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1. Executive summary 
Deliverable D2.1 “Framework on energy efficient buildings” presents a framework for various retrofit 

situations in Europe, reviewing the situation in terms of building stock characteristics and codes for non-

residential and residential buildings. Project POWERSKIN+ deals with non-loadbearing curtain walls, which is 

a domain of non-residential buildings in particular. Use in residential buildings is very limited in Europe, but 

it may become the preferred rational solution for building envelopes. The deliverable includes building 

characteristics, building codes and other regulatory measures, preliminary simulation analysis of potential 

energy savings in the case of POWERSKIN+ application, and an overview of different energy-saving concepts 

and solutions used in energy efficient building façade systems. The collected data allow determining the 

strategies for improving the energy and greenhouse gas savings potential of the future POWERSKIN+ solution 

and model a variety of scenarios of its operational performance on various climate/building solutions. The 

framework is derived for building retrofit situations. Scenarios for new construction have also been 

investigated, and in specific aspects of this report are stated separately. Generally, the approaches for 

retrofits are applicable for new construction as well. 

2. Introduction 
Energy consumption is growing steadily and exponentially, and according to the 2018 forecast, world energy 

consumption can be expected to increase by up to 25% between 2018 and 2040. Therefore, energy will 

become an increasingly desirable and expensive commodity in the coming years. A forecast predicting a 

reduction in absolute energy consumption is completely unrealistic, which is a proven historical  

experience [1]. 

In the EU, the building stock accounts for about 40% of all primary energy use and approximately 36% of CO2 

emissions [2], [3]. It makes buildings the largest and, consequently, the key energy consumer in Europe. 

Therefore, reducing primary energy consumption in buildings is the main goal of European policies to achieve 

a sustainable and low greenhouse gas emission economy. To fulfil this goal, the EU commission presented 

the Directive on the Energy Performance of Buildings (EPBD) in 2002 [4]. In 2010, the EPBD was rearranged 

and the second version of the EPBD2 [2] was introduced with the 20-20-20 slogan, expressing the European 

Community's goal of reducing greenhouse gas emissions by 20% in 2020 compared to 1990, reducing the EU 

energy consumption by 20% and increasing the share of energy produced from renewable sources to 20%. 

Moreover, among other things, EPBD2 introduces the concept of nearly zero energy building (nZEB). To be 

more precise, Article 9 states that all new buildings occupied by public authorities should be constructed in 

the nZEB building standard from 01.01.2019. For private buildings, the requirement to build new buildings in 

nZEB standard is postponed for 2 years and starts to act from 01.01.2021. Interestingly, the EPBD2 did not 

introduce a clear definition of nZEB buildings and, as a result, each European Union state developed its own 

definition. This, in some cases, causes inconsistencies between the policies of individual countries. For 

example, the German nZEB does not meet the requirements of the Czech nZEB. 
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Later, in 2018, the third version of EPBD (EPBD3) was published [3]. It presented a long-term strategy which 

should bring a significant reduction in greenhouse gas emissions of 40% by 2030 compared to 1990, increase 

the use of energy from renewable sources with an overall reduction in building energy consumption of up to 

32.5% and increase the share of renewable energy use to 32%.  

After that, at the end of 2019, The European Commission has presented the European Green Deal, which 

includes a list of concrete plans to achieve climate neutrality in the EU by 2050. In March 2020, the European 

Commission adopted a European industrial strategy with a greater ambition to reduce greenhouse gas 

emissions by 2030, from the original 40% to 55%. The basic precondition for achieving this goal is the 

decarbonisation of the energy system based on several principles. One of the main principles is to ensure 

higher energy efficiency of buildings. 

Thus, it is clear that special attention is paid to buildings due to the high energy-saving potential caused 

exactly by the high energy consumption of the building sector at present. 

3. Building stock 

3.1 Residential buildings share 

Today, the residential building stock accounts for 75% of the EU floor space area [5] and represents the 

biggest segment in the total EU floor space area (Figure 1). However, it should be noted that the share for 

each country varies considerably from around 86% for Italy and Romania to approximately 66% for Finland 

and Germany. There are two main groups of buildings within the residential scope, namely single-family 

houses (SFH) and apartment blocks (AB). The difference between them is that SFH normally accommodates 

one household, while AB may accommodate two to thirty households. For instance and in some cases, social 

housing or high residential buildings, AB can have more than thirty households within one apartment block.  

 

FIGURE 1 SPLIT BETWEEN RESIDENTIAL AND NON-RESIDENTIAL BUILDINGS IN EUROPE. DATA SOURCE: [5] 
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Using the collected data [5], 51% of residential building stock area is associated with SFH and 49% with AB 

(Figure 2). Needless to say, the split between SFH and AB varies from country to country. There are countries 

with approximately the same share between SFH and AB, for instance, Bulgaria, Czech Republic, Slovakia. On 

the other hand, there are counties with a clearly defined dominated group. In such countries as Cyprus, 

Netherlands, and the UK, most residential buildings are represented by SFH, while in such countries as 

Belgium, Italy, and Latvia, the situation is reversed, and most of the residential buildings are represented by 

AB. 

 

FIGURE 2 SPLIT BETWEEN SFH AND AB WITHIN RESIDENTIAL BUILDINGS IN EUROPE. DATA SOURCE: [5] 

3.2 Non-residential buildings share 

On the other hand, the non-residential buildings sector accounts for approximately 25% [5] of the total 

building stock in Europe (Figure 3). Compared to the residential building stock, the main distinctive feature 

of the non-residential building stock is that it is a more complex and heterogeneous building sector with high 

diversity in terms of typology. It includes trade facilities, offices, educational facilities, hotels and restaurants, 

health facilities, and other buildings. Figure 3 presents the share of different non-residential building groups 

for European countries (based on the floor space area). 
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FIGURE 3 BREAKDOWN OF NON-RESIDENTIAL FLOOR SPACE IN EUROPE. DATA SOURCE: [5] 

First of all, it is clear that office buildings comprise the largest portion of the non-residential building stock at 

the European level, corresponding to approximately 28% of the total non-residential floor space. The trade 

facilities are the second biggest category with a floor space corresponding to 22% of the total non-residential 

floor space. Educational facilities account for less than 18% of the entire non-residential floor space area. 

Hotels and restaurants are represented by the next 10% of the total non-residential floor space area, while 

health facilities account for 8%. The other non-residential buildings are represented by 14% of the total non-

residential floor space. 

Secondly, it is evident that the distribution of different non-residential building types varies across Europe 

and many countries reported a large component in the category of other non-residential buildings. It 

indicates that the categorisation system for non-residential buildings varies significantly from country to 

country.  

In addition to the categorisation system introduced by different European countries, there is also a difference 

between non-residential building categorization systems presented by different European institutions. 

According to the definition presented by the Organization for Economic Cooperation and Development 

(OECD) [6], a building is regarded as a non-residential building when the minor part of the building (i.e. less 

than half of its gross floor area) is used for dwelling purposes. Furthermore, OECD states that non-residential 

buildings comprise: industrial buildings, commercial buildings, education buildings, health buildings, and 

other buildings. 

Eurostat [7], on the other side, presents another definition of non-residential buildings. According to their 

definition, a non-residential building is a construction that is mainly used or intended for non-residential 
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purposes. To be more specific, Eurostat non-residential building categorization system is as follows: private 

offices, public offices, wholesale and retail trade, hotels and restaurants, health facilities, education facilities, 

sports facilities, and other facilities. 

According to Ecofys [8], non-residential buildings can be categorised as follows: private offices, trade facilities, 

gastronomic facilities, health facilities, educational facilities, industrial facilities, public buildings, and other 

buildings. 

Needless to say, that compared to residential buildings where the data are fairly comprehensive, the non-

residential buildings stock is far less covered. The main reason is that within the non-residential building 

sector, there is no clear and unified sector categorization system. 

3.3 Building age profile 

Buildings across Europe are associated with different time periods [5]. It can be seen from Figure 4 that the 

historical buildings (typically represented by buildings built up to 1945) and buildings built in the period from 

1945 till 1969 demonstrated the highest share in both sectors. It is probably because this period covers more 

years than over the analysed periods. From 1970 until 2010, the share of different periods is relatively stable 

and accounts for approximately 12.5% for the residential sector and 12.9% for the non-residential one. It is 

also evident that the share of buildings built in the last 10 years is the smallest. Two facts can describe it. First 

of all, the 2007-2009 financial crisis heavily affected the building construction industry. Secondly, the data for 

this period is incomplete and would be revised in the next few years. 

 

FIGURE 4 AGE PROFILE OF THE BUILDING STOCK IN EUROPE. DATA SOURCE:[5] 
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It can be concluded that there is not much difference between residential and non-residential buildings stock 

in terms of buildings age profile. 

3.4 Residential energy consumption 

According to [9], in 2018 the residential sector was responsible for 26% of the total final energy consumption 

in Europe or 65% of the total final energy use in buildings. Energy in the residential sector is mainly consumed 

by space heating - 63.6% of the final energy consumption in the residential sector [10]. Water heating 

represents 14.8%, while the proportion used for electricity for lighting and electrical appliances is slightly 

lower, representing 14.1% (Figure 5). Energy for cooking purposes accounts for 6.1%, while space cooling and 

other end-uses account for 0.4% and 1.0%, respectively. 

 

FIGURE 5 SHARE OF FINAL ENERGY CONSUMPTION IN THE RESIDENTIAL SECTOR BY TYPE OF END-USE. DATA SOURCE: [10] 

It is clear from Figure 5 that space heating is the most energy-intense end-use in the vast majority of EU 

countries. It is also clear that this share is less in warmer climates and higher in cold climates. The lowest 

proportions of energy used for space heating are in Malta (20.4%), Portugal (28.2%), Cyprus (35%), and Spain 

(43.1%), while the highest is in Luxemburg (78.7%), Belgium (73.5%), Estonia (72.7%), and Lithuania (70.3%). 

The final energy consumption used to cover the space heating demand depends on several factors such as 

the performance of the installed heating system, type of the building envelope, local climatic conditions, and 

behavioural characteristics. Despite different improvements in heating systems and behavioural 

characteristics, there is still a large savings potential associated with an improvement in the thermal quality 

of the building envelope. 

As shown in Figure 4, a large share of residential buildings (approximately 39%) are built before 1970, in times 

with much less strict energy requirements for buildings and building components seen from today’s 
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perspective. Only a part of these buildings has undergone major energy retrofits. There is still a large group 

of buildings, in different fractions among countries, with low insulation levels and inefficient technical 

systems [11]. Therefore, the oldest part of the building stock contributes greatly to the high energy 

consumption in the building sector. Older buildings tend to consume more due to their low-performance 

levels. 

Figure 6 shows the data on space heating consumption by the age of buildings for selected countries. First of 

all, based on this data, it is clear that the largest energy-saving potential is associated with the older building 

stock. These buildings' poor thermal performance is associated with the absence of appropriate insulation 

due to the lack of building performance standards (insulation levels) in the respective construction years. 

 

 

 

FIGURE 6 AVERAGE SPECIFIC ENERGY CONSUMPTION FOR SPACE HEATING IN TERMS OF FINAL ENERGY USE AND U-VALUE FOR 

EXTERNAL WALLS VALID IN THE YEAR OF CONSTRUCTION. DATA SOURCE: [5]  
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Secondly, it is clear that the thermal transmittance (U-value) of the building envelope construction has a 

significant impact on the building energy performance. Moreover, it is also evident that the implementation 

of national standards and requirements concerning the energy performance of buildings contribute 

significantly to an increase in building energy performance. 

Finally, although space heating needs in Southern countries (for instance, Italy) are lower due to milder 

winters, the consumption for space heating is comparable to other countries presented here. This can be an 

indication of a lack of sufficient thermal insulation in building stock in these countries. 

3.5 Non-residential buildings energy consumption 

In 2018, the non-residential sector was responsible for 14% of the total final energy consumption in Europe 

or 32% of the total final energy use in buildings. The average specific energy consumption in the non-

residential sector is almost 280 kWh/m2, while the average specific energy consumption in the residential 

sector is close to 200 kWh/m2 (approximately 32% less compared to the equivalent value for the non-

residential sector). 

Based on BPIE (Buildings Performance Institute Europe) survey results [11], offices and trade facilities 

represent more than half of the total non-residential energy use in Europe (Figure 7). On the other hand, 

health facilities and hotels and restaurants with high specific energy consumption are associated with 22% of 

total non-residential energy use. Educational facilities represent the next 12% of energy use while other 

buildings account for 12%. 

 

FIGURE 7. FINAL ENERGY USE IN NON-RESIDENTIAL BUILDINGS FOR DIFFERENT BUILDING TYPES. DATA SOURCE: [11] 
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Needless to say that within the non-residential sector, different specific energy consumption values are 

expected from country to country and from one building type to another. These variations are clearly 

illustrated in Figure 8, where the specific energy use is compared for the United Kingdom (UK) and Spain. 

 

FIGURE 8 FINAL ENERGY USE IN NON-RESIDENTIAL BUILDING TYPES FOR TWO DIFFERENT COUNTRIES. DATA SOURCE: [12] 

Understanding non-residential buildings energy consumption is very complex, and to properly analyse it, 

some main constituents should be introduced. Non-residential building energy consumption is mainly related 

to space heating, space cooling, water heating, cooking, lighting, and other appliances (Figure 9). 

 

FIGURE 9 AVERAGE SHARE OF FINAL ENERGY CONSUMPTION IN THE NON-RESIDENTIAL SECTOR BY TYPE OF END-USE. DATA 

SOURCE: [13] 

Energy in non-residential buildings is mainly consumed by space heating, as well as in residential buildings. It 

makes up to 52% of the total non-residential buildings’ energy consumption, way ahead of space cooling, 

lighting, water heating, cooking, and other end-uses. High energy consumption for space heating is partly due 
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to the fact that 75% of the EU’s building stock is still energy inefficient (compared to current regulations on 

the energy performance of buildings), and the rate of building renovation remains very low at around 0.4% 

to 1.2% per year. 

It is evident that the age of the building has a great influence on the building energy performance. Figure 10 

visualizes the specific heat energy consumption for space heating for the non-residential buildings sector by 

the age of construction. It can be seen from the figure that the specific space heating consumption for non-

residential buildings decreases from the value of 168 kWh/m2 for buildings built before 1945 to 

approximately 95 kWh/m2 for new buildings [5]. The slight deviations from the trend can be described by the 

main feature of the non-residential building stock. The non-residential building stock is inhomogeneous. It 

includes different types of buildings such as trade facilities, offices, educational facilities, etc. Thus, the 

decrease in space heating consumption in one building sector can be accompanied by an increase in another 

building sector. 

 

FIGURE 10 DEVELOPMENT OF THE SPECIFIC ENERGY CONSUMPTION FOR SPACE HEATING IN THE NON-RESIDENTIAL BUILDINGS 

SECTOR. DATA SOURCE [5] 

Needless to say that the older part of the non-residential building stock (as well as residential building stock) 

have higher energy consumption because when they were built, only few or no requirements for energy 

efficiency existed. Hence, the largest energy-saving potential is associated with the older building stock and 

its renovation. 

As for today, the specific energy consumption for space heating is approximately twice as low for the non-

residential sector today as for non-residential buildings built before 1945 [5]. It is clear that the main reason 

for this decline in specific energy consumption for space heating is the implementation of energy 
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performance requirements. In Sweden, the national requirements for energy performance of buildings were 

firstly presented as early as 1948. Northern, Western, and Central European countries started introducing or 

significantly tightened the energy performance building requirements (thermal insulation requirements, air 

tightness level) around the 1970s after the first oil crisis. Southern countries with no previous embedded 

regulations for insulation (for instance, Portugal) introduced a 50% reduction in the U-values in 2005 [11]. 

Figure 11 presents the development of specific energy consumption for space cooling. It indicates a relatively 

small increase in the specific energy consumption for space cooling during the last 70 years. There are several 

reasons why specific energy consumption for space cooling increased. The first and probably the main reason 

is that modern architect's design buildings with larger glazing areas. The second reason is the increased 

comfort standards of the European population. 

 

FIGURE 11 DEVELOPMENT OF THE SPECIFIC ENERGY CONSUMPTION FOR SPACE COOLING IN THE NON-RESIDENTIAL BUILDINGS 

SECTOR. DATA SOURCE: [5] 

Although the non-residential building sector has higher specific energy consumption than the residential 

building sector, comprehensive information and detailed data on the non-residential building sector are still 

limited in Europe. In general, the data collection process is a time-consuming procedure. In the particular 

case of non-residential building stock with numerous building categories, the variability of services, and 

technical information, this process becomes even more complicated and more time-consuming. This fact 

probably indicates that extensive and detailed data gathering should be provided in this field in the future. 
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4. Energy efficient building façade systems 
The EPBD requires all new buildings in Europe from 2021 to be nearly zero-energy buildings. According to the 

European Commission definition, "nearly zero-energy building" is a building that has a very high energy 

performance. The nearly zero or very low amount of energy required should be covered to a very significant 

extent from renewable sources, including sources produced on-site or nearby [2]. The main impact on the 

overall energy consumption of the building has the building façade. Based on the previous nZEB building's 

definition, it is evident that two different approaches should be implemented simultaneously for a building 

façade to achieve nZEB building. First, the façade of the building should be designed to reduce building energy 

consumption as much as possible (passive energy-saving concept). Second, renewable energy sources should 

be applied in the façade construction to cover the building energy consumption (active renewable energy 

generation concept). 

4.1 Passive energy saving concept 

The first concept is a passive energy-saving concept. It includes three main parts: advanced building envelope, 

passive heating and cooling technologies, and thermal energy storage. 

4.1.1 Advanced building envelope 

Building façade plays a crucial role in reducing building energy losses since it separates outdoor and indoor 

environments. Façade factors related to building energy performance are thermal transmittance U-value, 

solar heat gain coefficient g-value, and air tightness n50. The improvement of the building façade moves in 

two ways. The first is the reduction in thermal transmittance, which leads to the reduction in energy losses, 

especially in a cold climate. It is a simple and effective approach to increase the energy efficiency of the 

building. The second is to control solar heat gain during the year. The problem is that solar radiation 

influences energy consumption in different ways in different seasons. In summer, excessive solar heat gain 

results in higher energy consumption due to the increased cooling load; in winter, solar radiation entering 

through the transparent parts of the façade can provide passive solar heating; in all seasons of the year the 

solar radiation improves the daylight quality. Therefore, well-designed solar control devices can significantly 

reduce the energy consumption of buildings and enhance natural daylight utilization in the indoor 

environment. 

In general, the building façade consists of two parts: a transparent part and an opaque part. The transparent 

part is responsible for visual comfort (day-lighting and visual contact with the outdoor environment), but 

usually has a higher U-value than the opaque one. To minimize heat loss through the transparent part, glazing 

materials with low U-values should be used, for instance, vacuum glazing [14], triple glazing [15] or low-

emissivity glazing or coating [16]. 
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FIGURE 12 VACUUM INSULATION GLAZING - PILKINGTON SPACIATM. IMAGE SOURCE: [17] 

On the other hand, the transparent part greatly impacts solar heat gain, which should be managed effectively 

while visual discomfort and glare are minimized. Many different principles to control the solar heat gain exist 

and could be successfully used to control solar radiation, from static devices such as overhangs and louvres, 

automated blinds [18] to static angular selective prismatic glazings [19], films and coating [20] and 

electrochromic glazing [21]. 

 

FIGURE 13 GEOMETRY OF STATIC ANGULAR SELECTIVE PRISMATIC GLAZING. IMAGE SOURCE: [19] 

The U-value of the opaque part of the façade is also an important factor. It is evident that the focus here is 

and still will be to achieve the highest physically possible thermal insulation values, that is, the lowest thermal 

conductivity parameters for the insulation materials. Today, conventional thermal insulation materials like 
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fiberglass, mineral wool, expanded polystyrene, and extruded polystyrene have thermal conductivity values 

from 0.033 to 0.040 W/m.K. Relatively new and high-tech insulation materials such as vacuum insulation 

panels [22], gas-filled panels [23], aerogels [24], nano insulation [25], etc., have thermal conductivities 

approximately between 5 and 10 times (depending on the ageing) lower than traditional thermal insulation 

materials. This reduction in thermal conductivity is essential to achieve energy-efficient buildings, passive 

houses, and zero energy or zero-emission buildings. 

As a result, the reduction in thermal transmittance and solar heat gain control are considered a relatively 

simple and highly efficient way that can be applied to façade construction element to increase building energy 

efficiency. It allows to keep more heat/cool within the building and prevent heat flux with the surroundings. 

4.1.2 Passive heating and cooling concepts 

As we know (Figure 9), the largest contributor to non-residential building energy consumption is space 

heating energy consumption. Considering this, passive heating and cooling concepts could be introduced to 

reduce building energy consumption. Actually, it is one of the oldest ways to reduce heating and cooling 

consumption. Moreover, these systems could represent suitable alternatives to conventional heating and 

cooling system for modern and effective buildings. However, it should be noted that the efficiency of these 

systems depends on site climatic conditions, season and daytime.  

A typical example of a passive heating concept is the Trombe wall, a massive wall (sometimes covered by 

high absorption coating or paint) covered by external glazing with an air-channel between them [26]. The 

massive wall absorbs and accumulates solar energy. Then, one part of the accumulated energy is transferred 

to the indoor environment by conduction through the wall. The second part of the accumulated energy is 

transferred to the building’s indoor environment by the stack (chimney) effect emerging within the air 

channel between the wall and glazing. The lower temperature air enters the air channel through a hole 

situated in the lower part of the wall, heated up by the wall, flows upward, and then heated air returns to 

the room through the hole situated in the higher part of the wall. 

 

FIGURE 14 TROMBE WALL OPERATION PRINCIPLE. IMAGE SOURCE: [27] 
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Double skin façade concept is probably one of the most advanced passive heating concepts. It allows using 

solar energy to provide heat energy and prevent energy losses. In essence, there are three different operation 

modes of double skin façade [28]. In the first operation mode - open natural convection - air is circulated in 

the middle cavity because of the stack (chimney) effect. The entrance of air is located in the lower part of the 

outer skin. The exit, in contrast, is located in the upper part of the outer skin. This mode creates a sufficient 

thermal resistance between outdoor and indoor environments and the heated air can be used by openings 

in the middle or upper part for ventilation or space heating purposes. The second operation mode is the 

closed natural convection mode. In that case, air circulates in the closed gap between the inner and outer 

parts of the façade caused by natural convection. In that mode, double skin façade reduce to the minimum 

heat transfer between outdoor and indoor environment. The third operation mode is the forced convection 

mode. In this mode, the system uses the middle gap to preheat the outdoor air and send it to the room space 

through the HVAC system. 

 

FIGURE 15 DIFFERENT TYPES OF DOUBLE-SKIN FAÇADE ACCORDING TO THE TYPE OF AIRFLOW: (A) OPEN NATURAL 

CONVECTION, (B) CLOSED NATURAL CONVECTION, (C) FORCED CONVECTION. IMAGE SOURCE: [28] 

The next example of a passive concept is a solar chimney. Solar chimneys are generally used to provide 

natural ventilation, but can also be used for the heating of outdoor air [29]. A solar chimney may be 

considered as a special case of the Trombe Wall concept because its working principle is very similar. Solar 

radiation is passed through the glazing, absorbed on the absorber surface, and heated the air in the channel 

between the absorber and glazing. This causes a stack (chimney) effect and draws the air from below. The 

difference is that a Trombe wall is a part of a massive external wall normally taken up by glazing, whereas a 

solar chimney is more general and can be represented by a metal absorber with low mass. Moreover, Trombe 

Wall is designed mainly for passive heating purposes, while a solar chimney is used mainly for passive 

ventilation purposes. 

In moderate and cold climates, with relatively low night-temperatures in summer, passive night-cooling of 

buildings by ventilation can be used as a passive technology. The basic concept is relatively simple and 

includes cooling the building structure during the night to provide a heat sink during the day. This way, it is 

possible to decrease daytime cooling energy requirements and sometimes cover the whole daytime energy 

one [30]. 
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4.1.3 Thermal energy storage 

One of the most important factors that can increase the efficiency of passive heating and cooling technologies 

is the design of heat storage. Latent heat storage systems using phase change materials (PCM) can be used 

as an effective way of storing thermal energy in the façade construction. These materials (PCM) can be 

successfully combined with, for instance, the Trombe Wall [31]. Typically, Trombe Walls accumulates sensible 

heat in the massive wall. The application of PCM materials allows to store energy in the latent heat and 

consequently, for a given amount of heat energy, the wall with PCM material will require less space and will 

be lighter compared to the original massive wall.  

Thermal energy storage technology (such as PCM) can also be successfully combined with night-time  

cooling [32]. Typically, night-time cooling uses the thermal mass of the building to accumulate cooling energy.  

On the other hand, modern non-residential buildings (especially office buildings) widely use lightweight 

construction to increase the total number of building storeys. As a result, the specific thermal mass of the 

building rapidly decreases and decreases the efficiency of night-time cooling. In that case, the combination 

of phase change materials integrated into façade and night-time cooling will be a promising solution to 

decrease space cooling energy consumption. 

Table 1 summarises the passive energy concepts used to design energy efficient buildings. 

TABLE 1 SUMMARY OF THE REVIEWED PASSIVE ENERGY CONCEPTS 

Category Technology Principle Feature Applicability 

Advanced 
building 
envelope 

Thermal 
transmittance 

Lower U-values 
lead to a reduction 

in thermal 
gains/losses 

Highly 
effective in 
cold climate 

Transparent part: vacuum glazing; 
triple glazing; low-e glazing. 

Opaque part: vacuum insulation 
panel; gas-filled panel; aerogel; nano 

insulation 

Solar gain 
control 

Control solar gains 
during the year 

and improve visual 
comfort 

Highly 
effective in 
moderate 
and hot 
climates 

Transparent part: static overhangs 
and louvres; textile screens; sun-
tracking vertical and roller blinds; 
static angular selective prismatic 

glazings, films and coatings; 
electrochromic glazing 

Passive 
heating 
and 
cooling 

Trombe wall 

Transform solar 
energy to heat 

energy for 
ventilation and 
space heating 

purposes 

Highly 
effective in 
cold climate 

Opaque part: Trombe wall 

Double skin 
façade 

Provide additional 
thermal resistance 
to the façade and 
can be used for 

ventilation 
purposes 

Highly 
effective in 
moderate 
climates 

Whole façade 
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TABLE 1 (CONTINUED) 

 

Solar chimney 
Provide natural 
ventilation for 

cooling purposes 

Highly 
effective in 
moderate 
climates 

Opaque part: solar chimney 

Passive cooling Night-time cooling 

Highly 
effective in 
moderate 
climates 

Openings in transparent or opaque 
parts 

Thermal 
energy 
storages 

PCM materials 

PCM materials 
allow storing more 

energy, 
accumulate and 
release energy 

when it is needed 

Highly 
effective in 

combination 
with other 

passive/active 
technologies 

Opaque part: integrated PCM 
materials 

4.2 Active renewable energy generation concept 

Even after applying various energy passive concepts presented above, there is still more or less energy 

required for building operation. Thus, this energy consumption could be covered by renewable energy 

sources to achieve nZEB building standards. As for today, renewable energy represents approximately 20% 

of the energy consumed in Europe. Moreover, the third version of EPBD (EPBD3) set the very ambitious aim 

to increase this share to 32% until 2030. The roof area of modern non-residential buildings (especially offices) 

is limited due to lift housings, ventilation and air conditioning facilities, etc. Therefore, the integration of 

renewable energy sources into façade construction could help to achieve this aim. The main renewable 

energy source which the building facade can use is solar energy. 

The application of solar energy sources is typically focusing on building-integrated on-site solar power 

systems. These systems could be broadly specified as solar thermal systems (ST) and photovoltaic systems 

(PV). The first produces heat energy and the second produces electricity, while buildings need both of them.  

Photovoltaic solar systems today are probably the most widely used technology applied to cover the final 

building energy consumption. It directly converts incident solar radiation into electrical energy by using the 

photoelectric effect. For modern photovoltaic systems, the efficiency of the conversation varies from 10% to 

23%, depending on the type of PV panel and the climatic conditions on site [33]. Modern photovoltaic panels 

are available in different sizes, shapes, textures, and colours, providing their high acceptance by the public 

and architects [34]. There are also some technologies of semi-transparent photovoltaic cells that can be 

applied to the transparent part of façades. 
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FIGURE 16 SEMI-TRANSPARENT BUILDING INTEGRATED PHOTOVOLTAIC AT THE ÉCOLE POLYTECHNIQUE FÉDÉRALE DE 

LAUSANNE. IMAGE SOURCE: [35] 

On the other hand, solar radiation incidents on photovoltaic cells generate heat as well as electricity. As a 

result, the cells working temperature increases and the efficiency of energy conversation decreases. Thus, 

the combination of photovoltaic and solar thermal technologies in one device (PVT collector) is a promising 

solution to solve this technical issue. It allows producing electricity while removing and utilizing waste heat 

from the photovoltaic cells. As a result, the operation temperature of photovoltaic cells decreases and thus 

improves their performance. Moreover, PVT collectors provide an opportunity to increase the total energy 

production (electricity and heat energy) compared to separate systems installed in the same area [36]. 

 

FIGURE 17 PVT HYBRID COLLECTOR. IMAGE SOURCE: [37] 

Moreover, the combination of PV panels (as a source of electrical energy) and Peltier cells could provide a 

promising solar cooling and heating technology. A thermoelectric effect (Peltier effect) causes heat transfer 

from one side to the other (creating a temperature difference), when a voltage is applied to Peltier cells. If 

the direction of the current is changed, the heat transfer direction changes too. Hence Peltier cells can be 

used as heat pumps. As a result, Thermoelectric Peltier systems can be used in summer for cooling purposes 

(transfer heat energy from interior to exterior) and in winter for heating purposes (transfer energy from 

exterior to interior. The heating or cooling power of such a heat pump depends on geometric dimensions, 

the number of the Peltier cells, as well as on the properties of the used materials. The greatest advantages 

of these systems are small dimensions, quiet and reliable operation, and minimum maintenance 
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requirements. There are also two main disadvantages: the high price of Peltier cells and their low 

conversation efficiency. On the other hand, the interest in thermoelectric modules is constantly increasing in 

the last years and the latest research indicated the materials needed to increase the efficiency of Peltier cells. 

The direct conversion of solar energy to heat is probably the oldest renewable energy technology used by 

humans. This is a highly efficient and time-proven technology of solar energy utilization. Flat plate liquid solar 

thermal collectors play a crucial role in Europe within solar thermal technologies applicable for building 

integration. Based on the latest report presented by Solar Heating and Cooling Program [38], their share in 

total installed capacity in operation in Europe is 81.3%. By the end of 2018, the main application of water 

solar collectors in Europe, based on installed water collector capacity, is the domestic hot water system for 

single-family houses with the share 63%, followed by large DHW systems and combi systems used for 

multifamily houses and commercial buildings with the share 30%. Compared with the cumulated installed 

capacity, the amount of newly installed large DHW systems and combi systems used for multifamily houses 

and commercial buildings reached 45% of the total newly installed capacity. This may indicate a shift in the 

application of solar thermal collectors from single-family houses to large applications used for multifamily 

houses and commercial buildings. 

On the other hand, two main issues are related to integrating solar thermal collectors into façade elements. 

The first issue concerns the architectural integration of a solar water collector. To increase the architectural 

acceptance of flat plate liquid solar collectors, coloured absorbers [39] and coloured glazings were introduced 

[40]. It was found that 85% of architects would prefer solar collectors in other colours than black, despite the 

negative effect of “coloured“ collectors on the system performance [41]. The second issue regarding 

integrating solar thermal systems into façade is the technical integration with the existing water heating 

system (solar tanks, pipes, pumps, etc.) and connection with other façade elements (solar collector jointing). 

Moreover, the hydraulic system of integrated solar collectors should be investigated to deal with water 

pressure differences at different façade levels (heights). This is not a big issue for solar thermal collectors 

located on the roof, but it is more challenging for solar collectors integrated into façade where special 

solutions should be used to ensure reliable and high-efficient operation. 

 

FIGURE 18 FACADE INTEGRATED AVENTASOLAR SOLAR THERMAL COLLECTORS. IMAGE SOURCE: [35] 
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Another active technology that can be used to cover building energy consumption is a Solar Wall – a metal 

sheet with holes operating as an absorber to heat up the fresh air. The concept of the Solar Wall is as follows: 

fresh solar-heated air accumulates on the surface of the metal sheet mounted on a building sun-facing 

exterior wall, pulled through thousands of tiny holes in the air channel between the solar absorber and the 

building wall and delivered to the building by a fan. These air collectors are typically unglazed or partially 

glazed, depending on the design temperature difference. The ability to work with different dark colours of 

façade walls allows for blending in with other façade parts and makes this system more architecturally 

acceptable [42]. 

 

FIGURE 19 SOLARWALL® INSTALLATION ON THE GREATER TORONTO AIRPORT AUTHORITY BUILDING. IMAGE SOURCE: [35] 

Table 2 summarises the active energy concepts used to design energy efficient buildings. 

TABLE 2 SUMMARY OF THE REVIEWED ACTIVE RENEWABLE ENERGY GENERATION CONCEPTS 

Category Technology Principle Feature Applicability 

Solar energy 

Photovoltaic 
system 

Convert incident 
solar radiation to 
electrical energy 

Highly 
effective in 

sunny 
regions, low 
conversation 

efficiency 

Transparent part: semi-transparent 
photovoltaic cells 

Opaque part: photovoltaic panels 

Thermal system 
(liquid 

collectors) 

Convert incident 
solar radiation to 

heat energy 

Highly 
effective in 

sunny 
regions, high 
conversation 

efficiency 

Transparent part: microfluidic 
glazing, solar thermal Venetian 

blinds 
Opaque part: solar liquid thermal 

collector 

Photovoltaic 
system + Peltier 

cells 

Depending on the 
current direction, 
it transfers heat 
energy from one 
side to another 

Could 
provide solar 

cooling as 
well as solar 
heating (with 
PV panels), 

low efficiency 

Opaque part: Peltier cells, 
photovoltaic panels 
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TABLE 2 (CONTINUED) 

 

Hybrid PVT 
system 

Convert incident 
solar radiation to 
electrical energy 

and thermal 
energy 

Highly 
effective in 

sunny 
regions, high 
conversation 

efficiency 

Opaque part: PVT collector 

Thermal system 
(unglazed solar 
air collectors, 

partially glazed 
solar air 

collectors) 

Preheated air 
used for 

ventilation and air 
space heating 

Highly 
effective in 
cold climate 

Opaque part: SolarWall®, 
MatrixAir® 

Environment 
energy 

Thermoelectric 
effect 

Depending on the 
current direction, 
it transfers heat 
energy from one 
side to another 

side 

Can be used 
for heating as 

well as for 
cooling, low 

efficiency 

Opaque part: Peltier cells 

4.3 POWERSKIN+ 

Given the abovementioned facts, the building envelope plays a significant role in achieving a sustainable and 

high energy efficiency non-residential building stock, thus helping cut its CO2 emissions. 

Facades, as the main part of a building envelope, considerably impacts the environmental conditions of 

indoor spaces, the thermal performance of buildings, and subsequently the user’s satisfaction. It is stated 

that an efficient building is one that can provide a thermally comfortable indoor environment while 

effectively controlling its energy consumption. This is where POWERSKIN+ comes into the picture. 

POWERSKIN+ aims to develop a truly innovative façade solution based on a smart integration of highly 

energy-efficient components, including super-insulative elements, solar energy harvesting, and active energy 

storage features, all in one single combined active/passive management system especially addressed for 

modern non-residential curtain wall retrofitting solutions (Figure 20). 
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FIGURE 20 POWERSKIN+ CONCEPT 

Due to its modular system, different POWERSKIN+ modules and add-on combinations can be set to match 

any specific needs. In its full upgrade package, POWERSKIN+ targets the deep renovation goals and 

accelerates the transition to energy plus buildings. It provides a unique all-in-one envelope solution by 

combining three objectives: insulation/climate control, energy harvesting, and energy storage. 

The POWERSKIN+ standard modules designed for nZEB buildings will include: 

- A prefab, low-e super-insulation triple glazing IGU transparent module. 

- A prefab opaque module incorporating a novel generation of advanced nano super-insulation 

vacuum insulating panels and an outer functional and aesthetic protective sheet. 

- A modern smart framing system to integrate both modules on-site with superior installation cost 

reductions and designed for its easy disassembly at the end of service, allowing full recycling and 

recovery of the modules. 

The POWERSKIN+ upgrade package will include standard modules with additional functional nanocoatings 

and solar energy harvesting and energy storage package add-ons aiming for plus energy buildings standards. 

The portofolio covers: 

- An energy harvesting solution to be integrated either on transparent or opaque modules, based on 

a novel generation of flexible and highly efficient perovskite photovoltaic (PV) cells. 

- A dedicated building electric storage system using reused Li-ion batteries from electrical vehicles 

connected to the PVs and the grid.  

- Active and passive latent heat storage and diversion solutions based on a patented glass-glass 

microfluidic device and on phase change materials (PCM), respectively, for the transparent and the 

opaques modules. 
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- Functional smart coatings for both modules, providing self-cleaning, anti-reflective, photocatalytic, 

UV weatherability and fire resistance features, among many others, whenever required or found 

appropriate to excel the façade solution capabilities. 

5. Building codes 
To define the critical requirements that the POWERSKIN+ should fulfil, a literature review collecting 

information on the relevant national building codes was provided. To be more precise, the literature review 

concentrated on two different areas and related to: 

- Performance-based requirements 

- Safety regulations and other legal requirements 

5.1 Performance-based requirements 

European countries have different regulations, component-based requirements associated with building 

energy codes, such as maximum thermal transmittance value, air tightness, thermal bridge requirements, etc. 

A selection of the normative criteria associated with the key requirements is analysed below. 

5.1.1 Thermal transmittance 

Thermal transmittance values (U-values) greatly impact the building energy efficiency and performance, since 

it indicates heat losses and gains through the building envelope. Consequently, it contributes to analysing 

building energy consumption. Limiting the thermal transmittance of major construction elements is the most 

common thermal performance requirement for buildings. Since POWERSKIN+ is a curtain-wall façade system, 

the following country by country review will focus on the limit U-values requirements for the curtain wall 

system. Additionally, to emphasise the difference between conventional wall system thermal requirements 

and curtain wall system thermal requirements, the research has been extended to include limiting U-values 

for external walls and windows. Moreover, the analysis also includes the forthcoming changes in the required 

U-values, which were already announced. Thus, the U-values presented below are the maximum acceptable 

normative values for the curtain wall construction, external wall, and windows for non-residential buildings 

(Table 3). 

TABLE 3 MAXIMUM ALLOWABLE U-VALUES FOR THE CURTAIN WALL SYSTEMS, EXTERIOR WALLS, AND WINDOWS FOR NON-
RESIDENTIAL BUILDINGS WITH AN INTERNAL DESIGN TEMPERATURE OF 21°C  

Country 
Max U-value [W/m2.K] 

Source 
Curtain wall Exterior wall Windows 

CZ 
0.3 + 1.4𝑓w, 𝑓𝑜𝑟 𝑓w  ≤ 0.51 
0.7 + 0.6𝑓w, 𝑓𝑜𝑟 𝑓w > 0.5 

0.25 + 1.2𝑓w
2 

0.30 
0.25 massive2 

0.20 light-weight2 

1.5 
1.32 

[43] 

DE 1.5 
0.28 (new)3 

0.24 (ref) 
1.5 (new)4 

1.3 (ref) 
[44] 

FR (Zone 1,2) 1.9 (2018) 
0.35 (2018) 
0.31 (2023) 

1.9 (2018) 
1.9 (2023) 

[45] 
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TABLE 3 (CONTINUED) 

FR (Zone 3)  
0.45 (2018) 
0.45 (2023) 

1.9 (2018) 
1.9 (2023) 

[45] 

BE (Brussel capital 
region) 

2 (𝑈𝑔.𝑚𝑎𝑥 = 1.1) 0.24 
1.8 

(𝑈𝑔.𝑚𝑎𝑥 = 1.1) 
[46] 

BE (Flemish region. 
Waloon region) 

2 (𝑈𝑔.𝑚𝑎𝑥 = 1.1) 0.24 
1.5 

(𝑈𝑔.𝑚𝑎𝑥 = 1.1) 
[47] [48] 

GR (A) 
2.10 (new) 
2.20 (ref) 

0.55 (new) 
0.60 (ref) 

2.80 (new) 
3.20 (ref) 

[49] 
GR (B) 

1.90 (new) 
2.00 (ref) 

0.45 (new) 
0.50 (ref) 

2.60 (new) 
3.00 (ref) 

GR (C) 
1.75 (new) 
1.80 (ref) 

0.40 (new) 
0.45 (ref) 

2.40 (new) 
2.80 (ref) 

GR (D) 
1.70 (new) 
1.80 (ref) 

0.35 (new) 
0.40 (ref) 

2.20 (new) 
2.60 (ref) 

IT (A) n/a 0.40 3.00 (ref) 

[50] 

IT (B) n/a 0.36 3.00 

IT (C) n/a 0.32 2.20 

IT (D) n/a 0.28 1.80 

IT (E) n/a 0.26 1.40 

IT (F) n/a 0.24 1.10 

ES (α) n/a 0.80 3.20 

[51] 

ES (A) n/a 0.70 2.70 

ES (B) n/a 0.56 2.30 

ES (C) n/a 0.49 2.10 

ES (D) n/a 0.41 1.80 

ES (E) n/a 0.37 1.60 

SL n/a 0.28 1.305 (1.606) [52] 

PT (1) n/a 0.50 2.80 

[53] 
PT (2) n/a 0.40 2.40 

PT (3) n/a 0.35 2.20 

PT (4) n/a 0.70 2.80 

PT (5) n/a 0.60 2.40  

PT (6) n/a 0.45 2.20 

PO 0.90 0.20 0.90 [49] 

UK 2.2 0.35 2.20 [54] 
1 fw is the fenestration ratio within the curtain wall – area of the transparent part including related frames 
divided by overall curtain wall area 
2 new standard is currently under review 
3 average value for opaque part of exterior components 

3 average value for transparent part of exterior components 
4 for wooden or plastic frame 

5 for metal frame 

As the values in Table 3 show, there is an evident difference between the values used for Southern and 

Northern countries, which was expected based on the different climatic conditions and consequently on the 
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different climatic load that the buildings are subjected to. It is also clear that there are countries having 

different climatic zones (for instance, Belgium, Italy, Spain, Portugal, etc.) and, therefore, different maximum 

allowed U values for these zones (e.g. Figure 21). The basis of this separation within one country is also 

directly connected with the different climatic conditions. 

  

FIGURE 21 CLIMATIC ZONES OF ITALY AND FRANCE. IMAGE SOURCES: [55], [56] 

In most European countries, the limit U-values for residential and non-residential buildings are the same. 

However, in some countries, there is a differentiation between the limits of U-values for residential and non-

residential buildings and typically, the values for non-residential buildings are higher than the values for 

residential buildings. 

In some countries (Czech Republic, Germany, Belgium, etc.), the national regulations define a curtain wall as 

a specific type of construction and, consequently, set a maximum U-value for a curtain wall. Moreover, in the 

Czech Republic regulations, the maximum U-value for a curtain wall system is defined as a function of the 

relative area of the transparent part (including the relevant parts of the frame). On the other hand, there is 

no specific U-value regulation in such countries as Spain, Italy, Portugal, etc. 

5.1.2 Air tightness/permeability requirements 

Building air tightness, which describes building envelope air leakage resistance, is the next parameter that 

affects building energy performance. Excessive ventilation may cause considerable energy wastage due to 

poor construction design, and for this reason, several countries have introduced requirements to limit the air 

tightness/permeability of buildings.  
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The European Standard EN 13829 describes the measurement method of air permeability of buildings. Air 

tightness is normally measured using a pressure test. The measurements are performed in a range of pressure 

differences and final results are expressed as the value for 50 Pa (4 Pa in France and 10 Pa in The Netherlands). 

It allows determining the air leakage rate (infiltration airflow rate). The requirement is typically expressed in 

m3/h.m2 (where m2 is the external envelope area), in l/s.m2 in the case of Denmark (where m2 is the floor 

area) or in dm3/s.m3 in the case of Netherlands (where m3 is the building volume). Table 4 provides an 

overview of the key requirements regarding air tightness/permeability for European countries. In the 

international community around passive houses, the n50 ≤ 0.6 1/h approach is generally used [57]. 

TABLE 4 AIRTIGHTNESS LEVELS IN BUILDING CODES 

Country Description Source 

AT 
n50 ≤ 3.0 1/h for building without mechanical ventilation and n50 ≤ 1.5 1/h for 
buildings with mechanical ventilation 

[58] 

BE 
(Brussel) 

n50 ≤ 0.6 1/h for offices and services/schools, n50 ≤ 0.6 1/h for single family house 
or flat 

[49] 

CZ 

Recommended values: n50 ≤ 4.0 1/h for buildings with natural ventilation, n50 ≤ 
1.5 1/h for buildings with mechanical ventilation, n50 ≤ 1.0 1/h for buildings with 
mechanical ventilation with heat recovery unit, n50 ≤ 0.6 1/h for buildings with 
mechanical ventilation with heat recovery unit (Passive house) 

[43] 

DE 

n50 ≤ 3.0 1/h for buildings with natural ventilation, n50 ≤ 1.5 1/h for buildings 
with mechanical ventilation, n50 ≤ 1.0 1/h for buildings with mechanical 
ventilation with heat recovery unit, n50 ≤ 0.6 1/h for buildings with mechanical 
ventilation with heat recovery unit (Passive house) 

[49] 

DK n50 ≤ 0.5 l/s.m2 [59] 

ES For zones α, A, B: n100 ≤ 27.0 m³/h.m²; for zones C, D: n100 ≤ 9.0 m³/h.m²; [51] 

FI q50 ≤ 4 m3/h.m2 [60] 

FR 
q4 ≤ 0.6 m3/h.m2 for single family house, q4 ≤ 1.0 m3/h.m2 for multifamily house, 
q4 ≤ 1.7 m3/h.m2 for offices, hotels, restaurants, shops, educational and medical 
facilities, q4 ≤ 3.0 m3/h.m2 other buildings 

[61] 

LT 

For residential buildings, homes for the elderly, hospitals, kindergartens, and 
public buildings: q50 ≤ 3 m3/h.m2 for buildings with natural ventilation, q50 ≤ 2 
m3/h.m2 for buildings with mechanical ventilation, q50 ≤ 1.5 m3/h.m2 for 
buildings with mechanical ventilation and heat recovery unit 
For industrial buildings: q50 ≤ 4 m3/h.m2 

[62] 

LV 

For residential, administrative, educational and medical buildings n50 ≤ 2 1/h - C, 
n50 ≤ 1,5 1/h – B, n50 ≤ 1 1/h – A, n50 ≤ 0.6 1/h – A+, A++; for trade, sports, 
culture, hotel and restaurants n50 ≤ 2 1/h – C, B, n50 ≤ 1,5 1/h – A, n50 ≤ 1 1/h – A, 
A++. 

[63] 

NL q10 ≤ 200 dm3/s per 500 m3 of building area [64] 

PO 
q100 ≤ 9.0 m3/h.m2 (height of building < 55 m) and q100 ≤ 3.0 m3/h.m2 (height of 
building > 55 m) 

[59] 

SI 
n50 ≤ 3.0 1/h for building without mechanical ventilation and n50 ≤ 2.0 1/h for 
buildings with mechanical ventilation 

[49] 

UK n50 ≤ 10 m3/h.m2 [54] 
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5.1.3 Other performance-related requirements 

In addition to specifying maximum U-values, several countries have also set limits for maximum permissible 

thermal bridging. This is generally expressed in W/m.K for linear thermal bridges. Thermal bridges can 

significantly increase the building energy demand for heating and cooling, and in a building with low energy 

consumption (for instance, nZEB), thermal bridging can account for a significant proportion of the total heat 

loss or gain. Thermal bridging is specific to the design and specification and can be complex and time-

consuming to calculate. For this reason, some countries allow a default thermal bridging value to be used as 

a proxy, based upon a percentage (typically 15%) of the overall heat loss calculation. 

Thermal bridges can be categorized into two types: 

- Linear thermal bridge 

- Point thermal bridge 

In the case of linear thermal bridges, almost all European countries present reference values for linear 

thermal bridges and recommendations for avoidance (in some countries through the guidance of avoidance, 

like, for instance, in the United Kingdom). On the other hand, their limiting is rare despite their significant 

impact on buildings with low energy consumption. It should be mentioned here that the original reason for 

analysing thermal bridges was led by the necessity to avoid surface condensation of water vapour in critical 

areas due to too low surface temperature. The energy-saving driven approach evaluating additional thermal 

transmittances is relatively new. 

It should be clearly distinguished among thermal bridges within an element, e.g. curtain wall panel. These 

must be integrated into its resulting thermal transmittance. A specific EU standard describes the procedure 

[65]. The second situation describes the couplings among different building components, which must be 

analysed separately and expressed as linear or point thermal bridges (Table 5). To make this clearer, the 

Czech terminology describes the first case as a thermal bridge and the second one as a thermal coupling. 

Curtain wall typically characterized by the assembly of parts with very different thermal properties. 

Neglecting the thermal bridges would lead to unrealistic low thermal transmittances (in the range of 30 – 

50%). Here, 2D calculations are necessary – see [65]. 

TABLE 5 REGULATORY REQUIREMENTS FOR LINEAR THERMAL BRIDGES (COUPLINGS) 

Country Description Source 

BE 
(Brussel 
capital 
region) 

Outside corner ψ ≤ -0.10 W/m.K 
Inside corner ψ ≤ 0.15 W/m.K 
Window and door connection ψ ≤ 0.10 W/m.K 
Foundation ψ ≤ 0.05 W/m.K 
Balconies ψ ≤ 0.10 W/m.K 

[49] 

CZ 

Contact of external wall and other structures except openings filling (foundation, 
another wall, balconies etc): ψ ≤ 0.20 (0.101) W/m.K 
Contact of external wall and openings filling: ψ ≤ 0.10 (0.051) W/m.K 
Contact of roof and openings filling (roof window etc): ψ ≤ 0.30 (0.101) W/m.K 

[43] 



   

 

www.powerskinplus.eu 

Deliverable:  D2.1 
Version:  1.0 

Due date:  31/05/2021 
Submission date: 31/05/2021 

Dissem. lvl:  Public 
    
   

  

 FRAMEWORK ON ENERGY EFFICIENT BUILDINGS Page 34 

TABLE 5 (CONTINUED) 

LT 
For residential and non-residential buildings (except industrial buildings) ψ ≤ 0.20 
W/m.K. For industrial buildings ψ ≤ 0.35 W/m.K  

[62] 

PT 

All zones of any opaque element that constitute a flat thermal bridge zone, 
namely pillars, beams, shutters, must have a value of the thermal transmission 
coefficient, calculated in a unidimensional way in the normal direction to the 
surroundings, not more than double that of the adjacent elements (vertical or 
horizontal) in the current zone: U < 2 x Uadj (closest element) 

[59] 

1 new standard is currently under review 

Limiting thermal regulations for point thermal bridges are even less frequent. Only very few countries have 

requirements for point thermal bridges (for instance Czech Republic requires a point thermal transmittance 

less than 0.40 W/K). The reason for missing or weak requirements here is a big variety of real situations. 

Most building regulations and requirements specify minimum levels of daylight to be achieved in buildings. 

On the other hand, a large transparent area of the building envelope may cause overheating and, as a result, 

the building will require space cooling. Therefore, solar heat gain should be controlled, especially in south 

European countries. Building requirements associated with limiting solar gains vary from simple approaches 

(for instance, limiting window area or limiting g-value) through detailed simulations to demonstrate the effect 

of a solar heat gain control strategy. Table 6 presents the limiting values of the maximum window solar gain 

factor (g-value). In essence, the g-value represents the fraction of incident solar radiation transmitted by a 

transparent part, expressed as a number between 0 and 1, where 1 indicates the maximum possible solar 

heat gain, while zero implies no solar heat gain. 

TABLE 6 REGULATORY REQUIREMENTS FOR g-VALUE 

Country Description Source 

IT 
g-value for glazing components with orientation from east to west through south 
g ≤ 0.35 

[50] 

PO 
Low inertia: zone 1 (g ≤ 0.15), zone 2 (g ≤ 0.10), zone 3 (g ≤ 0.10) 

Medium and high inertia:  zone 1 (g ≤ 0.56), zone 2 (g ≤ 0.56), zone 3 (g ≤ 0.50) 
[66] 

5.2 Safety regulations and other requirements 

5.2.1 Impact resistance 

For impact resistance, the reference standards in Europe are the EN 12600 (flat glass) and EN 14019 (curtain 

wall). The EN 14019 defines the standard performance requirements of curtain walling (excluding ‘glass in a 

building’ which is classified under EN 12600) under soft body impact load (drop object). The classes are then 

determined according to the maximum impact load, in terms of drop height, for which the curtain wall does 

not suffer any breakage, any holing, or any permanent deformation. These classes are – together with the 

drop height which has to be applied – given in Table 7. It should also be noted that the test should be provided 

for the internal (I) and external (E) part. 
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TABLE 7 INTERNAL (I) AND EXTERNAL (E) IMPACT CLASSIFICATION 

Test class Associated drop height [mm] 
I0/E0 Not tested 

I1/E1 200 

I2/E2 300 

I3/E3 450 

I4/E4 700 

I5/E5 950 

For class 0, there are no requirements for specific resistance to impact loads and the drop height/load 

criterion is not applicable. For the classification, the impact load position with the lowest result is relevant, 

considering the results of all impact load positions tested. 

5.2.2 Wind load resistance 

The design pressures are typically established by the project’s structural engineer and are based on the 

building’s exposure classification, the building’s height, type, and configuration. The window and curtain wall 

components need to be designed to resist deflection and failure at the specified design pressure, which is 

generally calculated according to EN 1991-1-4:2005. However, specific annexes should be investigated to get 

the wind speed values for the local context depending on the country. Moreover, for high-rise buildings or 

buildings with irregular shapes, to properly evaluate the effect of wind, the wind tunnel test is prescribed. 

There is a special standard related to resistance to wind load for the curtain wall system EN 13116:2001. The 

standard specifies the structural performance requirements of curtain walling under wind load, both its fixed 

and openable parts, under positive and negative static air pressure, mainly in terms of allowable deflection 

and recovery of deformation. Deflections under the design wind load must be less than 1/200 of the length 

of the longer frame element or 15 mm, whichever is greater. 

5.2.3 Water and airtightness 

Any type of water leakage or excessive air leakage through a building envelope may cause discomfort to 

building occupants, excessive condensation on the interior side, etc. At the same time, one of the key 

performance indicators of any envelope element (including curtain wall system or window) is an appropriate 

level of resistance to water penetration and air leakage resistance. Moreover, it is evident that any water 

penetration or excessive air leakage causes problems associated with the in-service performance of building 

envelopes. 

For the watertightness of a curtain wall system, there are two European reference standards. The EN 12154 

standard defines the requirements and classification of watertightness performance of both fixed and 

openable parts of curtain walling under positive air pressure. According to the standard, five classes are 

defined to adequately cover all locational and regional conditions likely to be experienced. These classes are 

presented in Table 8 together with the associated test pressure and test duration, which should be applied 
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to ensure that the class is reached. The EN 12155 standard defines the method for determining the 

watertightness of a curtain wall system, both its fixed and openable parts. 

TABLE 8 WATERTIGHTNESS CLASSES ACCORDING TO EN 12154 

Class Pressure levels and test duration [Pa/min] Water spray rate [l/min.m2] 
R4 0/15; 50/5; 100/5; 150/5 2 

R5 0/15; 50/5; 100/5; 150/5; 200/5; 300/5 2 

R6 0/15; 50/5; 100/5; 150/5; 200/5; 300/5; 450/5 2 

R7 0/15; 50/5; 100/5; 150/5; 200/5; 300/5; 450/5; 600/5 2 

RE xxx 
0/15; 50/5; 100/5; 150/5; 200/5; 300/5; 450/5; 600/5. 
Above 600/5 in steps of 150 Pa and 5 minutes duration 

2 

In the case of water leakage at less than 150 Pa, a specimen cannot be classified. A specimen without water 

leakage at more than 600 Pa is classified as E (exceptional).   

For the airtightness of a curtain wall system, there are two European reference standards. The EN 12152 

standard defines the requirements and classification of airtightness performance of both fixed and openable 

parts of curtain walling under positive and negative static air pressure. These classes are presented in Table 

9 together with the associated test pressure. The EN 12153 describes the test method to be used to 

determine the air permeability of curtain walling. It describes how the specimen shall be tested under positive 

and negative air pressure. 

TABLE 9 AIRTIGHTNESS CLASSES ACCORDING TO EN 12152 

Max. Pressure Pmax 
[Pa] 

Allowed permeability related to 
Class Length of fixed joint 

[m3/m.h] 
Whole area [m3/m2.h] 

150 0.5 1.5 A1 

300 0.5 1.5 A2 

450 0.5 1.5 A3 

600 0.5 1.5 A4 

>600 0.5 1.5 AE 

For an air permeability > 0.5 m3/m.h or 1.5 m3/m2.h at air pressure < 150 Pa, no classification is possible. In 

the case of air permeability < 0.5 m3/m.h or 1.5 m3/m2.h at air pressure > 150 Pa, the specimen is classified 

as E (exceptional).  

5.2.4 Glazing 

There are special requirements for the glass panes located at the height of 1 m from the ground of each floor. 

It should be toughened, laminated, or both. The list of standards concerning the use of glass in building 

construction is presented in  

Table 10. 
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TABLE 10 LIST OF STANDARDS CONCERNING THE USE OF GLASS IN BUILDING CONSTRUCTION 

Glass type Standard 
Toughened EN 14179-1, EN 14179-2 

Laminated 
EN ISO 12543-1, EN ISO 12543-2, EN ISO 12543-3, EN ISO 12543-4, EN ISO 12543-

5, EN ISO 12543-6 

6. Potential application benefits of POWERSKIN+ façade 
module  

Currently, the estimation of building energy performance plays an important role both during the design 

phase of a new building and during a building’s retrofit. It can be done in various ways, ranging from very 

detailed dynamic simulations (typically with one-hour time steps) to the simplest steady-state mathematical 

models with the time step of one month. The main aim of the building energy performance analysis is to 

determine if a new building or the retrofitted one meets the current local energy regulations and standards.  

It is obvious that local energy regulations and standards differ from country to country. Moreover, there are 

a few countries in Europe with different climatic zones inside the country and, consequently, different energy 

regulations and standards for each zone. On the other hand, the POWERSKIN+ project is a European project, 

so it is necessary to provide the potential application analysis for all countries in Europe. Thus, the concept 

of representative sites should be introduced. Implementing the concept of the representative sites on a 

European level will help define the potential benefits of the POWERSKIN+ modules regarding specific climatic 

conditions of the different climatic zones in Europe. 

6.1 Representative sites definition 

To determine the representative sites for such a big region as the European Union, the statistical data must 

be wide enough to cover the whole region. For that reason, the newest climatic data based on a statistical 

analysis of measured data from 2004 to 2018 for approximately 1500 weather stations in Europe were used. 

The geographical distribution of the considered weather stations is presented in Figure 22. 
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FIGURE 22 THE GEOGRAPHICAL DISTRIBUTION OF THE CONSIDERED WEATHER STATIONS IN EUROPE 

In the next step, the detailed dynamic simulations of the reference office room were provided by EnergyPlus 

simulation software for the considered locations with a timestep of 1 hour. The simulations were conducted 

for the reference south-oriented office room. It is a 6.3 m wide and 5.3 m deep office room with a ceiling 

height of 3.4 m (Figure 23).  

 

FIGURE 23 THE REFERENCE OFFICE ROOM 
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All building constructions except for the façade wall, namely internal walls, floor, and ceiling, were considered 

adiabatic in the simulations. Thus, there is only one external wall, which consists of an opaque and 

transparent part. A triple glazing represents the transparent part with a U-value of 0.5 W/m2.K and a g-value 

of 0.35 W/m2.K. The glazing to wall ratio for the considered façade is 0.5. The opaque part is represented by 

a lightweight wall construction with a U-value of 0.2 W/m2.K. It is assumed that the thermal bridges were 

minimized using the modern approach in frame construction and the remaining effects of thermal bridges 

are included in the U-value of the opaque part. The operational parameters and set points of the considered 

office room are listed in Table 11. 

TABLE 11 THE OPERATIONAL PARAMETERS AND SET POINTS OF THE CONSIDERED OFFICE ROOM 

Parameter Description 

Occupancy 
Five people, Monday to Friday, from 08:00 till 

17:00 

Heating/cooling/ventilation operation hours During the occupancy period 

Set point temperature for heating 22 °C 

Set point temperature for cooling 26 °C 

Ventilation rate (ACPH) 0.8 

Maximum relative humidity value 60% 

Internal heat gains (lighting, laptops, PC, printers, 
etc.) 

12 W/m2 

Solar set point for shading system 200 W/m2 

In Figure 24, the defined space cooling demand is plotted against the defined space heating demand. Based 

on the results, the examined sites can be categorized according to the heating and cooling demands. The 

cooling demand of 800 kWh is regarded as the threshold, above which the climate can be characterized as 

cooling dominated. In parallel, the heating demand of 600 kWh can be regarded as the border of heating 

dominating climate. Lower values of heating demand and cooling demand indicate lower energy needs for 

heating and cooling, respectively. 
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FIGURE 24 THE DISTRIBUTION OF SPACE HEATING DEMAND PLOTTED AGAINST SPACE COOLING DEMAND 

Based on this approach, the different climatic groups and their representative sites can be defined by 

characterizing the heating and cooling demands as low, medium, and high. The proposed scheme is 

presented in Table 12. The classification of the selected sites in the proposed groups is presented in  

Figure 25 and in Figure 26. It is worth mentioning that from the selected cities, 9% belongs to the zone with 

high heating demand (Zone A), 18% belongs to the zone with medium heating demand and low cooling 

demand (Zone B), 37% belongs to the zone with low heating and cooling demands (Zone C), 15% belongs to 

zone with low heating demand and medium cooling demand (Zone D), while 19% is part of Zone E (regions 

with high cooling demand). There is also a group of sites (2%), which are unqualified based on the limits 

presented above (group F). 

TABLE 12 THE PROPOSED ZONE DEFINITION 

Group 
Group limits [kWh] Description 

Representative site 
HD CD HD CD 

A > 1200 ≤ 400 High Very low Oulu (Finland) 

B 600 < HD ≤ 1200 ≤ 800 Medium Low Gdansk (Poland) 

C ≤ 600 ≤ 800 Low Low 
Prague (Czech 

Republic) 

D ≤ 600 800 < CD ≤ 1200 Low Medium Wien (Austria) 

E 400 > 1200 Very low High Rome (Italy) 

F Unqualified     
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FIGURE 25 THE GROUP DISTRIBUTION OF THE CONSIDERED SITES BASED ON CALCULATED COOLING AND HEATING DEMAND 

 

FIGURE 26 THE GEOGRAPHICAL DISTRIBUTION OF SELECTED CITIES AND THEIR CLASSIFICATION INTO CLIMATIC ZONE BASED ON 

SPACE HEATING AND SPACE COOLING DEMAND 
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Moreover, it is evident that the proposed climatic zones are similar to the Köppen climate zones classification 

[67], which is the first and still the most widely used climatic zone classification. It was created based on the 

concept that native vegetation is the best expression of climate. Different latitudinal zones and seasonality 

(temperatures and precipitations) were also considered. On the other hand, the proposed climatic zones 

classification is based solely on space heating, space cooling demand, and reference office room simulations. 

Finally, both concepts lead to very similar results, although the zone borders do not always match.    

It should also be noted that the European climatic groups' definition presented above is based on the building 

simulation of the specific office room. It means that the zone borders for the other building typologies and/or 

boundary conditions will probably differ. 

6.2 Proposed climatic zones versus heating degree days and cooling degree 
days 

The different approach that could be used to propose climatic zones is heating degree days (HDD) and cooling 

degree days (CDD) concepts. In essence, both of these indicators determine the absolute value of the 

difference between the mean monthly temperature or mean day temperature and base temperature (the 

indoor air temperature needed to provide comfort in the building). These values allow quantifying the heating 

(cooling) energy demand for a building in a particular location for a certain period of time.  

HDD and CDD are calculated relative to a base temperature — the outdoor air temperature below which a 

building is needed to heat up or cool down. The choice of baseline temperature clearly depends on the local 

climate. For instance, Valor et al. [68] in Spain used 10 °C in the case of HDD and 25 °C in the case of CDD. On 

the other hand, Papakostas et al. [69] used the baseline temperature for HDD from 10 to 20 °C and baseline 

temperature for CDD from 20 to 27.5. Therefore, it is difficult to choose the right (correct) baseline 

temperature values for the European regions. This analysis used the baseline temperatures of 15.5 °C and 

22 °C suggested by the UK MET-Office for HDD and CDD calculation.  

To define the relationship between HDD and CDD with the energy performance of the reference building 

office, the same climatic data were used (1500 sites) to cover the geographical area of Europe. Figure 27 

shows the dependence between the reference office room's simulated heating and cooling demands and the 

calculated HDD and CDD for the considered sites. 
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FIGURE 27 THE DEPENDENCE BETWEEN SIMULATED HEATING AND COOLING ENERGY DEMANDS AND CALCULATED HDD AND 

CDD FOR THE CONSIDERED SITES 

First of all, it is evident from the figure that the correlation between CDD22 and space cooling demand is very 

weak, according to the value of the Pearson correlation coefficient (r = 0.81). Generally, correlation 

coefficient values less than +0.8 or greater than -0.8 are not considered significant. This indicates that a 
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predictive model cannot be developed to calculate space cooling demand based on CDD22 values. There are 

few possible reasons for this fact. First of all, the space cooling demand is influenced by several climatic 

variables (air temperature, air absolute humidity, solar irradiation). The second reason is that one general 

base temperature cannot be used to characterise space cooling demand for the whole European continent 

region. The third reason for the very weak correlation is that the base temperature of 22 °C is very high and 

does not correlate to the indoor office temperature and, consequently, the space cooling demand.  

Secondly, Figure 27 indicates that there is a strong correlation between HDD15.5 and space heating demand, 

according to the value of Pearson correlation coefficient of 0.93. This points out that a predictive model could 

be created for the calculating of space energy demand on the basis of HDD15.5, on the contrary to the CDD22 

and space cooling demand. The main reason for such a strong correlation is that heating energy demand is 

mainly dependent on the outdoor air temperature. Therefore, space heating is highly correlated with the 

HDD index.  

In conclusion, it should be noted that the concept of CDD22 and HDD15.5 cannot be used to propose 

representative sites. It should also be noted that the analysis presented above is based on the building 

simulation of the specific office room. It means that the zone borders for the other building typologies and/or 

boundary conditions will probably differ. 

6.3 Potential energy savings 

To evaluate the potential energy contribution of the proposed POWERSKIN+ façade module, the annual space 

heating demand and space cooling demand were analysed for the artificial office rooms (Figure 11) for the 

proposed sites and under specific energy performance levels. Six different artificial office rooms were defined 

for each of the representative sites (Oulu, Gdansk, Prague, Vienna, and Rome). The first five office rooms 

were determined based on the different construction period and, consequently, on the energy performance 

requirements for that period. The evolution of the required U-values for the different building constructions 

for the considered sites is presented in Annex A. The sixth artificial office room was defined as the retrofitted 

office room with the modern POWERSKIN+ façade module (Table 13 – Table 17). The other construction 

parameters and operation conditions were presented in 6.1 and Table 11. This approach allowed us to 

analyse the potential contribution of the POWERSKIN+ façade module for different climatic zones and for 

different time-period buildings. Afterwards, the results were extrapolated to the European scale. This way, it 

was possible to consider the whole variety of differences in the European Union and simultaneously keep the 

necessary working demand relatively small. 

It should also be noted that historical buildings (typically represented by buildings built up to 1969) could 

have a significant heritage value. While installing modern POWERSKIN+ façade modules may not always be 

possible for these buildings, the analysis focused on buildings built after 1969. 
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TABLE 13 THE BUILDING CONSTRUCTION PROPERTIES OF THE ARTIFICIAL OFFICE ROOMS PROPOSED FOR OULU (CLIMATIC  
ZONE A) 

Building Construction period 
Opaque part  

U-value [W/m2.K] 
Transparent part  
U-value [W/m2.K] 

Transparent part  
g-value [-] 

A1 1970-1979 0.75 2.50 0.80 

A2 1980-1989 0.35 2.10 0.80 

A3 1990-1999 0.28 2.10 0.80 

A4 2000-2009 0.25 1.40 0.70 

A5 2010-2020 0.17 1.00 0.50 

POWERSKIN+ 0.098 0.80 0.30 
 

TABLE 14 THE BUILDING CONSTRUCTION PROPERTIES OF THE ARTIFICIAL OFFICE ROOMS PROPOSED FOR GDANSK (CLIMATIC 

ZONE B) 

Building Construction period 
Opaque part  

U-value [W/m2.K] 
Transparent part  
U-value [W/m2.K] 

Transparent part  
g-value [-] 

B1 1970-1979 1.16 3.70 0.80 

B2 1980-1989 0.75 3.70 0.80 

B3 1990-1999 0.55 2.70 0.80 

B4 2000-2009 0.30 2.00 0.70 

B5 2010-2020 0.24 1.20 0.50 

POWERSKIN+ 0.098 0.80 0.30 

 

TABLE 15 THE BUILDING CONSTRUCTION PROPERTIES OF THE ARTIFICIAL OFFICE ROOMS PROPOSED FOR PRAGUE (CLIMATIC 

ZONE C) 

Building Construction period 
Opaque part  

U-value [W/m2.K] 
Transparent part  
U-value [W/m2.K] 

Transparent part  
g-value [-] 

C1 1970-1979 1.08 4.76 0.80 

C2 1980-1989 0.89 3.70 0.80 

C3 1990-1999 0.50 2.70 0.80 

C4 2000-2009 0.30 2.60 0.70 

C5 2010-2020 0.30 1.50 0.50 

POWERSKIN+ 0.098 1.08 0.30 
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TABLE 16 THE BUILDING CONSTRUCTION PROPERTIES OF THE ARTIFICIAL OFFICE ROOMS PROPOSED FOR VIENNA (CLIMATIC 

ZONE D) 

Building Construction period 
Opaque part  

U-value [W/m2.K] 
Transparent part  
U-value [W/m2.K] 

Transparent part  
g-value [-] 

D1 1970-1979 1.20 3.00 0.80 

D2 1980-1989 1.00 2.50 0.80 

D3 1990-1999 0.50 1.90 0.80 

D4 2000-2009 0.50 1.90 0.70 

D5 2010-2020 0.35 1.70 0.50 

POWERSKIN+ 0.098 1.08 0.30 

 

TABLE 17 THE BUILDING CONSTRUCTION PROPERTIES OF THE ARTIFICIAL OFFICE ROOMS PROPOSED FOR ROME (CLIMATIC  
ZONE E) 

Building Construction period 
Opaque part  

U-value [W/m2.K] 
Transparent part  
U-value [W/m2.K] 

Transparent part  
g-value [-] 

E1 1970-1979 1.15 5.70 0.80 

E2 1980-1989 0.78 5.70 0.80 

E3 1990-1999 0.78 5.70 0.80 

E4 2000-2009 0.50 3.20 0.70 

E5 2010-2020 0.36 2.35 0.50 

POWERSKIN+ 0.098 1.08 0.30 

To provide calculations of the total space heating demand and space cooling demand, the simulation software 

Energyplus was used. The climate data used in the analysis were taken from [70]. The climatic conditions of 

the considered sites are listed in Table 18. 

TABLE 18 CLIMATIC CONDITIONS OF THE CONSIDERED SITES 

Annual values 
Oulu 

(Finland) 
Gdansk 
(Poland) 

Prague 
(Czech 

Republic) 

Vienna 
(Austria) 

Rome 
(Italy) 

Latitude 65.01° N 54.35° N 50.08° N 48.20° N 41.89° N 

Mean ambient temperature 3.7 °C 9.1 °C 10.2 °C 11.2 °C 16.3 °C 

Minimum ambient temperature -28.1 °C -14.1 °C -11.3 °C 14.0 °C -3.0 °C 

Maximum ambient temperature 28 °C 30.1 °C 34.7 °C 38 °C 34 °C 

Global Horizontal Irradiance 
796 

kWh/m2 
1130 

kWh/m2 
1130 

kWh/m2 
1233 

kWh/m2 
1735 

kWh/m2 

Global Tilted Irradiance  
(South, 90°) 

649 
kWh/m2 

880 
kWh/m2 

783 
kWh/m2 

833 
kWh/m2 

1223 
kWh/m2 

The results of the modelling are outlined in Table 19 and Table 20, where the values in parentheses indicate 

the relative difference between the buildings under consideration (1 - 5) and the reference building (PS+). 
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TABLE 19 SPECIFIC SPACE HEATING DEMAND AND RELATIVE POTENTIAL ENERGY SAVINGS FOR THE CONSIDERED CLIMATIC 

ZONES AND CONSTRUCTION PERIODS 

Construction 
period 

Specific space heating demand [kWh/m2] 

A (Oulu) B (Gdansk) C (Prague) D (Vienna) E (Rome) 
1970-1979 107 (67%) 82 (71%) 81 (59%) 33 (68%) 27 (92%) 

1980-1989 85 (59%) 75 (69%) 63 (53%) 27 (60%) 25 (91%) 

1990-1999 83 (58%) 54 (57%) 43 (30%) 17 (37%) 25 (91%) 

2000-2009 64 (46%) 40 (41%) 41 (35%) 19 (42%) 12 (81%) 

2010-2020 54 (35%) 29 (18%) 28 (18%) 19 (42%) 9 (74%) 

POWERSKIN+ 35 23 18 11 2 

TABLE 20 SPECIFIC SPACE COOLING DEMAND AND RELATIVE POTENTIAL ENERGY SAVINGS FOR THE CONSIDERED CLIMATIC 

ZONES AND CONSTRUCTION PERIODS 

Construction 
period 

Specific space cooling demand [kWh/m2] 

A (Oulu) B (Gdansk) C (Prague) D (Vienna) E (Rome) 
1970-1979 8 (20%) 12 (6%) 19 (6%) 42 (27%) 64 (19%) 

1980-1989 8 (28%) 12 (6%) 20 (12%) 43 (28%) 62 (18%) 

1990-1999 8 (29%) 13 (17%) 22 (20%) 43 (28%) 62 (18%) 

2000-2009 9 (32%) 14 (20%) 21 (15%) 40 (23%)  61 (16%) 

2010-2020 6 (23%) 13 (15%) 20 (11%) 36 (13%) 56 (8%) 

POWERSKIN+ 6 11 18 31 51 

Firstly, simulation results confirmed that the largest energy-saving potential is associated with the older 

building stock in terms of space heating demand. Older buildings tend to consume more energy due to their 

low energy performance levels. Therefore, the application of modern POWERSKIN+ façade for these buildings 

has high energy-saving potential. As for modern buildings, the energy savings potential is lower. The main 

reason for this is the implementation of energy standards and requirements for buildings (effect EPBD 

implementation and previous standards). The implementation of energy standards leads to a reduction in 

space heating demand and, consequently, to a reduction in potential energy savings in the case of 

POWERSKIN+ implementation. Therefore, to increase the value in POWERSKIN+ standard solutions for new 

buildings, it is evident that active renewable energy generation and storage strategies should be 

implemented (upgrade add-ons).  

Secondly, Table 19 and Table 20 indicate that Southern countries (Spain, Italy, Portugal, etc) have high energy 

saving potential for all construction periods regarding space heating. On the other hand, these buildings do 

not have a sufficient level of thermal insulation in their building stock due to milder winters. As a result, 

implementing the highly efficient POWERSKIN+ façade modules will significantly decrease space heating 

demand in relative values, but this reduction may not be so essential in absolute values. On the other hand, 

the implementation of POWERSKIN+ in Southern countries has a certain potential in terms of space cooling 

energy savings. Nevertheless, the reduction in space cooling demand is not highly significant. Again, to make 

the most value possible of the POWERSKIN+ solution in Southern countries, active renewable energy 

generation and storage strategies should be implemented. Moreover, in the case of photovoltaic system 
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application, the electrical energy can be directly (without storing) used to cover space cooling demand 

because most of the time photovoltaic production profile matches with the space cooling demand profile. 

The situation is the opposite in terms of relative potential energy savings in space cooling demand in Northern 

and Central European countries. Due to the low space cooling demand caused by moderate summer, any 

improvement in absolute values will cause high energy saving potential in relative values, but this reduction 

is not so significant in absolute values. On the other hand, it is evident that the implementation of 

POWERSKIN+ in Northern and Central European countries will significantly reduce space heating demands. 

7. Adaptability analysis 

7.1 Thermal performance 

When adapting a building envelope to the new thermal standards, the U-value is the key parameter to be 

considered. Its development in different countries is described in this report. In the building envelope, two 

basic types of construction are identified: transparent and opaque. Whereas in the case of adapting the 

transparent parts, the only option is to exchange them for new elements meeting the standard requirements, 

in the case of opaque parts, it is also possible to add new insulating layers (ETICS). The exchange of the whole 

opaque part is also an option in the case of curtain walls. 

Adding the same thermal insulation layer to different baseline constructions does not result in the same U-

value difference. Different insulation materials naturally vary in their thermal and environmental 

characteristics. These characteristics for the selected materials are summarized in Table 21. 

TABLE 21 SELECTED INSULATION MATERIALS CHARACTERISTICS 

Material 
Density 

Thermal 
conductivity 

Carbon 
footprint (GWP) 

PEI 

[kg/m3] [W/m.K] [kgCO2,ekv/kg] [MJ/kg] 
EPS 16 0.035 4.205 105.073 

XPS 32 0.040 5.840 96.514 

PU polyurethane 45 0.025 4.307 99.265 

Glass wool – high density 80 0.038 1.380 47.315 

Glass wool – low density 22 0.036 1.494 45.534 

Rock wool – high density 155 0.045 0.920 23.157 

Rock wool – low density 70 0.040 1.082 20.192 

Wood fibre – low density 120 0.050 0.062 1.1449 

Wood fibre – high density 380 0.090 0.062 1.1449 

Aerogel 140 0.017 4.200 173.07 

Vacuum insulation panel (VIPs) 170 0.006 8.551 227.6* 

* value extrapolated from the data acquired for a 4.5 kg panel (1 m2) 

As mentioned before, the same thermal insulation layer for different baseline constructions does not result 

in the same U-value difference. The required thickness of the new insulation level can be calculated using: 
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𝑑𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = ( 
1

𝑈𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙
−

1

𝑈𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
) × 𝜆𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

An example of results for EPS (λ = 0.035 W/m.K), wood fibre with high density (λ = 0.090 W/m.K) and VIPs 

(λ = 0.006 W/m.K) are shown in Table 22, Table 23, and Table 24. The values are stated in centimeters. The 

thickness stated in the tables does not respect the standard production dimensions and are calculated to 

precisely match the target U-value. 

TABLE 22 THICKNESS OF A NEW EPS INSULATION LAYER REQUIRED TO ACHIEVE A TARGET U-VALUE BASED ON THE BASELINE  
U-VALUE (IN CENTIMETERS) 

Original U-value 
[W/m2.K] 

Target U-value [W/m2.K] 

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 

5.0 2.8 3.2 3.7 4.3 5.1 6.3 8.1 11.0 16.8 

4.5 2.7 3.1 3.6 4.2 5.1 6.2 8.0 10.9 16.7 

4.0 2.6 3.0 3.5 4.1 5.0 6.1 7.9 10.8 16.6 

3.5 2.5 2.9 3.4 4.0 4.8 6.0 7.8 10.7 16.5 

3.0 2.3 2.7 3.2 3.8 4.7 5.8 7.6 10.5 16.3 

2.5 2.1 2.5 3.0 3.6 4.4 5.6 7.4 10.3 16.1 

2.0 1.8 2.1 2.6 3.3 4.1 5.3 7.0 9.9 15.8 

1.5 1.2 1.6 2.0 2.7 3.5 4.7 6.4 9.3 15.2 

1.0  0.4 0.9 1.5 2.3 3.5 5.3 8.2 14.0 

0.9   0.5 1.1 1.9 3.1 4.9 7.8 13.6 

0.8    0.6 1.5 2.6 4.4 7.3 13.1 

0.7     0.8 2.0 3.8 6.7 12.5 

0.6      1.2 2.9 5.8 11.7 

0.5       1.8 4.7 10.5 

0.4        2.9 8.8 

0.3         5.8 

 

TABLE 23 THICKNESS OF A NEW WOOD FIBRE (HIGH DENSITY) INSULATION LAYER REQUIRED TO ACHIEVE A TARGET U-VALUE 

BASED ON THE BASELINE U-VALUE (IN CENTIMETERS) 

Original U-value 
[W/m2.K] 

Target U-value [W/m2.K] 

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 

5.0 7.2 8.2 9.5 11.1 13.2 16.2 20.7 28.2 43.2 

4.5 7.0 8.0 9.3 10.9 13.0 16.0 20.5 28.0 43.0 

4.0 6.8 7.8 9.0 10.6 12.8 15.8 20.3 27.8 42.8 

3.5 6.4 7.4 8.7 10.3 12.4 15.4 19.9 27.4 42.4 

3.0 6.0 7.0 8.3 9.9 12.0 15.0 19.5 27.0 42.0 
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TABLE 23 (CONTINUED) 

2.5 5.4 6.4 7.7 9.3 11.4 14.4 18.9 26.4 41.4 

2.0 4.5 5.5 6.8 8.4 10.5 13.5 18.0 25.5 40.5 

1.5 3.0 4.0 5.3 6.9 9.0 12.0 16.5 24.0 39.0 

1.0  1.0 2.3 3.9 6.0 9.0 13.5 21.0 36.0 

0.9   1.3 2.9 5.0 8.0 12.5 20.0 35.0 

0.8    1.6 3.8 6.8 11.3 18.8 33.8 

0.7     2.1 5.1 9.6 17.1 32.1 

0.6      3.0 7.5 15.0 30.0 

0.5       4.5 12.0 27.0 

0.4        7.5 22.5 

0.3         15.0 

 

TABLE 24  THICKNESS OF A NEW VIP INSULATION LAYER REQUIRED TO ACHIEVE A TARGET U-VALUE BASED ON THE BASELINE U-
VALUE (IN CENTIMETERS) 

Original U-value 
[W/m2.K] 

Target U-value [W/m2.K] 

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 

5.0 0.5 0.5 0.6 0.7 0.9 1.1 1.4 1.9 2.9 

4.5 0.5 0.5 0.6 0.7 0.9 1.1 1.4 1.9 2.9 

4.0 0.5 0.5 0.6 0.7 0.9 1.1 1.4 1.9 2.9 

3.5 0.4 0.5 0.6 0.7 0.8 1.0 1.3 1.8 2.8 

3.0 0.4 0.5 0.6 0.7 0.8 1.0 1.3 1.8 2.8 

2.5 0.4 0.4 0.5 0.6 0.8 1.0 1.3 1.8 2.8 

2.0 0.3 0.4 0.5 0.6 0.7 0.9 1.2 1.7 2.7 

1.5 0.2 0.3 0.4 0.5 0.6 0.8 1.1 1.6 2.6 

1.0  0.1 0.2 0.3 0.4 0.6 0.9 1.4 2.4 

0.9   0.1 0.2 0.3 0.5 0.8 1.3 2.3 

0.8    0.1 0.3 0.5 0.8 1.3 2.3 

0.7     0.1 0.3 0.6 1.1 2.1 

0.6      0.2 0.5 1.0 2.0 

0.5       0.3 0.8 1.8 

0.4        0.5 1.5 

0.3         1.0 

In the case of modular curtain walls, the addition of thermal insulation is not a viable approach. In these cases, 

either the thermal insulation within the system or the whole façade system can be replaced. The first 

approach preserves the rest of the façade and is less financially demanding but inherits the flaws of the 

original and probably outdated system. The most significant problem in this solution is the neglect of thermal 
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bridges. The quality of the joint solutions and framing systems in the older facades corresponds to the thermal 

insulation level in the original system. Also, the materials used in the facades deteriorate in time and 

therefore lose their thermal characteristic. The deterioration of the materials may also negatively affect the 

airtightness of the façade, causing further heat losses. 

Song et al. [71] suggest that for an opaque curtain wall, the thermal bridges can account for the effective U-

value increase of the façade as high as 200% when compared to each other. However, this study considers 

only two different opaque panel types combined with two types of joints. The variability of the effective U-

value can be much higher when considering other joint types and also panel sizes as the ratio between the 

main planar construction area and the area/length of thermal bridges affects the resulting heat loss.  

Therefore, the latter option is preferred and recommended. The replacement of the entire curtain wall 

system allows to minimize heat losses in the complex point of view, and the effect on operational energy 

consumption can be maximized. Furthermore, the façade system replacement also allows the integration of 

new technologies such as energy harvesting and also building wirings integration. 

7.2 Environmental performance 

The environmental impacts, such as carbon footprint and embodied primary energy, depend on the mass of 

the material used. Based on the required thickness calculated in the previous tables, the calculation of these 

parameters is shown in the following ones. For the sake of illustration, only the results for achieving the target 

U-values of 0.2 – 0.6 W/m2.K with the baseline U-value of 3 W/m2.K are stated. The effect of thermal bridges 

in curtain walls means that the below described environmental performance of façade retrofits does not fully 

reflect curtain walls retrofit as much as it describes ETICS solutions. 

TABLE 25  EXAMPLE OF ENVIRONMENTAL CHARACTERISTICS FOR THE CHOSEN INSULATION SCENARIOS 

 GWP [kgCO2,ekv/m2] PEI [MJ/m2] 

Target  
U-value 

[W/m2.K] 

0.6 0.5 0.4 0.3 0.2 0.6 0.5 0.4 0.3 0.2 

EPS 3.1 3.9 5.1 7.1 11.0 78.9 98.7 128.3 177.6 276.3 

Wood fibre 2.8 3.5 4.6 6.4 9.9 52.2 65.3 84.8 117.5 182.7 

VIP 11.6 14.5 18.9 26.2 40.7 309.5 386.9 503.0 696.5 1083. 

The carbon neutrality calculation of thermal insulation (the time required for the carbon footprint to be offset 

by the difference of the heat loss in the heating season) should also include the carbon footprint of the 

insulation installation. Above, only the material footprint is stated and the installation characteristics may 

vary based on the building location. The primary energy neutrality can vary due to location as well. In both 

parameters cases, the emission factor of the heating fuel used in the building (varies by country) and the 

system efficiency play their role. These parameters should be evaluated when choosing the appropriate 

insulation strategy. 
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The savings in the GWP and PEI, offsetting the embodied CO2 and primary energy, can be calculated based 

on the improvement of the U-value as the difference between the original and target U-values and on the 

local annual heating degree days. The product of the multiplication of these two values represents the annual 

heat loss reduction. The annual heat loss reduction multiplied by the emission factors and primary energy 

factors represent the annual GWP and PEI savings. 

7.3 POWERSKIN+ curtain wall system 

When a building façade retrofit using the POWERSKIN+ system is envisioned, its adaptability should be 

considered, focusing on different areas. The most relevant are the structural and technological adaptability, 

which are to some extent intertwined. Adding functionalities such as energy harvesting to the façade, for 

example, may require additional structural adaptations (passes through existing structures other than the 

façade itself). 

7.3.1 Structural adaptability 

From the structural perspective, facades can be built as part of the buildings’ load-bearing structure or as 

curtain walls. Curtain walls can be divided into self-bearing, filling, or hanged (Figure 28). In this regard, 

POWERSKIN+ aims to provide a solution for lightweight non-load-bearing curtain wall and double skin façade 

systems and has, therefore, no load-bearing function. 

 

FIGURE 28 TYPES OF FACADES: a) LOAD-BEARING, b) SELF-BEARING CURTAIN WALL, c) FILLING CURTAIN WALL, d) HANGED 

CURTAIN WALL 

A large part of non-residential buildings built in the period from 1970 onwards is built with curtain wall 

facades. However, some non-residential buildings have a load-bearing façade, or their façade is a 

combination of load-bearing structure and curtain walls. The fact that the POWERSKIN+ system is intended 

for non-load bearing applications does not disqualify those buildings for its use. The first option is to use 

POWERSKIN+ to replace the current curtain walls or opaque elements integrated in the load bearing structure 

(also, the sill part of the façade can be eventually replaced, as the load bearing function is secured by the 

lintel above the window). In this option, the replacement must be, in most cases, carried out together with 



   

 

www.powerskinplus.eu 

Deliverable:  D2.1 
Version:  1.0 

Due date:  31/05/2021 
Submission date: 31/05/2021 

Dissem. lvl:  Public 
    
   

  

 FRAMEWORK ON ENERGY EFFICIENT BUILDINGS Page 53 

the additional insulation of the rest of the façade in order to maximize the retrofit effect on energy efficiency 

as well as to avoid thermal bridging and condensation within the contact of well-insulated POWERSKIN+ and 

the original façade. 

     

FIGURE 29 BUILDING COMBINING A LOAD-BEARING FAÇADE AND CURTAIN WALLS (LEFT); BUILDING WITH A LOAD BEARING 

FAÇADE (RIGHT) 

Another possibility is to create a double skin façade using the POWERSKIN+ modules as the outer skin. In this 

case, the thermal parameters of the POWERSKIN+ using technologies such as vacuum insulation or PCM 

would have a small efficiency and lower-performing alternatives can be used. However, other parts of the 

POWERSKIN+ premium solutions, such as the low-carbon bio composite framing system, nanocoatings, and 

energy harvesting and electric storage systems, do not lose their potential and can add significant added 

value for double-skin retrofit solutions. An example of such is shown in Figure 30 (on a residential building). 

 

FIGURE 30 DOUBLE SKIN FAÇADE WITH ORIGINALLY LOAD-BEARING FAÇADE. IMAGE SOURCE: [72] 
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If a façade to be retrofitted is a curtain wall system, the adaptability is easier and it allows the utilization of 

the whole POWERSKIN+ potential in terms of thermal insulation and also energy harvesting. As the building 

is already equipped with curtain walls, the structural integration of POWERSKIN+ modules and add-on 

solutions does not pose any significant problems, and it allows the planners and professionals to integrate 

any new curtain wall. A decision has to be made, whether the type of curtain wall (filling or hanged) should 

remain or should be changed. In the case of filling curtain walls, the thermal bridging must be solved during 

the design stage, as in any filing curtain wall upgrades. While considering integrating POWERSKIN+ energy 

harvesting and active latent heat storage diversion add-ons, minor structural tasks may occur regarding the 

need for connections to the building systems. 

7.3.2 Technological adaptability 

Integration of the POWERSKIN+ system into retrofitted buildings will significantly affect the heating and 

cooling energy consumption. As these consumptions may decrease significantly after the envelope retrofit 

(even without considering the energy harvesting and storage), the pre-retrofit building energy systems may 

become over-dimensioned. Even though these systems would be able to facilitate the lower energy demand, 

heating and cooling systems become generally inefficient and prone to failures when running on only a 

fraction of their capacity.  Therefore, the POWERSKIN+ integration should be done in parallel with the building 

services retrofit and based on an overall planning of energy savings. In some cases, the heating elements 

were physically connected to original curtain walls (Figure 31). In general, a very good on site investigation 

should be performed before any definitive decisions about the design and management of the retrofit action. 

A major building services retrofit induced by the POWERSKIN+ incorporation is a prerequisite for considering 

integrating its energy harvesting and storage add-ons, as most of the buildings built since the 1970s do not 

harvest energy, let alone use it in their operation. 
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FIGURE 31: CURTAIN WALL SECTION WITH FIXED PERIMETER HEATING. IMAGE SOURCE: [73] 

8. Conclusion 
The report presents a framework for various retrofit situations in Europe, reviewing the situation regarding 

building stock characteristics for non-residential and residential buildings. There are approximately 131 

million buildings within the Member States of the European Union. The vast majority of these buildings are 

residential ones (119 million against 12 million of non-residential uses). However, if measured by floor area, 

the residential building stock accounts for approximately 75% of the total, with the remaining 25% being non-

residential buildings. In terms of buildings age, 43% of non-residential buildings and 39% of residential 

buildings were built pre-1970 within the EU, before the widespread adoption of energy efficiency measures. 

Energy in non-residential buildings is mainly consumed by space heating, as well as in residential buildings. 

The report also includes the preliminary simulation analysis provided for different climatic conditions and 

different building construction periods. The data collected indicate a high potential for energy efficient 
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retrofit of buildings built before 1990 throughout the EU. Therefore, applying state-of-the-art POWERSKIN+ 

façade solutions for these buildings allows to fully exploit the energy savings potential. As for the modern 

buildings or for Southern countries, the energy savings potential is lower. Therefore and in these cases, the 

energy harvesting and storage potential of POWERSKIN+ façade becomes dominant. Finally, the collected 

data allows determining the strategies for improving the energy and greenhouse gas savings potential of the 

future POWERSKIN+ solution and model a variety of scenarios of its operational performance on various 

climate/building solutions. 
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9. Annex A. The evolution of the required U-values for 
different building construction periods for the considered 
sites 

 

FIGURE 32 DEVELOPMENT OF THE REQUIRED U-VALUES FOR DIFFERENT BUILDING CONSTRUCTION PERIODS IN FINLAND. DATA 

SOURCE: [60] 

 

FIGURE 33 DEVELOPMENT OF THE REQUIRED U-VALUES FOR DIFFERENT BUILDING CONSTRUCTION PERIODS IN POLAND. DATA 

SOURCE: [74] 
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FIGURE 34 DEVELOPMENT OF THE REQUIRED U-VALUES FOR DIFFERENT BUILDING CONSTRUCTION PERIODS IN THE CZECH 

REPUBLIC. DATA SOURCE: [75] 

 

FIGURE 35 DEVELOPMENT OF THE REQUIRED U-VALUES FOR DIFFERENT BUILDING CONSTRUCTION PERIODS IN AUSTRIA 

(VIENNA). DATA SOURCE: [58] 
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FIGURE 36 DEVELOPMENT OF THE REQUIRED U-VALUES FOR DIFFERENT BUILDING CONSTRUCTION PERIODS IN ITALY (ROME). 

DATA SOURCES: [76], [77] 
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