37) showed 

the similar relations. The unit B had a higher energy consumption to compare with the 

unit D, while the unit C remained the worst in respect for energy demand. The 

comparison between units made only according to the type of the units. According to 

results, container type B have been selected for further refurbishment. 

The case study building have been selected according to several factors. Firstly, it 

would be crucial to understand refurbishment of the single type container unit. Because 

the single unit mainly assembled in the factory and later can be assembled together to 

form adjacent multi units on-site. It would be starting point for the manufacturer to 

solve airtightness issues of the single unit before. Secondly, among single unit type B 

is only office container, which is used at the construction site and available for 
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refurbishment during working hours. While the living container is less desirable due 

to absence of the owners during refurbishment times, which usually fits with working 

hours. Finally, to sum up all that mentioned before, container type B has a higher 

leakage rate and energy consumption to compare with unit D. 

The five main retrofit focus points are shown in Figure 38, where air sealing strategies 

have been applied on the selected case study building. The building simulation inputs 

for the post-retrofit case can be found in Appendix C. 

 

Figure 38: Three main retrofit points (Source: Author) 

Creating an envelope with improved airtightness was possible by taping and sealing 

elements outlined below: 

¶ Opening connections to the wall elements, 

¶ Penetrations of the cables and pipes, 

¶ Wall and floor junctions, 

¶ Wall and ceiling junctions, 

¶ Sandwich Panel junctions. 

Detailed retrofit steps can be found in the Appendix F. 
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4.4. Evaluation of Airtightness of the Post-retrofit Case 

In this part, the quantitative data on the airtightness and the insulation level of the 

building envelope after retrofit are provided. Post-retrofit Infrared thermal inspection 

during blower door test were investigated. There are thermal anomalies have been 

detected in the building envelope (Appendix J). 

The post-retrofit Blower Door result of the case study Type B building shows that it is 

possible to achieve airtightness improvement with the taping method. The Blower 

Door test results in Figure 39, show improved airtightness of 2.73 (1/h). The results 

indicate that taping has a positive impact on the airtightness of the building. Detailed 

Blower Door report is given in Appendix H. 

 

Figure 39: Post-retrofit Blower Door Test Results on container Type B 

4.5. Simulation of the Energy Demand of the Post-Retrofit  Case 

In order to simulate the above-mentioned improvements, an additional airtightness 

layer, which has the same qualities as the tapes used on site, has been added into the 

building. The original Intello membrane name was picked for the layer (Figure 40-41-
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42). This was necessary since WUFI Plus cannot simulate applied taping. The 

membrane is thus only a simulation aid that resembles the tapes. 

 

Figure 40: Container Exterior Wall with Airtightness Membrane 

 

 

Figure 41: Container Roof with Airtightness Membrane 
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Figure 42: Container Slab with Airtightness Membrane 
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4.6. Comparison of the Pre and Post Retrofit Cases 

The comparison of the pre and post-retrofit WUFI Plus and Blower Door test results 

for the selected building type B can be seen in Figure 43-44 and Appendix G-H. 

 

Figure 43: Building Type B. Pre-retrofit and Post-retrofit Energy Demand Comparison. 
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Figure 44: Building Type B. Blower Door Pre-retrofit and Post-retrofit Case Comparison. 

The data shows 80% air leakage reduction has been achieved after post-retrofit 

procedures. In the following Table 14, the IR thermal analysis image reveals cold air 

flow reflected on the surface due to temperature change from air leakage source (left 

image). In spite of performed air sealing measures, there was no air flow detected 

during the Blower Door test. However, a stable entrapped cold air at the sandwich 

panel junction can be seen in the right image. The reason of this, unsealed exterior 

envelope. Additional measures will be required to improve mentioned condition to 

fulfill EnerPHitôs airtightness requirements.  

14.2

2.73

13.2

2.75

15.1

2.71

0

2

4

6

8

10

12

14

16

Pre-retrofit Case Post-retrofit Case

A
ir

 c
h

a
n

g
e
 r

a
te

 n-
v
a

lu
e
 i
n

 1
/h

Blower Door Test Results 

Average Depressurisation Pressurisation



70 

Table 14: Pre-retrofit (Left) and Post-retrofit (Right) IR Thermal Imaging (Source: Author) 

PRE-RETROFIT CASE POST-RETROFIT CASE 

  

Emissivity: 0.95 (data obtained from Testo 
Database) 

Relative Humidity: 30% Rh 

Reflected temperature: +28ÜC 

Indoor temperature: +28ÜC 

Outdoor temperature: min. +24ÜC; max. +27ÜC 

Measurement date/time: 09.06.2015 at 14:57 

Emissivity: 0.95 (data obtained from Testo 
Database) 

Relative Humidity: 45% Rh 

Reflected temperature: +19ÜC 

Indoor temperature: +19ÜC 

Outdoor temperature: min. +16ÜC; max. +21ÜC 

Measurement date/time: 14.10.2015 at 18:50 

  

æTinterior-exterior=28ÜC-24ÜC =4 ÜC 

æTinterior-ceiling=28ÜC-27.9ÜC =0.1 ÜC 

æTinterior-left wall=28ÜC-26.3ÜC =1.7 ÜC 

æTinterior-right wall=28ÜC-25.7ÜC =2.3 ÜC 

æTinterior-ceiling profile=28ÜC-26ÜC =2 ÜC 

æTinterior-ceiling corrugation=28ÜC-25.9ÜC =2.1 
ÜC 

æTinterior-exterior=19ÜC-16ÜC =3 ÜC 

æTinterior-ceiling=19ÜC-16.9ÜC =2.1 ÜC 

æTinterior-left wall=19ÜC-15.2ÜC =3.8 ÜC 

æTinterior-right wall=19ÜC-14.6ÜC =4.4 ÜC 

æTinterior-ceiling=19ÜC-26ÜC =2 ÜC 

æTleft wall-right wall=19ÜC-13.3ÜC =5.7 ÜC 
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During the pre-retrofit cases air leakage, thermal bridge and condensation problems 

have been detected at the wall panel and ceiling conjunction, wall panel and wall 

panel corner junctions as well as between sandwich panel junctions. During the 

analysis it has been revealed that overall wall thermal resistance is quite low. Air and 

moisture penetrated through the gaps between flashing profiles and continued into 

the building (see Table 15). While, in the post-retrofit case, air leakage problem has 

been eliminated, but due to the unsealed flashing and lack of insulation at the corner 

post condensation and thermal bridge still occurred behind the tapes. 

Table 15: Schematic Interpretation of the Air Leakage at the Container Corner Detail (Source Author) 

PRE-RETROFIT CASE POST-RETROFIT CASE 

  

PROBLEMS AVAILABLE: PROBLEMS AVAILABLE: 

Air leakage through corner junction - 

Condensation at corner junction Condensation at corner junction 

Surface condensation at wall Surface condensation at wall 

Thermal bridge at corner junction Thermal bridge at corner junction 

Low thermal resistance at entire wall Low thermal resistance at entire wall 

The measurements have been performed at the different seasons (summer and autumn) 

with completely different outdoor conditions. It would be vital to take into account 

that factor and perform different study at the same season and same outdoor conditions. 

The annual heating demand of the selected containerized building (Type B) have been 

reduced from 4512kWh/a @ 14 Air Change Rate to 4095kWh/a @ 2.73 Air Change 

Rate applying airtightness retrofit strategies without implementing any additional 

changes. In other words, annual heating demand 215kWh/(m2a) or maximum heating 

load 24.5W/m2 for pre-retrofit case to compare with annual heating demand 

195kWh/(m2a) or maximum heating load 22.3W/m2 for post-retrofit case . 
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CHAPTER 5 

 

5. CONCLUSION 

CONCLUSION 

 

 

 

Currently there are no obligatory 3rd party certification that controls building 

airtightness in Turkey. The poor quality of workmanship is a central issue of the 

building sector. This problem leads to failures not only in green building certifications, 

which resulting in wasted budgets and time, but also significant loss of energy in 

summer for cooling and in winter for heating. In order to achieve a good airtightness 

level, high quality workmanship, staff training related to airtightness strategies and 

their further implementations are crucial for the industry to prevent future application 

failures. Moreover, there are a few published studies related to this topic in Turkey 

Thus, it would be crucial to increase the awareness of manufacturers, contractors and 

building owners about air leakage causes and effects. This could be done through 

publications, seminars and special workshop courses offered by educational 

institutions. 

In this study, airtightness of the existing buildings was measured on site to obtain real 

values for building energy simulation inputs. Airtightness of four containerized 

building units in Ankara were measured with the help of Blower Door test. All 

leakages were documented with an Infrared Thermal Camera. The effect of the air 

leakages on the energy efficiency of the existing buildings were evaluated with the 

WUFI Plus simulation software to indicate current condition of the sample buildings. 

Later on, airtightness retrofit improvements were applied on the selected building. 

Taping methods were used from interior side to see if it is possible to reach desired air 

leakage improvements. The wall-floor and wall-ceiling junctions, openings-wall joints 

and penetrations of cables-pipes into the building envelope were air sealed. At the end, 

the impact of the retrofit measures were evaluated. All measurements were performed 

during the days with no precipitation and wind. In spite of that temperature difference 

(æT) between indoor and outdoor were so negligible for the container Type B 

(approximately +1oC) at existing situation, thermal imaging and blower door test 



74 

results revealed that air leakage was significantly high. This is due to unsealed and 

uninsulated junctions. While, the air leakage detection for the post-retrofit case have 

been performed during fall season with temperature difference (æT) more than 3oC 

revealed only already existing thermal bridge and condensation problems. 

In order to obtain the real amount of saved energy by applying airtightness tapes in 

real life conditions, annual monitoring of the building and systematically recording of 

energy consumptions would be necessary. 

To conclude, the assessment of the airtightness performance of container-like 

buildings in relation to its effect on energy efficiency should be conducted not only by 

air pressurization method but also with thermal bridge and condensation detection and 

computer energy simulation as a whole complex procedure. 

5.1. Savings via Applying Airtightness Strategies 

In this research, 80.5% of Airtightness and 9.2% of Energy Demand Improvements 

have been achieved after airtightness refurbishment was applied to the sample 

containerized building. In order to achieve better results, air sealing have to be 

performed on both exterior and interior sides. Additionally, elimination from thermal 

bridges with thermal breaks and higher insulation (better U-values) would be 

necessary to adapt into the prefabricated building manufacturing standards. The 

current leaky windows and door system did not allow to reach targeted value of 1 

ACH. In this case, one possible solution is to replace windows with better airtight ones. 

5.2. Evaluation of the Detailing of the Pre-retrofit Building 

Throughout the experiments, it was revealed that airtightness could be achieved 

through proper detailing with appropriate gaskets. Air leakages were detected on 

different inspection points like floor and wall junctions, electrical and mechanical 

service penetrations, wall and opening connections, and for sandwich panels. The 

strongest air flow has been measured at the "wall-floor", "wall-ceiling" joints. 

If building regulations require higher airtightness levels, air leakages could be avoided 

easily at the design stage, and tested directly in the factories. To support quality 

control, dynamic building simulations could help avoid unforeseen issues before 
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manufacturing and assembly processes. However, in this case, if building regulation 

followed without control and verification from third certification body, then entire 

process will open loopholes to bypass airtightness regulations and represent full 

improvements only on blueprints and visible parts of the building. 

5.3. Evaluation of the Detailing of the Post-retrofit Building 

As the properties of the building envelope were improved, the Blower Door results 

also improved significantly (80%). The building energy simulation was carried out 

using real airtightness data from site. It has been shown that to reduce the energy 

demand, air sealing itself were enough to reduce demand for 9%. In this respect, it is 

necessary to train manufacturers and develop airtightness methods applicable within 

the container-like buildings with guidelines and brochures. Based on field experience, 

the building envelope measurement was important to include IR Thermography, which 

significantly reduced time to detect air leakages and thermal anomalies like thermal 

bridges and condensation. 

5.4. Further Research 

In this study, the assessment of the airtightness performance of container-like buildings 

in relation to its effect on energy efficiency has been carried out using the data from 

computer simulations and real site measurements. Since there was no other option to 

simulate taping in WUFI Plus, the Pro Clima Intello membrane was used as an 

alternative for computer simulations. This material has the same qualities as the tape. 

The simulation software also does not model the junctions. Thus, to carry out more 

accurate analysis, further research and updates can be done on the software or 

alternative approaches can be developed to simplify simulations. 

Data can be collected from the retrofitted building to monitor the building energy 

demand and indoor air quality. Since container buildings can be reused for other 

purposes on site, the new usage profile can be set to see what has been changed in 

respect for air quality and humidity. For example, container that was used for office 

purposes, later redesigned to be dining facility. In that case, humidity would raise due 

to the cooking, which potentially may cause mould within the building. 
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To conclude, the design of airtight container building would require several steps like 

planning of the airtightness layer taking into account potential changes in building 

purposes, computer simulations for each selected building envelope material, design 

building component that would integrate airtight solutions, quality control with the 

factory Blower Door measurements and the third party verification. Potential air 

leakage problems could be eliminated with the help of the tapes and gaskets 

implemented directly in the factory, but this method might be limited due to short life 

span of the air sealing materials (in case of exposure to the outer conditions 

approximately 3 months). However, according to this study, air taping would not be a 

long lasting solution. In that case, the effective solution might be prefabricated airtight 

insulated edge and corner junction details, which would eliminate not only air leakages 

but also thermal bridge problems at the very beginning stage. 
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APPENDIX A  
 

 

WUFI PLUS SIMULATION PROCEDURE  

 

 

 
The detailed steps for the WUFI Plus simulations have been outlined below: 

1) General project information have to be defined (Figure 45) 

 

Figure 45: WUFI Project General Information 
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2) Setting the simulation cases for various scenario (Figure 46) 

 

Figure 46: WUFI Simulation Cases 
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3) Setting the Climate Data (Figure 47) 

This part starts with the selection of the boundary conditions. The Climate data 

maybe either used from the WUFI Plus database or be user defined. 

 

Figure 47: WUFI Climate Data Page 
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4) Model the Building (Figure 48) 

For plain geometries, operator can use the Building Wizard to generate the 

simulation envelope. For more complex geometries there is a 3D Editor. Moreover, it 

is possible to import files from Sketchup. 

 

Figure 48: WUFI Building Modeling and 3D Editor 
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5) Definition of the airflow settings (Figure 49) 

Here infiltration air change rate for the whole building measured at the 50Pa pressure 

difference is added. 

 

Figure 49: Air Flow Input Page 

6) Simulated Zone conditions (Figure 50) 

 

Figure 50: WUFI Zones Inputs 
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7) Visualized Components (Figure 51) 

Allocate the components to the respective zone. Define and assign the assemblies. 

Set the parameters for surface, initial conditions and numbers. 

 

Figure 51: WUFI Visualized Components 
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8) Building Inner Loads (Figure 52) 

 

Figure 52: WUFI Building Inner Loads 
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9) Design Conditions (Figure 53) 

 

Figure 53: WUFI Design Conditions 

10) Other Parameters (Figure 54) 

To start the calculation, the initial conditions, have to be defined. 

 

Figure 54: WUFI Other Parameters 
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11) HVAC Settings (Figure 56) 

Since the main focus of the study is the building envelope, this part of the input will 

be remained by default parameters. 

 

Figure 55: WUFI HVAC Settings 

12) Calculation (Figure 56) 

The red button show that some information is incorrect or missing. A double-click on 

the given path leads automatically to the missing or wrong input. 

 

Figure 56: WUFI Error Indicators 
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The completeness of the inputs is shown in the state bar with the green button 

(Figure 57). 

 

Figure 57: WUFI Ready-To-Simulation Button 

  



97 

APPENDIX B 

 

 

PRE-RETROFIT BUILDING INPUTS  

 

 

 
Table 16: Pre-Retrofit Building Inputs 

Container Type A 
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Table 16: Continued 

 

Container Type B 
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Table 16: Continued 

 

 

Container Type C 
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Table 16: Continued 
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Table 16: Continued 

Container Type D 
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APPENDIX C  
 

 

POST-RETROFIT BUILDING INPUTS  

 

 

 
Table 17: Post-retrofit Building Inputs 

Container Type A 
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Table 17: Continued 

 

Container Type B 
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Table 17: Continued 
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Table 17: Continued 

Container Type C 
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Table 17: Continued 

 

Container Type D 
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Table 17: Continued 
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APPENDIX D 

 

 

PRE-RETROFIT BLOWER DOOR  RESULTS 

 

 

 

 
Figure 58: Pre-Retrofit Blower Door Test Report Type A   
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Figure 59: Pre-Retrofit Blower Door Test Report Type B (page 1) 
















































































