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Abstract 11 

Since 2009, the Construction Technologies Institute of the National Research Council of Italy has been developing a 12 

laboratory process for the evaluation and certification of the thermal performances of growing media for green roofs. The 13 

results of the first two experimental phases have highlighted the significant difference between the thermal resistance 14 

values of growing media and those of natural occurring soils, depending on both the composition and the degree of  15 

compaction and internal moisture content. This study aims to complete the research study by demonstrating and 16 

quantifying the error made in the standard calculation of the thermal resistance of a green roof stratigraphy if uncorrected 17 

thermal resistance values are chosen for growing medium and drainage layer. The experimentation is based on the 18 

comparison, under the same configuration and system boundaries, of the thermal performances of an extensive green roof 19 

configuration according to two different calculation methods as provided for in standards EN ISO 6946 and ISO 9869. 20 

The results underline that the potential discrepancy between calculated and monitored thermal resistance values can 21 

exceed 40% if no appropriate and specific inputs are assumed for growing media and drainage layer. Instead, if correct 22 

values are used, the calculation discrepancy can be reduced to 11,8% and this could be useful to designers to solve 23 

problems during standard calculations. This calls for further testing and for a reference standard for calculating the thermal 24 

resistance of growing media for green roofs and drainage layer that have become all the more urgent. 25 

1 Introduction 26 

The benefits of green roofs are extensively investigated in literature: insulation and cooling effect [1] [2] [3] [4], reduction 27 

of urban heat island, solar absorption [5], sound and noise absorption [6] [7], control and management of rain and run off 28 

water [8] [9] are just a few. However, there is a lack of standards at European level regarding the determination of most 29 

of these advantages and specifically with regard to the calculation of the thermal resistance of growing media and drainage 30 

layer. But green roofs can increase the energy savings in winter and a comprehensive study on their performance for 31 

different climates is highly recommended [10]. So, as illustrated in Figure 1, a research was started accordingly. During 32 

the years 2009-2013, Construction Technologies Institute of the National Research Council of Italy (ITC-CNR) launched 33 

an experimental campaign (Phase I, [11]) focused on the thermal characterization of growing media for green roofs based 34 

on laboratory tests for the calculation of their thermal conductivity. This first research, based on 108 tests carried out with 35 

heat flow meter and guarded hot plate method has defined a laboratory test path for the calculation of the thermal 36 

resistance curve as a function of density and internal moisture content for each of the 8 growing medium samples (a kind 37 

of thermal performance certification). The research has also underlined some existing gaps, such as:  38 
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• the absence of specific standards regarding the sample laboratory preparation (mainly concerning the compaction 39 

level and the internal moisture content); 40 

• the absence of shared references regarding the compaction level reached by samples in real working conditions; 41 

• the absence of reference standards regarding the application of methods and tools for the evaluation of laboratory 42 

thermal conductivity. 43 

A second research was started in 2014 (Phase II, [12]) to answer these unsolved questions, yielded interesting results for 44 

researchers and sector companies:  45 

• analysis of the compaction level reached by growing media in working conditions (natural compaction); 46 

• definition of a methodological and practical approach to reaching the natural compaction level of growing media 47 

in laboratory through the development of a pneumatic compaction laboratory device;  48 

• analysis of the annual trend of the internal moisture content of growing media on a seasonal basis in working 49 

conditions. 50 

 51 
Figure 1. Multi-year research framework  52 

This paper describes Phase III of the research with the following scope: 53 

• Verifying to what extent the use of the correct value of thermal resistance of growing medium and drainage layer 54 

affects the calculation of the thermal resistance of the green roof through a monitoring campaign.  55 

Thermal resistance of building envelopes is an important factor in defining the total energy consumption of heating and 56 

cooling systems and achieving optimal thermal comfort for occupants. The R-value is a measure of how well an envelope 57 

can resist the heat-flow. Higher R-values lead to greater insulating effectiveness. The R-value depends on the material 58 

type, thickness and density of each layer. The heat transfer by conduction, radiation and convection can be reduced 59 
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through appropriate construction techniques and choice of materials [13]. In Europe, R-values can be calculated in 60 

accordance with Standard EN ISO 6946 [14] or measured in accordance with Standard ISO 9869-1 [15]. The calculation 61 

of green roofs performances are complicated by dynamic factors ([16], [17], [18] and [19]). In the specific, heat flux that 62 

pass through a green roof is influenced by growing medium and vegetation [20][21]. About growing media, their thermal 63 

properties vary significantly with volumetric moisture content [22] and heat storage capacity ([23] [24]). Although many 64 

studies have investigated the thermal performance of green roofs, only few have focused specifically on the thermal 65 

performance of growing media [21]. Their thermal conductivity can be calculated in the laboratory mainly by means of 66 

thermal needle probes ([25][26][27][28][29]) and heat-pulse methods [30], or through predictive empirical models 67 

([31][32]) but measures in steady state conditions can give more reliable results [21]. Like conventional building 68 

materials, growing media for green roofs can be evaluated to find out their thermal conductivity (λ), density (ρ), and 69 

specific heat capacity (Cp) and the steady state R-value can be determined in the laboratory by fixing a temperature 70 

differential across a known thickness of growing medium and measuring the heat flow after the system has reached a 71 

steady state. The output of laboratory measurement with transient o steady state methods are listed in Errore. 72 

L'autoriferimento non è valido per un segnalibro.: the variability is apparently very high, but the range of value is 73 

encouraging whereas samples densities range from 400 kg/m3 to more than 1000 kg/m3. In the absence of specific 74 

references, designers must choose whether to use standardised values for natural occurring soils or not, in order to consider 75 

the contribution of the growing medium when calculating the overall thermal performance of the green roof stratigraphy 76 

in accordance with EN ISO 6946 [14]. But analysing the conductivity values in Errore. L'autoriferimento non è valido 77 

per un segnalibro., it is clear how the values are strongly different respect the ones of the natural occurring soils varying 78 

between 1.5 and 3.5 W/mK in accordance to the international standard EN ISO 13370 [33]. Green roof growing media 79 

and natural occurring soils have different compositions: the first ones are composed of aggregate, sand and organic matter, 80 

while the latter are classified as clay, sandy loam, silt, etc [20]. 81 

Table 1. Main studies about the measurements of the conductivity of growing media 82 

Reference N. of 

samples 

Samples compositions Samples moisture 

level 

λ (W/mK) Measurement system 

Sailor, 

2008 [25] 

8  Aggregate (expanded shale or 
pumice), sand, and organic matter in 

varying volumetric composition ratios 

Dry, moist and wet 0.25 ÷ 0.62  Dual needle probe 

system1  

Pianella, 

2016 [21] 
3  Scoria mix, crushed roof tile and 

bottom-ash respectively. Each 

substrate also contained 20% 

composted coir. 

1) Dry; 2) moist 

(18–22% moisture 

content by volume); 
3) Wet (30–48% 

moisture content by 

volume). 

0.10 ÷ 0.60  

 

K-matic for the steady 

state and K2D needle 

for the transient 

measurements 

Zhao, 2014 

[34] 
5 Norlite, Perlite, Expanded clay, 

“Cellar market”, and Rooflite 

13%, 24%, 15%, 

2%, and 25% water 

content by weight 

λ(wet) = 0.0016ρ – 0.7485 

λ(dry) = 0.003ρ + 0.0405 

Dual needle probe 

system  

Ouldboukhi

tine, 2012 

[27] 

5  CRITT Aquiland, Normal aquiland, 

Soprema M, Soprema X061, Siplat 

0%, 20%, 40%, 

60%, 80% and 

100% of MWC 

0.05 ÷ 0.7  TP08 Hukseflux probe 

 
1 Dual needle probe system that is a variation on the transient line heat source methods published in IEEE 442-1981 and ASTM 

D5334 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/thermal-conductivity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/specific-heat
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sandy-clay-loam
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Barozzi, 

2017 [11] 

8  Volcanic lapilli, pumice, crushed 

bricks, zeolites; various lapilli, 

expanded silicate and pumice, Irish 

peat and humus; blend of peats, lapilli, 
pumice, expanded perlite, barks, 

coconut fibers, special clays, soil 

improvers and organic compost; black 

peat, lapilli and pumice. 

0%, 10%, 20%, 35% 

and 50% moisture 

content by volume 

0.046 ÷ 0.47  Heat flow meter 

method and guarded 

hot plate method 

About the vegetation that is considered to be decisive for the calculation of the total thermal performance of a green roof, 83 

according to the first two experimental phases, also the submitted research overlooks evapotranspiration [35] and shading 84 

[36] associated with vegetation. This methodological approach depends on the goal of this research considered as a whole: 85 

the structuring of a laboratory test path for the thermal characterization of growing media for green roofs must certainly 86 

take into account the main parameters that directly influence its value, such as the operating density (or final compaction 87 

level) and internal moisture content. “However, it cannot and must not take into account parameters such as the choice 88 

of the plant species, the shading produced and the contribution of evapotranspiration that, on the contrary, must be 89 

accounted for in the subsequent calculation, with regard to the whole stratigraphy” [12]. This aspect will be deepened in 90 

a future work. 91 

Based on thermal conductivity values calculated in laboratory during the previous research (Phase I) [11], after the 92 

description of the experimental set-up (2.1) and of the calculation method (2.2), the results (3) of this paper show that the 93 

difference between the thermal resistance measured and calculated in accordance with the ISO 9868 [15] during a 94 

reference week and that calculated in accordance with EN ISO 6946 [14] using a λ calculated in laboratory is 11.8%. In 95 

the discussion (4), the assumptions adopted are described and justified, showing that different input values in the 96 

calculation could lead to an increase in the difference between measured and calculated value up to more than 40%. The 97 

research is a first case study that needs to be further investigated in order to define a database of standardized values to 98 

be used during the design phases of a green roof depending on the type of growing medium and climatic conditions in 99 

which it is installed. The attention of companies and the interest aroused by the results already published highlights the 100 

importance of an international collaboration with other research laboratories, with the final objective of drawing up a pre-101 

normative document to form the basis for the definition of a technical guide for the certification of the fitness for use of 102 

green roof systems at European level, with particular reference to the Guidance Paper UEAtc (Union Européenne pour 103 

l'Agrément technique dans la construction) on the basis of which each state that is a member of the UEAtc network can 104 

issue Technical Approvals (also known as Agréments Techniques).  105 

2 Methodology  106 

2.1 Experimental set-up 107 

The experimentation is based on the study of the thermal performances of an extensive green roof laid down on an outdoor 108 

test cell (Figure 2) located at the headquarters of ITC-CNR in San Giuliano Milanese (Milan), 45°23'42"72 N latitude 109 

and 09°17'34"44 E longitude. It takes into account the same configuration comparing two different calculation methods 110 

defined in standard EN ISO 6946 and standard ISO 9869 through the in-situ monitoring in real working conditions.  111 

The test cell consists of an industrial container without windows, east-west oriented, external dimensions 300 cm x 250 112 

cm x 300 cm (length x width x height). With the exception of the roof panel, all the external opaque walls are insulated 113 

with mineral wool according to the minimal thermal transmittance (U) of climatic zone E as provided for in the Italian 114 

legislation in force [37] concerning the energy saving policy during the preparation of the experimental campaign (2014). 115 
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U = 0.348 W/m2 K and U = 0.364 W/m2 K for the external vertical panels (walls) and the floor, respectively. The entrance 116 

is an insulated door located on the west facing short side. 117 

 118 
Figure 2. Green roof and test cell 119 

From the inside to the outside, the green roof system is made of: test cell roof panel (10 mm-thick plywood panel, 100 120 

mm air gap and corrugated galvanized sheet); drainage panel in sintered expanded polystyrene (thickness 82 mm); 121 

geotextiles made of polypropylene fibres needle-punched and thermostabilised (thickness 1.3 mm); growing medium 122 

(thickness 80 mm), and Sedum mix for the vegetated layer.  123 

The roof panel is not insulated because of the structure and size of the test cell itself and due to the purpose of the 124 

monitoring measurements. The volume of the indoor environment is very small. The goal was to obtain accurate 125 

measurements of the thermal behaviour of the green roof in stratigraphic terms, so it was necessary to introduce some 126 

simplifications on the construction system of the industrial container, insofar as the system itself allows. 127 

The “standard” roof panel of the test cell on which the green roof is installed is usually made up of an internal plywood 128 

panel, a 100 mm gap filled with rock wool or EPS and an external corrugated galvanised sheet. However, the presence of 129 

a 100 mm insulation layer in the roof panel would have resulted in a thermal resistance value greater than 100 mm of air 130 

considered stationary2, actually reducing the accuracy of the measures related to the green roof. This is the reason why 131 

the roof panel of the test cell has an empty air gap. This air gap was considered both in the calculation made according to 132 

ISO 6946 and according to ISO 9869 as the heat flow meter was positioned on the inner face of the plywood panel. 133 

 
2 The thermal resistance of 100 mm air gap is about 0.16 m2K/W; according to the industrial container manufacturer's catalogue, the thermal 

resistance of the 100 mm cavity insulation varies between 2.78 m2K/W for rock wool and 5.05 m2K/W for EPS 
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 134 
Figure 3. Stratigraphy layers of the green roof 135 

Growing medium is mainly composed of lava lapillus and pumice stone in different particle sizes, as well as from a soil 136 

improving peat compost. The exact percentage composition and formula of growing is omitted for reasons of privacy of 137 

the Company.  138 

When choosing the vegetated layer (mix of Sedum) able to positively adapt to the context climate, no backup irrigation 139 

system was considered. Only during the first month after the installation (summer 2014), according to the installers’ 140 

recommendations, a manual irrigation was carried out to ensure a correct engraftment of the Sedum carpet to the growing 141 

medium. 142 

Figure 4 shows the scheme of the acquisition system for the green roof solution under study. As described in Figure 4, 143 

four points of measure are installed to collect the following physical parameters: surface temperatures of each single layer 144 

of the stratigraphy, internal moisture content (of the growing media), air temperature and relative humidity at a height of 145 

30 cm from the growing medium level, thermal transmittance (heat flow meter method) of the roof systems. The surface 146 

sensors for the measurement of the outdoor temperature were properly shielded from direct solar radiation.  147 
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 148 
Figure 4. Roof plan with sensors position 149 

Table 2. List of the sensors mounted 150 

Sensors Total 

number 

Typical range Response 

time 

Accuracy Resolution 

Green roof      

Surface temperature sensor Pt100  13 -40 ÷ +60°C < 8 s ±0.1°C @ 0°C 0.01°C 

Pyranometer 1 0÷2000W/m2 - <2% - 

Growing medium moisture sensor 1 0÷100% - - - 

Heat flow meter 1 -30 ÷ +70°C +5/-15% 50µVolt/Wm2 - 

Thermoigrometric sensor (Pt100 1/3 DIN and capacity 

element) 

1 -40 ÷ +80°C, 

0 ÷ 100%Rh 

< 8 s ±0.1°C, ± 2% f.s. 0.015°C, 

0.1% 

Indoor climatic conditions are monitored too and a meteorological station next to the experimental set up is used to collect 151 

the following parameters: outdoor temperature and relative humidity, horizontal global solar radiation, wind speed and 152 

direction and mm of daily rain. Two data loggers of the TMF500 type are used to record the data with a thirty-second 153 

frequency and the calculated value is based on five minutes averages. 154 

2.2 Calculation and measurement method 155 

The most adequate methodological approach adopted for this research has brought together many bibliographic researches 156 

and ITC-CNR multi-year laboratory and on field measurement expertise.  157 

In the scientific literature, most part of the comparative methods for the calculation of the thermal resistance were carried 158 

out on existing buildings, with a special focus on walls ([13], [38], [39] and [40]). D’Orazio et al. [18] for example, used 159 

the heat flow meter method [15] to calculate the thermal transmittance of a green roof mostly aiming to compare its energy 160 
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performance with other passive cooling technologies. On the other hand, some authors analysed the thermal energy 161 

performance of a green roof using innovative laboratory set-ups [19], while other researchers calculated the standard 162 

thermal resistance value to be used in dynamic simulations [41]. The calculation of the thermal insulation performance 163 

and heat flow of a green roof can be also described with a theoretical approach, like in Jim et al. [42], who adopted the 164 

Fourier law.  165 

On the contrary, the multi-year research carried out by ITC-CNR aims to be a first step towards the definition of a 166 

calculation method useful in the design phase. For this reason, the calculation effectiveness was verified using specific 167 

input data to compare the thermal resistance measured during a monitored campaign with a standardized calculation 168 

method. The comparison is specifically based on the following methods:  169 

- Heat flow meter, according to ISO 9869 [15]; 170 

- Standardized method, according to EN ISO 6946 [14]. 171 

2.3 Measurement of the thermal resistance in accordance with standard ISO 9869 172 

ISO 9869 [15] describes the heat flow meter method for the measurement of the thermal transmission properties of 173 

building components. The procedure consists of two steps: the measurement phase and the data processing phase. In the 174 

former phase, the test cell was monitored as described in paragraph 2.1 and in accordance with the ISO standard. The 175 

following data were collected: inside and outside air temperature, inside and outside roof surface temperature; heat flow 176 

through the roof. In the latter phase, data were analysed using the progressive average method, the thermal conductance 177 

(C) is estimated as:  178 

C = j qj / j (Tsij – Tsej )  179 

where: 180 

- q density of heat flow rate (W/m2); 181 

- Tsij internal surface temperature of the building element (°C); 182 

- Tsej external surface temperature (°C). 183 

According to the Standard, the thermal resistance (R), used as the thermophysical reference value for calculations3, is 184 

defined as: 185 

R = 1/C = j (Tsij – Tsej )/ j qj  186 

The heat flow meter method is conditioned by weather climatic conditions. To avoid this, the standard defines some 187 

recommendations to record the data in the most stable conditions possible.  188 

2.4 Calculation of thermal resistance in accordance with standard EN ISO 6946 189 

Standard EN ISO 6946 [14] states that the total thermal resistance, RT, of a building consisting of thermally homogenous 190 

layers perpendicular to the heat flow shall be calculated by the following expression: 191 

 
3 Thermal resistance is chosen over thermal transmittance because the difference between the inside and outside air temperature is influenced by the 

orientation of the component and by local weather conditions; otherwise, calculating the thermal resistance, the inside and outside surface temperature 

allows to obtain a more stable value [40].  
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RT = Rsi + R1 + R2 + …..+Rn + Rse 192 

where 193 

- Rsi is the internal surface resistance (m2 K/W); 194 

- R1, R2…Rn are the design surface resistance values (m2 K/W); 195 

- Rse is the external surface resistance (m2 K/W). 196 

Rsi and Rse values are tabulated as a function of the direction of the heat flow. 197 

The thermal resistance of each layer is calculated by the following expression: 198 

R = d /  199 

where 200 

d = is the thickness of the material layer in the component; 201 

λ = is the design thermal conductivity of the material, either calculated in accordance with EN ISO 10456 [43] or obtained 202 

from tabled values. 203 

3 Results 204 

3.1 Application of standard ISO 9869 205 

The calculation of the thermal resistance with the heat flow meters in working conditions is carried out according to the 206 

international standard ISO 9869 [15], choosing the progressive average method. The monitoring period refers to the winter 207 

season, 11 weeks from December 5th, 2016 to February 19th, 2017, during which the internal moisture content of growing 208 

medium varies as reported in Figure 5: 209 
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 210 
Figure 5. Variation of both the thermal conductance and the internal moisture content of the growing medium during the monitoring 211 

period, from December 5th 2016 to February 19th 2017  212 

The reference week from December 5th to 11st, 2016 is chosen to simulate the thermal behaviour of the green roof under 213 

most common conditions of internal moisture content (approximately 45%) (Table 3, Figure 6 and Figure 7), after the 214 

data analysis of the whole useful monitoring period. The internal thermostat 20 °C set point allows to reach a thermal 215 

gradient higher than 10 °C between internal and external surface temperatures for the 72 consecutive minimum hours, as 216 

required by the chosen processing methods.  217 

Table 3. Average weather conditions during the monitoring week, from December 5th to 11st, 2016 218 

Period External Temperature 

(°C) 

Hor. Solar Radiation 

(W/m2) 

Cumulated rainfalls 

(mm) 

Wind speed              

(m/s) 

 Min Max Avg Max Avg  Max Avg 

05.12.2016 4,84 7,11 5,90 166 43 0,00 1,32 0,40 

06.12.2016 3,34 9,07 5,32 277 61 0,00 1,00 0,57 

07.12.2016 -1,06 9,73 1,93 263 64 0,00 0,61 0,33 

08.12.2016 -2,16 7,89 1,00 355 73 0,00 1,36 0,80 

09.12.2016 -1,90 4,33 0,18 213 55 0,00 1,21 0,52 

10.12.2016 -1,77 1,98 -0,22 199 49 0,00 1,35 0,69 

11.12.2016 -1,48 8,11 2,35 315 68 0,00 2,34 0,96 

Table 3 shows the main external environmental parameters of the chosen reference week. It should be noted that the 

values of external humidity have been omitted, as they are not significant for the calculation methods adopted. The 

research in question compares the thermal behaviour of an extensive green roof by applying the calculation methods 
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of two different standards, namely ISO 9869 and EN ISO 6946. None of the methods includes the values of external 

relative humidity in the calculations. On the contrary, the valuable contribution from the internal moisture content of 

the growing medium is considered by using the corresponding modified values of the thermal conductivity of the 

substrate [44] by application of EN ISO 6946, while the heat flow meter method (ISO 9869) already expresses the 

presence of internal moisture content in the monitoring data. 

 

Figure 6. Weather conditions during the monitoring week, from December 5th to 11th , 2016 219 

 220 
Figure 7. Main measured parameters concerning growing medium conditions during the monitoring week, from December 5th to 11th, 221 

2016 222 
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Figure 8 shows the calculation of the thermal conductance according to the progressive average method. Table 4 instead 223 

shows both the calculation of the main parameters (thermal resistance, thermal conductance and thermal transmittance) 224 

according to the progressive average method of the roof system laid on the test cell, and the verification of boundary 225 

conditions in accordance with the standard: 226 

The boundary conditions of eligibility of the results are named below as: 227 

- Condition No.1: the duration of the test shall exceed 72 hours and be an integer multiple of 24 hours; 228 

- Condition No.2: the R-value at the end of the test does not deviate by more than ± 5% (R+5%, R-5%) from the value 229 

obtained 24h before (R24h); 230 

- Condition No.3: the R-value obtained by analysing the data from the first time period (Rft) during INT (2xT/3) does 231 

not deviate by more than ± 5% from the values obtained from the data of the last time period (Rls) of the same duration 232 

(T is the duration of the test in days; INT is the integer part). 233 

 234 
Figure 8. Thermal conductance calculated according to the progressive average method, from December 5th to 11st, 2016 235 

Table 4. Implementation of standard ISO 9869, average progressive method. 236 

1st condition: 7 days (December, 5-11) 

Main parameters 2nd Condition 3rd Condition 

Thermal Conductance  0.44 R+5% 2.39 Rft 2.14 

Thermal Resistance  2.27 R-5% 2.16 Rlt 2.23 

Thermal Transmittance  0.47 R24h 2.28 %<5% 4.02% 

3.2 Application of standard EN ISO 6946 237 

This paragraph shows the calculation of both thermal resistance, according to EN ISO 6946 [14], and dynamic parameters 238 

(periodic thermal transmittance, attenuation factor, thermal displacement, thermal capacity) calculated according to EN 239 

ISO 13786-2008 [45]. The outdoor test cells were built ex-novo specifically for the ongoing trial, thus avoiding the 240 
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difficulties that may be encountered when working on existing buildings whose stratigraphy is unknown ([38] and [39]). 241 

The producers provided the physical properties as thermal conductivity, vapour permeability and specific heat. The 242 

thermal resistances of the drainage layer and of the growing medium were measured in the laboratory. 243 

The stratigraphy layers of the green roof are shown in Figure 3 while their physical properties are described in Table 5. 244 

Table 6 lists the calculation results according to EN ISO 6946.  245 

Table 5. Stratigraphy layers properties – growing medium internal moisture equal to 50% 246 

  d 

(m) 

Ma 

(kg/m2) 

ρ 

(kg/m3) 

 

(W/mK) 

R 

(m2K/W) 

c 

(J/kgK) 

µ 

(-) 

 RSI     0.1   

1 Plywood panels 0.01 2.0 200 0.052  0.5 40 

2 Air 0.1 0.123 1 0.025 0.16 0.24 1 

3 Galvanized sheet 0.0006 4.68 7800 52 0 0.11 2000000 

4 Drainage layer 0.082 2.05 25 0.064 1.28 0.3 30 

5 Roof growing medium 0.08 878 878 0.35 0.228 0.2 20 

 RSE     0.04   

Table 6. Thermo-physical properties of the green roof solution 247 

General characteristics  Thermo-dynamic characteristics  

Total thickness (m) 0.27 Periodic thermal transmittance (W/m²K) 0.443 

Superficial mass (kg/m²) 886.85 Attenuation factor 0.885 

Thermal resistance (m²K/W) 2.00 Thermal displacement (h) 2.865 

Thermal transmittance (W/m²K) 0.50 Thermal capacity (Kcal/m²K) 10.17 

According to EN ISO 6946, the calculation of the thermal resistance of a green roof stratigraphy is not comprehensive of 248 

the vegetative layer: actually, the standard prescribes a method for “[..] the calculation of the thermal resistance and the 249 

thermal transmittance of building components and elements, excluding [..] components which involve heat exchange with 250 

soils and the components crossed by the ventilation air. The calculation method is based on appropriate values of the 251 

useful thermal conductivity or the useful thermal resistance of the materials or products concerned. The method applies 252 

to components and elements made up of thermally homogeneous layers (which may include air gaps) [..]”. None of the 253 

conditions above is applicable to a vegetation blanket. 254 

The thermal conductivity of the growing medium layer used in the calculation above is based on the previous research 255 

published by ITC-CNR in [12]. Three samples were taken into account (F_01, F_02 and F_03) with a density similar to 256 

the one tested in this research (density 878 kg/m3) in order to analyse the thermal conductivity in dry conditions and with 257 

50% relative humidity, as described in Table 7. Considering that the 45% value for relative humidity is the mean value 258 

for the green roof during the monitoring period [12], and that sample F_02 was extensive like the sample considered in 259 

this experimentation, the value of 0.35 W/mK is chosen in the calculation according to EN ISO 6946 [14]. 260 

Table 7. Thermal conductivity of growing medium layers in dry conditions and with a relative humidity of 50% - Values calculated 261 
during the previous research [11] 262 

Supplier4 Sample  

(kg/m3) 

 dry 

(W/mK) 

 50% RH 

(W/mK) 

F_01 Intensive 920 0.13 0.47 

F_02 Extensive 830 0.12 0.35 

 
4 Growing medium composition and main characteristics: F_01: mineral component consists of volcanic materials such as lapilli, pumice, crushed 

bricks, zeolites. The organic portion is composed of elements such as peat and composed vegetable residues; the organic content of the intensive 
sample is 4-5%. F_02 and F_03: sample consists of black peat, lapilli and pumice. 
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F_03 Intensive 780 0.11 0.31 

 263 

3.3 Comparison between calculated and measured values  264 

In accordance with the international standard ISO 9869 [15], the percentage deviation between calculated (EN ISO 6946 265 

[14]) and monitored values (ISO 9869[15]) must be less than 20 %. As illustrated in Table 8, in this case, the variation 266 

between the ‘standard’ value and the ‘monitoring’ value complies with the limit of 20%, and it substantially confirms the 267 

average difference between the theoretical and the experimental range determined by Cabeza et al. [46]. 268 

Table 8. Calculation of the thermal resistance: comparison of different methods 269 

Measurement methods R (W/m2K) 

Measured ISO 9869  2.27 

Calculated EN ISO 6946 2.00 

%-ale -11.8% 

4 Discussion 270 

4.1 Effects of the thermal conductivity of the growing medium: calculation assumptions 271 

The first interesting consideration with respect to the evaluation of the experimentation concerns the effect of the 272 

laboratory value assumed for the thermal conductivity of the growing medium layer. 273 

The calculation of the green roof thermal resistance in accordance with EN ISO 6946 [14] is carried out using data 274 

obtained through laboratory measurements concerning the thermal conductivity of some growing media and the thermal 275 

resistance of drainage layer. It is worth underlining that the difference between the values calculated according to EN ISO 276 

6946 [14] and the data measured in accordance with ISO 9869 [15] would have increased if tabulated values had been 277 

considered. While data on the thermal properties of natural occurring soils are widespread, the information contained in 278 

the literature concerning the thermal properties of growing media for extensive (or intensive) green roofs are inadequate 279 

and insufficient [47]. For example, if the calculation of the thermal performances of the green roofs mentioned above was 280 

based on the tabulated values for natural occurring soils, the thermal conductivity assigned to the growing medium should 281 

be 1.5 W/mK for clayey/loam soils, 2.0 W/mK for sandy/gravelly soils and 3.5 W/mK for rocky soils (according to the 282 

values contained in standard EN ISO 13370, schedule 1 [33]). Table 9 shows the percentage variation of the thermal 283 

resistance calculated with respect to the measured value adopting the thermal conductivity value measured in the 284 

laboratory (“Reference”) or different values suggested by standard EN ISO 13370 [33] for natural occurring soils 285 

(“Tabulated _1”, “Tabulated _2”, “Tabulated_3”). 286 

Table 9. Thermal resistance of green roof as a function of different values of thermal conductivity of the growing medium with 287 
respect to the measured value 288 

Stratigraphy Kind of soil   

(W/mK) 

RGR  

(W/m2K) 

R percentage variation 

(W/m2K) 

Measured tested roof growing 

medium 

-- 2.27 -- 

Reference Calculation assumption 0.35 2.00 -11.8% 

Tabulated_1 Clayey / loamy soil 1.5 1.83 -19.4% 

Tabulated_2 Sandy / gravelly soil 2.0 1.81 -20.2% 

Tabulated_3 Rocky soil 3.5 1.79 -21.1% 

The results of Table 9 underline the significance of evaluating the correct thermal contribution of a growing medium, 289 

assuming a suitable value representative of its effective characteristics of thermal resistance. Using the laboratory 290 
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measured value for growing medium, the calculated green roof thermal resistance shows a percentage variation of 11.8% 291 

with respect to the measured value. With tabulated values for growing medium, this variation can reach 21%. 292 

4.2 Effects of the internal moisture content on the thermal conductivity of the growing medium  293 

Another important aspect concerns the assumption of the calculation value of the thermal conductivity for the growing 294 

medium according to the value of the internal moisture content. 295 

The thermal conductivity of growing media is a function not only of the final compaction level, but also of the internal 296 

moisture content [4]. The annual average value of the internal moisture content of a green roof monitored in Milan varies 297 

between 10% and 20%, with the exception of winter periods during which the internal moisture content is around 45% 298 

[12].  299 

For the values and calculations listed in Table 5, the conservative value of 50% is assumed for the whole year. 300 

Furthermore, by way of example, an atypical winter week with a growing medium internal average moisture content of 301 

10% approximately is considered and the measured (ISO 9869 [14]) and calculated (EN ISO 6946 [15]) thermal 302 

resistances are compared.   303 

The in-situ monitoring is carried out during the reference week from January 23rd to 29th , 2017 (Table 10, Figure 9 and 304 

Figure 10) with an indoor set point of 20 °C. 305 

Table 10. Average weather conditions during the monitoring week, from January 23rd to 29th, 2017 306 

Period External Temperature          

(°C) 

Solar Radiation      

(W/m2) 

Cumulated rainfalls 

(mm) 

Wind speed               

(m/s) 

 Min Max Avg Max Avg  Max Avg 

23.01.2017 -1,75 9,76 3,12 382 97 0,00 1,23 0,42 

24.01.2017 -2,63 10,71 3,10 431 100 0,00 1,26 0,45 

25.01.2017 0,07 9,24 3,83 448 108 0,00 2,62 0,83 

26.01.2017 -1,73 6,63 1,70 438 109 0,00 3,32 1,20 

27.01.2017 -1,25 5,28 1,89 423 85 0,00 1,99 0,74 

28.01.2017 -1,52 5,94 1,81 378 83 0,00 1,53 0,65 

29.01.2017 -3,64 8,17 1,53 396 95 0,00 0,91 0,38 
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Figure 9. Weather conditions during the monitoring week, from January 23rd to 29th, 2017 

 

 307 
Figure 10. Main measured parameters concerning growing medium conditions during the monitoring week, from January 23rd to 29th, 308 

2017 309 

Figure 11 shows the calculation of the thermal conductance according to the progressive average method. Table 11 instead 310 

shows both the calculation of the main parameters (thermal resistance, thermal conductance and thermal transmittance) 311 
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according to the progressive average method of the roof system and the verification of limit conditions in accordance with 312 

the standard.  313 

 314 
Figure 11. Thermal conductance calculated according to the progressive average method, from January 23rd to 29th, 2017 315 

Table 11. Implementation of standard ISO 9869, average progressive method. 316 

1st condition: 7 days (January, 23-29) 

Main parameters 2nd Condition 3rd Condition 

Thermal Conductance  0.37 R+5% 2.55 Rft 2.72 

Thermal Resistance  2.68 R-5% 2.82 Rlt 2.69 

Thermal Transmittance  0.39 R24h 2.68 %<5% 0.9% 

For the calculation of the thermal resistance of the green roof stratigraphy according to EN ISO 6946 [14], the thermal 317 

conductivity value of the tested growing medium was calculated starting from the laboratory value measured by Barozzi 318 

et al [11] in dry conditions, and considering a 0,046 W/mK increase in the conductivity value per each 10% increase of 319 

the growing medium moisture content, according to the conclusions of Sailor [5]. Therefore, starting from the dry value 320 

of Table 7 (F_02 extensive, λdry 0.12 W/mK), the thermal conductivity value of the growing medium in the presence of 321 

10% internal moisture is equal to 0.17 W/mK (Table 12), which corresponds to a total thermal resistance value of the 322 

whole stratigraphy of 2.25 m2K/W (Table 13). 323 

Table 12. Stratigraphy layers properties – growing medium internal moisture equal to 10% 324 

  s 

(m) 

Ma 

(kg/m2) 
  

(kg/m3) 

 

(W/mK) 

R  

(m2K/W) 

c 

(J/kgK) 

µ 

(-) 

 RSI     0.1   

1 Plywood panels 0.01 2.0 200 0.052  0.5 40 

2 Air 0.1 0.123 1 0.025 0.16 0.24 1 

3 Galvanized sheet 0.0006 4.68 7800 52 0 0.11 2000000 

4 Drainage layer 0.082 2.05 25 0.064 1.28 0.3 30 

5 Roof soil 0.08 878 878 0.17 0.228 0.2 20 

 RSE     0.04   
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Table 13. The thermo-physical properties of the green roof solution 325 

General characteristics  Thermo-dynamic characteristics  

Total thickness (m) 0.27 Periodic thermal transmittance (W/m²K) 0.341 

Superficial mass (kg/m²) 886.85 Attenuation factor 0.765 

Thermal resistance (m²K/W) 2.25 Thermal displacement (h) 4.086 

Thermal transmittance (W/m²K) 0.446 Thermal capacity (Kcal/m²K) 11.334 

Table 14 shows the comparison between the calculation of the thermal resistance of the roof stratigraphy according to 326 

ISO 9869 [15] and EN ISO 6946 [14] assuming an internal moisture content of 45% and 10%: the percentage difference 327 

is 11.8% and 16%, respectively.  328 

Table 14. Thermal resistance of the green roof with a variation of the growing medium internal moisture  329 

Method R (m2K/W) 

 45 % internal moisture 10 % internal moisture 

Measured ISO 9869 2.27 2.68 

Calculated EN ISO 6946 2.00 2.25 

%-ale -11.8% -16% 

This no linearity is mainly due to two different parameters. The first is represented by the compositional characteristics 330 

of the growing medium that contribute to the minimum value of thermal conductance of the whole stratigraphy. This can 331 

be different from the more generic value calculated through a theoretical algorithm, such as the one above Table 15 332 

compares values assumed by the thermal resistance both as monitored data and theoretical calculation considering values 333 

of the internal moisture content comprises between 50% and 10%: the percentage variation is negligible except for the 334 

10% value of internal moisture content of the growing medium. This is a border condition that almost never occurs and 335 

almost exclusively depends (as in the case of dry samples in laboratory) on the specific composition of the individual 336 

growing medium sample. 337 

Table 15. Comparison between monitored value of the thermal resistance and the theoretical calculation 338 

Growing medium Internal 

moisture content 

Monitored data - Thermal 

resistance (m2K/W) 

Theoretical calculation – 

Thermal Resistance (m2K/W) 

Percentage deviation 

50 2.08 -- -- 

40 2.44 2.16 -11.64% 

30 2.56 2.39 -6.70% 

20 2.70 2.69 -0.54% 

10 2.70 3.07 -13.50% 

The latter is represented by the presence of the vegetative layer, not included in the calculation according to EN ISO 6946 339 

[14], which directly affects the external surface temperatures, and consequently the heat flows. 340 

Indeed, Tse,s shows a different trend with respect to Tex because of the vegetation layer. In Figure 7, for example, the 341 

mitigation action of the Sedum carpet is shown for the reference week from 5 to 11 December 2016: Tse,s are always 342 

more constant with respect to Tex with a consequent reduction of the heat flow respect a traditional roof. Also the 343 

contribution of the heat emitted by the Sedum carpet is shown: T30 is almost always lower than Tse,s, but higher than the 344 

external air temperature Tex. Furthermore, the evapotranspiration contribution was not investigated considering that in 345 

the winter season it is significantly lower due to the period of vegetative dormancy [19]. 346 

4.3 Effects of the thermal resistance value of the drainage layer  347 

Another interesting aspect is in relation to the thermal resistance of the drainage layer. The technical sheet of the drainage 348 

layer states a preventive value of thermal resistance of 0.71 m2 K/W. However, heat flow meter laboratory tests were 349 
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carried out to evaluate the thermal performance of a portion of drainage layer considering its exact shape including the 350 

air cavity. As in the real configuration, air circulates form the outside to the inside of the air cavity of the drainage layer; 351 

two tests were performed: 352 

- P1: unventilated air gap. The heat flow meter is closed, with a gradient air temperature of 10 °C (TSsup = 15 °C, TSinf 353 

= 5 °C, upwards heat flow), in accordance with UNI 12667 [48]. P1_Drainage thermal resistance = 1.38 m2K/W.  354 

- P2: ventilated air gap. Open heat flow meter, thermal gradient increased to 25 °C (TSsup = 25 °C, TSinf = 0 °C, upwards 355 

heat flow). P2_ Drainage thermal resistance = 1.28 m2K/W . 356 

Considering that the ventilated air gap corresponds to the real configuration, a P2 thermal resistance of 1.28 m2K/W is 357 

adopted for the calculation of the thermal resistance of the whole stratigraphy.  358 

If the value declared by the manufacturer had been used instead of the value measured in the laboratory, the change in 359 

thermal resistance of the green roof compared to the measured value would have been -37% instead of -11.8%, as shown 360 

in Table 16. According to the calculation method of standard EN ISO 6946, the thermal resistance of the drainage layer 361 

causes an increase of -25.2% in the thermal resistance of the whole stratigraphy.  362 

Table 16. Calculation of the thermal resistance of the whole stratigraphy (GR) assuming different values of thermal resistance of the 363 
drainage layer  364 

Green roof R (W/m2K) 

Stratigraphy R of the drainage layer (m2K/W) = 1.28 R of the drainage layer (m2K/W) = 0.71 

Measured ISO 9869  2.27 2.27 

Calculated EN ISO 6946 2.00 1.43 

%-ale -11.8% -37% 

The value declared by the manufacturer was calculated as a precaution in the presence of retained water. However, the 365 

monitoring campaign showed that, during the experimentation, the internal moisture content of the growing medium 366 

reached 45% only in some months while in many other months it was around 10-20%. Considering that the growing 367 

medium is assumed as a precaution at the maximum measured level (45%) of internal moisture throughout the whole 368 

year, the drainage and accumulation layer can be considered unsaturated with water for most part of the year. The 369 

considerations mentioned above concerning the assumption of the thermal resistance value for the drainage layer allow 370 

for a considerable increase in the whole stratigraphy performances of the green roof. 371 

4.4 Final considerations 372 

A final consideration can be made by comparing the thermal resistance value of the whole stratigraphy monitored with 373 

the value calculated by assuming the worst assumptions: 374 

• thermal conductivity of the substrate equal to 3.5 W/mK (Table 5 and Table 7); 375 

• thermal resistance of the drainage layer declared by the manufacturer equal to 0.71 m2K/W. 376 

In Table 17 is shown that the percentage variation between measured and calculated values can reach almost 45%. 377 

Table 17. Comparison between the monitored R-value and the worse standard configuration, of the whole green roof stratigraphy  378 

Method R (m2K/W) 

Measured ISO 9869 2.27 

Calculated EN ISO 6946 1.25 

%-ale -44.9% 



20/24 

 

 

5 Conclusions 379 

This paper lays the foundations for defining standard assumption in the calculation of the thermal resistance of a green 380 

roof, also considering the contribution of the drainage layer and growing medium, that are not often considered in 381 

standardized calculations, or that are evaluated with values that do not represent the real working conditions. The results 382 

obtained show that: 383 

- the laboratory measurement of the thermal resistance of growing media as a function of its thickness and water 384 

content for calculation purpose is a necessary step for the correct design of green roofs. The thermal resistance of 385 

the green roof calculated according to standard EN ISO 6946, actually varies by about 11.8% (Table 8 and Table 386 

14, respectively) with respect to the measured value according to ISO 9869 only if designers make some initial 387 

assumptions about the thermal resistance of the growing medium. Instead, using tabulated thermal resistance values 388 

for growing medium, performances can worsen by up to 21.1%, as shown in Table 9; 389 

- the laboratory measurement of the real thermal resistance of the drainage layer is another important value for the 390 

calculation of the thermal resistance of the whole stratigraphy of a green roof. The results of this experiment show 391 

that, using thermal resistance values of the drainage layer supplied by the manufacturer and calculated by linear 392 

interpolations with an excessive safety coefficient, the calculated thermal resistance of the roof varies by more than 393 

30% with respect to the measured value (Table 16). 394 

- the increase in thermal performance of a green roof, assuming that the values of thermal resistance of growing 395 

medium and of thermal resistance of the drainage layer are calculated by laboratory measurements, can reach 45% 396 

(Table 17) compared to the values calculated according to EN ISO 6946 with standardized or declared values. 397 

The laboratory tests performed have also highlighted that the thermal resistance of growing medium varies considerably 398 

as the degree of internal moisture varies. It will be essential to map growing media moisture percentages according to the 399 

geographical context in order to be able to use the correct thermal resistance value of the growing medium, not to the 400 

detriment of climatic contexts in which the maximum water content is lower than the degree of saturation. 401 

Finally, considering that Pianella [21] has found a relationship between the effect on thermal resistance of the internal 402 

moisture content of the growing media and their composition, ITC-CNR intends to expand the number and type of 403 

growing media samples for green roofs. The international collaboration with other research laboratories could help to 404 

respond to the final objective of the research: drawing up a pre-normative document to form the basis for a Guidance 405 

Paper UEAtc (Union Européenne pour l'Agrément technique dans la construction).  406 
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Nomenclature  

Cp Specific heat capacity, J/kg K 

d Thickness of a layer, m 

Go Global Solar Radiation on horizontal plane (W/m2) 

GR Green Roof 

IMs Substrate Internal Moisture content (%) 

λ Thermal conductivity, W/m K 

Ma Superficial mass, kg/m2 

MWC Maximum Water Content 

q Density of heat flow rate, W/m2 

R Thermal resistance, m2 K/W 

RGR Thermal resistance of the Green Roof, m2 K/W 

RHex External Air Humidity (%) 

Tex External Air Temperature (°C) 

Tse,s Substrate External Surface temperature (°C) 

T30 Air temperature 30cm above the roof (°C) 

U Thermal Transmittance, W/m2 K 

Greek  

ρ Density, kg/m3 

μ Vapour resistivity 
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