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Improvement of a functional method to determine the design thermal transmittance of 

building façades. Implementation in southern Spain  

Abstract 

The thermo-hygrometric conditions to which construction materials are subjected cause their thermal performance to 

vary by location. These variations must be characterised in order to design building envelopes adjusted to the 

requirements of each situation, thus contributing to improve their energy efficiency under actual operating 

conditions. To this end, a functional calculation procedure that corrects the standardised thermal conductivity values 

of façade materials ( -value) has been recently proposed; which considers the climatic characteristics of each 

location. This work proposes and validates improvements that, while preserving its functionality, overcome some 

limitations of the original procedure. To calculate more accurate corrections, the façade configuration and the 

climatic zones established by the building codes are also considered, allowing a more reliable characterisation of the 

design thermal transmittance of each building façade. By using climatic records gathered from 316 weather stations, 

a detailed isopleth map is also developed to present the applicable corrections for more than 250,000 km2 of 

southern Spain. The largest -value corrections are identified on the southeast coast and reach up to +6% in the 

summer months (with average annual corrections above +4%). This improved procedure can be extrapolated to any 

national building code that establishes constant values of thermal conductivity for façade materials and that defines 

thermal design requirements based on climatic zones. 
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1. Introduction 

The usually porous nature of construction materials causes a variable amount of moisture and liquid water 

to be stored inside, increasing their thermal conductivity regarding the dry state [1-3]. Likewise, the heating of the 

material (and of the molecules of liquid and gas present inside) also increases the transport of energy and reduces the 

thermal insulation of the material [4-6]. 

The construction materials used in building enclosures are particularly exposed to atmospheric conditions 

that modify their moisture content and temperature (e.g., solar radiation, precipitation and wind). Sometimes these 

conditions are transitory, such as the action of wind-driven rain. In other cases, its effect depends on the orientation, 

latitude, height, surroundings or construction quality of each building [7-9]. As a result, the heat transfer through the 

building envelope constitutes a complex and dynamic phenomenon, the detailed characterisation of which requires 

exhaustive simulations for each possible configuration of the constructive element and environmental condition [10-

13].  

Despite this, most construction standards establish constant hygrothermal properties for building materials 

that are applicable to any location and situation [14-17]. To define these properties, standardised conditions of 

temperature and moisture content are considered, which usually coincide with those established for the declared 

thermal values provided by the manufacturers of construction materials [18]. 

Among these properties, the thermal conductivity or -value is repeatedly used by building codes to 

establish the thermal requirements of buildings, setting the maximum thermal transmittance (U-value) of the 

enclosures [19-21]. Thus, although considering constant -values simplifies the building thermal design, it also 

introduces an underlying error in the subsequent calculation or simulation [22-26]. In professional practice, the use 

of resources to adjust the thermal conductivity according to the environmental conditions (e.g., standard ISO 10456 

or specialised software) is usually ruled out given the greater calculation effort, its economic cost or the lack of the 

required input data [18, 27].  

As an alternative, a procedure has recently been developed that without significantly increasing the 

calculation effort provides design λ-values for façade materials adapted to the climatic conditions of each location 

[28]. This novel procedure renounces a dynamic characterisation of the heat transfer through the enclosure, 

considering only average, maximum or minimum situations of the thermo-hygrometric conditions that permanently 
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act on the building façade (temperature and relative humidity, both inside and outside the building). Multiplying the 

constant -values provided by the construction standards by a correction factor based on these representative 

climatic conditions, this procedure obtains more realistic -values and so an accurate design U-value of the façade at 

each location. 

Until now, the development of this procedure has focused on traditional façade systems with a significant 

proportion of masonry elements. So far, the correction factors have been characterised considering the climatic 

conditions in 52 provincial capitals of Spain and exhaustively in the territory of two regions in Northeast Spain 

(Aragon and Catalonia) [28-29]. The validations performed in these studies, by analysing façades with one or two 

masonry layers and interior insulation, confirm the utility of the procedure. This correction allows practitioners to 

adjust, in a simple and functional way, the standardised -values, obtaining results similar to those that could be 

calculated through standard ISO 10456.  

This article takes a step forward by using this procedure to exhaustively identify the correction factors 

applicable in more than 250,000 km2 of southern Spain. A new detailed isopleth map will also facilitate this 

correction of the standardised λ-values, even in locations without representative climatic data. In turn, the 

weaknesses of the methodology will be analysed, proposing improvements related to its applicability to different 

façade configurations and its better adaptation to the design requirements established by building codes in each 

climatic zone. The Spanish Building Technical Code (SBTC) will be taken as an example [21]. Finally, these 

improvements will be validated in three large urban areas (Madrid, Valencia and Seville) and for different façade 

configurations.  

Overall, this work minimises the intrinsic limitations of this novel calculation procedure by improving its 

applicability and accuracy in any situation. In particular, it allows refining the -values currently used by thermal 

designs based on the SBTC for a vast region of Spain. Known the influence of the envelope U-values on the 

building energy use, the aim of this research is to progress in functional envelope designs that consider the actual 

hygrothermal properties of construction materials under their operating conditions [30-32]. 

2. Background 
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Variations in temperature and moisture content have different effects on the thermal conductivity of each 

material. Therefore, to assess in detail the hygrothermal behaviour of a façade, it is necessary to identify the 

properties of all the materials incorporated in its design (e.g., their moisture sorption isotherms) [5, 10, 13, 23, 25, 

30-34]. In addition, the environmental conditions on each material must be determined, which depend on its position 

in the façade and the internal and external operating conditions [10, 13, 35]. These conditions also change when the 

thickness, position and nature of any of the layers are modified. The result is an iterative, laborious and non-

functional calculation process, given the multiple possibilities that thermal and construction design entail [36]. 

Hence, although the building codes recommend using design -values (i.e., conductivity values adapted to 

the actual conditions of the material in its intended location and construction configuration), there are also 

established alternatives that reduce the calculation complexity. One of the most frequent is to suppose a common 

environmental condition for all materials [19-21, 37-38]. This environmental design condition usually agrees with 

that used to determine the -values collected in the construction standards and, in turn, with one of the reference 

conditions established for the declared -values provided by the manufacturers of construction materials (see Table 

1). Thus, in practice, all these standardised -values can be incorporated without distinction into the thermal 

calculation without further conversions. 

As a result, although different thermal requirements are defined according to the climatic zone, usually the 

building thermal design do not consider the different behaviour of materials at each location and façade 

configuration due to the environmental conditions that they support. 

Table 1. The four reference conditions (Ia, Ib, IIa, and IIb) established by standard ISO 10456 for declared thermal 

values. 

To reverse this situation, a procedure has recently been developed that, without increasing the calculation 

effort, allows adjusting the standardised -values of façade materials considering the environmental conditions of 

each location [28]. To this end, the formulation collected in standard ISO 10456 (Eq. 1) was taken as the starting 

point, which defines a temperature conversion factor FT (-) and a moisture conversion factor FM (-) to relate the -

value (W/m·K) of a material under two different environmental conditions (1 and 2). The environmental condition 
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used by the construction standards (i.e., one of those set for the declared -values) would be adopted as condition 1, 

while the actual environmental condition of the material under its operating conditions would correspond to 

condition 2 [18]. Since the standardised value usually incorporates the ageing effect, an ageing conversion factor is 

not considered. 

2 1λ λ= ⋅ ⋅T MF F (1) 

The calculation of each conversion factor depends on the difference of temperature T (°C) and moisture 

content  (m3/m3) of the material between both environmental conditions and the intrinsic conversion coefficients fT

(K-1) and f  (m3/m3) compiled in standard ISO 10456 for different materials (Eq. 2).  

( ) ( )2 1 2 1
2 1

ψ ψ ψλ λ − −= ⋅ ⋅tf T T fe e (2) 

To avoid the need to determine the temperature and moisture content in each layer of the wall (as in 

standard ISO 10456), this new procedure considers a single material in the façade. The homogeneous properties of 

this uniform material would be representative of those of the insulation and masonry products commonly used in 

traditional façade systems [28]. Considering that the thermal insulating materials compiled in the standard ISO 

present an average value of fT equal to 0.00475 K-1 and equal to 0.002 K-1 for masonry materials, both values were 

combined to obtain a simplified conversion coefficient fT uniform (K-1) for this hypothetical uniform material. To this 

end, a weighting based on the percentage contribution (Rcontribution) of both families of materials (i.e., insulations and 

masonry products) to the thermal resistance of the enclosure is established [28]. Starting from the average value of f

coefficients tabulated for insulating materials (3.4 m3/m3) and for masonry materials (7.0 m3/m3) in ISO 10456, it is 

possible to use the same weighting to obtain a simplified conversion coefficient f  uniform (m3/m3) for the uniform 

material (Eqs. 3 and 4).  

( )1= ⋅ + ⋅ −t uniform t insulation contribution t masonry contributionf f R f R (3) 

( )1ψ ψ ψ= ⋅ + ⋅ −uniform insulation contribution masonry contributionf f R f R (4) 

Analysing only 25 traditional façade configurations, an average contribution of thermal insulating materials 

to the thermal resistance of the façades of 56.5% (i.e., 43.5% from masonry materials) was proposed [28-29]. 
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Adopting a Rcontribution value equal to 0.565, fixed values were determined for the simplified coefficients fT uniform and 

f  uniform: 0.0036 K-1 and 4.96 m3/m3, respectively. 

Assuming that the façade consists of a single layer of uniform material, its average temperature under 

operating conditions (T2) can be determined as the simple average between the outdoor temperature (Text) and indoor 

temperature (Tint) (Eq. 5). 

int
2 2

+= extT TT (5) 

Conversely, determining the water content present in the uniform material requires a more elaborate 

approach because each construction material is characterised by a moisture sorption isotherm that relates its 

moisture content  to the environmental relative humidity RH [1-3, 33-34, 39]. Thus, this new procedure proposed a 

generalised sorption isotherm intended to be representative of the isotherms of materials commonly used in 

traditional façade systems. For simplicity, a linear isotherm that relates the moisture content in the dry state (RH 0% 

and 0 m3/m3) and the moisture content that the material would present at a RH of 80% ( 80 m3/m3) was used [28].  

Some databases collect the values of 80 for usual façade materials, allowing estimations of average 80

values for thermal insulating materials (0.0052 m3/m3) and for masonry materials (0.0129 m3/m3) [27-28]. 

Considering again the weighting established by the Rcontribution value, Eq. 6 was used to determine a representative 80 

uniform value for his hypothetical material. 

( )80 80 80 1ψ ψ ψ= ⋅ + ⋅ −uniform insulation contribution masonry contributionR R (6) 

The linear sorption isotherm that relates the moisture content of this uniform material is defined by Eq. 7 

(the same Rcontribution = 0.565 value indicated before can be applied). 

( )0.0052 0.0129 1
0.8

ψ
⋅ + ⋅ −

= ⋅ contribution contribution
RH uniform uniform

R R
RH (7) 

RHuniform (-) represents the relative humidity in the uniform material, which can be obtained from 

psychometric formulae (Eq. 8) that relate the vapour pressure Pv (Pa) in the indoor and outdoor environmental 

conditions (int and ext, respectively) and the saturation vapour pressure Psat (Pa) for T2 (temperature of the uniform 

material) [40]. 
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Substituting the factors developed above into Eq. 2, generalised equations were obtained to correct the 

standardised -value of façade materials (Eqs. 9-11). A new conductivity correction factor CCF (-) was thus defined 

that is applicable to the λ-values established by construction standards and building codes ( 1) and allows 

approximating a design -value adjusted to the real operating conditions at each location ( 2) [28].  

2 1 1λ λ λ≈ ⋅ = ⋅ ⋅T MCCF F F (9) 

( ) int
10.00475 0.002 1

2
+⋅ + ⋅ − ⋅ −

=
ext

contribution contribution
T TR R T

TF e (10) 
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(11) 

Applying the Rcontribution value (0.565) and the environmental conditions established as a reference for 

construction materials by each building code (T1 and RH1), this general formulation is simplified. The CCF value 

depends only on the indoor and outdoor environmental conditions considered for the façade. Thus, the necessary 

correction at each location can be obtained from the T and Pv values inside the building (established to guarantee the 

comfort of the occupants) and from external climatic conditions representative at the location (e.g., annual average 

values of T and RH). 

Focusing on the Spanish case, the SBTC establishes 10°C and an equilibrium moisture content at 23°C and 

50% RH (i.e., the Ib reference condition established by ISO 10456) as environmental condition to define the 

standardised -value of construction materials ( Ib-values). By also adopting the interior comfort conditions 

established for dwellings and places without high humidity production (20°C and RH of 55%), Eqs. 9-11 can be 

simplified until obtaining Eq. 12 [18, 21, 40]. The coefficients of this equation may vary by country, depending on 
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the environmental conditions established for the standardised λ-values, the considered interior conditions and the 

applied Rcontribution value. 

( )

( )
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(12) 

The application of Eq. 12 in previous works has allowed the identification of the CCF values applicable in 

52 Spanish cities (provincial capitals) as well as exhaustively in northeastern Spain [28-29]. These studies have 

shown the need to consider design -values for façade materials higher than those currently fixed by the SBTC, 

mainly due to the difference between the reference 10°C and the usual high temperatures in the country. 

Although the functional advantages of this correction factor are clear, the calculation procedure also 

features certain weaknesses: the correction accuracy decreases the more the façade differs from the archetype model 

adopted by the method (i.e., Rcontribution value equal to 0.565 and traditional façade systems). Therefore, the CCF 

values can offer limited improvements for certain types of façades (e.g., lightweight façades, external wall insolation 

systems or walls with a greater proportion of insulating material, in line with the requirements for nearly zero-

energy buildings) [41]. The procedure also does not consider the predominance of certain façade configurations in 

each climatic zone as a result of the maximum U-values required by the building codes. In turn, the analysis of the 

Spanish territory remains incomplete (only some northeastern zones and several isolated cities have been 

characterised). Among the unexamined regions, southern Spain stand out because the high ambient temperatures, 

making foreseeable a greater need for correcting the standardised Ib-values. 

Next, the scope of these previous studies is broadened, incorporating the exhaustive characterisation of the 

south of Spain (almost 50% of the surface of the country), by the analysis of climatic records obtained in 316 

weather stations (Fig. 1). The CCF values identified at each point (considering average annual records of T and RH) 

allow a detailed isopleth map for the entire territory to be produced. In addition, calculation improvements that allow 

adjusting the original CCF values according to the type of façade and the design requirements imposed by building 

codes in climatic zones are proposed. Finally, the effectiveness of these improvements is verified by studying 
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different façade configurations subjected to diverse environmental conditions of this Spanish area. Although this 

calculation improvement is presented by using climatic zones and façade configurations valid in Spain, analogous 

results for other countries could be obtained by the same methodology. 

Figure 1. Extension of the application scope and improvements proposed for the calculation procedure.  

3. Characterisation of the corrections in southern Spain  

In this section, the procedure described above is used to identify the corrections for standardised Ib-values 

of façade materials in 316 Spanish locations. The study analyses monthly climatic records of temperature and 

relative humidity that were collected during periods of up to 16 years (in most cases 10 to 15 years of records are 

available) at weather stations distributed throughout the regions of Andalusia, Castile-La Mancha, Community of 

Madrid, Extremadura, Region of Murcia and Valencian Community (Fig. 2). Stations with less than five years of 

records were excluded due to their low representativeness, as were those with annual data series with discontinuities. 

Figure 2. Territorial distribution of the Spanish weather stations analysed throughout this research. Darker colours 

represent higher altitudes.  

The assessed territory is located between latitudes 36°N and 41°N, encompassing the territory of the 

country characterised by hot-summer Mediterranean climates and semi-arid climates (Csa, BSk and BSh according 

to the Köppen-Geiger climate classification) [42-43]. These regions present high average temperatures in summer 

(e.g., Madrid 24.4°C in July; Seville 26.8°C and Valencia 24.5°C in August) and mild winters near the coast (e.g., 

Seville 10.7°C and Valencia 10.4°C in January). Towards the interior of the Iberian Peninsula, a vast plateau with 

heights between 600 and 760 m that is rimmed by mountain ranges reaching up to 3,478 m (Mulhacén mountain, in 

the Baetic System) favours lower average temperatures in winter (e.g., Madrid 6.2°C in January). The relative 

humidity also shows seasonal oscillations, with higher average annual values in the littoral (Madrid 56.4%, Seville 

65.4% and Valencia 64.8%) [40, 43]. 
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Considering that the SBTC establishes an interior comfort temperature equal to 20°C (with an RH of 55%), 

it can be deduced that during most of the year the façade materials are subject to temperatures and relative 

humidities greater than those considered for the standardised Ib-values (i.e., reference condition Ib). These climatic 

conditions make correcting these Ib-values especially relevant for improving the thermal designs of façades in the 

analysed zone. 

To characterise these regions, meteorological records from different databases have been combined, thus 

increasing the number of points analysed to reduce the distance between them and minimise the correction 

uncertainty in intermediate areas [44-48]. The highest concentrations of stations are located on the Mediterranean 

coast and along the Baetic Depression due to the higher population densities. Extremadura and Castile–La Mancha 

present smaller and dispersed urban areas, resulting in a less dense arrangement of weather stations. The Community 

of Madrid, the population of which is concentrated in the capital and its surroundings, is represented by a limited 

number of stations. 

The obtained distribution (1 result per 794 km2 on average) enables the production of a detailed isopleth 

map by interpolation, thus allowing the CCF value at any point of the territory to be extrapolated with reasonable 

accuracy (Table 2). In addition to the 316 stations analysed, records of 25 other peripheral locations have been 

considered in order to improve the correction isopleths in the perimeter areas of this territory. 

Table 2. Distribution of weather stations throughout the 6 analysed regions (25 stations were also analysed in 

neighbouring regions). 

By determining the mean annual temperature and relative humidity at each point (Text, RHext and Psat ext), it 

is possible to solve Eq. 12 for each location. Therefore, the mean annual CCF values needed to correct the 

standardised Ib-values are obtained. Likewise, it would be possible to identify the monthly CCF values (considering 

the mean temperature and mean relative humidity of each month) or the correction values applicable in other 

countries and climatic conditions.  
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These calculated CCF values are compiled in Table 3 (consult the linked Research data for an extended 

table), in which the months of extreme corrections are also indicated. The CCF values (mean, maximum and 

minimum) are presented as percentages (i.e., the Ib-value percentage increase), thus reducing the number of decimal 

places required (e.g., a CCF value of 1.0416 is equivalent to a percentage increase of + 4.16%).  

Table 3. Mean annual CCF values identified in southern Spain (maximum and minimum monthly values are also 

shown). For succinctness, only the most extreme values are presented. 

As can be seen, the largest corrections are identified in the southeast of Spain (especially in Region of 

Murcia), with mean annual CCF values that reach up to +4.16% in San Javier. The maximum monthly value is 

reached in the Valencian Community (Sueca, +6.03% in August). All the analysed stations present the maximum 

corrections during the summer months, confirming the unfortunate choice of 10°C for the standardised -values in 

Spain (reference condition Ib). In the south coast of the country, the high corrections remain throughout the year, 

with minimum monthly CCF values that reach up to 2.90% (e.g., Vejer de la Frontera, Sanlucar de Barrameda, and 

Vélez-Málaga). 

The lowest mean annual CCF values are identified in Prados Redondos, Cañete and Mariana, all of which 

are located near the Iberian System (+2.43%, +2.59% and +2.60%, respectively). In addition, Prados Redondos and 

Cañete present the minimum monthly values (+1.42% and +1.49%, both in January). These corrections are 

consistent with colder environmental conditions throughout the year, which are caused for the altitude of these 

mountain areas. 

It can be emphasised that all the stations show a need to increase the Ib-value (even during the winter 

months). This confirms the poor general reliability of the Ib-values currently used by the SBTC in southern Spain; 

even under favourable conditions, the thermal design ascribes an insulating performance to façade materials that 

exceed the actual value. Although the choice of another reference condition would be more reasonable (e.g., the IIb 

condition, with 23°C as the reference temperature), this solution would still not consider the variation of climatic 

conditions by location, which is a necessary aspect to progress towards performance-based designs. 
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By compiling these CCF values an isopleth map has been produced (Fig. 3): A linear interpolation was 

undertaken to identify the correction at any point in the territory through smoothed isopleths. This interpolation 

allows an exhaustive characterisation of the entire coast and interior of Andalusia, accepting greater uncertainty 

towards the interior of the country (given the greater dispersion of weather stations). This map aims to facilitate the 

implementation of the correction, thus enabling the improvement of the thermal design even in locations without 

direct meteorological records. Along with the results corresponding to the northeast of Spain (obtained by previous 

studies), this map completes an exhaustive characterisation of the Spanish Levante and of the central and southern 

area of the country [29].   

Figure 3. Isopleth map of the mean annual CCF (% values) applicable for façade materials in southern Spain.  

The greater density of isopleths in the east and southeast of the Iberian Peninsula is explained by the greater 

number of available stations and by the marked variation in CCF values caused by the proximity of the mountain 

ranges to the coast. In fact, other areas with high numbers of stations (e.g., the Baetic Depression) show much lower 

concentrations of isopleths, suggesting more uniform environmental conditions. The presence of Sierra Morena and 

the Baetic System around this depression is reflected in the map, with minor correction values as the altitude 

increases. In the Community of Madrid and the eastern part of Castile–La Mancha, the Spanish southern sub-plateau 

maintains uniform environmental conditions, with stable correction factors until nearing its perimeter mountain 

ranges. In turn, Extremadura and western Castile–La Mancha present greater variations given the topographic 

irregularity of the terrain. All this variability justifies the need to develop tools such as those applied in this work to 

determine the properties of construction materials under their operating conditions, advancing towards performance-

based façade designs. 

4. Improvements in the calculation procedure considering the façade configuration and climatic zone 

Assuming the validity of the conversion coefficients fT and f  tabulated in the standard ISO 10456, the 

Rcontribution value constitutes the main uncertainty parameter for the correction procedure presented previously. Thus, 
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large variations may occur in the contribution of thermal insulating materials to the thermal resistance of a wall, 

depending on the façade system and the climatic zone in which it is used. A thorough analysis of this parameter 

could lead to changes from the original value (i.e., 0.565) and to a substantial improvement in the correction. Next, a 

procedure improvement for the Spanish case is proposed, which can be adapted to other national building codes 

following an analogous methodology. 

To this end, a computer Catalogue of Constructive Elements (CCE) that complements the SBTC is used; its 

previous printed version can be consulted to identify up to 273 possible façade configurations used in Spain, which 

are grouped into 15 specific subgroups according to the general typology of the façade system [17, 49]. For each 

configuration, the usual thicknesses of the construction elements (except thermal insulation) and its resulting U-

values are provided. Thus, the thermal resistance of each façade configuration is defined by the sum of a fixed value 

(corresponding to the non-insulation materials) and a variable value (corresponding to the thickness and nature of 

the insulation materials, according to the requirements established for each climatic zone).  

The establishment of climatic zoning is a growing topic concerning the energy efficiency and energy 

consumption of buildings and has been adopted by many national building codes [21, 50-52]. These building codes 

provide guideline U-values for each climatic zone, which are used for the thermal design of the building envelopes. 

In this way, the guideline U-values allow to calculate the required thermal insulation for the façade configurations 

compiled in any catalogue (such as the CCE). 

The SBTC defines climatic zoning based on winter and summer climate severity. Climatic zones for winter 

are identified by a letter ( , A, B, C, D and E, ordered from lowest to highest severity). Climatic zones A, B and C 

predominate in the regions analysed in this work. Only the southern sub-plateau is identified as zone D, whereas 

zone E applies only to mountain zones of the Baetic, Central and Iberian systems. Climatic zones for summer are 

identified by a number: 1, 2, 3 and 4, from lowest to highest severity [21]. Guideline U-values are established for 

each winter climatic zone, which can be used for calculating a specific Rcontribution value for each façade configuration 

included in the CCE (Eq. 13). 

    

 -     

 -  -
1

- -
= = −according climate zone according climate zone

contribution
insulating material of non insulating materials in the configuration

guideline U value guideline U value
R

U value U value (13) 



14 

By averaging the calculated Rcontribution values for the configurations included in each subgroup of façades, it 

is possible to develop Table 4, where the applicable average values are shown according to these 15 façade 

subgroups and the intended climatic zone. 

Table 4. Mean Rcontribution values required for each subgroup of façade systems according to the thermal 

transmittance guideline established by the SBTC for each climatic zone. 

As might be expected, the contribution of insulating materials to the thermal resistance of each façade 

configuration increases with increasing climatic severity. Except in climatic zone  (applicable only in the Canary 

Islands), Rcontribution values higher than the value 0.565 initially proposed are obtained in general. The tightening of 

the U-values required and the limited selection of façades considered to propose the original Rcontribution value can 

explain this disparity. In turn, the façade subgroups with less insulating materials present lower Rcontribution values 

(e.g., CCE subgroup No. 9, see Table 4). 

To increase the correction accuracy, these specific Rcontribution values can be incorporated into the general 

formulation (Eqs. 9-11). For practicality, an adjustment for the CCF values based on the Rcontribution equal to 0.565 

has been included. By operating with these equations, this adjustment can be expressed by an exponential value CA

(-) that is dependent on the specific Rcontribution value applicable to each façade configuration and climatic zone (Eq. 

14). In this equation, CCForiginal represents the absolute value of the correction factor identified through the original 

procedure and represented in the isopleth map (e.g., 1.0416 for the mean value of San Javier station, review Table 

3). 

( ) ( )  λ λ≈ ⋅ AC

design Spanish facades originalIb STBC CCF (14) 

Although these CA values have been solved for each of the 273 CCE façade configurations, for 

succinctness, Table 5 shows only the average CA values of each façade subgroup. In general, the CA adjustment 

reduces the original correction in most façade systems and climatic zones (without shading in the table) and is more 

pronounced for greater climatic severity and contribution of the insulating material to the façade thermal resistance.   
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Table 5. Proposed factor CA to adjust the original CCF values identified in Spain, considering façade configuration 

and climatic zone. 

4.1 Validation of procedure improvements 

Below, the validity of the exponential values CA (and of the improved correction procedure) is analysed for 

different façade configurations located in the three largest urban areas assessed in this work (Madrid, Valencia and 

Seville). For this validation, the environmental conditions registered at weather stations close to the three cities (St. 

Fernando de Henares, Moncada and La Rinconada) are adopted. These conditions and other relevant data are 

compiled in Fig. 4 

Figure 4. Annual variation of the monthly CCForiginal values identified in the largest cities analysed (Madrid, 

Valencia and Seville) and their mean annual values of temperature and relative humidity. 

Fig. 5 shows the 3 analysed façade configurations (representative of different façade subgroups), as well as 

the properties of their materials (vapour diffusion resistance factor; fT and f  values) and standardised Ib-values. For 

each facade, the specific masonry elements of each configuration defined in the CCE (layers, materials and 

thicknesses) have been used [42]. 

Figure 5. Façade configurations and material properties considered for the validation.  

In turn, three usual thermal insulation materials are used, considering the thickness necessary to reach the 

guideline U-value established by the SBTC for the climatic zone of each city (i.e., Madrid 0.27 W/m2 K; Valencia 

and Seville 0.38 W/m2 K). For this, the usual calculation based on the SBTC has been conducted, considering the 
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standardised Ib-values, a surface thermal resistance equal to 0.04 m2K/W for the outside air film and equal to 0.13 

m2K/W for the inside air film (Eq. 15, omitting the conductivity correction factor) [18]. 

( )#

1

1 1-
0.04 0.13

AC
layers

Ib i original
design

i iThickness

CCF
U value

λ

=

⋅
= + + (15) 

Then, the U-values of these façades have also been calculated by adjusting the standardised Ib-values using 

the ISO 10456, considering the conversion factors of each material layer (i) and its specific temperature and relative 

humidity under the average annual conditions of each city (Fig. 4-5 and Eq. 2). The moisture content of each 

material layer was obtained from the sorption isotherms collected in the database of the WUFI Light 5.3 software 

[18, 27].  

Finally, the calculation of the U-value is repeated by correcting the standardised Ib-values by the mean 

annual CCForiginal applicable in each city as well as by the mean annual CCForiginal adjusted by the CA value (Eq. 15). 

As can be observed, the correction only need to multiply the current Ib-values by the CCF value associated with the 

location and the CA value corresponding to the façade configuration and climatic zone. 

Adopting as a reference the value obtained by the standard ISO 10456 (corresponding to the most 

exhaustive and laborious calculation), the SBTC provides design U-values that are consistently lower than the 

façade real values, with errors between -2.27% in Madrid and -2.77% (Seville) for average annual conditions (Table 

6). Thus, it would be necessary to reduce the U-value of these façades to ensure actual compliance with the design 

requirements under the actual operating conditions of these cities. In addition, the different U-values of the façade 

configurations in Valencia and Seville are not identified by the SBTC.  

Table 6. Design U-values of façade configurations using different approaches (standard ISO 10456; current SBTC; 

original CCF value; and proposed adjustment CA) and its comparative errors. 

The correction using CCForiginal values minimises these errors in a functional way, determining the design 

U-value with greater accuracy by considering the environmental conditions of each location. In general, although the 
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correction is significant in all cases (the error ranges between +0.65% and +0.92%), some variability remains 

between façade locations and typologies. This uncertainty is reduced by applying the new factor CA; the errors 

regarding standard ISO 10456 decrease to 0.22% in Madrid (10 times lower than the SBTC error and 3 times lower 

than the correction by CCForiginal). In Valencia and Seville, the improvement is equally effective, and none of the 

errors exceed 0.23%. This enhanced precision is evident, even having used the average CA value of the façade 

subgroup instead of the CA factor corresponding to each specific façade configuration. 

These results demonstrate the usefulness of both the characterisation of the CCF values throughout 

southern Spain and their subsequent optimisation through the new factor CA. This improved method constitutes 

valuable progress towards more precise and reliable performance-based building codes, simultaneously minimising 

the necessary calculation effort. In the future, the same analysis should be extended to the northwest of the country, 

until a complete characterisation of the Spanish territory is achieved. The improved correction could also be 

implemented in other countries in the same way, simply considering the maximum U-values associated with each 

climatic zone and usual façade configurations (i.e., thus tabulating the applicable CA values for each of them). 

However, it must be remembered that this correction does not consider other environmental effects such as 

rain, wind or solar radiation on façade materials. Although the analysed regions present low rainfall (a low exposure 

to wind-driven rain is foreseeable), the high solar radiation typical of the entire Mediterranean Basin can increase 

the temperature of the façade materials and the necessary corrections. Likewise, the effects of fluctuations in 

temperature and relative humidity in a lower temporal range (days or hours) have not been considered, which can 

lead to exceptional corrections significantly higher than those identified based on monthly data. Neither the possible 

variation of these corrections in scenarios of climate change or the possible use of innovative materials in the façade 

configurations have been analysed. Quantifying these effects remains a future challenge to refine this functional 

correction.  

5. Conclusions 

Using a recent calculation procedure, the necessary corrections have been determined so that the design -

values of façade materials can be approximated to the real values under the operating conditions of southern Spain. 

Consulting climatic data that are usually available and incorporating an adjustment factor that considers the specific 
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façade configuration and the climatic zone of the location, it has been possible to obtain improved design -values in 

a simplified way (by a simple multiplication) with a precision comparable to those calculated by the standard ISO 

10456. These findings open the door to using material thermal properties adjusted to the environmental conditions of 

each place, which will result in improved thermal designs of building façades within the framework of performance-

based building codes. This improved correction methodology can also be extrapolated to any other national building 

code that establishes constant values of thermal conductivity for materials and that defines thermal design 

requirements based on climatic zones (regardless of the range of climatic conditions). 

In turn, the isopleth map and the proposed CA factors (Fig. 3 and Table 5) allow a functional incorporation 

of these corrections to the Spanish Building Technical Code, without substantially increasing the current calculation 

effort. The results confirm the need to correct the standardised Ib-values currently used in Spain for building 

materials. In any point of the analysed territory and for any month of the year, these standardised Ib-values are 

lower than those actually existing under operational conditions, assuming an optimistic insulating performance for 

the thermal designs of façades. This results in an underlying error, which can lead to inadequate designs and energy 

consumptions greater than initially expected. The largest corrections have been identified on the coast of the country 

(especially in the southeast, with average annual corrections above +4% and summer maximums of up to +6% over 

standardised Ib-values). 
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Table 1. The four reference conditions (Ia, Ib, IIa, IIb) established by standard ISO 
10456 for declared thermal values. 
Reference condition (*) Ia Ib IIa IIb 
Temperature 10 ºC 10 ºC 23 ºC 23 ºC 
Moisture content dry 23ºC,50% relative humidity dry 23ºC,50% relative humidity

 (*) These conditions also incorporate the ageing effect of the material throughout its useful life. 



Table 2. Distribution of weather stations throughout the 6 analysed regions (25 stations were also 
analysed in neighbouring regions). 

Region Area 
(km2)

Population 
(million) 

Inhabitants 
per km2 

Analysed
stations 

Distribution 
(results/km2) 

Distribution 
(results/inhab.) 

Andalusia 87,268 8.370 96.38 97 1 / 900 1 / 86,292 
Castile-La Mancha 79,463 2.031 25.96 40 1 / 1,987 1 / 50,787 
Community of Madrid 8,022 6.377 806.00 7 1 / 1,146 1 / 911,052 
Extremadura 41,635 1.079 25.92 33 1 / 1,262 1 / 32,704 
Region of Murcia 11,313 1.463 129.34 63 1 / 180 1 / 44,341 
Valencian Community 23,255 4.935 213.30 76 1 / 306 1 / 64,934 

250,956 25.256 100.64 316 1 / 794 1 / 79,926



Table 3. Mean annual CCF values identified in southern Spain (maximum and minimum monthly values are also shown). 
For succinctness, only the most extreme values are presented. 

Region Location Latitude 
(DD) 

Longitude 
(DD) 

Altitude 
(m) 

(*) Years 
analysed 

Mean 
CCF (%)

Maximum
CCF (%)

Minimum
CCF (%)

Region of Murcia San Javier 37.7910 -0.8198 7 2000/15 +4.16 +6.01 Aug +2.76 Jan 
Valencian Community Sueca 39.2129 -0.3132 1 2008/15 +4.15 +6.03 Aug +2.77 Jan 
Region of Murcia Murcia (La Vereda) 37.8975 -1.2684 140 2000/15 +4.15 +5.91 Aug +2.77 Jan
Valencian Community Sumacàrcer 39.0946 -0.6312 70 2010/15 +4.14 +5.97 Aug +2.73 Jan
Valencian Community Teulada 38.7405  0.0965 205 2006/15 +4.11 +5.95 Aug +2.66 Jan 
Region of Murcia Mazarrón 37.5615 -1.4011 94 2000/15 +4.04 +5.74 Aug +2.79 Jan
Valencian Community Gandia 38.9660 -0.1824 22 2006/15 +4.04 +5.81 Aug +2.72 Jan 
Valencian Community Pego 38.8482 -0.1360 81 2011/15 +4.02 +5.82 Jul +2.55 Jan 
Region of Murcia Aguilas (La Pilica) 37.4181 -1.5922 31 2000/15 +4.01 +5.68 Aug +2.76 Jan
Region of Murcia Aguilas 37.4181 -1.5922 65 2000/15 +4.01 +5.68 Aug +2.76 Jan
Region of Murcia Torre Pacheco (Infiernos) 37.8232 -0.9317 92 2000/15 +4.00 +5.73 Aug +2.69 Jan
Valencian Community Pilar de la Horadada 37.8680 -0.8126 77 2000/15 +3.99 +5.72 Aug +2.71 Jan
Andalusia Almería 36.8348 -2.4025 21 2001/15 +3.99 +5.58 Aug +2.83 Jan
Valencian Community Tavernes de Valldigna 39.0946 -0.2382 15 2000/15 +3.98 +5.77 Aug +2.68 Jan
Valencian Community Almoradi 38.0308 -0.7747 74 2000/15 +3.98 +5.74 Aug +2.66 Jan
Valencian Community Crevillente 38.2402 -0.7833 94 2000/15 +3.96 +5.68 Aug +2.63 Jan
Valencian Community Catral 38.1525 -0.8057 27 2000/15 +3.95 +5.72 Aug +2.55 Jan
Region of Murcia Roche 37.6275 -0.9193 130 2000/15 +3.94 +5.64 Aug +2.67 Jan
Region of Murcia Murcia (La Alberca) 37.9394 -1.1348 56 2001/15 +3.93 +5.66 Aug +2.55 Jan
Andalusia Adra 36.7462 -2.9923 14 2001/15 +3.93 +5.42 Aug +2.81 Jan
Valencian Community Alicante 38.3694 -0.5000 85 2006/15 +3.93 +5.69 Aug +2.46 Jan
Andalusia Puerto de Santa María 36.6045 -6.1645 9 2011/15 +3.92 +5.15 Aug +2.70 Feb 
Andalusia Isla Mayor 37.1130 -6.1212 35 2005/15 +3.92 +5.16 Jul +2.84 Jan
Andalusia Chipiona 36.7503 -6.3998 7 2001/15 +3.91 +5.17 Aug +2.83 Jan
Valencian Community Mutxamel 38.4411 -0.4701 63 2006/15 +3.90 +5.56 Aug +2.52 Jan 
··· ··· ··· ··· ··· ···    ··· ··· ···
Castile–La Mancha Marchamalo 40.6801 -3.2098 692 2007/16 +2.91 +4.25 Jul +1.85 Feb
Valencian Community Morella 40.6237 -0.1002 1010 2001/15 +2.83 +4.41 Aug +1.62 Jan 
Andalusia Puebla de D. Fadrique 37.8755 -2.3818 1110 2001/15 +2.81 +4.18 Aug +1.68 Jan
Castile–La Mancha Armuña de Tajuña 40.5297 -3.0139 759 2007/16 +2.80 +4.12 Jul +1.75 Dic 
Castile–La Mancha Jadraque 40.9265 -2.9466 808 2007/16 +2.79 +4.21 Jul +1.74 Dic
Castile–La Mancha Villaconejos de Trabaque 40.4129 -2.3248 810 2007/16 +2.71 +4.14 Jul +1.60 Dic 
Andalusia Jerez del Marquesado 37.1899 -3.1499 1212 2001/15 +2.69 +4.01 Aug +1.60 Jan
Castile–La Mancha Mariana 40.1518 -2.1415 940 2007/16 +2.60 +3.97 Aug +1.52 Dic
Castile–La Mancha Cañete 40.0278 -1.6501 1053 2007/16 +2.59 +4.08 Aug +1.49 Jan
Castile–La Mancha Prados Redondos 40.7954 -1.7986 1129 2007/16 +2.43 +3.80 Jul +1.42 Jan 

 (*) Both years inclusive. 



Table 4. Mean Rcontribution value required for each subgroup of façade systems according to the thermal 
transmittance guideline established by the SBTC for each climatic zone. 

CCE subgroup of façade system 
Climatic zoning for winter (guideline U-value W/m2K)

(0.94) 
A

(0.50) 
B

(0.38) 
C

(0.29) 
D

(0.27)
E

(0.25) 

1 
Outer masonry layer, without chamber or with 
non-ventilated air chamber, and inner insulation 
(17 configurations)  

0.451 0.708 0.778 0.831 0.842 0.854 

2 Outer masonry layer, ventilated air chamber and 
inner insulation (7 configurations) 0.629 0.803 0.850 0.886 0.894 0.901 

3 
Outer masonry layer with continuous coating, 
without chamber or with non-ventilated air 
chamber, and inner insulation (60 configurations) 

0.346 0.594 0.691 0.765 0.781 0.797 

4 
Outer insulation layer with continuous coating, 
without chamber or with non-ventilated air 
chamber, and inner masonry (14 configurations) 

0.432 0.698 0.770 0.825 0.837 0.849 

5 
Outer masonry layer with continuous coating, 
ventilated air chamber and inner insulation (11 
configurations) 

0.539 0.755 0.814 0.858 0.868 0.878 

6 
Outer masonry layer with discontinuous coating , 
without chamber or with non-ventilated air 
chamber, and inner insulation (60 configurations) 

0.349 0.602 0.698 0.769 0.785 0.801 

7 
Outer masonry layer with discontinuous coating , 
ventilated air chamber, and inner insulation (31 
configurations) 

0.417 0.669 0.748 0.808 0.821 0.834 

8 
Outer insulation layer with discontinuous coating, 
ventilated air chamber, and inner masonry (10 
configurations) 

0.383 0.672 0.751 0.810 0.823 0.836 

9 Masonry layer without insulation (3 
configurations) 0.000 0.000 0.000 0.000 0.000 0.000 

10 Lightweight façade with ventilated air chamber (5 
configurations) 0.594 0.784 0.836 0.875 0.883 0.892 

11 Sandwich panel, without chamber or with non-
ventilated air chamber (9 configurations) 0.560 0.766 0.822 0.864 0.874 0.883 

12 
Prefabricated concrete panel, without chamber 
or with non-ventilated air chamber (10 
configurations) 

0.577 0.775 0.829 0.870 0.879 0.888 

13 
Outer reinforced concrete layer, without chamber 
or with non-ventilated air chamber (20 
configurations) 

0.579 0.776 0.830 0.870 0.879 0.888 

14 
Glass fiber reinforced concrete panel, without 
chamber or with non-ventilated air chamber (10 
configurations) 

0.572 0.773 0.827 0.868 0.877 0.886 

15 Structural timber frame layer with ventilated air 
chamber (6 configurations) 0.236 0.753 0.894 0.929 0.954 0.980 



Table 5. Proposed factor CA to adjust the original CCF values identified in Spain, considering façade 
configuration and climatic zone. 

CCE subgroup of façade system Climatic zoning for winter
A B C D E

1 Outer masonry layer, without chamber or with 
non-ventilated air chamber, and inner insulation 1.088 0.867 0.796 0.740 0.728 0.715 

2 Outer masonry layer, ventilated air chamber and 
inner insulation 0.943 0.770 0.720 0.681 0.673 0.664 

3 
Outer masonry layer with continuous coating, 
without chamber or with non-ventilated air 
chamber, and inner insulation 

1.152 0.975 0.884 0.810 0.793 0.776 

4 
Outer insulation layer with continuous coating, 
without chamber or with non-ventilated air 
chamber, and inner masonry 

1.101 0.877 0.804 0.747 0.734 0.721 

5 Outer masonry layer with continuous coating, 
ventilated air chamber and inner insulation 1.021 0.820 0.758 0.711 0.701 0.690 

6 
Outer masonry layer with discontinuous coating, 
without chamber or with non-ventilated air 
chamber, and inner insulation 

1.150 0.967 0.877 0.805 0.788 0.772 

7 Outer masonry layer with discontinuous coating, 
ventilated air chamber, and inner insulation 1.111 0.906 0.827 0.765 0.751 0.736 

8 Outer insulation layer with discontinuous coating, 
ventilated air chamber, and inner masonry 1.132 0.903 0.824 0.763 0.749 0.735 

9 Masonry layer without insulation 1.197 1.197 1.197 1.197 1.197 1.197 

10 Lightweight façade with ventilated air chamber 0.975 0.790 0.735 0.693 0.684 0.674 

11 Sandwich panel, without chamber or with non-
ventilated air chamber 1.004 0.808 0.749 0.704 0.694 0.684 

12 Prefabricated concrete panel, without chamber 
or with non-ventilated air chamber 0.990 0.799 0.742 0.699 0.689 0.679 

13 Outer reinforced concrete layer, without chamber 
or with non-ventilated air chamber 0.988 0.798 0.741 0.698 0.689 0.679 

14 Glass fiber reinforced concrete panel, without 
chamber or with non-ventilated air chamber 0.994 0.802 0.744 0.700 0.691 0.681 

15 Structural timber frame layer with ventilated air 
chamber 1.197 0.822 0.673 0.634 0.606 0.578 



Table 6. Design U-value of façade configurations using different approaches (standard ISO 
10456; current SBTC; original CCF value; proposed adjustment CA) and its comparative errors. 

Design U-value (m2K/W) calculated by means of…
Location Façade subgroup ISO 10456 SBTC CCForiginal value CCForiginal

CA value 

Madrid No. 1 0.2730 0.2668 (-2.27%) 0.2748 (+0.66%) 0.2724 (-0.22%)

Valencia 
No. 4 0.3897 0.3798 (-2.54%) 0.3933 (+0.92%) 0.3906 (+0.23%)
No. 12 0.3828 0.3725 (-2.69%) 0.3858 (+0.78%) 0.3823 (-0.13%)

Seville 
No. 4 0.3901 0.3798 (-2.64%) 0.3931 (+0.77%) 0.3905 (+0.10%)
No. 12 0.3831 0.3725 (-2.77%) 0.3856 (+0.65%) 0.3822 (-0.23%) 
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Fig. 2. Territorial distribution of the Spanish weather stations analysed
throughout this research. Darker colours represent higher altitudes.
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Fig 3. Isopleth map of the mean annual CCF (% values) applicable for façade materials
in southern Spain.

AFRICA Map Geodetic Datum:
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Fig 4. Annual variation of the monthly CCForiginal values identified in the
largest cities analysed (Madrid, Valencia and Seville) and their mean annual

values of temperature and relative humidity.
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Fig . Fa ade configurations and material properties considered for the validation.
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Highlights 

• Calculation procedure to functionally correct the design -values of façade materials 

• Climate data analysis of 316 locations in 6 regions of southern Spain 

• Isopleth map to characterise the applicable corrections in 250.000 km2 of Spain 

• Calculation improvements considering the façade configuration and climatic zoning 

• Validation of the improved corrections, regarding the standard ISO 10456 results 


