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Abstract 9 

 10 
Sustainability trends for buildings require new construction systems to foster energy 11 
efficiency and environmentally friendly buildings. Green roofs are interesting construction 12 
systems because they provide both aesthetic and environmental benefits. This paper 13 
continues a long-term research in order to evaluate and improve the thermal behaviour and 14 
sustainability of extensive green roofs. Simultaneously this research provides experimental 15 
data for specific Mediterranean continental climate conditions. The experiment consists in 16 
evaluating the energy consumption and thermal behaviour of three identical house-like 17 
cubicles located in Puigverd de Lleida (Spain), where the only difference is the roof 18 
construction system. The roof consists of a conventional flat roof with insulation in the 19 
reference case, while in the other two cubicles the insulation layer has been replaced by a 9 20 
cm depth extensive green roof (comparing recycled rubber crumbs and pozzolana as 21 
drainage layer materials). The electrical energy consumption of a heat pump system was 22 
measured for each cubicle during 2012 and part of 2013. Both extensive green roof cubicles 23 
show less energy consumption (16.7% and 2.2%, respectively) than the reference one 24 
during warm periods, whereas both extensive green roof systems present a higher energy 25 
consumption (6.1% and 11.1%, respectively) compared to the reference cubicle during 26 
heating periods. 27 
 28 
Keywords: Extensive green roofs, Energy efficiency, Green building, Recycled rubber 29 
crumbs, Passive system. 30 
 31 
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1. Introduction 44 

 45 
During the last two decades, the building sector has experienced an important evolution in 46 
terms of quantity of constructed buildings, but less evolution in its energy performance 47 
regarding to usage and operational phases. Consequently, 40% of total primary energy 48 
consumption in European Union (EU) is due to households and the building sector. For this 49 
reason and with the aim to reduce the CO2 emissions, the EU has issued legislations and 50 
regulations on energy efficiency of buildings [1] and built environment sustainability [2, 3]. 51 
Therefore, in the building sector reduction of both energy demand and environmental 52 
impact have become important factors to achieve more sustainable buildings and meet the 53 
objectives of "20-20-20" in energy efficiency. In addition, the European Energy Directives 54 
promote new building processes and construction systems to improve energy efficiency and 55 
sustainability in buildings.  56 
 57 
New construction systems have become important for the scientific community in the last 58 
decade. Within them, green roofs are seen as interesting construction systems because they 59 
provide both aesthetic and environmental benefits [4], being one of them energy savings.  60 

 61 
Numerous studies in different fields about green roofs have been conducted during the last 62 
twenty years. Some authors divide these systems into two categories, “extensive” and 63 
“intensive” [5-8], while other authors introduce an intermediate category called “semi-64 
intensive” green roofs, which are a combination of the extensive and intensive [9]. 65 
Generally, extensive green roofs have shallower substrates (<200 mm) that do not represent 66 
an excessive overweight for conventional roof structures (70-170 kg/m2) [8]. Some 67 
advantages are: no additional structural reinforcements, less investment in growing media 68 
and plants, and less maintenance. On the other hand, intensive green roofs systems, also 69 
called living roofs or roof gardens, implement more heavy vegetation, like trees and shrubs, 70 
which require deeper substrates (>200 mm). In addition, roof gardens represent an 71 
overweight (290-970 kg/m2) and additional maintenance in plant care [8]. These systems 72 
are focused on landscape and aesthetic values to increase living and recreation spaces in 73 
densely populated urban areas [7]. 74 
 75 
After literature review, the main environmental benefits of these systems compared to the 76 
traditional flat roofs have been found and listed below: water retention capacity [10-12], 77 
reduction of surface runoff in large cities [13,14], water runoff quality [14,15], 78 
improvement of urban environment, mitigating the Urban Heat Island effect (UHI) [16-18], 79 
reduction of CO2 concentration in the urban environment [19,20], sound absorption [21,22], 80 
enhance of internal membranes durability [23,24], aesthetics reactions [25], and 81 
enhancement of the biodiversity and reduction of habitat losses [26]. 82 
 83 
In addition to all the above mentioned advantages, it is known that green roofs are efficient 84 
systems to reduce the indoor-outdoor temperature variations and, consequently, to decrease 85 
the annual energy consumption [24,27]. However, there are different parameters which 86 
influence the final energy performance of a green roof that can be experimentally studied 87 
more in detail, such as building insulation characteristics, the climate zone, plant types 88 
(Leaf Area Index, stomatal resistance, height, fractional coverage and albedo) [28-30], 89 
growing media (thickness, composition, density, moisture content) [28,30,31], and drainage 90 
layer properties [28,32,33]. 91 
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Regarding the importance of the building insulation level, a single family house with 92 
conventional and green roofs in a temperate French climate was simulated by Jaffal et al. 93 
using TRNSYS software. The authors stated that green roofs only exhibit significant energy 94 
savings under both heating and cooling periods for uninsulated (48% energy savings) or 95 
moderately insulated (5 cm, 10% energy savings) buildings [24]. Similar results were 96 
obtained by Niachou et al. [34] in a simulation study conducted in a hotel located in 97 
Loutraki region (temperate and warm climate). Energy savings up to 48% for non-98 
insulated, 7% for moderate insulated and less than 2% for high-insulated cases were 99 
estimated. Under similar climate conditions, Santamouris et al. [35] also used TRNSYS to 100 
calculate, under several scenarios (insulated and noon-insulated green roofs), the cooling 101 
and heating loads compared to conventional flat roof over the whole building. Cooling load 102 
reductions between 15-49% for the non-insulated case and between 6-33% for the insulated 103 
case were found. However, the heating load variation due to the green roof installation was 104 
not significant to be remarkable. 105 
 106 
The importance of the level of building insulation on the energetic performance of green 107 
roofs has been previously studied, but most of those energy saving results derive from 108 
mathematical models and parametric studies. Thus, new experimental studies of long term 109 
about extensive green roofs without insulation are useful to obtain real data. 110 
 111 
On the other hand, the seasonal performance of green roofs in different climate zones has 112 
been studied. Several authors as Perez et al. [36] and Coma et al. [37] show the energy 113 
savings potential of green roofs during summer in Mediterranean climate despite having 114 
low vegetation coverage (20%). In addition several authors shows the performance in both 115 
summer and winter seasons, such as Getter et al. [33] conducted an experimental study in 116 
Midwestern U.S. climate (Michigan State University), characterized by hot humid summers 117 
and cold snowy winters. The results showed that green roof reduced heat flux through the 118 
building envelope by an average of 13% in winter and 167% during summer. A similar 119 
experimental study under mild climate with moderate rainfall in winter and low rainfall in 120 
summer Portland (Oregon) was conducted by Spolek [38]. The results showed significant 121 
heat transfer reductions of around 13% in winter while in summer conditions was around 122 
72%. 123 
 124 
Nonetheless several authors have concluded that the performance of these systems in 125 
different climate zones have no effect on the building or may have negative effect during 126 
winter periods. As an example, for humid subtropical regions with high temperatures and 127 
intense rain events, Simons et al. [39] evaluated six different green roof platforms and 128 
concluded that all the studied systems showed significantly lower internal temperatures on 129 
warm days, while in cold days no differences were observed when compared to traditional 130 
and cool roofs. In addition to, Jim and Tsang [40] under similar climate conditions 131 
conclude that green roofs cause notable heat losses from the substrate to the ambient air 132 
during heating period thus increasing the energy consumption to warm the indoor air. Also 133 
some simulation studies as Jaffal et al. [24] provided results by several cities (Athens, La 134 
Rochelle and Stockholm), where the performance of green roof during heating period may 135 
vary due to the climate zone. The results showed that the main indoor air temperature in hot 136 
summer was reduced by 2.6, 2.0, and 1.4 ºC for Athens, La Rochelle, and Stockholm, 137 
respectively. However, the green roof does not impact on the heating demand in the 138 
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temperate climate of La Rochelle and an increment of 8% in the Mediterranean climate of 139 
Athens was observed. 140 
 141 
From these studies it could be stated that the potential of energy savings of green roofs 142 
under summer season in several climates are globally known. However, winter 143 
experimental tests have been less studied and sometimes the results are controversial. In 144 
addition, the literature review strongly recommends the study on the performance of green 145 
roofs in winter time for different climates zones [32]. 146 
 147 
Therefore this paper aims a long term experimental study about the potential of extensive 148 
green roofs as passive systems for energy savings under dry Mediterranean continental 149 
climate, providing new data for summer and winter periods. For this purpose, in the present 150 
paper, several experiments in order to assess the differences in energy consumption 151 
between two extensive green roofs compared to a conventional flat roof for both cooling 152 
and heating periods have been carried out. 153 
 154 

2. Materials and methodology 155 

 156 

2.1 Experimental setup 157 
 158 
The experiments were done in Puigverd de Lleida, Spain. The experimental set-up consists 159 
of three house-like cubicles (Figure 1) with identical internal volumes (2.4 x 2.4 x 2.4 m). 160 
Their foundations are concrete reinforced slabs of 3 × 3 m. The compositions of the walls 161 
show the following layers from inside to outside (Figure 2): gypsum, alveolar brick (30 × 162 
19 × 29 cm), and cement mortar as internal coating. Due to the insulation properties of the 163 
alveolar brick, additional insulation layer is not required in this wall system [41,42]. The 164 
roof is the only construction system that differs among the studied cubicles. 165 
 166 

 167 
Figure 1. Experimental cubicles in Puigverd de Lleida (Spain) 168 

 169 
 170 
 171 
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The roofs evaluated in this study are shaped by the following construction systems: 172 
 173 
a)  Reference. A traditional insulated flat roof, with precast concrete beams and ceramic 174 

floor arch 25 cm with 3 cm of polyurethane insulation layer above, concrete relieved 175 
pending formation of 2%, double asphalt membrane, and a single layer of gravel of 7 176 
cm thickness (Figure 2). 177 
 178 

 179 
Figure 2. Construction section of the reference cubicle 180 

 181 
 182 

b)  Pozzolana. A traditional non insulated flat roof, with precast concrete beams and 183 
ceramic floor arch 25 cm, concrete relieved pending formation of 2%, double asphalt 184 
membrane, 4 cm of pozzolana as drainage layer, substrate layer of 5 cm thickness, 185 
and the vegetation layer (Figure 3). 186 
 187 

c)  Rubber crumbs. Identical composition and thickness layers than Pozzolana roof but 188 
using 4 cm of rubber crumbs as drainage layer material instead of pozzolana (Figure 189 
3). 190 

 191 
 192 
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 193 
Figure 3. Construction sections of the green roofs cubicles 194 

 195 
One of these studied extensive green roof systems is new and innovative, designed with the 196 
purpose to improve the sustainability of the current systems which are usually based on 197 
traditional materials such as PVC membranes, etc. The main goal was the replacement of 198 
conventional drainage materials for rubber crumbs from out of used tires. This reduced the 199 
impact of extraction of raw materials and provided a second life to a waste material. As a 200 
result, the sustainability of the whole construction system was increased [43]. Moreover, 201 
the possibility of applying rubber crumbs as drainage layer was confirmed previously by 202 
studying the hydraulic properties of this material in the laboratory [44]. 203 
 204 
The main thermophysical properties of the roofs systems above mentioned are shown in 205 
table 1. In order to provide realistic data about the thermal behaviour of the growing media 206 
under both dry and saturated conditions, data from Sailor and Hagos [31] have been used. 207 
Their study presents an experimental evaluation of thermal properties from different soil 208 
compositions depending of their moisture content. 209 
 210 
 211 
 212 
 213 
 214 
 215 
 216 
 217 
 218 
 219 
 220 
 221 
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 222 
Table 1, Thermophysical properties of the roofs layers. 223 

 224 
Roof Layers Thickness

(m) 
Material Thermal 

conductivity 
(W/m K) 

Density
(kg/m3) 

Specific heat 
(J/kg K) 

Thermal 
resistance 
(m2 K/W) 

Thermal 
transmittance 

(W/m2K) 
Reference roof 
Water proof 
protection 

0.07 Gravel 1.21 1700 920  

Water proof 
membrane 

0.01 Bitumen 0.23 1100 1000  

Pending 
formation 

0.02 Light mortar 0.41 900 1000  

Insulation 0.03 Polyurethane 0.037 30 1000  
Structural 
slab 

0.25 Composed - 1220 1000 0.28 

Coating 0.015 Plaster 0.57 1150 1000  
     0,71
Rubber Crumbs 
Vegetation 0.01-0.1 Deslosperma sp and 

Sedum sp 
- - - - 

Substrate 0.05  0.13-0.74 730-1150 1160-1680 - 
Drainage 0.04 Rubber crumbs 0.13 610 1000  
Water proof 
membrane 

0.01 Bitumen 0.23 1100 1000  

Pending 
formation 

0.02 Light mortar 0.41 900 1000  

Structural 
slab 

0.25 Composed - 1220 1000 0.28 

Coating 0.015 Plaster 0.57 1150 1000  
     0.79 - 1.06  
Pozzolana 
Vegetation 0.01-0.1 Deslosperma sp and 

Sedum sp 
- - - - 

Substrate 0.05  0.13-0.74 730-1150 1160-1680 - 
Drainage 0.04 Pozzolana 0.55 830 1000  
Water proof 
membrane 

0.01 Bitumen 0.23 1100 1000  

Pending 
formation 

0.02 Light mortar 0.41 900 1000  

Structural 
slab 

0.25 Composed - 1220 1000 0.28 

Coating 0.015 Plaster 0.57 1150 1000  
     0.97 - 1.40  

 225 
On the other hand, in accordance with the experience of the commercial company involved 226 
in the project [45], the green roof system used here has no filter layer between the substrate 227 
and the drainage layer. Despite this distinguishing feature, the green roof shows an 228 
unchanged stratigraphy (substrate and drainage layers) three years after the implementation 229 
of this experimental set-up (Figure 4). 230 
 231 
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 232 
Figure 4. Stratigraphy of the substrate and drainage layers (rubber crumbs on the left and pozzolana 233 

on the right) three years after their implementation 234 
 235 

The plant species used were a mixture of genres Deslosperma sp and Sedum sp well 236 
adapted to hot and dry climate conditions during summer period. Moreover, a preventive 237 
drip watering system, which provides 24 litres/day in 10 min, to maintain the plants during 238 
the summer period in dry Mediterranean continental climate was also implemented. 239 
 240 
 241 

2.2 Instrumentation 242 
 243 
Each cubicle was equipped with a heat pump in order to provide both heating and cooling. 244 
Figure 5 shows the location of the all sensors used to evaluate the thermal behaviour during 245 
the experiments. Their electrical energy consumption as well as other important parameters 246 
were registered for each cubicle at 5-min intervals: 247 
 248 

 Internal wall temperatures (east, west, north, south, roof and floor) and also external 249 
south wall temperature. 250 

 Internal ambient temperature and humidity (at a height of 1.5 m). 251 

 Electrical consumption of the HVAC system (heat pump Fujitsu Inverter 252 
ASHA07LCC; Heating capacity 3.00kW; Heating input power 0.66kW; Cooling 253 
capacity 2.10kW; Cooling input power 0.47kW; Energy efficiency ratio 4.47; 254 
Refrigerant 900g of R410A). 255 

 Horizontal global solar radiation. 256 

 External ambient temperature and humidity. 257 
 258 
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 259 
Figure 5. Sensors location used to evaluate the thermal behaviour of the studied cubicles. 260 

 261 
Internal and external surface temperatures were measured using Pt-100 DIN B probes, 262 
calibrated with an accuracy of ±0.3 ºC. The electrical consumption of the HVAC systems 263 
was measured using an electrical network analyser (MK-30-LCD) with an accuracy of 264 
Class 1. To capture the horizontal global solar radiation a Middleton Solar pyranometer 265 
SK08 was used. The air temperatures and humidity sensors were ELEKTRONIK 266 
EE21FT6AA21 (accuracy of ±2%). 267 
 268 

2.3 Experiments 269 

The experimental facility allows conducting different experiments: 270 

 Free floating temperature experiments, where no heating/cooling system is used. The 271 
thermal evolution of the inner environment of the different cubicles is compared. 272 
 273 

 Controlled temperature experiments, where the heat pump is used in automatic 274 
function to set the internal ambient temperature of the cubicle. The HVAC is set to a 275 
certain temperature and used the whole experimental period. The electrical energy 276 
consumption of the cubicles is compared using different set points. 277 

 278 
Table 2 shows the various weeks that were selected in order to carry out the study during 279 
both cooling and heating periods as well as the thermal behaviour evolution without HVAC 280 
systems. 281 
 282 
 283 
 284 
 285 
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Table 2. Specification of experimental procedures 286 
 287 

Year Month  Week Duration Period Set point Figure nº 
2012 July 2nd From 6th to 12th  Cooling 24ºC 6 
2012 August 3rd From 16th to 22th  Cooling 24ºC 7 
2012 Sep.-Oct. 4th  From 26th to 3rd  Cooling 18ºC 8 
2012 November 2nd  From 6th to 14th No-HVAC FF 9 
2012 December 4th  From 22th to 31st Heating 22ºC 10 
2013 January 3rd  From 11th to 19th Heating 18ºC 11 
2013 Feb.-Mar. 4th From 21th to 1st No-HVAC FF 12 

 288 
 289 

2.4 Climate conditions 290 
 291 
Puigverd de Lleida (Spain) has a Mediterranean continental climate which is characterized 292 
by cold and foggy winters and hot and dry summers. Frosts are common during winter 293 
although snowfall can occasionally fall, averaging 1 or 2 days. Precipitations are low, with 294 
an annual average of 320 millimetres, a peak in April and May, and another peak in 295 
September and October. The mean annual temperature oscillates between 12-14 ºC, with 296 
thermal amplitudes of 17-20 ºC. 297 
 298 
To understand better the specific climate conditions of the experimental site, a summary of 299 
climatic data from the last 10 years can be seen in Table 3. Moreover, to establish a 300 
comparison between historic climate data and the climate data during the experimental 301 
study, the data during 2012 is presented in Table 4 [46]. 302 
 303 

 304 
Table 3. Ten years historic climatic data in the experimental setup location, Puigverd de Lleida (Spain) 305 
 306 

From 2003 to 2012 Units Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Yearly 
average 

Monthly average 
temperatures 

ºC 4.8 6.7 10.8 13.7 17.7 22.4 24.1 24.3 19.5 14.8 8.5 4.8 14.3 

Maximum monthly 
average 
temperatures 

ºC 10.2 13.9 18.3 21.7 25.3 3.5 32.2 32.7 27.6 22.2 14.9 9.9 21.6 

Minimum monthly ºC 0.36 0.4 3.9 6.8 10.6 14.6 16.7 16.8 12.8 8.8 3.4 0.3 8.0 

Monthly rainfall mm 23.4 15.1 28.2 51.5 42.6 22.7 12.7 14.8 28.1 34.5 25.0 14.9 313.3 

Nº rainfall days days 14 8 8 9 9 5 4 4 6 10 12 12 101 

Relative humidity % 84.6 73.0 66.1 66.2 63.0 57.9 58.2 61.1 69.3 76.1 82.7 82.7 69.9 

Monthly average 
solar radiation 

MJ/m2 6.1 10.5 15.3 19.2 23.3 26.1 26.3 22.7 17.6 12.0 5.4 5.4 16.0 

 307 
 308 
 309 
 310 
 311 
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 312 
T able 4. Climatic data during 2012 in the experimental setup location, Puigverd de Lleida (Spain) 313 

 314 

Year 2012 Units Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Yearly 
average 

Monthly average 
temperatures 

ºC 3.8 3.8 11.1 13.1 19.1 23.9 23.8 26.1 20 15.5 9.2 5.4 14.6 

Maximum monthly 
average 
temperatures 

ºC 10.2 12.5 19.8 19.2 26.7 31.7 31.6 34.2 27.6 22.4 14.3 11.3 21.8 

Minimum monthly ºC -1.1 -3.7 2.8 7.2 12.1 16.4 16.9 18.7 13.3 10.1 5 0.5 8.2 

Monthly rainfall mm 2.5 1.3 23.3 56.2 13.5 17.4 8.8 8.5 33.8 76.6 34.9 5.9 282.7 

Nº rainfall days days 2 3 3 10 5 4 4 3 4 13 16 13 90 

Relative humidity % 79 52 55 59 54 48 53 51 61 73 82 80 62 

Monthly average 
solar radiation 

MJ/m2 7 13.1 18 19 25.4 27 26.4 23.4 16.9 12.4 6.9 6.8 16.9 

 315 
 316 
After comparing climatic data available between the last 10 years and 2012, only small 317 
significant differences in rainfall were observed. As shown in tables 3 and 4, the rainfall 318 
during 2012 was lower (282 mm) compared to the average rainfall from the last 10 years, 319 
which were (313 mm). Moreover, the number of rain events was 90 days and 101 days 320 
respectively. Due to the low rainfall during 2012, significant differences in relative 321 
humidity during winter period of 2012 (December, January and February) were observed. 322 
On the other hand, no significant differences between temperatures and solar radiation were 323 
found. 324 

3. Results and Discussion 325 

 326 
The experimental results allow evaluating and comparing the thermal behaviour and 327 
electrical energy consumption of the heat pumps, for the three construction systems during 328 
summer and winter periods. 329 
 330 

3.1 Thermal behaviour for cooling period  331 

For these experiments, the cooling period corresponds to summer conditions. The comfort 332 
range considered during summer is from 23 to 26ºC. Therefore, a set point of 24ºC was 333 
used for the experiments. Moreover, an experiment with more demanding conditions (set 334 
point of 18ºC) was performed in order to extend the range of experiments. 335 
The cumulative electrical energy consumed by the heat pumps during the 2nd week of July 336 
2012 can be seen in Figure 6. The heat pump of the reference cubicle has the highest 337 
electrical energy consumption followed by the pozzolana cubicle (1.6% reduction, 0.14 338 
kWh) and finally the rubber crumbs cubicle (21.8% reduction, 1.73 kWh). 339 
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 340 
Figure 6. Cumulative electrical energy consumption of the heat pumps for cooling. Controlled 341 

temperature (set point 24 ºC), 2nd week of July 2012 342 
 343 

 344 
Figure 7 shows the cumulative electrical energy consumed by the heat pumps during the 3rd 345 
week of August 2014. In this experiment, the same set point at 24 ºC was used, but the 346 
cooling demand was higher compared to the previous experiment. The tendency in the 347 
energy consumption of the heat pumps was the same as in the previous experiment. The 348 
reference cubicle had the highest electrical energy consumption, followed by the pozzolana 349 
cubicle (2.0% reduction, 0.35 kWh) and finally the rubber crumbs cubicle (14.7% 350 
reduction, 2.48 kWh). 351 
 352 
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 354 

Figure 7. Cumulative electrical energy consumption of the heat pumps for cooling. Controlled 355 
temperature (set point 24 ºC), 3rd week of August 2012 356 

 357 
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To span the spectrum of results, an experiment using a set point below the comfort range 358 
(set point at 18ºC) was performed. The 4th week of September 2012 (Figure 8) showed the 359 
same cumulative electrical energy consumption trend, where the cubicle with rubber 360 
crumbs had 19.1% (1.27 kWh) less energy consumption compared to the reference cubicle, 361 
and the one with pozzolana consumed 3.8% (0.25 kWh) less compared to the reference one. 362 
 363 
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 365 

Figure 8. Cumulative electrical energy consumption of the heat pumps for cooling. Controlled 366 
temperature (set point 18 ºC), 4th week of September 2012 367 

 368 

3.2 Thermal behaviour for heating period  369 

For these experiments, the heating period is studied considering a comfort range from 20 to 370 
24 ºC. Therefore, a set point of 22 ºC was used for the experiments. Moreover, an 371 
experiment with more relaxed conditions (set point of 18ºC) was performed in order to 372 
extend the range of experiments. 373 
 374 
Figure 9 shows the internal ceiling temperatures during a representative winter period 375 
(from November 6th to 14th, 2012) under free floating conditions. 376 
 377 
Significant differences could be observed between the three different cubicles. For periods 378 
where the outside air temperature was cold (from November 6th to 8th and from November 379 
11th to 14th), both rubber crumbs and pozzolana cubicles showed lower internal ceiling 380 
temperatures compared to the reference cubicle. On the other hand, when the outside air 381 
temperatures were higher during nights (from November 9th to 11th) the internal ceiling 382 
temperatures of the both green roofs cubicles showed less difference compared to the 383 
reference one. 384 
 385 
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Figure 9. Internal ceiling temperatures of the different cubicles under free floating conditions, 2nd week 387 
of November 2012 388 

 389 
 390 
On the other hand, the cumulative electrical energy consumed by the heat pumps during the 391 
4th week of December 2012 can be seen in Figure 10. The heat pump of the reference 392 
cubicle had the lowest electrical energy consumption followed by the rubber crumbs 393 
cubicle (6.8% increase, 4.2 kWh) and finally the pozzolana cubicle (11.8% increase, 7.2 394 
kWh). 395 
 396 
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 398 

Figure 10 Cumulative electrical energy consumption of the heat pumps for heating. Controlled 399 
temperature (set point 22 ºC), 4th week of December 2012 400 

 401 
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The cumulative electrical energy consumed by the heat pumps during the 3rd week of 402 
January 2013 can be seen in Figure 11. In this experiment, a set point of 18 ºC was used to 403 
span the spectrum of results. The heat pump of the reference cubicle had the lowest 404 
electrical energy consumption followed by the rubber crumbs cubicle (4.8% increase, 2.00 405 
kWh) and finally the pozzolana cubicle (9.9% increase, 4.09 kWh). 406 
 407 
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 409 

Figure 11. Cumulative electrical energy consumption of the heat pumps for heating. Controlled 410 
temperature (set point 18 ºC), 3rd week of January 2013 411 

 412 
Figure 12 shows the temperature evolution of the internal ceiling along the 4th week of 413 
February 2013 under free floating conditions. Both extensive green roofs showed lower 414 
internal ceiling temperatures when outside air temperature was low (1 ºC for the pozzolana 415 
cubicle and 0.5 ºC for the rubber crumbs one), thus confirming the higher electrical energy 416 
consumption of green roofs cubicles compared to the reference one. However, during the 417 
days with higher outside temperatures (from February 21th to 23th), internal ceiling 418 
temperatures were very similar for all the studied cubicles.  419 
 420 
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 422 
Figure 12. Internal ceiling temperatures of different cubicles under free floating conditions, 4th week of 423 

February 2013 424 
 425 
 426 

3.3 Energy consumption 427 

Table 5 summarizes the total cumulative electrical energy consumption of the heat pumps 428 
during both cooling and heating experiments for the three studied roof solutions. 429 
 430 
During the cooling analysed period, the cumulative electrical energy consumption of the 431 
cubicles with extensive green roof without insulation was lower compared to the reference 432 
cubicle (2.2% for the pozzolana cubicle and 16.7% for the rubber crumbs one). 433 
 434 
On the other hand, during the heating evaluated period, both extensive green roofs systems 435 
showed higher cumulative electrical energy consumption compared with the reference 436 
cubicle (11.1 % for the pozzolana cubicle and 6.1% for the rubber crumbs one). 437 
 438 
 439 
 440 
 441 
 442 
 443 
 444 
 445 
 446 
 447 
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Table 5. Total cumulative electrical energy consumption of the heat pumps during both cooling and 448 
heating periods of the three studied cubicles 449 

 450 

Period Mode Set point 
(ºC) 

Nº of analyzed 
days 

Rubber crumbs 
(kWh) 

Pozzolana 
(kWh) 

Reference 
(kWh) 

Jul. Cooling 24 5 5.13 6.32 6.36 

Aug. Cooling 24 7 14.30 16.44 16.78 

Sep. Cooling 18 8 5.37 6.39 6.65 

  Total 20 24.80 29.15 29.79 

       

Dec. Heating 22 10 65.49 68.51 61.29 

Jan. Heating 18 9 43.05 45.14 41.05 

  Total 19 108.54 113.65 102.34 

Heating/Cooling  39 133.34 142.80 132.13 

 451 

3.4 Plant coverage development 452 

During the first summer after plantation (2011) plants experienced a great development. 453 
Since an irrigation system had been installed in order to ensure the plants survival during 454 
the hardest days of summer (from June to September), no drought problems were observed. 455 
Due to the irrigation supply the emergence of annual colonizing species that came from the 456 
close environment was detected. 457 
 458 
The growth of invasive plants was not considered negative for the green roof effectiveness; 459 
on the contrary, they increase plant coverage and therefore improve protection against solar 460 
radiation. Otherwise, this could influence over the original species growth since they 461 
compete for the same roof surface than Sedum and Delosperma. 462 
 463 
In winter, with the disappearance of the aerial part of these plants, the vegetation coverage 464 
decreases exposing the substrate to the environment and changing the thermal behaviour of 465 
green roofs. The possibility of invasive plants appearance must be taken into consideration 466 
during the irrigation design as well as during the maintenance works. 467 
 468 
In 2011, plants on the extensive green roof developed properly, as shown in Figure 13a. At 469 
this time, the plant coverage was approximately 20%. 470 

 471 

 
Figure 13a. Extensive green 

roof. Growth phase during the 
first summer (2011). 20% plant 

coverage. 

Figure 13b. Extensive green roof. 
Winter view (2011 to 2012) 

 

Figure 13c. Extensive green roof. 
Summer 2012 view. 85% plant 

coverage. 
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During winter months, the aerial part of Sedum and Delosperma was reduced. Hence, the 472 
coverage was lower during the heating period. In addition, a similar effect is observed in 473 
the areas with great density of foreign plants, as these plants lose the aerial part during 474 
those months (Figure 13b). 475 

 476 
In summer 2012, when data for this study was recorded, plant coverage was approximately 477 
85%, which can be considered high for an extensive green roof under Mediterranean 478 
continental climate (Figure 13c). The greater development of Sedum and Delosperma 479 
prevented the emergence of spontaneous plants during this summer. 480 
 481 
Species that have had better survivability and have provided better thermal performance 482 
under dry Mediterranean continental climate have been Sedum moranense, Sedum album, 483 
Sedum sediforme, Sedum spurium and Delosperma cooperi. On the contrary, Delosperma 484 
nubigenum showed bad results in resistance against weather conditions and failed facing 485 
this rigorous continental climate. 486 

 487 
It is interesting to highlight that the differences between species, such as the foliage 488 
density, the horizontality of their growth, etc., may influence the green roof thermal 489 
behaviour. Further studies should address this issue, so that the most suitable species in 490 
terms of their ability to provide high plant coverage and good resistance to the climate 491 
could be identified. 492 
 493 
In this regard, among the species used in this experiment, Sedum moranense must be 494 
highlighted, since it showed a high resistance to Mediterranean continental climate with its 495 
large horizontal development that allows covering quickly the roof surface and offer 496 
excellent foliage density. 497 
 498 

3.5 Discussion 499 

From the results it can be deduced that, during warm periods with significant solar 500 
radiation, the shade effect of vegetation (Leaf area Index and albedo), the transpiration of 501 
the plants, and the evaporative cooling effect from substrate contributes to reduce the 502 
external surface temperatures during daytime. These results confirm those of [47]. 503 
Moreover, part of the heat is stored in the substrate and drainage layers of the green roofs, 504 
and the heat wave is delayed due to the thermal inertia and insulation effects. 505 
 506 
The thermal transmittance (U-value) of green roofs (ranging from 0.79 to 1.06 W/m2K in 507 
rubber crumbs and 0.97 to 1.40 W/m2K in pozzolana due to the moisture content of 508 
substrate) is higher compared to the reference gravel roof (0.71 W/m2K). However, the 509 
former provide better thermal protection against solar radiation and high outside 510 
temperatures during summer periods due to the high vegetation coverage (85%), the well-511 
developed plants (Figure 13c, up to 10 cm thickness), the 5 cm of wet substrate, and the 512 
low bulk density of the drainage layers of rubber crumbs and pozzolana (610 and 830 513 
kg/m3 respectively). 514 
 515 
Figure 14 shows the weather conditions for the first experiment conducted under cooling 516 
period. During daytime the horizontal solar radiation was around 1000 W/m2, and external 517 
ambient temperature was about 35 ºC, while the relative humidity remained low, between 518 
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35-40 %. This scenario provides the optimal weather conditions to encourage the 519 
evaporation of the water content of the soil. Therefore, the cooling effect provided by this 520 
phenomenon increased the effectiveness of the green roofs system during the representative 521 
cooling period evaluated. 522 
 523 
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 525 
Figure 14. Outside climate conditions from a representative cooling period 526 

 527 
Then, when the sunset appears and the external temperature decreases, the stored heat is 528 
easily released to the ambient instead of being transmitted to the interior of the cubicle. In 529 
addition during night time the radiation effect can appears thanks to the temperature 530 
differences between bare parts of the substrate and sky, thus allowing transmission of the 531 
heat stored in the substrate to the outside providing easily cooling effect of the internal air 532 
temperatures through the roof [48]. Therefore, during summer conditions the big thermal 533 
amplitude between day and night temperatures allows thermal inertia of the substrate to 534 
become very useful. 535 
 536 
Although the shade effect provided by plants is important, in Mediterranean continental 537 
climate it is difficult to achieve 100% coverage on extensive green roofs during the first 538 
year of its implementation. Hence, thermal properties of internal layers (substrate and 539 
drainage layers) become very important for the thermal behaviour of the whole green roof 540 
system. 541 
 542 
The cooling effect provided by extensive green roofs under Mediterranean Continental 543 
climate was experimentally confirmed. In addition, this results agree and support the 544 
previous results from simulations and parametrical studies in similar climate conditions 545 
[28,49]. 546 
 547 
On the other hand, figure 15 shows the weather conditions for the first experiment 548 
conducted under controlled temperature (22 ºC) in winter period. During daytime the 549 
horizontal solar radiation was around 400 W/m2 and the external ambient temperature was 550 
about 11 ºC, while the average of relative humidity remained high, between 75 to 80%. 551 
 552 
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Figure 15. Outside climate conditions from a representative heating period 554 

 555 
In that case, the thermal inertia of the green roofs was not useful in preventing energy 556 
losses, since the external air temperature fluctuations between day and night were always 557 
below the required internal comfort temperatures (22 ºC) as shown in Figures 9 and 12. 558 
Therefore, during winter conditions, the most dominating parameter seems to be thermal 559 
transmittance, which is higher for the green roof cubicles, leading to higher energy 560 
consumption. 561 
 562 
Also, during the heating period (November, December and January) the average values of 563 
relative humidity in the experimental site were 82%, 80% and 79% respectively (Table 4). 564 
Therefore, the effectiveness of green roofs can decrease due to the high values of relative 565 
humidity, which do not allow evaporating the moisture content in the substrates, increasing 566 
the thermal conductivity through the roof, as Theodosiou [49] has stated in his study. 567 
 568 
Another important point to highlight is the difference in energy consumption between the 569 
green roof with pozzolana as drainage layer and the green roof with rubber crumbs. The 570 
difference may come from to the bulk density from both rubber crumbs and pozzolana 571 
materials which are 610 and 830 kg/m3 respectively. Low values in bulk density mean air 572 
gaps inside the soils that provide better aeration and better thermal insulation (Vila et al. 573 
[44]). In addition, the water retention capacity of the porous stone material (pozzolana) is 574 
higher compared to rubber crumbs, which have low retention capacity. The water content 575 
stored in pozzolana remains inside the macro and micro-porous for a long time compared to 576 
rubber crumbs, decreasing the effectiveness of the green roof during heating periods [50]. 577 
 578 
After evaluating the thermal behaviour of the studied roofs systems during winter period in 579 
a Mediterranean continental climate, can be confirmed that the current design of these two 580 
green roofs systems cannot provide energy savings compared to traditional flat roofs with 581 
insulation. Regarding to the literature review, only in a temperate climate [24] and in 582 
subtropical climate [40], similar results for winter period have been found. 583 
 584 
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Furthermore, in attempting to increase the future performance of these green roofs during 585 
the winter period several improvements have been proposed: 586 
 587 

 To increase the depth of growing media up to 10 or 15 cm in order to enhance the 588 
thermal inertia and insulation effect while increasing nutrient for plants.  589 
 590 

 To increase the thickness of the drainage layer material to 8 cm, providing more 591 
insulation to the roof (due to the low bulk density, especially in the rubber crumbs). 592 

 593 
If these improvements are applied, the thermal transmittance (U-value) could be reduced 594 
from 0.97 - 1.40 W/m2K (depending on the moisture content, see Table 2) to 0.53 - 1.07 595 
W/m2K for the green roof with pozzolana and from 0.79 - 1.06 W/m2K (depending on the 596 
moisture content, see Table 2) 0.43 - 0.72 W/m2K for the one with rubber crumbs. 597 
 598 

4. Conclusions 599 

 600 
In this paper, two extensive green roofs solutions without insulation layer, where the only 601 
difference lies in the drainage layer material (one of them with pozzolana and the other 602 
with recycled rubber from waste tires) are experimentally evaluated and compared with the 603 
thermal performance of a conventional flat roof (with insulation layer). 604 
 605 
The main conclusions of this study are summarized as follows: 606 
 607 

 The two extensive green roofs reduced the cumulative electrical energy consumption in 608 
16.7% and 2.2% respectively, compared to the cumulative electrical energy consumed 609 
by conventional flat roof during representative periods of cooling demand. Therefore 610 
extensive green roofs, especially with rubber crumbs as drainage layer, can be a good 611 
tool for passive energy savings during summer periods in dry Mediterranean continental 612 
climate. 613 

 During representative periods of heating demand (December and January), the electrical 614 
energy consumption of rubber crumbs and pozzolana cubicles increased in 6.1% and 615 
11.1% respectively compared to the reference cubicle. 616 

 The thermal behaviour without use the HVAC confirms that the thermophysical 617 
properties provided by the studied green roofs do not have enough thermal resistance to 618 
address the winter Mediterranean conditions with the current design. 619 

 The better thermal performance of green roof with rubber crumbs (133.34 kWh) 620 
compared to the green roof with pozzolana (142.80 kWh) during the same cooling and 621 
heating periods was confirmed. 622 

 623 
This experimental study provides interesting new real data about the thermal behaviour of 624 
extensive green roofs under dry Mediterranean continental climate conditions, which can be 625 
useful for the validation of mathematical models. Future work in this research will focus on 626 
improving the green roof system to reduce the electrical energy consumption during the 627 
winter period. 628 
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