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Abstract

Investigation of an energy refurbishment concept for
office building using Nanogel®Aerogel insulation
plaster and replaced windows by building simulation
Sisay Semere Filate

Energy retrofitting, i.e energy savings 
and the optimal use of energy, are the 
prerequisite for closing the gap between 
finite resources and increasing energy 
demand. Energy retrofitting also means 
increasing the value of the building and 
making it more durable and comfortable.
 
These days’ energy-efficiency standards 
for buildings become increasingly 
important, but using a traditional 
insulation material such as mineral 
wool, expanded polystyrene and cellulose 
insulation materials often means having 
to accept increasingly thick layers of 
insulation in walls, floors, and roofs. 
This consumes valuable floor space in 
new construction. In renovation 
projects, it is not even possible to 
increase insulation thickness without 
significant aesthetic and functional 
compromises. 

This specific master thesis investigates 
the energy refurbishment concept of an 
old Telegraphengebäude (telegraph 
building) using Nanogel®Aerogel 
insulating plaster having a thermal 
efficiency of 2 to 4 times better than 
traditional insulation materials. The 
old building is located in the north-
west district of Karlsruhe, Germany and 
built in between 1906 and 1907.

An initial DesignBuilder simulation 
result of the old telegraph building 
loss around 179 MWh of heat energy every 
winter. As part of building renovation, 
external walls are insulated with very 
low thermal conductance SLENTIT Aerogel 
insulation board, windows are changed to 
double glazed low-e coated windows, roof 
attic is insulted with mineral wool, and 
the building is air tightened. This 
refurbishment turns in a reduction of 
total building energy loss by 61% and an 
improvement in primary space heating 
demand by 78% in heating season.
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CHAPTER ONE 

Introduction 
Rising energy demand due to increased urbanization results in burning of non-environmental 

friendly fossil fuels for transportation, electricity production, heating and cooling of residential 

and commercial buildings. Burning of these fossil fuels results in a rapid increase in 

greenhouse gas emissions which causes rise in the average earth’s mean surface temperature by 

0.6 to 0.9 degrees Celsius (1.1 to 1.6° F) in 2005 when compared to 1906 [1].  

Carbon Dioxide (CO2) allots for more than 80% of total greenhouse gas emission. Emission of 

CO2 in the year 1990 from household and service sectors accounts for 39% of total European 

Union CO2 emission and 30% of total greenhouse gas emissions [2]. These CO2 emissions 

aggravate the greenhouse gas and contribute to the earth’s warming. As a result, the Kyoto 

Protocol to the UN Framework Convention on Climate Change agrees the EU Member States 

to reduce their overall greenhouse gas emissions by 8% between 2008 and 2012, based on the 

figures for 1990 [3].  

Building related energy use contributes to the significant part of the world’s total energy 

consumption and associated greenhouse gas emission. Around 40% of total EU energy is 

utilized by buildings, of which 63% is used by residential buildings and the remaining 37% 

goes to commercial buildings [4].  

There is a huge potential and demand for building energy efficiency. As result the European 

Union Commission has recently published an updated version of the Energy Performance of 

Building Directive, which emphasizes the need for “Energy Efficient Retrofitting” (EER) of 

existing buildings [5].  

The EU also set itself to achieve 20%  share of renewable energy beside a 20% primary energy 

savings and 20% CO2 reduction by 2020 [6] and [4]. B.Jelle [7] and Baetens et al.  [8] disclose 

retrofitting of both residential and commercial building by half will have potential to save up to 

11% of total energy consumption in EU by 2020.  

A significant part of the total building energy goes to heating and hot water production. For 

example in Sweden, this part is just below 30% of the total end energy use which corresponds 

to around 10% of the Swedish greenhouse gas emissions [9]. Energy retrofitting of buildings 

and enhancing boiler efficiency will safeguard the non-renewable heating resource such as 

natural gas and oil for the next generation and protect the environment from greenhouse gas 

emissions in EU.  
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Generally, buildings constructed after 1970’s accounts for a relatively small percentage of 

building sector energy use. Nevertheless, building before 1970’s must be retrofitted due to their 

very low thermal envelope standard. Old buildings should be changed to high-performance 

building by applying integrated or whole-building renovation measures. This will result the 

building to be less costly, increase its value, become more durable. I also bring a significant 

contribution to a healthier as well as comfortable indoor environment for occupants to live in 

and work at.    

There are many literatures out there on energy retrofitting of buildings using traditional thermal 

insulation materials but so far no one have investigated the effect of newly innovated 

Nanogel®Aerogel insulation material and changed windows on buildings. This paper will 

briefly discusses about traditional thermal insulation materials first and then exchange views on 

Aerogel and its application in buildings. 

Then the following chapter discusses in detail about the subject building which used to be a 

Telegraph building. The simulation and analysis of the resulting fabric and ventilation loss 

from the case study building and its space heating demand to maintain building sat indoor 

comfort temperature is then follows.  

The next chapter fully devoted to discusses the detailed retrofitting concept on subjected 

building. The last chapter then examines the achieved energy saving after insulating external 

walls and replacing windows at first. Then the detailed analysis on energy saves and reduction 

in space heating requirement follows conducting an entire building renovation to meet the 

Germany Energieeinsparverordnung “EnEv 2009.” Furthermore, comparison of wall insulation 

level for different thermal insulation materials are investigated because of their direct effect on 

building’s appearance and adaption of the roof and wall junctions 

1.1 Thermal building insulation background  

Thermal building insulation materials are materials added on any building fabric parts either 

internally or externally to reduce the heat transfer through them. They can be applied both in a 

newly constructed and retrofitted buildings to minimize the heating and cooling load of the 

building in winter and summer respectively.  

The physical and chemical properties of thermal building insulation materials are mostly 

dependent on their structure, raw materials used, and the manufacturing process. However, the 

prime importance in selecting a suitable insulation material is its thermal property. Other 

important criteria to consider are mechanical strength, resistance to aging, sound insulation, 

and resistance to moisture and fire. In addition, their cost and depth of insulation are also 

considered.  

The physical properties that have to be noted while discussing about thermal insulation 

materials are thermal conductivity, thermal resistance, and thermal transmittance. All of them 

are briefly discussed as follows.   
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1.1.1 Thermal conductivity (λ) of an insulation material is a specific property of a material 

which represent the heat flow in watts (W) through a 1 m² surface and 1 m thick flat layer of a 

material when the temperature difference between the two surfaces in the direction of heat flow 

amounts to 1 Kelvin (K). This is one of the most important physical properties of any thermal 

insulation material. The unit of thermal conductivity of a material is W/(m.K) or sometimes in 

milliwatt (mW/m.K). 
 

Note: The lower the thermal conductivity values of an insulation material, the better the 

thermal insulator it is.  
 

Literature reviewed thermal conductivities of conventional and newly developed thermal 

insulation materials tabulated as follows. Their effective thermal conductivity usually increases 

with temperature and moisture content. For instance the most commonly available mineral 

wool has an effective thermal conductivity of 37 mW/(m.K) at zero percent moisture content 

by volume of insulation (0 vol%) but its effective thermal conductivity increases to 55 

mW/(m.K) at ten percent moisture content by volume of insulation(10 vol%) [7]. Its thermal 

conductivity also increase from 37 mW/(m.K) at mean 0°C material temperature to 40 

mW/(m.K) at 10°C [10].  

Table 1.1:Literature and tested data on the thermal conductivity of conventional and newly 

developed building insulation materials adapted from [7] and [10] 

 

From all conventional thermal insulation materials, Only PUR has a typical thermal 

conductivity value in a range of 20 to 30 mW/(m.K) i.e. is  lower than mineral wool, 

polystyrene and cellulose products which all are in the range of 30 to 50 mW/(m.K) [7]. 

Insulation materials  λ [mW/(m.K)] λ [mw/(m.K)] variation with 
moisture content in % vol 

λ [mw/(m.K)] as 
a function of 
temperature 

  0 vol%  5 vol% 10 vol% 0°C 10°C 

Mineral wool  30-40 37 -- 55 37 40 

Expanded Polystyrene 
(EPS) 

30-40 36 -- 54 30 30 

Extruded Polystyrene 
(XPS) 

30-40 34 -- 44 32 35 

Cellulose  40-50 40 66 -- -- -- 

Cork  40-50 -- -- -- -- -- 

Polyurethane (PUR)  20-30 25 -- 46 35 35 

Vacuum Insulation 
Panels (VIP) 

<4 -- -- -- -- -- 

Gas-filled panels (GFP) 8-28 -- -- -- -- -- 

Aerogel 13-15 -- -- -- -- -- 

C
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n
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w
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1.1.2 Thermal resistance (R) is a measure of resistance to heat flow through a given 

thickness of a material. It obtained by dividing the thickness (d) of the insulation material by its 

design thermal conductivity: R = d/λ.   

Usually the thermal resistance expressed as R-value. Its SI unit is square-meter square Kelvin 

per watt [(m².K)/W]. In the United State, its customary unit is ft
2
.°F.hr/Btu. Since R-values 

both in the US and elsewhere is often cited without their units, e.g., R-13, it is sometimes 

confusing to distinguish SI or US R-values, However the correct units can be inferred from the 

context and from the magnitudes of the values.  

However, for this particular paper I often refer to US R-value when I write the thermal 

resistance of the insulation materials with only number like R-9.6 or R-30. However, the exact 

conversion to SI R-value is given in Appendix: I.     

1.1.3 Thermal transmittance (U) is the heat flux density through a given structure divided 

by the difference in environmental temperatures on either side of the structure at a steady-state 

condition. It is expressed in units of Watts per square meter per degree of temperature 

difference W/(m
2
.K). 

The U-value is the benchmark for the comparative efficiency of thermal insulation for the 

building elements. It is usually depend on the external and internal heat transfer coefficients of 

the composite building elements because of their direct effect on the rate of heat exchange 

between the element and the environment. It also depend on the direction of the heat flow in a 

particular situations, i.e., horizontal, upward, or downwards.   

1.2 Traditional thermal building insulation materials   

Most conventional thermal insulation materials developed before 1950, with their extensive use 

starting only after the oil crisis in 1973. Their applications in buildings become the key activity 

to prevent heat losses and to improve the energy efficiency of buildings. In previous days and 

even in some places and countries buildings are being insulated using a low traditional thermal 

conductive insulation materials like mineral wool, expanded polystyrene (EPS), Extruded 

polystyrene (XPS), cork, polyurethane (PUR) and Cellules. Their short descriptions discussed 

as follows.  

1.2.1 Mineral wool  

Mineral wools are fibers made from molten glass, stone, or slag that is spun into a fiber-like 

structure. Inorganic rock or slugs are the main components of stone wool typically 98%. The 

remaining 2% is organic content particularly a thermosetting resin binder or an adhesive and a 

little dust abatement oil [11].  

Mineral wool covers glass wool, fiberglass, and rock wool, which normally produced as mats 

and boards, but occasionally as filling material. Light and soft mineral wool products applied in 

frame houses and other structures with cavities. A heavier and hard mineral wool board with 
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high mass densities is used when the thermal insulation is intended to carry loads as in floors 

and roofs.  

Their porous and elastic structure absorbs noise in the air, knocks, and offers acoustic 

correction inside premises. They are not fuel fire or propagate flames because of their 

incombustible and inert chemical composition of the raw material.  

 

Figure 1.1: Picture of mineral wool insulation material by Achim Hering (Wikimedia)  

The thermal conductivity of mineral wool is highly dependent on temperature, moisture content 

and mass density. It’s typical thermal conductivity ranges from 30 mW/(m.K) for the most 

efficient to the least 40 mW/(m.K) [7]. The thermal conductivity variation of different 

insulation material with respect to temperature and moisture content is given in table 1.1.   

1.2.2 Expanded polystyrene (EPS) 

Expanded polystyrene (EPS) is an extremely lightweight product made of expanded 

polystyrene beads from crude oil. EPS foam has a partly open pore structure with more than 

95% air and only about 5% plastic. They are used as an insulation board for walls, roofs and 

floors of the building due to their lightness, strength and high durability. In addition to their 

application as thermal insulation material, they are also used as a flotation material in the 

construction of marinas.  

The thermal conductivity of EPS ranges from 30 mW/(m.K) to 40 mW/(m.K) under normal  

operating condition [7]. However, their thermal properties have direct relationship with 

temperature and moisture content as given in table 1.1.    



6 
 

 

Figure 1.2: Rigid Expanded Polystyrene insulation 

board (EPS)reprinted from Ref. [12]  

1.2.3 Extruded polystyrene (XPS) 

Extruded polystyrene foam begins with solid polystyrene crystals. The crystals, along with 

special additives and blowing agent, are fed into an extruder. In the extruder, the mixture is 

combined and melted under controlled conditions of high temperature and pressure into a 

viscous plastic fluid. The hot, thick liquid is then forced in a continuous process through a die. 

As it emerges from the die it expands to foam, then is shaped, cooled, and trimmed to 

dimension to give its final texture and make it ready for shipping.   

Figure 1.3: Extruded polystyrene insulation board (XPS) reprinted 

This continuous extrusion process results in a unique foam product with a uniform closed-cell 

structure, a smooth continuous skin, and consistent product qualities as seen in figure 1.3. The 

typical thermal conductivity of XPS is in between 30 mW/(m.K) and 40 mW/(m.K) under 

normal operating condition but subject to change under different temperature and moisture 

content as given in table 1.1. 

 

 

 
Figure 1.3: Extruded polystyrene insulation board 

(XPS) reprinted from Ref. [12] 
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1.2.4 Cellulose   

Cellulose (polysaccharide, (C6H10O5)n) insulation is made from a recycled paper or wood fiber 

mass products, primarily newsprint. A cellulose insulation material has a very high recycled 

material content up to 82% and some other additives. The raw materials are first reduced to 

small pieces and then fiberized using different additives, creating a product that packs tightly 

into roof and wall cavities to inhibit airflow and provides higher thermal resistance.  

Cellulose insulation materials has a thermal conductivity ranging from 40 mW/(m.K) to 50 

mW/(m.K) and subject to change due to different operating scenarios like temperature and 

moisture content as seen in table 1.1 

 

 

 

 

 

 

 

 

1.2.5 Cork   

Cork is one of the oldest insulation materials used commercially from cork oak tree cover. It 

was the most widely used insulation material in refrigeration industry. Due to scarcity of cork 

producing trees, this insulation material has a higher price than other insulating materials and 

lead to a limited use in these days. Cork insulation materials are available as expanded slabs or 

boards as well as in granular form with different density ranging from 110 to 130 kg/m
3
. They 

are difficult to burn with an average mechanical resistance of 2.2 kg/m
2
 and fear compression 

resistance.   

The thermal conductivity of cork insulation materials varies from 40 to 50 mW/(m.K) under 

normal operation temperature [7].   

Figure 1.4: Cellulose insulation material adapted from Wikimedia   
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Figure 1.5: Expanded cork insulation material picture reprinted from 

“retail design blog” webpage  

1.2.6 Polyurethane (PUR) 

Rigid polyurethane (PUR) and polyisocyanurate (PIR) insulation materials are highly effective 

and lightweight. Their excellent thermal conductivity and high strength to weight ratio, 

combined with great manufacturing versatility provides a range of products.  

Rigid PUR insulation products are made by mixing a liquid polyol, an alcohols containing 

multiple hydroxyl groups, component with a liquid polymeric isocyanate and Methylene 

Diphenyl diIsocyanate (MDI) component in the presence of a blowing agent and other 

additives. The mixed components then react exothermically to form a rigid thermosetting 

polymer and since the blowing agent evaporates during this exothermically reaction a rigid 

closed cell low-density insulation product with approximately 97-vol% of the foam trapped by 

gas.  

 

Figure 1.6: Rigid polyurethane insulation panel reprinted 

from Ref. [13] 
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Typical thermal conductivity values for PUR are between 20 and 30 mW/(m.K), i.e. 

considerably lower than other traditional insulation materials.  

1.2.7 Low-E or Low Emissivity Coating   

Nowadays windows play a very important role in building design because of their role in 

occupant well being and productivity. They also play an important role in energy usage of a 

building.   

Currently available windows are coated with low-emissivity (low-e) coating as an energy 

efficiency measure.  “Emissivity” by definition means the ability of the material to radiate 

thermal energy and a low-e coated surface will reflect a significant amount of incident long –

wave infrared radiation (IR).   

Low-e coated glass has a microscopically thin, transparent coating that reflects long-wave 

infrared energy (or heat) generated from a warm object back towards the source of warmth four 

to thirty times better than uncoated glass without compromising the transmittance of visible 

light. This kind of glasses will significantly reduce the radiation heat transfer and improve or 

lower the U-factor of the glazing.  

Microscopically thin, virtually invisible transparent tin dioxide, silver or other metals are 

usually applied on either surface of the glass to make it low-e coated glass. A standard glass 

has an emissivity of 0.84, meaning 84% of all the far-infrared energy falling on a pane of a 

glass is absorbed and emitted while only 16% is readily reflected. But the emissivity of low-e 

coatings ranges from approximately 0.21 to 0.03 meaning they reflect back the energy in the 

long wavelength range to about 79% and absorb 21% which will later be emitted.  

Low-e coating are usually applied on either surface #2 or surface #3 of double pane windows. 

If this low-e coating is applied on surface #2, the window is called Solar Control window and if 

it is applied on surface #3 it is called Low-e Coated or heat resistant windows [14].  

Solar protective windows are usually used in hot climates where cooling is dominant. The 

invisible low-e coating on surface #2 reflect the intense solar radiant heat energy back to the 

outdoor instead of allowing it to enter and introduce unwanted heat. Heat resistance windows 

on the contrary are more common in heating dominated climates. The low-e coating on surface 

#3 reflects the indoor infrared heat back to the building while allowing sun’s short-wave 

infrared energy to pass through. The air space in between the panes reduces the heat transfer in 

winter from the warm inner glass to the cooler outer glass, thereby lowering the amount of heat 

loss through the window.  

Literatures predict a 25% - 40% U-factor improvement of low-e coated glass than that of 

uncoated glass. Generally low-e coatings are applied on a glass by two methods: Vacuum 

sputtering or “soft coat” and pyrolytic or “hard coat”.  
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Vacuum sputtering is done off-line by magnetron sputtering vacuum deposition (MSVD) 

process in which a low-e coating target is deposited on a sheet of glass under vacuum to form a 

thin coating. In Pyrolytic low-e coatings, the chemical coating is bonded to the glass while it is 

in semi-molten state. The coating then becomes part of the glass and makes hard coated glasses 

strong and durable. 

 

Both coating technologies improves the U-factor of a glass but Pyrolytic low-e products have a 

higher emissivity value of 0.15 compared to 0.1 for sputtered product which results in a higher 

SHGC. Their application is to the maximum in heating dominated markets because of their 

high passive solar heat gain.  

The other way to reduce the heat transfer of the double glazed window or lower its U-factor is 

by substituting the gas fills by other than dry air. Choosing an inert gas with a lower thermal 

conductivity than air like argon or krypton reduces the window heat transfer. It is generally 

possible to obtain a 6 to 20% improvement in U-factor by changing the gas fill compared to the 

reduction obtained by using low-e coatings. The only drawback is on its sealing technique, 

otherwise conduction and convection heat loss become dominant if there is any leak in inert 

gas. This will drastically decrease the window insulating property.   

Figure 1.7: Advantage of having low-e coating on either surface #2 or #3reprinted from [14] 
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1.3 State-of-the art thermal building insulation materials 

Previously applications of only 10 cm of standard insulation materials such as Styrofoam, 

foamed PU, fiberglass, etc., were considered best. However, energy specialists have calculated 

cost optimized thickness of around 30 cm and sometimes 50 cm depending on climatic 

conditions. Currently, most existing building regulations and standards demand U-values for 

roofs and walls to be around 0.2 W/(m².K), which requires insulation layer of about 12 cm to 

20 cm. Many architects find such regulations hampering to create functional, aesthetically 

appealing spaces, not insulated bunkers.  

The use of thick layers of insulation is especially problematic in the case of renovated 

buildings, where there are often severe limitations on space and many other technical 

constraints. These constraints provided a driver for the development of an alternative, efficient 

method of insulating buildings whilst reducing the space requirements of such insulation 

materials. Some of these kinds of thermal insulation materials are Vacuum Insulation Panel 

(VIP), Gas-Filled Panels (GFP) and Aerogel insulation materials.  

1.3.1 Vacuum insulation panels (VIP) 

Vacuum insulation panels (VIP) are flat elements consists of core material, core protection 

layer and polymer laminate. The core material, which is the main part of VIP, contains small 

open pores in range of 10 to 100 nm (nanometer) in diameter. The core material is usually 

evacuated to a pressure of 0.2-3 mbar depending on the core material.  Figure 1.8 from [9] 

shows a typical metalized multi-layered polymer laminated VIP insulation panel. 

Figure 1.8: Flat VIP with the core material, protection layer and heat sealed metalized multi-

layered polymer laminate taken from [9] 
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The thermal conductivity of VIP is very much dependent on gas evacuation pressure and core 

material type. Usually VIP uses fumed silica as a core material with more than 90% porosity 

and 160kg/m
3
-190kg/m

3
 specific density. At low gas pressure ~ 0.2-3 mbar and room 

temperature the thermal conductivity of VIP varies from 2 mW/(m.K) to 4 mW/(m.K). Its 

thermal conductivity may increase to 20 mW/(m.K) when the pressure inside the core material 

increases due to sudden damage or cut in the installation process [15] and [16].   

Though VIPs are a very efficient insulation materials, they are a bit expensive than 

conventional insulation materials due to their strict quality control and sealing techniques. 

Furthermore VIP panels cannot be cut and adjusted at building site as this would destroy the 

vacuum and loss there high thermal performance. But it is still possible to customize them by 

accepting their higher cost penalties to meet strict building insulation requirement and benefit 

from space saving.   

1.3.2 Gas-filled panels (GFP) 

Gas-filled panel or GFP is an advanced insulation material close to VIPs in principle. GFP 

Insulation composed of two external aluminum foil or polymer laminates and five internal 

special aluminum films which expand with gas to form a flexible honeycomb panel [17], [18]. 

These sealed exterior aluminum foil barrier films can provide thermal resistance, flammability 

protection, and properties to contain air or low conductive inert noble gases like argon (Ar), 

Krypton (Kr) and xenon (Xe).  

 

GFP generally have a higher thermal conductivity than VIP. They hold most of VIP advantage 

and disadvantage. Avoiding air and moisture penetration into GFPs is necessary because of its 

drastic reduction in thermal performance if it is subject to loss of the trapped gas. T.Griffith et 

al. [19] investigated the variation in thermal performance of GFPs with different gas fill type 

and design of baffle component and found an effective apparent thermal conductivity of 28 

Figure 1.9: View on the barrier foil and the baffle structure inside a gas- filled insulation 

panel reprinted from Ref. [18] 
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mW/(m.K) for air filled, 20 mW/(m.K) for argon filled, 12 mW/(m.K) for krypton filled and 8 

mW/(m.K) for xenon filled. Having the same advantage and disadvantage, GFPs with lowest 

xenon filled having a thermal conductivity of 8 mW/(m.K) has a higher thermal conductivity 

than that of VIPs (4 mW/(m.K)) so their application as thermal building insulation may not be 

feasible 

1.3.3 Aerogel 

Aerogel, also known as “Blue Smoke”, are the world’s lightest solid materials ever known to 

human. Aerogel is formed from a silicon based gel after the liquid component has been 

replaced by air using supercritical drying[20].  They are very porous silicon dioxide material 

having an approximate value of the pore size in between 5 and 100 nm with an average pore 

size diameter between 20 and 40 nm [21]. The porosity of silica aerogel can reach up to 99% 

The pore diameter of silica aerogel is less than the mean free path of air ,thus restricting air 

molecules from colliding with another, which gives the aerogel material its low thermal 

conductivity value between 13 and 15  mW/(m.K) at an ambient condition [22]. More details 

about Nanogel/aerogel insulation materials are discussed in the following chapters. 

Currently only two U.S. companies, Aspen Aerogel Inc. and Cabot, have commercial products 

available in the market, and their production volumes are increasing as demand for Aerogel is 

growing. Meanwhile, ongoing researches are seeking to achieve a 50% decrease in production 

cost for this high performance insulation material. Their market research predicts profitable 

niches in the thermal envelop market will become $230 million by 2020 [22]. 

 

Figure 1.10: (Left) Peter Tsou from NASA with a translucent Aerogel sample developed for 

space missions (NASA) and (right) crayons on top of the Aerogel are protected 

from the flame underneath, and are not melting (NASA). 
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Thermal conductivities of conventional and newly developed building insulation materials 

advantage and disadvantage is summarized as in table 1.1.  

Table 1.2: Strength and weakness of conventional and newly developed thermal insulation          

materials adapted from Ref. [23] 

Material Strength Weakness 

Vacuum Insulation Panel  - best thermal performance 

- slim in size and versatile  

- slightly higher in cost than 
conventional materials  

Silica foam  

         ● Aerogel 

- easy to handle  - most expensive  

- not yet commercialized  

Organic materials  

         ● PU Form 

          ● EPS  

- better insulation than 
inorganic materials  

- board type  

- limited insulation   
deformation  

Inorganic materials  

        ● Glass wool 

        ● Rock Wool  

         ● Perlite  

-  low cost  

- Non-flammable  

- Low moisture resistance  

- low strength 

- low insulation 

- Dusts and particles   
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CHAPTER TWO 

Nanogel ® aerogel material 

Aerogels, also known as “Blue Smoke” is the solid framework of a gel isolated from its liquid 

component. It is prepared in such a way as to preserve the gel frameworks of the pore structure 

or at least most of it. In other words, aerogel is what would be left over if the liquid is removed 

from the gel without causing significant shrinkage. This is most effectively done through a 

special technique called supercritical drying. 

Aerogel was first invented 85 years ago by Samuel Stephens Kistler in 1931.  But it has never 

been used as a thermal insulation before Cabot Corporation start producing Nanogel®aerogel 

product since 2003 at its state-of-the-art plant in Frankfurt, Germany. Cabot Corporation 

develops a commercialized process that allows continuous production of aerogel under ambient 

conditions. This process allows control of its porosity, pore size distribution, and bypasses the 

traditional high-cost supercritical drying, so that the aerogel can be manufactured in a safe and 

continuous manner. 

The initial material for silica aerogel is the “silica gel”. It is composed of two components: a 

solid, nano-porous silica-based framework which gives the gel its rigidity and solid form, and a 

liquid which permeates the pores of the framework. Silica aerogel is then made by extracting 

the liquid from the framework of the silica gel in a way that preserves at least 50% (but 

typically 90-99+%) of the original volume of the gel framework. This is typically done by 

supercritical drying the gel, but can also be done a number of other ways 

Currently only three U.S companies Cabot Corporation, Aspen Aerogel and American Aerogel 

Insulated Packaging Solutions have a commercial aerogel products. Usually up on its 

application, silica aerogel is called as “Nanogel” when it is used in building sectors as 

translucent skylights or as an opaque thermal insulation and is called as “Aerogels” when it is 

used in space craft’s. For instance Cabot Corporation named their hydrophilic silica aerogel 

products as “Nanogel” [24].  

2.1 Production of Silica Aerogel  

Silica aerogel is a porous and lightest solid material that has not existed before. It is produced 

by a three step “sol-gel” process.  

The sol-gel process, as the name implies, involves a process of converting the “sol” (or 

solution) into a “gel-like” system through instance network of solid nanoparticles that spans the 

solution and cause gel to immobilize [20],[25]. The “sol” in “sol-gel processes” refers to a 

solution where solid nanoparticles are dispersed throughout the solution and a “gel” is a wet 

solid like material in which a solid network of interconnected nanostructures spans the volume 

of a solution.  
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The step by step aerogel production is discussed as follows.  

2.1.1 Silica gel preparation   

Silica gel is produced by the reaction of silicon alkoxide 

with water in a solvent such as ethanol or acetone in the 

presence of basic, acidic, and/or fluoride-containing 

catalyst. The most commonly used silicon alkoxide are 

either tetramethoxysilane “TMOS” or tetraethoxysilane 

“TEOS”. In the reaction process the silicon alkoxide serves 

as the source for silica, water acts as a reactant to help join 

the alkoxide molecules, and the catalyst helps the 

underlying chemical reactions go fast.  

2.1.2 Silica gel purification and aging  

The produced silica gel may contains alcohol, water, 

catalysts and other random compounds as an impurity 

which have to be removed before the gel is subjected to 

drying. These impurities especially water and sodium salts 

are not easily extracted by supercritical method and may 

cause a reduction in transparency and mechanical strength 

and shrinkage and/or cracking of the monolith gel structure.  

So purification is done by soaking the silica gel in a pure 

methanol; ethanol or acetone solvent until all the impurities 

inside the gel have been replaced by pure solvent. Soaking 

of silica gel is done several times with fresh solvent to 

ensure adequate removal of impurities and help the final 

chemical reaction strengthen the gel’s structural framework, 

which technically named as “aging”. This process may take 

hours and even days depending on size and shape of the gel.  

2.1.3 Supercritical Silica gel drying 

Supercritical drying of aged silica gel is done to retain its 

structure without any shrink and collapse while replacing 

the liquid inside the gel network by air. Supercritical drying 

process the aged silica gel is done in either of the two ways:  

i. The aged gel is placed in a pressure vessel filled 

with the same liquid held in its pores. For example 

if the gel has an ethanol in its pores, the pressure vessel than have to be filled with 

Figure 2.1: Simplified 

Aerogel production flow 

diagram adapted from [25] 
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ethanol too. The vessel is then sealed, heated past the critical temperature (241 °C) 

and pressure (60.57 atm) of ethanol, and then isothermally depressurized to give the 

final aerogel material.  

ii. The gel is soaked in liquid carbon dioxide over the course of several days, flushing 

new carbon dioxide through every 12-24 h to replace the solvent in the pores of the 

gel with liquid carbon dioxide. After the solvent in the pores of the gel has been 

replaced by liquid carbon dioxide, the carbon dioxide is heated past its critical 

temperature (31 °C) and pressure (72.79 atm) allowing all the carbon dioxide inside 

the pore to evaporate from the solid gel structure without causing any shrinks. The 

vessel is then isothermally depressurized to give the final aerogel product. 

2.2 Physical properties of Aerogel 

Physical properties of aerogel are very much dependent on pH, aging time, agitation technique, 

solvent and catalyst used and drying temperature.  Some of the aerogel physical properties are 

given in table 2.1 and some are discussed as follows.  

Table 2.1: Physical properties of silica aerogel adapted from [26], [27],[28] & [29] 

Property  Value  Comments  

Apparent density  0.003-0.35 
g/cm³ 

The most common density is ~ 0.1 g/cm³ which makes aerogel 
the lightest solid material  

Internal surface area 600-1000 m²/g As determined by nitrogen adsorption/desorption (i.e very high 
surface area) 

% Solids 0.13-15% Typically 5% and the rest 95% is air 

Mean pore diameter  ~20 nm As determined by nitrogen adsorption/desorption (varies with 
density) 

Index of refraction 1.0-1.05 Very low for a solid material 

Thermal tolerance  to 500 °C Shrinkage begins at 500 °C and melting >1200 °C 

Coefficient of thermal expansion  2.0-4.0 x 10-6 Determined using ultrasonic methods. 

Poisson’s ratio 0.2 Independent of density (similar to dense silica) 

Tensile strength  16 kPa For density = 0.1 g/cm³ 

Fracture toughness ~0.8 kPa*m1/2 For density = 0.1 g/cm3 (determined by 3-point bending) 

Sound velocity through  medium 100 m/sec For density = 0.07 g/cm3 (lowest velocities for a solid material) 
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2.2.1 Pore structure 

The approximate internal surface areas of silica aerogel are 600~1000 m²/g with an average 

pore diameter of less than 20 nm. Its pore sizes are in a range of 5 to 100 nm in diameter, with 

a porosity reaching 95% and more. 

2.2.2 Thermal conductivity 

Due to its very small nano-porous structure, the thermal conductivity of silica aerogel at an 

ambient temperature, pressure and relative humidity is under the order of 15 mW/(m.K). The 

lowest recorded thermal conductivity reported by J.Fricke et al. [30] at room temperature is 13 

mW/(m.K) for 120 kg/m
3
 aerogel sample. 

Cabot Corporation at its continuous plant in Frankfurt, Germany is producing aerogel as low as 

the thermal conductivity of 15 mW/(m.K) or thermal resistance of R-9.6 in US nomenclature 

system.   

2.2.3 Optical properties 

Silica aerogels are made of the same material as glass, silicon dioxide, and can be described as 

transparent. Silica aerogels are very transparent to red light but it scatter blue and violet lights 

readily, that is why silica aerogels always appear as light blue and that is why it is usually 

called as “frozen smoke”. Aerogel has a very low refractive index close to one but can be 

changed by adjusting the density of aerogels [31]. 

2.2.4 Acoustic properties 

The acoustic propagation in aerogels depends on the interstitial gas nature and pressure, the 

aerogel density and more generally its texture [32]. The propagation of an acoustic wave is 

decreased both in amplitude and velocity because the wave energy is progressively transferred 

from the gas to the aerogel solid network, over the entire aerogel work piece thickness [33]. 

The longitudinal acoustic velocity is typically of the order of 100 m/s by [29], [34]. 

2.2.5 Mechanical properties 

The compressive strength, tensile strength, and elastic modulus of silica aerogels are very low 

and largely depend on the network connectivity and aerogel density. That is why aerogels are 

very brittle and fragile. Its mechanical properties are sensitive to synthesis chemistry of the gel, 

the environment and the storage history but there are possibilities to strengthen silica aerogel 

through aging and hybridization. For example, aerogel can be hybridized with mineral wool, 

polyester, and plasters to increase its mechanical properties, which are discussed in more detail 

in chapter three.  
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CHAPTER THREE 

Aerogel applications in buildings 

Aerogel has a wide application. To mention some, it can be used as a skylight and window 

insulation in its translucent form, as a thermal insulating plaster board and as insulation render. 

This are clearly discussed as follows:  

3.1 Aerogel as a Daylighting/skylight   

Aerogel granules can be hybridized with glass and used as daylighting system. For instance 

Lumira®aerogel is a new eco-friendly, insulated daylighting product from Cabot Aerogel 

Corporation. It deliver uniform natural light distribution and light diffusion beside its super 

thermal insulation performance [35]. Lumira®aerogel, formerly called Nanogel®aerogel, gives 

architectural design flexibility and high thermal insulation having low thermal conductivity of 

17 mW/(m.K) and 23 mW/(m.K) for 90 kg/m
3
 and 65 kg/m

3
 bulk density respectively. Detailed 

product specification and application can be found in Cabot Corporation website [35] 

Scobatherm-Nanogel is an insulation panels produced by Scobalit AG under the collaboration 

of Cabot Corporation. Scobatherm-Nanogel panels are translucent sandwich panels made of 

glass-fiber reinforced polyester resins and filled with aerogels. For example a 25mm 

Scobatherm-Nanogel panel delivers a U-value as low as 0.85 W/(m
2
.K) and a g-value of 0.32 

with 40% light transmittance. The panel also diffuses natural light without shadow, saves 

energy and enhances visual comfort regardless of the season refer [24]. 

Figure 3.1: Scobatherm-Nanogel translucent panel (in the left) and its light, heat and sound 

transmittance and moisture resistance (on the right) adapted from Ref. [24] 
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3.2 Aerogel as thermal insulation Panel  

Beside its use as a skylight and its integration with glass for high insulation property, aerogel is 

blend with other material to use it as an opaque insulation material. For instance a German 

BASF Chemical Company innovated a high-performance organic, polyurethane based aerogel 

insulation material in their Advanced Materials and Systems Research team ushered by Dr. 

Marc Fricke. This insulation material has extra low thermal conductivity of around 16 

mW/(m.K) and named as SLENTITE Aerogel insulation board[36]. More detail is available in 

the next chapters.  

In addition to what have been discussed above, the Germany Sto AG also innovate a super slim 

system, called Sto Therm In Aevero insulation board[37]. It comprises a composite board 

combining Cabot aerogel particles for supper energy-savings performance with Sto’s binder 

and composite technology, resulting in an insulation board that offers greater performance than 

traditional materials. This innovative composite insulation system achieves ultra low thermal 

conductivity of only 16 mW/(m. K) and available in a thickness  of 10 to 40 mm.  

Beside insulation panel application mentioned above, aerogel used in shipping contenders as 

produced by Aspen Aerogels Company and as narrow strips to seal leaks and cracks 

manufactured by Thermablock.  

Space loft insulation blanket by Aspen Aerogels’ is a useful for insulating product in marine 

industry and for insulating existing walls in building retrofitting. It is very important in 

Figure 3.2: SLENTITE high-performance organic insulation board adapted from BASF 

Ref.[36] (left) and Sto- Aevero ultra low thermal conductivity interior  

insulation panel reprinted from Ref.[37](right) 
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Figure 3.3: Aspen Aerogels thermal insulation blanket in order of 0.20 in. and 0.40 in. thickness 

reprinted from Ref. [22](left) and Thermablock narrow strips for thermal bridge 

minimization in stud wall insulation adapted from Ref. [38] 

minimizing the amount of area lost due to its very thin application for the same insulation 

performance compared with conventional insulation materials. Space loft blankets are 

especially useful in areas where thin insulation products are required that can easily be cut, 

rolled, and/or shaped in the project site. 

Thermablock manufactured strips are used to cover the studs before any interior drywall or 

exterior sheathing is applied in stud wall insulation processes [38]. They significantly minimize 

thermal bridging and increase the thermal performance of the insulated wall through proper air 

ceiling.  

 

3.3 Aerogel as insulating render 

The Swiss Federal Laboratories for Materials Science and Technology (Empa, German 

acronym for Eidgenössische Materialprüfungs- und Forschungsanstalt) researchers and the 

Swiss render manufacturer (Fixit AG) in collaboration with Cabot Corporation’s technology 

developed an innovative and new aerogel- based insulating plaster called “Fixit 222 Aerogel”. 

It is invented in 2012 and can provide twice more insulation than currently available insulating 

renders [39].  This ultra low insulating render is now only available in Switzerland and has a 

thermal conductivity of 28 mW/(m.K). Due to high price of aerogel and small production 

capacity, the cost for this insulating plaster is high compared with other insulating renders but 

researchers in different companies are doing their best to cut down the cost of aerogel. For 

example, a Swedish firm, Svenska Aerogel, developed a continuous aerogel production instead 
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of small and batch production. There is a hope that the cost or aerogel would reduce by half in 

2020.    

Fixit 222 Aerogel has a broad application and it is neither flammable nor hydrophilic. Anyone 

can apply it using pointing gun or traditional hand method at any thickness as it wished. It is 

also very suitable for easily integration with reinforcing mesh at any instance during insulation 

process to enhance the strength of insulation. Above all its flexibility gives an advantage to 

Fixit 222 Aerogel insulating render in the application of hard to reach places and building 

curves where other insulation materials could not fit easily.  

The detailed product specification, application and safety issues can be found in Fixit AG 

website found in Ref. [40] 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.4: (Left) 10 kg Fixit 222 Aerogel suck bag ready to ship (right) Fixit 222 Aerogel 

application as external insulation render using pointing gun and surface leveling 

adapted from Ref.[40]   
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CHAPTER FOUR 

CASE STUDY 

4.1 Case Study building location and Layout  

The case study building for this specific master thesis project is located at St.-Barabara Weg 5, 

76187 Karlsruhe, Germany. The building is an old Telegraphengebäude (telegraph building) 

constructed in the years 1906-1907. The building has an approximate total floor area of 540 m². 

Structurally the building has two different parts: a seven-meter high big workshop room 

merging the two-story as one in the West wing and a two-story building in the East wing. The 

East wing also contains lately built flat roofed rooms in the ground floor at the rear East side. 

The old telegraph building s approximately 450-m² attic space which is not currently in use. It 

also has around 260 m² basements in the East wing, which is unused except its 60 m² for hot 

water production and central heating.   

The south/front view of the case study building is shown in figure 4.1. The other three side’s 

sectional views including the front views are given in figure 4.2.   

 

Figure 4.1: Front/South view picture of an old Telegraph case study building taken by 

author of this report  
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The building has not any insulation on its fabric elements and very leaky. The brick based 

external walls of around half a meter thick are very old and subjected to tearing of the external 

finishing clinker. The slate shingles is also clapping out due to frequent weathering.  

The skylights are single glazed and wood framed. The external French doors are also single 

paned glass with metal framing and dividers.  

The four-sided view of the house is given in figure 4.2. The front/ south view at the bottom left 

and the back/north view at the top left. The east and west views are in the right side at the top 

and bottom respectively. The basement in the east wing is not given in the figure but it includes 

all the floor area in the east side except the big workshop.  

The workshop room has a floor area of around 230 m² and a height of seven-meters as it is seen 

by a crossed horizontal line in the floor plan below. In the ground floor there are four rooms, 

two toilets, a corridor and a staircase which run from the ground floor up to the ceiling.  The 

first floor also contains four rooms, a bathroom, a corridor, and a staircase continued from the 

ground floor and leads to the roof attic. The ground and first floor plan of the case study is 

given below.  

       

Figure 4.2: Four sided view of the case study Telegraph building obtend from Building 

Science Group, Karlsruhe Institute of Technology (KIT) as a master project 
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4.2 Building activity  

Currently the building is not in use. But it used to be a telegraph building. It is now planned to 

change it to an office after conducting major energy refurbishment without too much change in 

its aesthetics by adding a bulk of insulation layer.  The building is initially assumed to be an 

office building to easily compare and contrast the energy saving before and after 

refurbishment. The initially assumed office building will have general office occupancy and 

activities as discussed under.  

First, I simplified the ground floor to have five and the first floor to have four conditioned 

rooms based on its current floor plane given as above in figure 4.3. I also assumed to have one 

toilet and a corridor at each floors. Since there is no readily available occupancy and activity 

data, I assume each rooms to have an occupancy density of one workplace per 9 m² net internal 

floor area (NIA) or usable floor area (UFA) recommended in Germany but adapted from 2013 

occupier density study by British Council for Offices [41].  

Figure 4.3: Ground and first floor plan of the Telegraph case study obtend from the 

institute Building Science Group, Karlsruhe Institute of Technology 

(KIT) as a master project 
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I assumed the building to have a light office work including walking and standing with an 

average metabolic rate of 123 watt heat per person (123 W/Person). All office equipments such 

as computers, printers and others are guessed to have heat emission rate of 11.8W/m².   

The lighting system adapted from Designbuilder template package for standard Germany 

lighting system with a lighting target luminance of 400 lux is used and it is assumed to release 

a heat of around 3.4 Watt per meter square per 100 lux(~3,4 W/m²-100 lux).   

Note: All office occupancy schedule, toilet occupancy schedule, equipment schedule, Natural 

ventilation schedule and heating schedule are shown in Appendix: D to approximately predict 

the amount of internal heat gains from people and electric appliances and to know energy loss 

through natural ventilation. It will also help to have an approximate figure of heating energy 

requirement to keep the rooms at their set comfort temperature.    

The building is heated using hot water radiator and ventilated naturally by manually opening 

and closing windows. As of more than 50% of Germany central heating unit systems, this unit 

is also driven by natural gas and deliver heat to all nine office rooms and two the toilets. The 

heating set point for occupied rooms is fixed at 20°C during all occupied hours and a set point 

temperature of 18°C for toilets upon toilet heating schedule as shown in Appendix: D.  

Usually occupants have two requirements to the indoor air. One is its negligible health risk and 

the other is its freshness and pleasant to breath. It shouldn’t be stale, stuffy and irritating. That 

is why occupants frequently open and close nearby windows to let fresh air into the room in 

any naturally ventilated building.   

However, there is large personal variation in people’s indoor air requirements. Some persons 

spend a large amount of their time in the same indoor environment while others don’t. Some 

persons are very sensitive and have high requirements of air they breathe. Other’s are rather 

insensitive and have lower requirements of air. The quality of the indoor air may be expressed 

as the extent to which human requirements are met but it can be said that “the air quality is 

high” if only few people are dissatisfied and if there is a negligible health risk. 

Ordinarily the Indoor Air Quality (IAQ) in a building is not constant. It is influenced by 

changes in building operation, occupant activity and outdoor climate. IAQ is controlled by a 

combination of source control and building ventilation strategies.  For this case study the 

windows are assumed to be open-able upon occupant fresh air requirement to meet a Class B 

minimum ventilation requirement of seven litters per second per person (7 l/s-person) from 

[42], [43] other regulation can also be found in [44]. A source emission of 0.7 l/s-m² from 

different building fabric elements within envelops is also considered in the simulation for a 

Class B regulation.  

For toilet ventilation, some literatures assume the toilet exhaust rate in liter per second and 

some other assume exhaust rate based on air change per hour (ACH), a rate proportional to the 

volume of the restroom. Most literatures and developers recommend toilet exhaust rate in a 
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range of 6 to 10 ACH [45], [46]. So for this specific project I assume the minimum toilet 

exhaust rate of 6 ACH. Office toilets are usually equipped with a fan to exhaust air upon 

motion sensor or light sensor devices.    

4.3 Building construction details 

Energy usage of a building assembly is related to thermal resistance, R-value,  or heat 

transmittance, U-value,  of the solid building fabrics such as walls, windows, floors and roofs 

as well as air leakage/infiltration rates. In the next section, I briefly discussed the detailed 

construction fabrics of the existing case study building. I also incorporate some onsite pictures 

to give the reader an idea how the existing old telegraph building looks like.  

A simplified list of all building fabric along with their respective U-values generated from 

Designbuilder is given in Appendix: A for easy and quake review.   

External walls: 

The external walls are 440mm thick. They are built 

from 400mm building brick plastered with 10mm 

historical lime in the inside and with 20mm lime 

cement rendering plaster on the outer surface. A 

10mm clinker finish is then added on top of the 

external lime cement plaster only in the ground floor 

to give the building its existing texture. The external 

wall of the first floor is left as it was after addition of 

external lime cement render.  

As it is noted above the external walls does not have 

any internal or external insulation. This brings in a 

heat transfer value or U-value of 1.4 W/(m².K).   

Flat roof and Pitched roof:  

The flat roof contain 200mm concrete slab at the 

bottom covered by 40mm cement screed on top and 

then 10mm waterproofing roofing felt. Asphalt 

roofing finish to a depth of 10mm has then been 

added to give its current flat roof texture and make it 

more weather resistant. These flat roof construction 

detail results turns out in a U-value of 2.8 W/(m².K).  

As of most old un-insulated pitched roof construction 

in Germany, the roof of this case study building has 

a 100mm supporting wooden batons in the inside, 

Figure 4.4: Picture of external wall 

taken by the author of 

this paper  

Figure 4.5: Picture of the cathedral 

ceiling taken by the author 

of this paper  
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10mm wooden roofing sheets, 10mm weather proofing felt and 25mm slate shingle finish.  

The uninsulated 45mm thick pitched roof is then results in a heat transfer coefficient value of 

3.4 W/(m².K) without considering the supporting wooden batons in thermal calculation.   

Ground floor slab and basement wall  

The ground floor slab is constructed from a 150mm thick concrete slab over 400 mm heavily 

reinforced cast concrete foundations. A 30mm cement screed is then added on the top of the 

concrete slab to give its current cement screed finish.  

The basement wall has a 200mm brick in the earth side and a 400mm concrete block in the 

basement room side. A 30mm rough cement finish is then applied over the concrete. Both 

ground floor and basement wall gives a comparable heat transfer coefficient value of around 

1.5 W/(m².K).  

Internal floors/ceilings and internal walls/petitions  

The internal/ inside floors and ceilings are simply built from 300mm concrete slab and 30mm 

cement screed finish. A 10mm timber is applied on top of the cement screed in the ground and 

first floors. But the concrete slab and cement screed materials are very conductive and have a 

thermal conductivity of more than 1000 mW/(m.K). As a result, the overall heat transfer 

coefficient or U-value of all horizontal floors and ceilings become 3.1 W/(m².K).  

Al of the internal walls and partitions are in a very good condition. They all have a thickness of 

380mm consisting of 360mm building brick covered by 10mm historic lime plaster in both 

sides. This results in a U-value of the wall around 1.4 W/(m².K).  

External windows  

Thermal performance of any window is described by 

Solar Heat Gain Coefficient (SHGC) and U-factor. The 

SHGC, g-value in Europe, is the ratio of solar heat gain 

through window glazing relative to the incident solar 

radiation on a glazing. It includes both the solar energy 

directly transmitted through the glazing plus the solar 

energy absorbed by the glazing and subsequently 

convicted and thermally radiated inward. The U-factor 

is the rate of heat transfer through the window per unit 

area and per unit temperature difference between the 

outdoor and the indoor environment.  

All external windows are clear 6mm single glazed 

window with metal frames and dividers as seen in 

figure 4.6. These single glazed windows has a total 

Figure 4.6: Picture of the single glazed 

window of the case study 

building taken by the 

author of this paper 
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SHGC or a g-value of 0.83 and a U-factor of 5.2 W/(m².K). The windows have an 86% visible 

light transmittance, of which 84% is through direct solar transmittance and the rest is through 

diffusion.   

The windows are inefficient and some are being changed. For instance the windows in the east 

faced are being replaced by uPVC framed double glazed window. The uPVC stands for 

unplasticised Polyvinyl Chloride containing chlorine, carbon and hydrogen.  These kinds of 

windows don’t weaken or damaged due to ageing and they have a 

great resistant to weathering. They also require little maintenance 

throughout their lifetime.  

External doors  

The external door is like a French door with metal sheet on the 

bottom and a single pane glass on the top. The metal door has 

double 4mm steel sheets separated by 10mm air gap. The resulting 

18mm thick metal door has an overall thermal conductivity of 2.4 

W/(m².K)  

 

 

Air infiltration  

Air infiltration is a term used to describe the tightness of a building envelope. It is the rate at 

which air flows to and from a building through building cracks, gaps, electrical outlets, doors 

and window framing. It is one of the most primary heat losses in building and is measured in 

Air Change per Hour (ACH). ACH is the rate at which it takes to replace all the conditioned 

indoor air with unconditioned outdoor air. For example for a building with one ACH it will 

only take one hour to exchange all the hot indoor air with a cold outdoor air in winter.  

Air infiltration of outdoor air into indoor is usually driven by wind and stack effects. A wind 

effect is the entry of outdoor air due outside blowing wind against the building. Conversely the 

stack effect is the entry of outdoor air into building due to difference in air pressure and 

densities across the building envelop resulting from indoor and outdoor air temperature and 

moisture difference. Literatures mention a significant amount of heat energy loss along the air 

when a less dense and hot air rises up and replaced by denser and cooler air. They predict 

around 25%-40% of building heat loss is due to poor air tightness[47], [48]. Some measures 

like replacing doors with vestibules or revolving doors, use of air curtains, building 

pressurization and sealing of windows and doors can be done to address air infiltration in 

commercial and residential buildings.  

It is generally very difficult to estimate the exact amount of air infiltration rate; it can vary from 

less than 0.1 ACH for a tight house under mild weather conditions to over 1.5 ACH for a leaky 

Figure 4.7: Picture of the front French door 

taken by the author of this paper  
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house under severe weather conditions. Passive cooling of buildings strategies book [49] also 

mentions that new buildings are allowed to have 0.2-0.5 ACH by infiltration while it is possible 

to achieve 15-16 ACH with windows are wide open during hot summer.  

The most common and reliable method to measuring building air infiltration is through “blower 

door” test. It is a test conducted by installing a variable-speed fan on the exterior door opening 

to depressurize (or pressurize) the building to a pressure difference of 50 pascal from the 

outdoor with the rest of the building closed up tight and interior doors open. Chan, Price and 

Gadgil [50] measures air leakages in US residential houses under different weather condition 

and tabulate their  result as in Table 4.1. Sherman (Sherman and Chan) recommend in making 

the houses more airtight in countries where the climate is more severe than others such as 

Sweden, Norway and Canada.  

Table 4.1: Typical air infiltration rate of US residential houses in different weather 

condition adapted from Ref. [50]  

 

Weather 

condition 

Wind 
speed 
[m/s] 

Indoor-outdoor 
∆ Temperature 

[K] 

∆ pressure 
across building 

envelope  
[Pa] 

Air infiltration  
[ACH] 

Tight 
house 

Typical 
house 

Leaky 
house 

Mild 2 5 0.2 0.07 0.1 0.4 

Moderate 5 15 1 0.2 0.3 1.0 

Severe 7 25 2 0.3 0.5 1.6 

 

It is necessary to test the air leakage of individual buildings for effective investigation of air 

infiltration because of its direct relation with the type and age of the building and on its indoor 

and outdoor condition such as wind speed and direction, outdoor temperature and humidity etc. 

The US Department of Energy [51] and [52] studied the air leakage through walls, floors and 

ceilings to be around 31% of the total typical air leakage locations in buildings. Plumbing holes 

and ducts are 14% and 15% of air leakage locations. Windows and doors represent 10% and 

11% of the total building air leakage location respectively.  

The case study building lacks a lot of information on building construction details and 

infiltration rate. There isn’t also blower door test result for air infiltration, so I assumed an air 

infiltration rate of 0.3 ACH for ground and first floor rooms based on their construction details 

described above and onsite visit building visit. This means, one- third (1/3
rd

) of the conditioned 

or heated air is replaced by undesired and uncontrolled cooled outdoor air in one-hour period 

leading to significant energy loss through building cracks and leaks.   

The attic is assumed to have an air leakage or air infiltration value of 1.0 ACH. This helps the 

attic to get rid of any moisture condensation and the resulting deterioration of construction 
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materials due to water vapor in winter however losing energy along with the infiltration air. It 

also decreases the excess heat buildup during hot summer days.  

Furthermore, more than any other rooms in the house, the basement can become a responsible 

of unpleasant odors, moisture problems, mould and other indoor pollutants. Operable basement 

windows and 0.5ACH infiltrated basement will allow outdoor air to enter the basement and 

exhaust all the polluted or musty air. It also helps to draw fresh air in from outside under 

careful prevention and protection of rainfall entrance.  

4.4 Software employed  

Designbuilder simulation software is chosen for analysis purpose because of its ability to 

execute detailed energy simulations using EnergyPlus package and its availability at Karlsruhe 

Institute of Technology.  

Designbuilder is a user-friendly modeling software environment where someone can work with 

virtual building models. It provides a range of environmental performance data such as: energy 

consumption, carbon emissions, comfort conditions, daylight luminance and Heating, 

ventilating and Air-Conditioning (HVAC) component sizes. Its holistic calculation code is 

structured like figure 4.8(right).  

Designbuilder has a reach template library of different activities, construction, lighting and 

HVAC templates which allows user to quickly load data into model building in bulk. It also 

allows user to create their own model template data and load them in a hierarchical manner 

from site to building, block, Zone, Surface and opening [53].   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Designbuilder simple hierarchical data inheritance pattern (left) and design builder 

calculation layout (right) reprinted from [53] 
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Anyone can change the loaded template data at any level but it will be automatically inherited 

to a level below as seen in data hierarchical figure 4.8 (left). 

Designbuilder also has its own definition for its floor, slab and ceiling construction elements. 

For instance, Designbuilder assumes all walls which are in adjacent to the outside as “External 

wall” and walls which divide the building blocks into usable zones as “Internal partition walls”. 

If only one of the zones is occupied and the other is not, Designbuilder simulation software 

assumes the partition wall as “Semi-exposed wall”. The assumption of individual fabric 

elements will go like this but to make it short anyone who is interested to know more can read 

on Designbuilder home page on combined construction tab [54]. For quick overview I attach 

the schematic surface types and the constructions that are common in Designbuilder as an 

Appendix: H 

The rendered view of a model telegraph case study building in Designbuilder simulation 

software is given as figure 4.9. The individual heat transmittance or U-values are also noted in 

red for initially assumed and discussed building construction detail. One can simply guess a lot 

of energy could escape through a high transmittance upper floor ceiling and flat roof. Windows 

will also loss a comparable energy even though their window to wall ratio is only 20%.  

Note: Appendix: F presents the surface area of walls, windows and floors to have an idea how 

big the building it is.   

Figure 4.9:  Rendered view of the crated model building in design builder simulation software 

and the respective heat transfer values with the aforementioned construction detail.  
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4.5 Building energy losses mechanisms  

A building envelope is made up of windows, outside doors, walls, foundation slabs, floor, roof 

and skylights. The envelope functions like a barrier between the controlled indoor environment 

and the fluctuating outdoor environment. They function like a selective filter by allowing or 

blocking certain amounts of light, fresh air, heat, cooling and humidity to make the indoor 

environment more comfortable. For example the building will require less heat energy in 

winter and less cooling in summer if all its envelops are built to be well thermal resistance.  

Generally fabric energy loss from a building is caused by the transmission of energy through 

the “external envelope” like walls, roof, floor and windows:  

Equation 4-1  

  𝑷 = 𝑼𝑨(𝒕𝒊 − 𝒕𝒐)        

Where P is the energy loss per time or “power loss” (W), U is the U-value of that part of the 

building (W/(m².K)), A is the area of that element of the building (m²), t i is the  temperature of 

the inside environment and to is the temperature of the outside environment. 

Likewise, ventilation loss is also caused by the loss of warm air and its replacement with cooler 

air which needs to be heated. The cooler air may enter by “infiltration” through gaps in the 

construction, by the opening of doors or by regular ventilation through an open window. The 

rate of ventilation energy loss is calculated by: 

Equation 4-2 

                  𝑷 =
𝒄𝒗𝑵𝑽(𝒕𝒊 − 𝒕𝒐)

𝟑𝟔𝟎𝟎
                

Where cv is the volumetric specific heat capacity of air (~ 1300 J/(m³.K), N is the number of 

complete air changes per hour (h
-1

), V is the volume of the room or space (m³), ti and to are the 

inside and new air, usually from outside temperature.  

4.6 Specific primary space heating demand calculation  

A total primary space heating demand or PSHD is a measure of all the heat energy consumed 

by the building and accounts for the energy that is consumed and lost beyond the boundary of 

the building – in energy transformation, transmission and distribution processes, e.g. hot water 

production, transmission and distribution. The total space heating or TSH on the other hand 

means the energy consumption as recorded or measured at the boundary of the building like the 

purchase of the natural gas.  

The total space heating is essentially its primary space heating less the quantities of the energy 

required to transform primary sources such as crude oil into forms suitable for end use 

consumers such as refined oils, electricity etc.  
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The total primary space heating demand is calculated by applying conversion factor for natural 

gas. The latest detailed tabulated primary energy conversion factor can be found in [55]. But 

for natural gas, this paper uses a primary energy conversion factor of 1.1 adapted from [55], 

[56]. The primary space heating demand is then calculated as:  

Equation 4-3 

𝑃𝑆𝐻𝐷 =  
𝑇𝑆𝐻 ∗ 1.1 

𝑁𝑒𝑡 𝑢𝑠𝑎𝑏𝑙𝑒 𝑓𝑙𝑜𝑜𝑟 𝑎𝑟𝑒𝑎
 

4.7 Initial simulation result and discussion  

Before going into detail discussion of the simulation result, Designbuilder simulation software 

assume the upper floor ceiling or ceiling which is adjacent to unoccupied space as “Internal 

ceiling” or “Ceiling (int)”, floors that separate two occupied zones as “Internal Floors” or 

“Floors (int)”, floors which are exposed to the ambient as “External Floors” or “Floors (ext)” 

and floors which are in direct contact with the ground as “Ground Floors”.  

Air exchange within conditioned room is assumed as “Internal Natural ventilation” and air 

exchange with the ambient through windows and doors as “External ventilation”. 

Designbuilder also use the name “External Infiltration” to represent building air-infiltration.   

The other “Walls” and “Glazing” are used to express external walls and windows. The name 

“Roofs” is used to include flat and pitched roof. Partition walls which divide conditioned zones 

are represented as “Internal Partitions” or “Partitions (int)”.  

The hourly simulation result for a typical winter design week (8th – 14th December) shows a 

significant heat loss through internal ceiling and external walls. Heat also escapes through 

ground floors, roofs and glazing as it is given in the heat balance graph below. The lines below 

zero kilowatt shows a heat loss from the building and the lines above zero kilowatt shows a 

heat gain to the building. 

Both internal floors and internal partitions show a heat gain and loss to and from a conditioned 

space depending on differences in the thermal conditions of the neighbouring rooms. Internal 

floors and internal partitions shows both heat gain and heat loss to and from a conditioned 

space depending on respective thermal conditions of the occupied rooms and neighboring 

environmental conditions. 

The lower part of figure 4.10 shows natural ventilation and air-infiltration variation throughout 

the week. It shows a constant average building infiltration rate of around 0.5 ACH and 

additional natural ventilation of around 0.4 ACH during only occupied hours of the week. Air 

infiltration is the very dominant part of the total ventilation and infiltration losses in weekends 

and nights. However, during occupied periods, energy loss through natural ventilation also 

become significant as occupant open windows for fresh air and when fan in the toilet is 

exhausting suffocated air from the building.  
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It can be seen from the following graph that the maximum natural ventilation loss is at early 

morning when occupant open windows to replace the trapped air during weekends and 

previous evenings. The natural ventilation then starts to drop a bit after windows are closed and 

goes up again in the afternoon until early and become zero after everybody went home.  

A monthly variation in building energy loss is given in figure 4.11. It shows a relatively higher 

energy loss in December (Note: the default simulation output is for the year 2002/03). The total 

building energy loss from the case study building throughout the whole winter turns out to be 

around 179 MWh. Of which energy loss through upper floor ceiling and flat roof takes the 

highest share of around 30%. The other fabric elements like walls, windows and ground floor 

Figure 4.10: Hourly heat loss through different building fabrics and ventilation loss (top) and fresh air 

exchange through infiltration and natural ventilation (bottom). 
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account for 20%, 15% and 11 % of the total building energy loss respectively. Natural 

ventilation and infiltration loss become responsible for the rest 24%.  

 

The hourly indoor temperature variation, figure 4.12, of the representative single room situated 

in the south-east corner of the ground floor shows a fulfillment of the set comfort operative 

temperature of 20°C during occupied hours and a minimum temperature of 13°C for weekends 

Figure 4.12: An hourly temperature variation of the representative room situated in the south-

east corner of the ground floor. 

Figure 4.11: Monthly building energy loss throughout winter  
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and holidays irrespective of fluctuating outdoor dry-bulb temperature. This minimum set 

temperature will keep the room at avoid condensation within the room envelop. A more 

detailed discussion is available in section 6.2.1.  

Operative temperature is the average of mean air temperature and mean radiant temperature 

inside the building envelope. Air temperature by itself means the average temperature of the air 

in an enclosed space and mean radiant temperature is the average temperature of all the 

surfaces that surrounds a particular space. So Designbuilder calculate these temperatures and 

maintain the operative temperature at its set value.  

The hourly heat gain, internal and external, in the representative room is given in figure 4.13. 

The graph shows a high heating demand early in the morning to raise the room operative 

temperature from weekend setback temperature of 13°C to assumed comfort operative 

temperature of 20°C. This brings the room air temperature to be more than 20°C very is very 

comfortable temperature for winter season. The heating demand then starts to drop as all the 

occupancy related internal heat gains from computers and lighting systems comes on and when 

solar heat enters the building through external windows. It then starts to rise again when the 

sun goes down in the afternoon and drops in late afternoon after 18:00hr.   

The representative room will need a maximum heat demand of around 12kw early Monday 

morning to bring up the temperature to comfort. At night it may not even necessary to turn on 

Figure 4.13: Hourly internal and external heat gain in the representative office room  
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the radiator heater at all for at least some time because of high heat trapped during day time by 

the building internal thermal masses.  

Literature's mentions Germany get its 41% energy from natural gas and 30% from electricity. 

But due to increased information and communication technologies as well as air conditioning, 

electricity usage is increasing its share to 40% while the heating demand is decreasing to below 

30% due to increased building insulation. Energy from oil however accounts for 16% of the 

total country’s energy consumption. In service sectors the share of natural gas in space heating 

reaches 54%, followed by 24% oil and 13% district heating [57].  

This specific case study which is not mechanically air conditioned and its domestic hot water is 

not considered, the building needs a total space heating energy of 119 MWh or 240 kWh per 

net usable floor area to keep the rooms at their set comfort temperature. This energy amounts 

for the 74% of the total energy gain in the building. The other 26% of the total building energy 

comes from solar, electrical equipments, lighting systems and from people.   

The above case study building energy loss investigation shows a heat loss through different 

solid fabrics and infiltration. The following chapters discussed conceptual insulation strategies 

using the newly developed SLENTITE Aerogel wall insulation board from BASF Chemical 

Company and changed windows. It will also discussed roof, ceiling and floor insulation 

strategies as a full scale building renovation to meet the Germany “2009 Energy Saving 

Ordinance”. The succeeding chapter then deals on energy saving results after conducting the 

proposed renovation measures. At last the discussion compares a level of insulation 

requirement for traditional and newly developed insulation materials to achieve the same 

energy saving.  

74%

12%

7% 3%
4%

Total building energy balance
[179 MWh] 

Space heating 

Solar Gains 

Computer and Equip 

General Lighting 

People and Activities 

Figure 4.14: Internal and external solar gain percentile shear in a case study office building 
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CHAPTER FIVE 

Energy Retrofitting using Aerogel insulating plaster board and changed 

windows 

As discussed earlier in chapter four, a large amount of heat energy is lost through different 

solid building fabrics such as roof, walls, windows, and floor slab. Air infiltration and natural 

ventilation also accounts for a significant energy loss in this telegraph case study building. 

Different literatures predicted as much as 35% of total home energy lost through uninsulated 

exterior wall. Uninsulated attic is responsible for 25% and windows together with doors waste 

25% of the total home energy loss. The remaining 15% is lost through uninsulated ground floor 

slab.   

Simple addition of insulation on roof and wall will provide a very robust and considerable 

energy savings in Southern European buildings. However, a well-balanced package of floor, 

wall, and roof-insulation in combination with proper glazing and shading with very good 

ventilation strategy will result in a significant and cost-effective reduction in heating demand 

and its associated greenhouse gas emission by fulfilling better indoor thermal comfort.    

For instance the Energy Concept in Germany confirmed by the “Energiewende 2009” 

announced a primary energy consumption reduction by 20% until 2020 and by 50% until 2050, 

both compared to 2008 [58]. It also planned to cut electricity consumption by 10% until 2020 

and by 25% until 2050, again compared with 2008. In addition, the following sectoral energy 

efficiency targets have been set in the Energy Concept: for buildings a doubling of the building 

renovation rate from about 1 % to 2 %. For transportation sector a reduction in final 

consumption by about 10% by 2020 and 40% by 2050 is set, in this case compared to 2005. 

To meet “Energiewende 2009” requirement building owners usually chose to improve their 

building or house to a more energy efficient while some other conduct deep energy retrofitting 

(DER) to benefit from additional finished living space gained after renovation which was not 

previously used like unoccupied roof attic and unused basement. In the next section I briefly 

discussed the concept of Deep Energy Retrofitting (DER) first and then come back to 

renovation concept for the old telegraph building.    

5.1 Deep Energy Retrofitting (DER) 

Deep Energy Retrofitting (DER) is a whole-building analysis and construction process that 

achieves much larger energy cost savings, sometimes more than 50%, than those of simpler 

energy retrofits and fundamentally enhances the building value. It is usually done when a major 

repairs or renovation of building are made like changing the existing roof attic or basement into 

a conditioned space or replacing the existing windows by a new and efficient windows or 

changing the old inefficient mechanical systems by a new one.  
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The goal of DER is not deified in terms of energy savings alone. Comfort, usability of space, 

reduced maintenance, aesthetic improvement or changes, etc. may factor into the goals for 

building renovation. DER creates deep energy savings but not always at once. Improvement 

can be implemented individually one after the other over several years to benefit a 50% and 

more energy saving [59]. 

DER projects it is often expressed as “5-10-20-40-60-1.5” to identify a set of performance 

targets for major building enclosures components where 5 refers to the target R-value for 

windows and doors; 10, the target R-value for floor slabs; 20, the target R-value for foundation 

wall assemblies; 40, the target R-value for wall assemblies; 60, the target R-value of the 

attic/roof assembly with all R-values in US rule; and, 1.5, the target air tightness of the building 

enclosure system measured in terms of air changes per hour at 50 pascal. The adjusted result of 

the air permeability test in air changes per hour is calculated by dividing the air changes per 

hour at 50 pascal by 20 [60]–[63]. This will result in an air infiltration of 0.075 ACH.   

DER also addresses the mechanical systems that serve heating and cooling besides building 

retrofitting for reduced heating and cooling loads. A comprehensive DER will also replace 

older heating, cooling and water heating systems with a new and efficient equipment to provide 

better performance. A successful DER will result in very low post-retrofit energy use and also 

provide benefits to building durability, comfort, and indoor air quality (IAQ).  

5.2 Energy retrofitting  

Space heating and water heating represent 75% and 6% respectively in service sectors total 

energy consumption. Lighting has a share of 15% and air conditioning reaches up to 4%. So 

owners are becoming more interested in improving the energy efficiency of their building. This 

will drastically reduce the running cost of their building while improving its indoor thermal 

comfort, increase its durability and helps to protect the environment. For instance Germany 

adapts an Energy Saving Ordinance ("Energieeinsparverordnung (EnEV)") as part of 

Government energy and climate policy. It’s primarily requirements is to the primary energy 

demand of new buildings. For existing buildings, energy retrofitting requirements are also 

posed upon refurbishment and extension.   

Previously it uses the “Thermal Insulation Ordinance” but starting from 2002 its name changed 

to Energy Saving Ordinance or Energieeinsparverordnung (EnEV) in German. Around seven 

building thermal regulation were implemented in Germany since the 70’s (see figure 5.1). The 

last regulation implemented in 2009 has a 30% reduction in specific primary energy demand 

than that of 2007.  

Note: It is common to say space heating energy per annum but it means the same as heating 

energy per heating season or per winter since there is no heating demand to be consulted in 

summer especially for offices. Building energy loss is also has the same meaning. The energy 

escaped through building fabrics during winter have to be replaced by heating unit but the 
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Table 5.1: Heat transfer coefficient requirements for renovated fabric elements to fulfill of 

Energieeinsparverordnung EnEV 2009 

summer energy loss or cooling is our advantage so in this paper space heating and building 

energy losses per annum also means a heating energy and building energy loss per heating 

season or winter season.  

Figure 5.1: Evolution of primary heating demand in kWh/m² per heating season  

The aforementioned case study building shows a primary heating energy demand of 174 

kWh/m².per heating season. This makes the building to be in the second Thermal Insulation 

Ordinance of the year 1984.  
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This particular master thesis is then intended to retrofit this old telegraph building to fulfill the 

seventh Germany Energy Saving Ordinance in short “EnEv 2009”. The maximum thermal heat 

transfer coefficient for each fabric elements of the EnEV 2009 is given in table 5.1 under 

normal 20°C indoor temperature.   

Individual insulation installation concept on each and every external solid building fabric to 

satisfy the EnEv 2009 Germany Thermal Insulation Ordinance is discussed briefly as follows.   

Air-tightness measure is also conducted while insulating the external building fabric to 

minimize the heat loss through cracks and gaps and benefit from draft free building operation. 

5.2.1 External wall insulation  

Walls of the building can be thermally insulated on either external or internal to minimize heat 

loss and keep the building hot during winter and chill in summer. It is mostly a matter of choice 

and regulation or restriction in choosing either external or internal thermal insulation of walls. 

But generally external wall thermal insulation will act as a protective shell around building 

shielding the property and retaining the warmth inside.  

Kolaitis et.al [64] conducted a comparative assessment of internal versus external thermal 

insulation systems on 99.6 m² one-story apartment in Greece using TRNSYS simulation 

software. Their result shows an 8% better energy improvement using external thermal 

insulation than internal even though internal thermal insulation has a 50% less investment cost 

and lower payback period. 

Usually the walls in Europe are two types; solid wall and cavity wall. Most buildings built after 

1920 got cavity walls which involve two layers of wall with a small air gap (cavity) in 

between, mostly around 50mm. The cavity acts as a heat barrier and foamed insulation 

materials can easily be blown into the gap (cavity) to make the external wall more thermal 

resistant. But homes before 1920 are solid walls without any gap in between and more heat can 

pass through them since there is no gap (cavity) in between to resist the heat flow. These kinds 

of walls can only be insulated on either externally or internally. Some researchers predict the 

heat loss through solid wall to reach as much as twice of the heat loss through cavity wall.  

Uninsulated walls are responsible for around one third of the total house heating energy loss. 

Appropriate application of thermal insulation and weatherproofing on the external side of the 

wall will retain the heat and save money on utility bills. Other benefits are: it let the building 

warms more quickly and stay warmer for longer time by keeping the thermal mass of the wall 

inside the building envelop [65]–[67] , it causes the dew point of the exterior wall to move 

further to the outside and eliminate condensation and damp, it reduces traffic noise, it help 

reduce carbon emissions by reducing consumption and contributes its part on climate change, 

and so forth.   
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The Uninsulated solid external wall of the case study building has a U-value of 1.4 W/(m².K) 

and it is responsible for 20% of the total building fabric and ventilation loss.  

As part of external wall insulation concept, the external clinker finishing material is removed 

first and a 50mm SLENTITE Aerogel insulation board from Germany BASF Chemical 

Company with thermal conductivity of 16 mW/(m.k) is added on the previous lime cement 

plaster with appropriate fixing material. Then the insulation board is covered and protected 

from damage to a depth of 20mm using lime cement render together with some 

reinforcing/protective mesh to protect the insulation against impact and also enhance its 

strength. Finally a 10 mm finishing clinker brick it then added to give an excellent aesthetic 

finish and to maintain its previous visual look.  

The resulting SLENTITE insulated external wall have a U-value of 0.26 W/(m².K).  

 

 

 

 

 

 

 

 

 

 

5.2.2 Window replacement   

The single glazed windows of the case study are responsible for 15% of the total fabric and 

ventilation loss. Sometimes upgrading the existing single glazed window to a double glazed 

window by adding another glazing on either the inside or outside could be possible and 

mandatory for buildings which are registered as an international heritage. But it is generally 

very difficult and/or almost impossible to do so for this case study building because of its high 

number of horizontal and vertical dividers. It is also difficult keep insulating gas such as dry air 

in between the pans. Therefore throwing away the old single glazed window and replacing it 

with 13mm air field double glazed windows results in a 53% window energy loss saving.   

Figure 5.2: Clinker finished SLENTITE Aerogel insulated wall  
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The replaced double glazed window is assumed to have an outer clear 6mm thick glass having 

a total solar heat gain coefficient or g-value of 0.78 and visible light transmittance of 88%. The 

low-e coated inner glazing is also assumed to have a 0.60 total solar heat gain coefficient value 

and an 84% visible light transmittance.  Then the resulting 13mm air field composite window 

turns out in a total solar heat gain coefficient of 0.57 and visible light transmittance of 74% in 

Designbuilder simulation software.  

Assembled uPVC framed double glazed window as discussed above results in an overall heat 

transfer coefficient value of 1.9 W/(m².K) as calculated by Designbuilder simulation software.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3 Upper floor ceiling and roof insulation  

One of the most cost-effective energy efficiency measures is to make loft insulation or 

insulating the upper floor ceiling. Loft insulation can reduce a large amount of heat loss in 

winter and heat gain in summer. It will provide an in even temperature distribution throughout 

the building by bringing ceiling temperature closer to room temperature beneath the ceiling.   

Figure 5.3: Air-field uPVC double glazed window with low-e coating on glass surface # 3 

chosen as a replacing window.  
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The upper floor ceiling or attic floor of the case study building is one of the easiest and 

simplest parts of an exterior building envelope to apply thermal insulation. It has an ample 

place for installation of insulation material at any thickness and it is also very accessible. The 

attic floor insulation is done either as loose-fill or batt insulation with adequate ventilation. The 

ventilation is mainly for two purposes: one is to get rid of moisture and associated problems 

like mould growth and resulting deterioration of building fabrics during winter. The other is to 

cool the attic space from intense summer heat.  

Vapor condensation usually occurs when a hot air come in contact with a cold air or cold 

surface at a temperature equal or below the dew point of the hot air. During winter when the 

room hot air is rising up to the attic space, it will come in contact with the cold attic air then the 

vapors which were trapped in the hot air starts to condense and become problem for the 

building.  As a result a very good attic ventilation strategy has to be implemented to alleviate 

this problem. 

The un-insulated upper floor ceiling and 

the flat roof together was responsible for 

53 MWh of energy loss every winter. 

That means around 30% of total energy 

is lost through upper floor ceiling and 

flat roofs. So they have to be insulated 

too as a large energy saving could be 

feasible. Byrne et.al [6] for instance 

found a reduction of heat loss to an 

around 36% upon loft insulation in their 

case study building in Ireland .  

Adding 140mm thick mineral wool 

insulation on the attic floor after lining a 

5mm of bituminous waterproofing layer 

on the existing cement screed drastically 

supersede the heat transmittance of the 

upper floor ceiling to 0.24 W/(m².K) from its previous 3.1 W/(m².K) value.  

Installing a 120mm expanded polystyrene board on the external side of the flat roof with 

bituminous waterproofing and protection layer as shown in figure 5.4 results in heat 

transmittance value of 0.20 W/(m².K). This new heat transmittance value effectively meets the 

German thermal regulation for flat roofs as discussed earlier in chapter 5.2.   

5.2.4 Ground floor slab and basement ceiling insulation  

Cold concrete slabs are the source of discomfort.  However well insulated slabs are easier to 

heat by placing the thermal mass within the building envelop and help to moderate the indoor 

Figure 5.4: Insulated upper floor ceiling 
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temperature by preventing air movement between the basement and the ground floor. They will 

also prevent moisture transfer and will significantly disrupt the moisture barrier between the 

adjacent permeable materials causing damage to the construction.  

Insulating slab during the construction process is one of the most straightforward applications. 

Slab insulation, typically foam board, is installed either directly against the exterior of the slab 

and footing before backfilling or under the slab. In contrast insulating the existing slab is very 

expensive and difficult work. In some case it may be possible to tear down a bit and install a 

compression resistance insulation material like foamed glass, expanded or extruded 

polystyrene, rigid foil-faced urethane foam or rigid phenolic foam boards.  

A new thin, breathable, impact resistant and thermally efficient flooring panel comes to the 

market from Acoustiblok UK Limited. It has either 10mm or 20mm efficient ThermablokSP 

Aerogel insulation board covered by 3mm and 6mm rigid Magnesium Silicate. This kind 

compressive resistance insulation boards didn’t increase the floor thickness at all and didn’t 

disrupt other building fabrics like doors fittings. It will also help the rooms not to lose their 

ceiling height as comfort and rental values are directly related.    

 

 

 

Tearing down the 30mm cement screed and 12mm of concrete slab and substituting them with 

29mm ThermablokSP Aerogel magnesium flooring board turns in a ground floor heat transfer 

coefficient value of 0.42 W/(m².K). A 13mm wooden finishing material is then applied on at 

the top (as seen in figure 5.5).     

Basements are usually insulated on their walls if they are going to be changed to finished 

space. But if the basement will remain as unfinished space, a simple addition of insulation 

material on its ceiling will improve the thermal resistance of the basement ceiling.  

Figure 5.5: Impact resistance ThermablokSP Aerogel Magnesium 

Flooring Board from Acoustiblok UK Limited 
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Unlike wall insulation, a basement ceiling is often lined with pipes, wires and interconnected 

beams that will make ceiling insulation a bit trickier. Insulation has to be either weaved around 

and behind the various pipes and wires, and then stapled into place or foam insulation has to be 

used to avoid this tiresome work. 

Mostly bat or foam insulation is used in basement ceiling insulation. A 110mm thick mineral 

fiber batt insulation covered and protected by 10mm gypsum plasterboard will effectively sill 

and insulate the basement ceiling to its desired heat transfer coefficient value of  0.3 W/(m².K).  

5.2.5 Air tightness  

Air infiltration or air leakage through building cracks and openings account for 24% of the total 

heating energy loss in this case study building. Air infiltration also brings a problem of 

moisture, dust, noise, and pollutant entry. Sealing openings and cracks significantly reduce 

annual heating cost and create healthier indoor environment.  

Air-tightening is usually done while buildings are renovated along installation of insulation 

materials. For instance a house is renovated to a PassivHaus, the house must achieve an air-

tightness of 0.6 ACH at 50 Pascal pressure difference between indoor and outdoor [68].  The 

average air infiltration should not be more than 0.042 ACH.  

SealIt Insulation Systems [69] conducted a research on building thermal resistance (R-Value) 

Vs Infiltration rate for building located in Minneapolis, Minnesota with attic and wall 

insulation R- value of  R-30 and R-13 respectively (see section 1.1.2 for the meaning of R-

value). The report disclose sealing a building can reduce energy usage by 30% which is twice 

the reduction obtained by only increasing the thermal resistance of the attic and wall.  

Usually improper insulation of siding material and faulty weather-stripping around exterior 

joints are indicators of rain leaks. This can cause a drainage plane within the wall system of the 

building and significantly damage the building envelope. Building air-tightness using weather-

stripping during retrofitting will enhance the above-mentioned problems and also reduce the 

amount of unconditioned air that enters the building. This at the end saves a significant amount 

of building energy loss through air infiltration. For this typical study the building is assumed to 

be air-tightened to 0.1ACH up on retrofitting.   
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CHAPTER SIX 

Result and discussion 

6.1 Methodology  

This paper focuses on energy retrofitting of an old telegraph building based on limited 

available data and personal building visit. Improvement in energy loss and reduction of 

primary space heating demand are presented in the following result and discussion section. It 

also present insulation depth requirement for different insulation material to achieve the same 

heat overall external wall heat transmission. Finally, the paper discusses the benefit of deep 

energy retrofitting by changing the previously unused attic space into an additional finished 

working space.  

External wall insulation and finishing systems are usually applied on solid wall construction. 

Enclosed walls and hard-to-reach places are commonly insulated using Loose-fill materials 

such as sprayed foams and foamed-in-place insulation materials. Rigid fibrous insulation on the 

other had is good for ducts in unconditioned spaces or other places requiring insulation that can 

withstand high temperatures.  

The uninsulated case study building loss a significant amount of energy through external 

building fabrics. Air leakage and natural ventilation as well contribute their part in a total 

building energy loss. This chapter presents the simulation outcome after conceptual energy 

retrofitting of the old telegraph building as discussed earlier in chapter five. It is retrofitted in 

order to meet the strict German “Energy Saving Ordinance 2009” or 

“Energieeinsparverordnung EnEV 2009”. The EnEv 2009 thermal regulation upon building 

refurbishment is discussed earlier in chapter 5.2.   

6.2 Result and discussion  

Conceptually insulating the external wall to a depth of 50mm using SLENTITE Aerogel 

insulation board from BASF Chemical Company together with air-tightness improves the 

energy through wall by 71%. Replacing the single glazed window by an air-filled double 

glazed window with low-e coating reduce the energy loss through windows by 53% even 

though it decrease the solar heat gain as tabulated in table 6.1.  

Air tightening the building by sealing cracks and gaps from previous value of 0.3 ACH to a 

new infiltration value 0.1 ACH improves the building infiltration and ventilation loss by 30%. 

These three improvements, wall insulation, window replacement and air-tightening, sums up to 

bring down the total building fabric and ventilation loss by 26%. It also reduces the space 

heating demand by 38% as in the table below.   
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As the calculation method discussed in section 4.6, the partially improved telegraph building 

require a total primary space heating energy of 108 kWh per net usable floor area.  

Table 6.1: Individual fabric loss comparison before and after building renovation 

 

 

 

Solid fabric 
elements  

Before retrofitting  After wall insulation and 
replaced window  

After total building 
renovation  

Energy 
loss in 
[MWh] 

Energy loss per 
total usable 
floor area 
[kWh/m².yr] 

Energy 
loss in 
[MWh] 

Energy loss per 
total usable 
floor area 
[kWh/m².yr] 

Energy loss 
in [MWh] 

Energy loss per 
total usable floor 
area 
[kWh/m².yr] 

Roof and Upper 
floor ceiling  

53 71 57 76 13 18 

Air infiltration and 
external 
ventilation  

43 57 30 40 25 34 

External walls 36 48 11 14 9 13 

Windows  27 36 13 17 13 17 

Ground floor/slab  20 27 23 30 8 11 

Total  179 239 133 177 69 92 

 

Table 6.2: source of building energy gain table in mega watt-hour [MWh]  

Source of energy gains  Before 
refurbishment  
[MWh] 

After wall insulation and 
window replacement 
 [MWh] 

After total building 
renovation  
[MWh] 

Total space heating  119 74 25 

Solar gain  21 14 14 

Computer and equipment  13 13 13 
General lighting  6 6 6 

Peoples and activities  7 7 7 

 

Insulating part of the building fabric decreases the total energy loss and the heat loss through 

the insulated parts of the building fabrics. However, these increase the heat loss through the 

uninsulated parts of the building fabrics. For example in winter, the inside is warmer than the 

outside. As a result the warmer inside begins to search for a way to slip to the outside through 

the weakest thermal resistance parts of the building envelope and start to escape. So that is why 

table 6.1 shows the energy loss through the un-insulated attic and ground floor increases a bit 
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while the thermal resistance for windows and walls increases and their heat loss decreases 

significantly.  

A holistic total building renovation has to be conducted to avoid these kinds of problems. For 

instance in Germany, the local Energy Saving Ordinance request a full-scale building 

retrofitting if more than 20% of the external building fabric is under renovation. It also It also 

enquires the retrofitted building to at least satisfy one of the seventh energy saving ordinance 

discussed above in sections 5.1.   

This paper in particular strives to fulfill the seventh Energy Saving Ordinance “EnEv 2009” 

and get a four-page energy efficiency certificate presented in Appendix G:  

A nearby Mannheim weather file is chosen from Designbuilder weather file library as a 

building site data (see Appendix: E). A monthly fabric and ventilation loss graph of the  

refurbished building, figure 6.1, shows a significant improvement in the total building energy 

loss. The highest share of energy is loss along air infiltration and natural ventilation of 

refurbished building.  

The full-scale energy retrofitting turns out in a 61% winter season building fabric and 

ventilation loss compared to the base total building energy loss. The refurbished building is 

then now only responsible for around 69 MWh of energy loss throughout the whole winter.   

Figure 6.1: Monthly fabric and ventilation loss from an improved office building  
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Natural ventilation is one of the very important design parameter in buildings. It is used to let 

fresh air to occupants and protect buildings from damp and condensation within envelop which 

would have occurred when there was no ventilation strategies. But air infiltration is 

uncontrolled and undesired air leak into the building which let a significant winter heat to 

escape.   

Windows are the weakest part of the building envelops and accounts for high heat loss in 

winter. The heat transfer through windows in winter raises heating costs. Literatures predicts 

that single glazed windows are generally 20 times less energy efficient than the wall area they 

replace and double pane, low-e coated windows are 10 times less energy efficient than the wall 

area they replace [70]. Consequently, air filled and low-e coated double glazed window of 

improved building only loss 13 MWh compared to previous 27 MWh. 

SLENTITE Aerogel insulated external wall cuts down wall energy loss from 36 MWh to 9 

MWh throughout the whole winter. This insulated wall has a comparable thermal performance 

enquired by EnEv 2009 upon building renovation. The insulated wall has a thermal 

transmittance value of 0.26W/(m².K) and it helps the wall to reduce its heat loss by 74% 

compared to uninsulated wall.  

Figure 6.2 shows a percentile share of the total building energy loss and improvement in heat 

transmittance before and after full-scale building renovation. It shows around 36% of the total 

winter heat is lost along natural ventilation and air infiltration,  the rest 19%, 19%, 14% and 

12% are lost through upper floor ceiling, windows, walls and ground slab respectively.  

 

 

 

 

 

 

 

Figure 6.2: U-value comparison before and after refurbishment and 

percent energy loss in refurbished building 
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Individual fabric and ventilation loss comparison before and after full-scale energy retrofitting 

(figure 6.3) shows an improvement in energy loss through external walls, glazing, roof and 

ground floor. Air sealing of the building also improves the infiltration loss. All individual 

improvements summed up to reduce the total building energy loss by 61% during winter.  

 

 Figure 6.3: Fabric and ventilation comparison before and after energy refurbishment 

6.2.1 User related electricity and internal gains 

The user related electricity, or tenant electricity, is an important energy part in office buildings.  

Because they not only does account for a large proportion of the total energy use, it indirectly 

decrease the heating energy during winter due to the high internal gains they cause.  

The total internal gain for this specific office building become around 40 W/m², approximately 

12W/m² from office equipments, 14W/m² from lighting and 14W/m² from person, each hour. 

Its hourly simulation results show a need of around 7kw of heat energy for a representative 

room located in the south-east corner of the ground floor (refer Appendix: C for room 

locations). This maximum heating requirement shows a high reduction in value compared with 

the initially assumed telegraph case study building that used to require 12 kw of heating. 

The hourly internal and external heat gain graph drawn below evince a relatively high heating 

requirement from the hot water radiator early in the morning to lift the temperature from its 

unoccupied setback temperature to indoor thermal comfort. Nevertheless, when the sunrise and 
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computers are “on”, the heating intensity of the radiator starts to decrease till midday and goes 

up when the sun start to set and the room is at its full occupancy. These increase and decrease 

in zone sensible heating is mainly to keep the indoor set temperature irrespective of outdoor 

dry-bulb temperature variation for Mannheim weather condition. 

So far, only temperature related comfort is discussed. However when discussing about the 

general thermal comfort and health of a building, the indoor humidity has to also be 

considered. Because wrong humidity means that occupants feel damp or sweaty or too dry.  

As a result American society of Heating, Ventilation and Air-Conditioning Engineers in short 

ASHRAE defined a thermal comfort standard for buildings in its 55
th

 Thermal Environmental 

Conditions for Human Occupancy [71]. This ASHRAE standard and literatures like [72] and 

[73] recommend the relative humidity (RH) of an office buildings to be in a range of 30% to 

50% in winter season during occupied hours unless required differently for health reasons. 

They also advise the temperature of the rooms to be around 21°C during working hours and 

above 12.8°C during unoccupied hours to avoid condensation.   

Figure 6.4: Hourly internal and external heat gain in a representative south-east situated 

room in the ground floor 
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As it is seen in the figure below, the representative room of the improved office building 

satisfies the 55
th

 ASHRAE Standard and literatures recommendation. It maintains the comfort 

indoor air temperature in between 21°C and 24°C during working hours and above 13°C 

during weekends and unoccupied hours.  

Relative humidity (RH) by definition means a measure of the water vapour content of the air at 

a given temperature. RH is the amount of moisture in the air compared with the maximum 

amount that the air could contain at the same temperature and expressed as a percentage. It 

usually increases with decreasing air temperature and vise versa. Most often a relative humidity 

of 30% to 60% is assumed to be comfortable for a temperature in range of 20 to 25°C [74].  

For instance figure 6.5 shows a rapid increase in RH from 40% to almost 60% in late Monday 

afternoon and early evening when the air temperatures drops to night time setback temperature 

of 13°C for a representative office room. The relative humidity then starts to drop after 

midnight to around 40% until it start to increase again after late Tuesday afternoon.  

The daytime indoor comfort temperature is in a range of 21°C to 24°C at a relative humidity of 

40% as clearly seen in figure 6.5. This indoor air will approximately have a dew point 

temperature below 11°C, which means there will be condensation inside the room if the air 

temperature is below this temperature value. Yet the room is set to have a setback operative 

temperature of 13°C, which is well above the dew point temperature. So the room operates 

without condensation problem.   

The simulation result of the improved building during winter season turns out in a total space 

heating demand of around 25 MWh. This improves the total space heating demand by 78% 

compared to the base model building. The space heating demand is usually calculated per net 

usable floor area, which is around 750 m². So the total space heating demands will become 

around 33kWh/m². Converting this space heating demand to primary space heating demand 

gives a value 37kWh/m². This means the improved building will fully satisfy the EnEv 2009 

regulation on primary space heating demand by giving a value well below 50kWh/m² in winter.  

These kind of drastic energy saving become possible by conducting full-scale renovation such 

as insulating exterior walls,  ground floor, flat roof, attic floor and changing the in-efficient 

single glazed window to a double low-e coated window together with proper air sealing as the 

details discussed in chapter five. However only implementing partial renovation on walls and 

windows ensures a partial energy save and un-fulfillment of the local building regulation. 
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Buildings get internal heat energy from equipments, people, and hot water radiator and 

externally from solar heat through windows. The improved office Out of the total internal and 

external heat gains, space heating represents the highest share of 38%. Heat gain through 

external window represent 22% the rest 19%, 11%, 10% of the internal and external heat gains 

are from equipments, occupancy and lighting respectively. 

 

 

 

Figure 6.5: Hourly thermal comfort and percent relative humidity variation graph of a 

representative room situated in south-east ground floor 
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Figure 6.6: Building energy gain from internal appliances and solar heat gain 

 

 

6.2.2 Comparison of external wall insulation materials   

The external walls of the building are directly exposed to the ambient. As I earlier discussed in 

chapter five, section 5.4, 20% of the energy is wasted through walls. Insulating walls can 

dramatically cut energy loss by wrapping the building in a thermally resistance envelope and 

help reduce energy bills and CO2 emissions. It also provides lasting protection for the entire 

fabric of the building.   

Currently there is a wide variety of external wall insulation materials used in buildings. But 

early construction practices have relied on thickens of construction as the primary insulating 

factor while modern buildings rely on concrete, fiberglass, cellulose, or other materials. 

Applying high-performance polymer insulation materials on walls can significantly reduces the 

heating requirement there by reducing energy consumption and greenhouse gas emissions 

(GHG).  

Building running cost can significantly be reduced by applying insulation materials. However, 

selecting the appropriate insulation material and determining its optimum thickness is one of 

the prime requirements of energy retrofitting projects. Other issues which might influence the 

choice are its waterproofing, durability, accessibility and onsite modification. In some part of 

North America, insulation materials worth nothing than that of their payback period for energy. 

It usually should not be more than  two years for R-6 insulation and as low as three months for 

R-4 insulation in the Northwest Territories of Canada [75].  

38%
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Thermal conductivity (often denoted k, λ, or κ) is the property of the material to conduct heat 

(detailed definition can be found in section 2.2.1). The lower the thermal conductivity of the 

material, the better the thermal insulator it is.  

The following table gives the thermal conductivity of five different insulation materials from 

the less efficient mineral wool to a more efficient and effective VIP insulation material.  

Table 6.3: Physical properties of five different insulation materials 

Material Conductivity 

[W/(m.K)] 

Density 

[kg/m³] 

Specific heat capacity 

[J/(kg.K)] 

Mineral wool  0.037 140 1000 

Rigid PUR/PIR Board  0.028 35 1590 

Fixit Aerogel Insulating render  0.028 220 840 

SLENTITE Aerogel Insulation board  0.016 150 240 

VIP insulation panel  <0.005 180 800 

The thermal insulation thickness comparison of the above insulation material on the external 

solid wall is given in figure 6.7. The figure shows application of only 50mm SLENTITE 

Aerogel insulation board achieves an overall wall U-value of 0.26 W/(m².K). Application of 

this high performance insulation material in less than half a thickness compared to traditional 

mineral wool almost fulfill the EnEv 2009 maximum allowable heat transfer value of 0.24 

W/(m².K) for external walls up on renovation as discussed earlier in chapter five. 

 

 

Thickness[mm]

Insulation thickness comparison 

87mm PUR insulation board

50mm SLENTITE insulation board

115mm Mineral wool insulation material 

81mm Fixit Aerogel insulation render

20mm Vacuum insulation panel 

Figure 6.7: Wall insulation thickness comparison of five different insulation 

materials to achieve a wall U-value of 0.26W/(m².K) 
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SLENTITE Aerogel insulation board will be available in market by the beginning of 2015 [36]. 

It is very efficient in keeping the winter heat inside the building envelops and retains summer 

heat from entering the conditioned space at relatively thinner insulation thickness. This kind of 

high performance thermal insulation material is more favored by buildings which are 

recognized as international heritage and by projects where the building’s appearance is the 

premium because of their thin thickness requirement for high thermal insulation performance. 

It is durable and can perform without considerable reduction in insulation performance for 

almost 50 years [36].   

The other high performance Aerogel based insulating render from Fixit Company “Fixit 222 

Aerogel insulating plaster” has also a benefit of better thermal insulation at thinner thickness. It 

has around 30% less thickness requirement than traditional mineral wool for the same 

insulation performance. Its flexibility and easy application are its advantage to use it in curves 

and bended shapes. It can also be applied in places where other thermal insulation cannot feat 

easily.  

The un-necessity of pre-leveling before applying Fixit 222 Aerogel insulation plaster , as we 

usually do for board type insulation materials, and its flexibility to add reinforcement mesh 

during plastering are the other interesting future of this Aerogel based insulation plaster. 

Furthermore, since it is not prefabricated, it gives the user a chance to apply it any depth. Its 

only drawback is its relatively high thermal conductivity than other Aerogel based insulation 

materials. More discussion about the material is given under section 3.3. 

Vacuum insulation panel (VIP) is a technologically advanced product with low thermal 

conductivity. Properly sealed and laminated VIP material has a thermal conductivity of less 

than 0.005 W/(m.k). VIP provides better thermal insulation, usually three to seven times, than 

that of equivalent other insulation material. For instance, VIP gives the same thermal 

performance as mineral wool at 80% less thickness.  

Thin application of VIP is favored by architects but its vulnerability to performance reduction 

if is not handled carefully and properly is its major drawback. It requires very thick protective 

layer. To cite an instance, the above investigation requires a 30mm glass wool or fiberglass 

protection on the top of 20mm VIP to fully benefit from its high thermal performance. 

Polystyrene board can also be used to cover VIP in order of 20-30mm depending on local 

factors. In other words figure 6.7 witnesses VIP with its protection cover become comparable 

in thickness with SLENTITE Aerogel insulation for the same thermal insulation.   

The same wall insulation thickness comparison turns out in an addition of only 15mm thick 

SLENTITE Aerogel insulation board to achieve an overall wall heat transmittance of 

0.6W/(m².K). The wall will require a 35mm thick mineral wool to achieve the same overall 

heat transmittance. If Fixit 222 Aerogel is one what we wish to apply, the wall will require 

20mm thick insulation plaster have the same insulation performance as of the earlier.  
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So to wrap-up the innovative SLENTITE Aerogel insulation material is an ideal choice for 

meeting high insulation performance at a relatively thin layer without considerable 

performance degradation over time and with its ability to maintain insulation properties under 

compression.  

6.2.3 Attic renovation    

It is now very common to convert the attic and basement to a usable space. For instance, the 

attic in this case study is very convenient to be converted to finished workplace as seen in 

figure 6.8. 

Insulating the roof attic ceiling with 140mm batt insulation results in a U-value of 0.25 

W/(m².K). This pitched roof insulation gives an additional 400m² finished areas than loft 

insulation. As a result, the total usable area increases from previous 750m² to a new 1050m².  

Assuming the new attic space as an office room with one workstation per nine square meters, 

the new space  will add around 44 persons. This assumed occupied attic space results in an 

increase in total fabric and ventilation loss by 17% due to increased occupancy and 

requirement for fresh air. Proper attic ventilation strategy to minimize vapor condensation on 

insulation as due to temperature difference between the attic and the outdoor will also 

contribute to building energy loss.  

 

 

 

 

 

 

 

 Figure 6.8: Picture of the case study roof attic taken by 

former student at Building Science Group, KIT.   
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Increased occupancy on the other hand increase the electricity usage by 27%. It also increase 

the heat emitted from occupants to the building by 15%. This all adds up and decrease the 

space heating demand of the building with occupied attic space by 43% per net useable floor 

area as compared to previously discussed improved building with unused attic space. This 

results in a primary energy requirement of 25kWh/m² per heating season.  

 

 

 

 

 

 

 

 

 

Figure 6.9: Internal and external energy gains before and after changing the attic to a finished 

work space  
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Conclusion 

It is fundamental to make energy retrofitting in almost all European buildings because of their 

very low thermal standard. A preliminary estimate suggests that building stock in European 

countries would tremendously benefit from an energy renovation/retrofitting programs.  

There are plenty of cost-efficient technologies available out there to improve the thermal 

efficiency of the building envelopes. However these materials require very thick insulation 

application. A new and innovative Aerogel based thermal insulation material is applicable to 

attain actual performance in relatively less insulation depth.  

For instance application of only 50mm thick SLENTITE Aerogel insulation board, from 

Germany BASF Chemical Company, on the external wall of old Telegraph case study building 

improves the heat loss through walls by 71%. The same energy saving is as well become 

possible by applying 115mm and 76mm thick mineral wool and rigid PUR/PIR insulation 

board respectively. Another investigation also shows for a halved wall heat transmittance 

value, a 57% less insulation level requirement using SLENTITE Aerogel is reachable relative 

to mineral wool. Likewise a 42% less requirement is achieved than that of PUR/PIR.  

The un-insulated Telegraph building demonstrates a total building energy loss of around 

180MWh in winter. Energy loss via the roof counts to 30%. A 20%, 15% and 12% of the total 

building energy is lost through walls, windows and ground floor respectively. The external air 

infiltration and natural ventilation sums up to the rest 24% of the total energy loss.  

Replacing the poor heat resistant single glazed windows by air-field double glazed insulating 

windows cuts down the energy loss which used to escape through windows by 53%.  

Combined retrofitting of only walls and windows turns out in a 26% reduction in total energy 

loss. This implies a 38% reduction in primary space heating demand. However a full-scale 

renovation such as insulating the flat roof, installing ground floor insulation and air-sealing 

measures are prerequisites for meeting the 2020 targets of the EU energy and climate package. 

These also help the owner to fulfill the local building energy regulation. A full-scale energy-

retrofitting concept of this specific case study building fulfills the seventh thermal regulation of 

Germany Energy Saving Ordinance or EnEv 2009 discussed in paragraph 5.2. Undertaking full 

scale renovation significantly boosts the energy loss saving of the building by more than half. 

These apparently decrease the primary space heating demand by 78%.  

In closing, besides improving the thermal envelope of the building, upgrading the empty attic 

to a usable finished area is also part of energy retrofitting. For manifestation, instead of loft 

insulation, installing batt on the attic ceiling creates an extra 400 m
2 

free space.  
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Appendices 

Appendix: A 
List of construction details for the case study building  

Case study building fabric 
elements  

Thickness  
[mm] 

Density 
 [kg/m³] 

Cp 

[J/kg.K] 
λ  
[W/(m.K)] 

U-Value  
[W/(m².K)] 

External wall  1.4 

Cement plaster 20 1270 960 0.550  

Old building brick 400 1710 900 0.800 

Lime plaster(historic) 10 1800 850 0.820 

   

Internal floors and 

Basement ceiling  

3.1 

Cement screed 30 2000 850 1.400  

Concrete 300 2300 900 1.900 

   

Inner/ Partition wall  1.4 

Lime plaster (historic) 10 1800 850 0.820  

Old building brick  360 1710 900 0.800 

Lime plaster(historic) 10 1800 850 0.820 

Cement screed 30 2000 850 1.400 

   

Basement wall  1.5 

Brick  200 1700 800 0.840  

Concrete Block  400 2300 1000 1.630 

Cement plaster  30 1270 960 0.550 

   

Flat roof  2.8 

Asphalts roofing finish 10 1600 1000 0.430  

Roofing felt  10 960 837 0.190 

Cement creed  40 2000 850 1.400 

Concrete slab  200 2300 900 1.900 

   

Pitched roof  3.4 

Clay tile (roofing) 25 2000 800 1.000  

Roofing felt  10 960 837 0.190 

Wooden batons  10 2800 896 0.130 

   

Ground floor  1.5 

Cement plaster  30 1270 960 0.550  

Concrete slab  150 2300 900 1.900 

Cast concrete  400 2000 1000 1.130 

   

External Door  2.4 

Aluminium steel  3 7800 450 50.00  

Air gap 10 1000 1000 0.300 

Aluminium steel  3 7800 450 50.00 

   

Single glazed window  5.2 

  Visible light 
transmittance  

Solar heat gain 
coefficient  

  

Clear glass 6 87% 0.83  

      

0.3 ACH air infiltration       
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Appendix: B 
Construction details for improved office building. 

Improved building fabric elements  Thickness  
[mm] 

Density 
 [kg/m³] 

Cp 

[J/kg.K] 
λ  
[W/(m.K)] 

U-Value  
[W/(m².K)] 

External wall  0.26 

Clinker finish  10 1890 880 0.800  

Lime sand render  10 1600 1000 0.800  

SLENTITE Insulation board  50 280 840 0.016  

Cement plaster 20 1270 960 0.550  

Old building brick 400 1710 900 0.800 

Lime plaster(historic) 10 1800 850 0.820 

   

Basement ceiling  0.29 

Timber flooring  5 650 1200 0.140  

Cement screed 30 2000 850 1.400 

Concrete 300 2300 900 1.900 

Mineral fiber batt insulation  110 30 840 0.036  

Gypsum plasterboard  10 900 1000 0.250  

   

Inner/Partition  wall  1.4 

Lime plaster (historic) 10 1800 850 0.820  

Old building brick  360 1710 900 0.800 

Lime plaster(historic) 10 1800 850 0.820 

   

Upper floor ceiling  0.24 

Mineral wool insulation  140 140 840 0.037  

Bitumen felt sheet  5 1100 1000 0.230 

Cement screed 30 2000 850 1.400 

Concrete 300 2300 900 1.900 

   

Basement wall  1.5 

Brick  200 1700 800 0.840  

Concrete Block  400 2300 1000 1.630 

Cement plaster  30 1270 960 0.550 

   

Flat roof  0.2 

Asphalts roofing with bitumen inert fill  10 1600 1000 0.430  

Pinned Board R10.4 XPS  10 35 4470 0.026 

Ethylene propylene diene monomer (EPDM) 3 1150 1000 0.250 

Cement creed  40 2000 850 1.400 

Concrete slab  200 2300 900 1.900 

   

Pitched roof  3.4 

Clay tile (roofing) 25 2000 800 1.000  

Roofing felt  10 960 837 0.190 

Wooden batons  10 2800 896 0.130 

   

Ground floor  1.5 

Cement plaster  30 1270 960 0.550  

Concrete slab  150 2300 900 1.900 

Cast concrete  400 2000 1000 1.130 

   

External Door  2.0 

Aluminum steel  3 7800 450 50.00  

Door insulation 10 20 1300 0.040 

Aluminum steel  3 7800 450 50.00 
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Double glazed window  1.9 

  Visible light 

transmittance  

Solar heat gain 

coefficient  

  

Clear glass 6 87% 0.57  

Air gap  13     

Low-e coated glass 6     

      

0.1 ACH air infiltration       
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Appendix: C 
Room naming in model building   
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Appendix: D 
Building occupancy and associated heating schedule  

 

In Office- Heating Schedule  

■ The main temperature set point is used 

between 5am and 7pm and heating operates at 

setback temperature setpoint at all other times  
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Appendix: E 
Hourly winter design week site weather data at a nearby Mannheim from Designbuilder library 

package.  
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Appendix: F 
Base case building fabric surface area’s   

Building fabric elements Area [m²] 

Ground floor external wall 390 

First floor external wall 360 

Basement wall  165 

Total wall area including basement wall  915 

Ground floor Window’s 91 

First floor Window’s 57 

Total window area in the ground and first floor  148 

Skylight  22 

Basement floor area  268 

Usable ground floor area  500 

Usable first floor area  200 

Top Floor ceiling area  470 

Usable attic area  ~ 400 

Big west room ground floor area 232 

Total ground area 560 

Total usable area including area for heat production   750 
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Appendix: G 
Four paged EnEV 2009 certification paper    
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Appendix: H 

The Schematic locations of the surface types and the construction that are applied in 

Designbuilder     
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Appendix: I 

Conversion of US R-Values to European metric R values and vise versa from My Online Diary 

[76] 

 


