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4 Indoor and outdoor heat stress reduction  
This chapter is written by the Hogeschool van Amsterdam 
Take home messages:  

1. The temperature of the roof surface on the blue-green roofs is cooler than 
conventional roofs during summer. The temperature of the vegetation layers of 
(blue-)green roofs is similar.  

2. The water crate layer has lower maximum temperatures than the other measured 
surfaces and less diurnal fluctuation through both cold and heat waves, indicating 
that the additional water layer only present in blue-green roofs function as a 
temperature buffer. 

3. All indoor measurements showed small, but systematic influence of a dampening 
effect of blue-green roofs on indoor temperature. 

4. Blue-green roofs contribute to extra insulation properties of the roofs.   

 

Note: Due to limitations during the research, the results presented in this chapter are based      
on limited amount of roofs, influenced by external factors.  

4.1 Introduction  
Within the Resilio project, the Hogeschool van Amsterdam has researched the cooling and 
insulation effect of blue-green roofs on the indoor temperature. The project was an unique 
opportunity where newly installed blue-green roofs could be compared with reference and 
green roofs located nearby. This gave insight in the thermal behavior of different types of 
roofs. In this field study we examined the impact on surface temperatures, indoor 
temperature and insulative properties of blue-green, green, and conventional 
gravel/bitumen roofs in the city of Amsterdam. 

Roofs have received increased attention in mitigating the consequences of climate change 
in urban areas. This resulted in a variety of roof systems designed as part of integration in 
the built environment (Andenæs et al, 2018). It is more and more known that green roofs 
greatly reduce the proportion of solar radiation that reaches the roof structure beneath as 
well as offering additional insulation value due to evapotranspiration by the vegetative layer 
(Pastore et al, 2017; Castleton et al, 2010). However, more recent research suggests that 
the availability of a water in the substrate plays an important role in a higher actual 
evapotranspiration rate, which improves the cooling effect of the roof (Aboelata, 2021; 
Solcerova et al, 2017) and potentially improves the thermal comfort in the indoor 
environment (Cirkel et al, 2018; Razzaghmanesh et al, 2015).  

Blue-green roofs have been mostly studied from the perspective of a higher water capture 
ratio (Busker et al, 2022, van Hamel, 2021) where the benefits of the extra water crate 
layers are often related to the potential of reducing pluvial flood risk or storm management 
(Shafique et al, 2016). Research specifically focusing on blue-green roofs potential in 
reducing heat stress is limited and research about potential insulation effects of the 
additional water crate layer in blue-green roofs is lacking.  



 
 
 

 
RESILIO is co-financed by the ERDF fund of the European  
Union through the Urban Innovative Actions program. 
 
 
 
 
 
 

 

35 

4.1.1 Research objective  
The aim of this research is to provide a better understanding of the effects of blue-green 
roofs on the inside temperature. To this end, the thermal flows through roofs were 
investigated by measuring the temperature in- and outside the building, both in the summer 
and winter. To assess the effect of the blue-green roofs, various questions have been defined 
focusing on the effect on (1) roof surface temperature, (2) inside temperature and (3) 
insulation properties: 

1. What is the thermal effect of blue-green roofs compared to non-vegetated roofs 
on the roof surface temperature? 

a. What are the differences between surface temperature of reference roofs, 
substrate temperature of blue-green roofs and green roofs? 

b. What is the temperature inside the water crate layer compared to other measured 
outdoor surfaces? 

2. What is the thermal effect of blue-green roofs compared to non-vegetated roofs 
on the indoor temperature? 

a. What are the differences in absolute temperature measured under a blue-green 
roof and under reference roofs? 

b. How does the indoor diurnal temperature fluctuation differ at locations with and 
without blue-green roofs? 

3. What is the effect of blue-green layer on insulation properties of the roofs? 
 
To answer the research questions, temperature measurements have been carried out above, 
on, and underneath roof surfaces of newly constructed blue-green roofs in Amsterdam, NL. 
The study was not conducted as a controlled lab-experiment but measurements were done 
as field studies. We relied on an environment with changing meteorological conditions, with 
a relatively cold and wet summer, and a high variability between measurement locations 
characteristics. Despite the same measurement methods for the different roofs, the 
resulting data set was influenced by external factors resulting in a lower quality than 
originally anticipated. There were delays in construction of the roofs and after delivery some 
of the roofs were without vegetation for a large part of the measurement period. Further, 
the measurements of water levels in some of the retention crates were still being calibrated 
or with measurement errors, resulting in unknown amount of water availability. During the 
analysis, these different conditions are taken into account.    

 
4.2 Methods and data  
The thermal impact of blue green roofs on building scale has been examined based on four 
newly installed RESILIO blue-green roofs, four reference roofs (black bitumen or gray gravel) 
and two conventional sedum covered green roofs. All roofs were in the vicinity of each other 
in order to have the same general meteorological conditions.  

The measured temperatures at the blue-green roofs were put into perspective by comparing 
them with measurements at reference roofs with similar construction characteristics. Two 
already existing extensive green roofs have been included in the study in order to compare 
the well-established vegetation with the newly planted vegetation on blue-green roofs as 
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well as the effect of the water crate layer. See also section 4.2.2.3 which presents the 
details of the different roofs. All the measurements were done in 2021 during both winter 
and summer conditions. Each roof was equipped with several sensors measuring the 
temperature above the roof surface, at the roof surface, and also inside the building. All 
these measurements allowed us to understand the temperature exchange between the 
indoor environment, the roof, and the air above.  

4.2.1 Measurement Locations 
The measurements took place at 10 roofs, all located in the east of Amsterdam, the 
Netherlands. None of the roofs stand in the shade of nearby buildings or trees. All buildings 
have 4-5 floors and are between 10-15 m tall. All roofs are within 5 km radius from each 
other and should not experience significant differences in weather patterns. However, local 
factors such as construction of the roof and roof elements (such as chimneys), the presence 
of water and plants, as well as the indoor context might have had an influence on the 
measured values.  

The measurement locations and their naming can be found in Figure 14 and Table 5. The 
different neighborhoods of Amsterdam in which the roofs are located are Oosterparkbuurt, 
Indische Buurt and Oostelijke Eilanden.  

 

 

 

Table 5  Overview of the different roofs where temperature measurements have been carried out. The roofs are 
labelled in the following way: Neighborhood, followed by an abbreviation of type of the roof, and – as some 
neighborhoods have multiple of roofs of the same type – a number of the roof . The newly constructed blue-green 
roofs have the abbreviation BG, the reference roofs R, and the green roofs G.  

Roof Name Roof number in Resilio 
project (see appendix) 

Total roof 
size 

Roof size suitable for blue-
green 

Oosterparkbuurt_BG_1 Roof 1 (BG) 410 410 
Oosterparkbuurt_BG_2 Roof 2 (BG) 997 629 

IndischeBuurt_BG_1 Roof 7 (BG) 1286 1276 
OostelijkeEilanden_BG_1 Roof 8 (BG) 1746 1721 

 Roofs not part of Resilio 
project:   

Oosterparkbuurt_G_1 Roof 12 (G) 62 n.a. 
IndischeBuurt_G_1 Roof 13 (G) 62 n.a. 

Oosterparkbuurt_R_1 Roof 14 (R-gravel) 288 n.a. 
Oosterparkbuurt_R_2 Roof 15 (R-gravel) 129 n.a. 

IndischeBuurt_R_1 Roof 16 (R–gravel) 179 n.a. 
Oosterparkbuurt_R_3 Roof 17 (R-bitumen) 188 n.a. 
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4.2.2 Measurement characteristics 
4.2.2.1 Measurement periods 
Figure 15 shows the timeline of the measurements at the roofs. The data were collected in 
2021 and cover both winter and summer period. Although the data collection was continuous, 
in the analysis we predominantly looked at data from several distinct time periods that best 
represent the winter and summer situation. Occasionally, the entire summer or winter 
period was analyzed to get a more robust result. These cases are then specifically mentioned 
in the analysis. 

Due to lack of official cold- and heatwaves in 2021, thresholds to define the warm and cold 
periods were set based on expert knowledge. Based on the gathered data, the following 
thresholds have been set and will be further used for analysis (Table 6). For a period to be 
considered as “warm” the average 24-hour air temperature measured above all blue-green  

Figure 14 The location of the different roofs, including their sizes, where temperature measurements have been 
carried out.  
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and green roofs had to be at least 20 °C for 5 consecutive days. For the cold period, the 
average air temperature should not exceed 0 °C for at least 5 consecutive days. Last defining 
factor was a sufficient data availability for both the indoor and outdoor temperatures as 
well as sufficient data for various types of roofs.  

The above mentioned requirements, resulted in one suitable cold period and three warm 
periods, presented in Table 6. The cold period started on the 7th of February 2021 and 
persisted for 7 days with the minimum air temperature reaching -8.5 °C and average 
temperature of -2.8°C. The first warm period started on the 4th of June 2021, and persisted 
for 13 days with a maximum of 33.0 °C and an average temperature of 20.2 °C . The second 
warm period started the 16th of July 2021, and persisted for 12 days with maximum 
temperatures of 32.5 °C and an average of 20.4 °C. The third warm period started the 6th 
of September 2021, and lasted for 5 days with a maximum of 33.0 °C and an average 
temperature of 21.3 °C.  

 

Table 6 The minimum, maximum and average values temperature values based on air temperatures measured 
above the green and blue-green roof(s).  

 

Period (Blue-)green roofs used 
to estimate the air 

temperature 

Measurement 
Period 

Threshold (°C) Minimum 
Temperature 

(°C) 

Maximum 
Temperature 

(°C) 

Average 
Temperature 

(°C) 

Cold  Oosterparkbuurt_BG_1 & 
OostelijkeEilanden_BG_1 

07/02/2021 – 14/02/2021 Max. 5.0 (5 days) -8.5 2 -2.8 

Warm Oosterparkbuurt_BG_1 04/06/2021 – 16/06/2021 Avg. 20.0 (5 days) 11.5  33.0 20.2 

Warm  Oosterparkbuurt_G_1 16/07/2021 – 27/07/2021 Avg. 20.0 (5 days) 14.5 32.5 20.4 

Warm  Oosterparkbuurt_BG_2 
Indischebuurt_BG_1 
Indischebuurt_G_1 

06/09/2021 – 10/09/2021 Avg. 20.0 (5 days) 12.0 33.0 21.3 

Figure 15  Timeline of the period where measurements have been carried 
out  
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To better understand the weather conditions during the measurement periods, the Royal 
Netherlands Meteorological Institute (KNMI) records of temperature, wind and radiation 
measurements from the Schiphol station have been used as a reference for the air 
temperature measured on the roofs (daggegevens.knmi.nl). This station is located at ca. 13 
kilometers from the measurement locations. As seen in Figure 16, during the cold period, 
the weather was transitioning from cloudy conditions with very low incoming radiation and 
high windspeeds (7 February) to more sunny and calm conditions at the end of the week (14 
February). The warm periods were sunny days, defined by high incoming radiation values, 
with relatively low to average wind speeds.  

There is a noticeable difference between the air temperature measured at Schiphol and on 
the roofs within this research. A small difference is to be expected due to effects of the city 
on air temperature (Steeneveld et al., 2011). These generally warmer city temperatures are 
visible on the winter measurements (Figure 16a). However, the difference for summer is 
higher than expected. This is probably due to the placement of the temperature sensors 
near the surface of the roof and often on a vertical construction on top of the roof (e.g. a 
wall of a chimney), causing extra infrared radiation coming from the stone surface (see also 
section 4.2.2.2). When comparing the air temperature on the blue-green roofs in summer 
(Figure 16b) with the radiation measurements from KNMI (Figure 3d), a pattern appears 
suggesting that the heating of the building surfaces due to reflected sun radiation is what 
causes the high temperature differences between our measurement sites with high building 
density and the measurement station at Schiphol, located at a rural open environment. 

Because the measurement methods for the different roofs used in this study are the same, 
the quantitative results can be cross compared. However, as can be seen in the timeline, 
the measurements periods of the different roofs do differ with different meteorological 
situations. Therefore, the results of various measurement periods cannot be directly cross 
compared without taking into account the contextual analysis. In order to compare the 
results, the contextual analysis draws the background of the statistical analysis.  

 

https://daggegevens.knmi.nl/klimatologie/uurgegevens
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Figure 16 Graphs with data from the KNMI weather station, located at Schiphol Airport, and temperature 
measurements from the field study. In graphs a and b, the air temperature from the station and field study is 
represented. In graphs c and d, the radiation and windspeed from the weather station are presented. The 
periods that are analyzed in this research are highlighted with red.  
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4.2.2.2  Temperature sensors and their placing 
The temperature was measured with Thermochron iButton 
temperature loggers (Thermocron iButton, 2015) (see Figure 
17). These small sensors measure temperature at an user-set 
interval. For the Resilio project, they have been set to a 10 
minute interval. The iButtons are capable of capturing 
temperatures between -30 and 85 °C with an accuracy of 0.5 
°C. At each site, the temperatures have been measured 
above the roof, on the roof surface or in the substrate, and 
inside the building as shown in Figure 18. Outside, the air 
temperature was measured by placing an iButton at 
approximately 50 cm above the roof on a vertical 
construction on top of the roof (e.g. a wall of a chimney). 
The iButtons have been placed on the northside, to limit the direct influence of sun 
radiation. The surface temperature of the different roofs has been measured either on top 
of the surface or in the substrate, depending on the type of roof. The sensor was buried a 
few centimeters under the surface in the gravel or in the substrate in case of a (blue-)green 
roof. For surface measurements of the bitumen roofs, the iButton was directly placed on the 
surface of the roof in a shaded area. In case of blue-green roofs, the temperature was also 
measured in the water crate layer. Two types of temperatures were measured inside the 
building. The temperature of the ceiling was measured by placing the logger directly on the 
ceiling and the indoor air temperature measurement was taken ~10 cm under the ceiling.  

Figure 18 Overview of the placed measurement devices at the research site. Please note that the placement 
of the devices depended on the type of roof. 

Figure 17 Thermochron iButton, 
Maxim Integrated Products (2015) 
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4.2.2.3 Roof structure  
To understand how a blue green roof influences the temperature inside a building, it is 
necessary to look at the construction of such a roof in comparison to the reference roofs. In 
Figure 19 the different constructions are illustrated. The top layer of a blue-green roof is a 
green layer consisting of a substrate with vegetation. The substrate layer consists of 
expandable shale, expandable clay, lava, pumice, crushed brick, and/or green waste 
compost. This is very similar to a traditional green roof. The water crate layer in a blue-
green roof consists of water retention boxes, plastic crates that are 85 mm deep which 
creates water storage capacity for rainwater. The system enables a capillary rise of water 
from the crates to the substrate above. The blue and green layers are connected and the 
plants growing on such roofs are supplied with water from the storage layer. This is the main 
difference between a blue-green and a green roof. Under the water crate layer, a water and 
root barrier prevent leakage and damage to the roof from plant roots. While installing the 
new blue-green layers on the bitumen roof deck, the original decks have been strengthened 
with an extra cement layer and waterproof and root-resistant bitumen. Under the (existing) 
bitumen layer lays the insulation layer of the roof. The reference roofs that are used in this 
research have either a bitumen or a gravel layer as a top layer. In case of a roof with gravel, 
there is a bitumen layer under the gravel. 

Among the four different types of roof, insulation properties can vary per roof construction, 
which should be considered before drawing conclusions on the insulative benefit of green or 
blue-green roofs. Known insulation capacities of the insulation layer of the different roof 
locations are shown in Appendix E.  
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4.2.2.4 Water storage  
An important design element of the blue-green roofs incorporated in this research is the 
water crate layer that facilitates a higher potential evaporation rate than conventional green 
roofs (Busker et al., 2022). In winter, the water crates are empty to avoid freezing and 
potential damage to the crates and the roofs self.  

The summer of 2021 was a relatively wet summer with 268 mm of rain from 1 June to 31 
Augustus measured at Schiphol, where a normal Dutch summer has 224 mm of rain (KNMI, 
2021). During each chosen warm period there was little to no amount of rain, however, prior 
to each chosen warm period it has been raining with the exception of the last one (6 -10 
September 2021), see Figure 20. Due to the combination of relatively wet summer and 
rainfall prior to the measurement periods it is expected that the plants on all locations were 
well watered and that the water availability for plants is similar at green roofs as at blue-
green roofs. 

 

Figure 19 Overview of the roof structures for the different types of roofs. Please note that thickness and 
materials used for each layer can vary. 

Blue-green roof Green roof  

Gravel roof Bitumen roof  
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Figure 20 Time series of Daily KNMI Precipitation data. Grey boxes show the chosen warm periods.  

4.2.2.5 Presence of plants  
The green roofs and blue-green roofs have extensive vegetation of sedum and grasses. The 
full list of plant species can be found in Appendix B. Since the substrate of the blue-green 
roofs is maximum 6 cm thick, a mix of plants was used that is biodiverse and can withstand 
dry conditions. Due to construction works and spring or autumn planting, some blue-green 
roofs did not have (fully grown) plants yet during the measurement period: at the research 
locations Oosterparkbuurt_BG_1 and BG_2 vegetation layers were not yet planted. The 
research sites OostelijkeEilanden_BG_1, Oosterparkbuurt_G_1, Indischebuurt_G_1 had fully 
grown vegetation layers. At Indischebuurt_BG_1, full grown plants were present in the radius 
of 100 cm from the surface measurement location. On the rest of the roof, the plants were 
planted but not fully grown yet. 

This high variation in maturity and presence of plants provided an opportunity to study the 
difference between the substrate temperatures of roofs with and without plants. However, 
the lack of established vegetation at the blue-green locations is expected to have an 
influence on the total evaporation rate of these roofs. For this reason, together with the 
uncertainty in the measurements of the water levels (section 4.2.2.4), the evaporation rates 
are not examined in this report. We acknowledge that the effect is present, and will briefly 
discuss this under section 4.3.2.3.  

4.2.2.6 Indoor environment 
As mentioned in section 4.2.2.2, indoor air temperature as well as the ceiling temperature 
was measured at each location. When measuring indoor environment, factors that influence 
the measured temperature should be considered. For example the presence of hatches and 
windows or the use of heating. These factors have been limited as much as possible by, for 
example, placing the iButtons out of direct sunlight and in hallways instead of in people’s 
homes to limit the influence of heating habits of the tenants. Some of the measurement 
locations had windows in the hallway, such as skylights, while others did not. In Appendix C 
there is a list of photos of the measurement locations indoors.  
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4.2.3 Analysis of measured temperatures 
To detect the possible effects of the blue-green roofs, measured data from all monitored 
roofs have been analyzed in various ways. First, time series plots have been made of all the 
measured temperatures on the roofs. The measurements were then analyzed based on hourly 
averages. Indoor temperatures were further studied based on the amplitude in diurnal 
variation (daily maximum minus daily minimum). The results of these analyses have been 
compared to each other to see the differences in performance of the roofs. To ensure a 
better readability of the report, detailed description of each method can be found in chapter 
4.3 together with the results of the analysis.  

4.2.3.1 Insulation computation 
In addition to looking at the indoor and outdoor temperature differences between blue-
green roofs and reference roofs, insulation properties of the investigated roofs have been 
investigated. A common way to assess the insulation is by looking at how much energy, in 
the form of heat, escapes the building during a winter night. The insulation value is 
expressed in so called U-values (W/m2 K) which show the potential of the construction to 
transmit heat from a warm space to a cold space; in our case, from inside the building 
through the roof to the outside. 

We computed the U-values for winter months based on the temperature-based method (TBM) 
that uses indoor and outdoor temperatures time series (Kim et al, 2018): 

𝑈𝑈 =
1

𝑅𝑅𝑠𝑠
�

∑ (𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 −  𝑇𝑇𝑒𝑒𝑖𝑖)𝑖𝑖
𝑖𝑖=1

∑ (𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 −  𝑇𝑇𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖
𝑖𝑖
𝑖𝑖=1 )

� 

where, Rs is the inner ceiling surface total vertical heat transfer resistance and is set to 0.10 
m2K/W, as suggested in (ISO, 2017). 𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖represents the indoor air temperature, 𝑇𝑇𝑒𝑒 the indoor 
ceiling temperature, and 𝑇𝑇𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 the outdoor air temperature. The subscript i represents each 
member of the data set. 

U-values have only been estimated during winter night hours (00:00 – 06:00): during night 
hours to minimize the impact of irradiation by the sun (ISO, 2018), and only during winter 
because in summertime the radiation from the surroundings and the roof itself make it hard 
to estimate the heat flux and therefor the U-value. The threshold difference between the 
indoor and outdoor air temperature was set to >8.0°C. This threshold is lower than normal 
Dutch standards (15.0 °C, ISO, 2018), however, sufficiently above the bare minimum (5,0°C 
(Kramer-Segers, 2021).    
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4.3 Results  
Based on the analyses of the data set, some general observations can be drawn regarding 
the temperature differences between the blue-green roof, green roof and reference roofs: 

1) The substrate temperature under the vegetation for (blue-)green roofs was on 
average 10°C cooler in summer compared to bitumen roofs and 5°C degrees colder 
than the temperature of the gravel roofs.  

2) The temperature inside the water crate layer was during both warm and cold periods 
more stable than the temperature of the measured surfaces. 

3) Average indoor temperatures showed that rooms under blue-green roofs were colder 
during summer and warmer in winter compared to reference roofs. Moreover, the 
measurement results show that inside temperatures under blue-green roofs are less 
sensitive to outside air temperature changes than temperatures under reference 
roofs.  

In the following paragraphs, these found effects of the blue-green roofs are described and 
further evaluated. First, time series plots are presented that give a general overview of the 
behavior of the different parameters (section 4.3.1.). Secondly, the clear variety in the 
thermal behavior of the layers of the different types of roofs are shown and analyzed based 
on hourly averages in section 4.3.2. Thirdly, in section 4.3.3, the effect on the indoor 
environment under blue-green roofs is presented for both summer and winter, and the 
potential contribution of the blue-green layer to insulation properties of the roof is 
quantified. 

4.3.1 General overview of measured time series plots 
In this section we present the measured data without any additional analysis. The time series 
plots are exemplary of the thermal behavior of each measured layer of the roofs during both 
winter and summer, using the cold period in February 2021 and one of the warm periods in 
the summer of 2021. The general patterns are described and put into perspective of the 
meteorological situation. 

4.3.1.1 Cold period 
During the cold period in the winter of 2021, only one blue-green roof had been entirely 
finished, namely Oosterparkbuurt_BG_1 (see Figure 21). This location is used as an example 
to show the thermal behavior differences between a blue-green and reference roof.    
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Figure 21 Time series of measured temperatures during the cold period in Oosterparkbuurt. 

The substrate temperature varied from -8,5 °C to 5 °C for the blue-green roof and from     -
8,5 °C to 6  °C for the reference gravel roof. These temperatures are both similar to the air 
temperatures measured above the blue-green roof (Figure 21). When comparing the daily 
substrate temperatures of the two different roofs, no substantial differences were found as 
the differences were in the range of the measuring uncertainty. Figure 16 shows that at the 
beginning of the cold period, when there were cloudy conditions, the outside air, surface 
and substrate temperatures were more similar. The weather became more sunny and less 
windy in the second half of the measurement period. This caused peaks in the substrate 
temperature for both the blue-green roof substrate and the gravel at the reference roof.  

Another measured variable was the temperature of the water crate layer. During this cold 
period, the sensor is in fact measuring an air temperature inside the water crates since the 
storage is empty to prevent frost damage. The results show that the temperatures measured 
in the water crates are most of the time higher than the temperatures of the blue-green 
roof substrate with the exception of the afternoon peaks in the substrate temperatures. The 
relatively stable temperature in the water crate layer suggests that empty crates on the 
blue-green roof function as an additional insulative buffer when it comes to heat transfer 
between inside and outside of the building. The indoor temperature under the blue-green 
roof show less fluctuations and higher absolute temperatures compared to the time-series 
of the indoor temperature under the reference roof. 
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4.3.1.2 Warm period 
The first week of the second warm period (15 – 27 July 2021) was chosen to demonstrate the 
general behavior of blue-green roofs compared to reference roofs (both gravel and bitumen) 
in summer. This specific period was chosen because of its very sunny conditions with low 
wind speeds (see Figure 16). During this period, there were two locations with blue-green 
roofs, at the Oosterparkbuurt and Indische Buurt. Measurements at Oosterparkbuurt are 
shown here to demonstrate the thermal behavior during a  summer situation. 

 
Figure 22 Time series of measured temperatures during the warm period in Oosterparkbuurt. 

The difference between the temperatures measured at the blue-green roof and the 
reference roofs were more pronounced during summer than it was for winter. On warm sunny 
days, the measured surface temperature of the bitumen reference roof varied from 8.5 °C 
to 61 °C and of the gravel roof from 8.5 °C to 58 °C, whereas the temperature of the 
substrate of the blue-green roof showed much lower variation, from 12 °C to 44 °C (Figure 
22). Additionally, the figure shows that substrate temperatures of blue-green roofs and green 
roofs is similar. The presence of no plants at the blue-green roof seems to have a limited 
influence on the temperature measurements.  

Based on temperature measurements under the two different roofs, the indoor temperatures 
show a lower maximum temperature under the blue-green roof (26 °C) than under the 
reference roof with gravel (29 °C).  Furthermore, it can be directly seen that the indoor 
temperature under the blue-green roofs (solid yellow line) has a lower fluctuation than the 
indoor temperature under the conventional roof (dashed yellow line). Also the timing of the 
air temperature peaks under a blue-green roof is slightly delayed compared to the peaks 
above the roof. Both of these findings could be the effect of the blue-green roof on higher 
insulation properties of blue-green roofs compared to conventional roofs.  
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Although these time series plots do provide useful insights, more (statistical) analyses needs 
to be done because of factors that can have an influence on the measured temperatures, 
especially for the measured indoor temperature. For that purpose hourly averages and the 
standard deviation have been calculated. The results are shown and explained in the 
following subsections. 

4.3.2 Analysis of temperatures measured on the roof 
To further analyze the general patterns seen in the time series plots, the outside measured 
temperatures have been averaged for each hour of the day for the chosen periods. Within 
the datasets, there were small variations between each 10-minute interval and also day-to-
day differences as a result of varying meteorological conditions. Averaging the data per hour 
limits the influence of potential outliers on the final pattern. Considering the temperatures 
are measured every 10 minutes, there are 6 measurement values in each hour and for a 7-
day measurement period, each point in the figure is an average of 42 values (6*7).  For the 
cold period, around 1200 measurements and for the multiple warm periods together around 
4350 measurements have been included.  

4.3.2.1 Cold period  
Figure 23 shows the hourly averages for the cold period for the substrate layer of a blue-
green roof compared with a reference gravel roof. During the cold period, the blue-green 
substrate temperatures only show minor differences with the substrate of the gravel roofs 
and also the maximum temperatures are not significantly different. The blue-green roof 
substrate warms up slightly quicker and reaches its maximum temperature at around 12:00-
13:00, whereas the substrate temperature of the reference roofs reaches its maximum at 
around 14:00-15:00.  

When looking at the temperatures of the water crates (empty during winter) and the gravel 
of the reference roof, the differences are more evident. The daily temperatures fluctuate 
much less inside the water crates than the air and substrate temperatures, for both the 
water crate layer at the Oosterparkbuurt and Oostelijke Eilanden location. The night and 
morning temperatures in the water crates are 2-5 °C higher than the air temperatures and 
up to 3-6 °C higher than the substrate and gravel temperatures.  

The averaged data show that all measured surface temperatures followed the general 
pattern of the air temperature, indicating that during a cold period the surface temperature 
of a roof is mostly determined by the outdoor temperature. This was not the case for the air 
temperature measured inside the water crate layer. The relatively stable temperatures 
suggest a buffering effect of the water crate layer potentially resulting in higher insulation 
value of the roof. The insulation efficiency is further studied in section 4.3.3.2.  
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4.3.2.2 Warm periods  
Figure 24 shows the hourly averages for all investigated warm periods for the substrate layers 
of all blue-green roofs compared with reference roofs. Results that are most noticeable are:  

1) Maximum daytime surface temperatures for blue-green roofs are on average ~5.0°C 
lower than for gravel roofs and even 10-18.0°C for bitumen roofs.    

2) The measured temperatures in the water crate layers show the lowest absolute 
maximum temperature from all the measured layers and the lowest diurnal 
fluctuation over the 24-hour period;  

3) There is no substantial difference measured in substrate temperatures between 
green and blue-green roofs.  

Figure 23 Graphs of the hourly temperature averages (over several days) during the cold period. The 
graph compares two roofs in Oosterparkbuurt. The water crate layer of the Oostelijke Eilanden has been 
included as it is the layer with the least influence of external factors as well to confirm the pattern of 
the water crate layer.  
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These three results together show that temperatures above and on the roofs are lower for 
(blue-)green roofs compared to gravel and bitumen roofs. In the water crate layer 
temperatures are even lower, implying a cooling effect of blue-green roofs compared to all 
reference roofs. To investigate this in more detail each research site is discussed individually 
in the following paragraphs, followed by comparisons of these sites and a comparison of 
blue-green and green roofs.  

Oosterparkbuurt locations 

Presented data for the roofs located at Oosterparkbuurt are hourly averages of surface 
temperatures using measurements from all three chosen warm periods in 2021 and all types 
of measured roofs (see Figure 25). In general, there is a strong difference between the 
temperatures for the different types of surfaces during daytime, while at night the 
differences are less pronounced. 

Black bitumen was the warmest surface measured during the day with maximum 
temperatures reaching 45 °C and lowest at night-time with temperatures of 13 °C. Gravel 
roofs reached second highest temperatures from all measured surfaces, 37 °C on average. 
The substrate measurements of (blue-)green roofs were similar and reached temperatures 
~5°C and ~10 °C lower compared to the gravel and bitumen roofs, respectively. Nighttime 
surface temperatures of gravel roofs and (blue-)green roofs were similar and dropped down 

Figure 24 Graphs of the hourly averages of measured temperatures during the warm periods for all research 
locations.  
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to around 14 °C; making these surfaces cooler during the day and warmer at night than black 
bitumen.  

 

  

 

The temperature measured in the water crate layer was the most stable of all measured 
surface temperatures. The diurnal fluctuation was in fact only 8°C, with daily maximum at 
~25°C and nighttime minimum at ~18°C. This shows a similar buffering effect as was 
measured during winter months. In summer, the water crate layer can be both empty – if all 
water is discharged or used by the plants – or containing water. For cases when the water 
storage is full, this buffering capacity can be assigned to high heat capacity of water of 
water. 

The air temperatures at 50 cm above the roof were also measured at all locations (see Figure 
25). It is necessary to point out that from all measured temperatures, air temperatures can 
be easiest influenced by external factors such as solar radiation, wind, or various surfaces. 
Nonetheless, above the green roof, the temperature appeared 5 °C higher than above the 
blue-green roof. This is surprising as the substrate temperatures were almost equal. Possibly 
other surfaces (maintenance unit walls, chimneys, etc.) or local micrometeorological 
conditions had stronger influence on the measured air temperatures than the roof surface. 
For this reason, outdoor air temperature measurements will not compared to each other any 
further.  

Figure 25 Graphs of the hourly averages of measured temperatures during the warm periods for the research 
locations within Oosterparkbuurt. 
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Indische Buurt and Oostelijke Eilanden locations 

The temperature measurements in Indische Buurt and Oosterlijke Eilanden only represent 
one hot period (6-10 September 2021) due to a later than anticipated installation date. The 
measured substrate layers at the Indische Buurt (Figure 26a) and Oostelijke Eilanden (Figure 
26b) locations show similar patterns to what has been already demonstrated in the data from 
Oosterparkbuurt. However, we see differences in the absolute temperatures between the 
three locations. For Indische buurt there is ~5.0°C difference between daily maximum 
substrate temperatures for gravel and blue-green roofs, similar to the Oosterpark location. 
However, the maximum substrate temperatures in Oostelijke Eilanden were almost 10.0 °C 
lower for blue-green roofs than for gravel roofs and even several degrees lower than the 
measured air temperature.  

Figure 1 Graph of the hourly averages of measured temperatures during the warm period for the research 
locations in Indische Buurt (left) and locations in Indische Buurt compared with Oostelijke Eilanden (right). 

Comparison of various locations 

There are several general patterns seen across all the locations, e.g. the similar amplitudes 
of measured surface temperatures or the buffering effect of the water. Nonetheless, the 
various roofs start warming up at different times and therefore peak at different times. It is 
unclear if this difference is location driven (e.g. higher buildings in the surrounding and 
therefore later exposure to sunlight) or if it is an artifact of the roof type.  

It appears that gravel roofs reach their maximum temperature later during the day; at 15:00-
16:00 compared to 14:00 for blue-green roofs. For one of the bitumen roofs (Oostelijke 
eilanden) this is even later around 16:00 (see Figure 24b). This could be partially explained 

10

15

20

25

30

35

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Te
m

pe
ra

tu
re

 (C
)

Hours

a. Warm period (6-10 sept. 2021) - Indische buurt 
(Blue-Green vs Reference)

BG - Air Temp. above surface (Indischebuurt_BG_1)

BG - Substrate (Indischebuurt_BG_1)

Ref. (gravel) - Substrate (Indischebuurt_R_1)

10

15

20

25

30

35

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Te
m

pe
ra

tu
re

 (C
)

Hours

b. Warm Period (6-10 sept. 2021) - Oostelijke 
eilanden & Indische buurt (Blue-Green vs 

Reference)

BG - Air Temp. above surface  (Oostelijke
eilanden_BG_1)
BG - Substrate (Oostelijke eilanden_BG_1)

BG - Water crate (Oostelijke eilanden_BG_1)

Ref. (gravel) - Substrate (Indischebuurt_R_1)



 
 
 

 
RESILIO is co-financed by the ERDF fund of the European  
Union through the Urban Innovative Actions program. 
 
 
 
 
 
 

 

54 

by higher thermal mass of gravel and bitumen roofs compared to (blue-) green. Since the 
water crate layer is less influenced by external factors, the delay in the temperature peak 
is easier to clarify. The maximum temperature within the water crates was reached at 19:00, 
3-4 hours later compared to the other surfaces. This is caused by a combination of two 
factors: 1) the water crate layer is located bellow the substrate layer and is not exposed to 
direct solar radiation. The water will heat up as long as the surroundings are warmer. 2) 
water has high thermal mass which causes it to warm up slower than other used surfaces. 

Comparison substrate temperatures of blue-green and green roofs 

The substrate temperatures of blue-green roofs and green roofs do not differ significantly. 
Figure 24b shows the comparison of blue-green and green roof substrate temperature 
measured at the Oosterparkbuurt location together with an additional green roof in Indische 
Buurt. All three measured temperatures follow a similar pattern with daily maximum around 
32 °C and nighttime minimum of 15 – 16 °C. This similarity is contradicting the quite varying 
circumstances at each roof. Since it has been raining prior to each chosen warm periods, the 
availability of water on (blue)-green roofs was comparable. We expect that in dry and 
warmer circumstances, a blue-green roof should imply higher soil evaporation rate compared 
to the green roofs. On the other hand, the plants at the green roofs were fully grown and 
established, while the vegetation at the blue-green roof at Oosterparkbuurt was not yet 
planted. It is possible that the two effects of lacking fully grown vegetation and a relatively 
wet summer negated each other and resulted in very small differences between blue-green 
and green roofs. 

4.3.2.3 Conclusions and discussion of measured surface temperatures 
Differences between surface and substrate temperatures   

The effect of blue-green roofs on the substrate temperature is different for cold and warm 
periods. The average substrate temperature of blue-green roofs in winter are similar to the 
surface temperature of gravel. The differences between surface temperature of the gravel 
roof and the substrate temperature of blue-green roof is thus negligible. During warm 
periods, the results show that the average substrate temperature of blue-green roofs is lower 
and that the peak is reached much earlier on the day than for the surface temperatures for 
gravel and bitumen roofs. We see almost identical patterns of all parameters on all the roofs 
within the three neighborhoods (Oosterparkbuurt, Indische Buurt and Oostelijke Eilanden) in 
summer.  

Differences found in the surface temperatures of (blue-)green roofs and reference roofs in 
summer show a cooling effect of (blue-)green roofs as it has been shown that the surface 
temperatures are consistently lower for (blue-)green roofs than for gravel and bitumen roofs. 
The observed trend can be partly explained by the physical properties of the various roof 
surfaces, for example its albedo, but also by a potential contribution of evapotranspiration 
to the cooling. As measuring these processes were out of the scope of this research, we base 
the assumptions about these effects only on the measured temperatures and literature 
review, see the following paragraphs.   
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Lazzarin et al (2005) showed that evapotranspiration is responsible for 12% solar absorption 
when the substrate is dry and 25% when wet. This implies the importance of the capillary 
system from the water crate layer to the substrate as it can provide an ongoing water supply 
for evapotranspiration and therefore contribute to cooling of the roof. The study also found 
that evapotranspiration can provide an outgoing thermal energy flux from inside towards 
outside during summer. During our measurements, the cooling effect was visible for the 
vegetated and non-vegetated roofs which we assume had a more or less equal soil moisture 
because of the relatively wet summer, indicating the effect of evaporation. The presence of 
the water crate layer could as well benefit thermal conditions during winter (Johannessen 
et al, 2017) as the process of the outgoing energy flux will be limited because the substrate 
is not in direct contact with the roof construction.  

The second variable influencing the surface temperature is the solar reflectivity (albedo) of 
plants and the substrate self. In general, higher albedo reduces temperature build up (solar 
absorption) and therefore lowers the maximum peak temperature during the day (Castleton 
et al, 2010; Lazzarin et al, 2005). Different research has shown that a green roof could have 
a 2.3 times higher reflectivity in summer than a conventional roof (bitumen or gravel); with 
the remark that this might be different for white gravels versus bitumen (Gaffin et al, 2005; 
Bretz et al, 1998). For winter, the effect of albedo seems limited because of lower solar 
radiation (Barozzi et al, 2016) and poorer plant conditions. The results presented in Figure 
23 for the cold period showed that the maximum peak of measured substrate temperatures 
of blue-green roofs are similar to reference roofs.  

Temperature inside the water crate layer  

The comparison of blue-green roofs with reference roofs during both cold and warm periods 
showed a systematic buffering effect of the water crate layer. The temperature inside the 
water crate layer, both with and without water, stayed the most stable throughout the 
measurement periods compared to other outside surface measurements. One explanation 
for this buffering effect in summer is the higher thermal mass of water. Consequently, the 
roof has a higher total thermal mass and will take longer and more sun radiation to warm 
up, especially when more mass is added due to water in the crates (Schade et al, 2021; 
Castleton et al, 2010). However, this buffer capacity can also have negative consequences, 
as it results in higher temperatures during the night and hinders or delays the cooling down 
at night. The higher nighttime water temperatures might have negative consequences for 
indoor thermal comfort. Furthermore, after a heatwave, or a period with persistent heat, 
the buffering effect makes it harder for the roof to cool down which might lead to an 
undesired effect of persistent heat (van Hamel, 2021). Unfortunately, we were not able to 
study such periods, due to a relatively cold summer in 2021.  

The buffering effect of the water crate layer is also visible in winter when the storage is 
empty. In fact, the constant temperatures found in the water crate layer were the only 
measured outdoor temperatures that did not follow the air temperature pattern. This 
suggest that even without the additional thermal mass of water, the empty crate layer 
provides some level of temperature buffering. Possibly the temperature buffer in the water 
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crates is the predominate factor that distinguishes the thermal behavior of blue-green roofs 
from other types of roofs.  

4.3.3 Analysis of indoor temperatures 
In order to analyze the effect on the indoor environment under blue-green roofs, a standard 
deviation calculation has been performed. Additionally, the insulation values have been 
computed in order to investigate the potential contribution of the blue-green layer to 
insulation properties of the roof. 

4.3.3.1 Indoor temperature variation 
The time series plots (Figure 21 and 22) showed a large absolute difference for inside 
temperatures between reference and blue-green roofs at different locations. The average 
daily temperatures and their differences are presented in Table 6. For summer, the 
differences between blue-green and reference roofs remain small (less than two degrees). 
In winter, the difference of the daily averages reaches 4.9 °C for ‘Oosterparkbuurt_BG_1 vs 
R_1’.  Before the installment of the blue-green roof at the Oosterpark location, these two 
locations (Oosterparkbuurt_BG_1 and Oosterparkbuurt_R_1), were on the same building 
block, consisted both of gravel and had the exact same roof characteristics (see the table in 
Appendix E for insulation properties and Appendix D for the scatterplot) which would suggest 
similar indoor temperatures. The differences in the indoor temperatures between these two 
locations indicate the potential effect of other factors, such as indoor settings, on the final 
results. The difference in degrees should therefore only be considered as indicative.  

Consequently, the measured differences in absolute temperatures cannot be directly 
attributed to the effect of blue-green roofs. In light of these results, we have decided to 
step away from the absolute temperature differences and focus on temperature variation 
per day (i.e. daily temperature fluctuations), explained by the standard deviation (STD - in 
degrees per day). As such, we were not dependent anymore on absolute temperature 
differences.  

The scatterplot (Figure 27) shows the daily standard deviations of the measured indoor air 
temperature for the reference roofs (x-axis) versus standard deviations for the blue-green 
roofs (y-axis) for multiple cold and warm period(s). Lower STD values represent less variation 
during a 24-hour period and lower variation in indoor temperature implies a smaller 
influence of outside climatological conditions (e.g., air temperature). In other words, all 
scatter points that are underneath the red reference line show days when the indoor 
temperature STDs were higher for reference roofs and lower for blue-green. This is the case 
for majority of the points, which shows that the buffer capacities of the blue-green layer, 
already indicated in previous chapters, also benefit the indoor environment.  
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The lower air temperature variation under blue-green roofs can also be seen in average STD 
values for the warm periods and the cold period separately in Table 6. For warm periods we 
see an average reduction of 0.19 °C STD and for the cold period we see a reduction of 0.23°C 
STD.  This means that the daily temperature change (or fluctuation) underneath the blue-
green roof is 0.19-0.23°C STD less than underneath to the reference roofs. This effect seems 
rather small but represents a relatively large proportion of the total daily temperature 
variation of 24% and 64% for the warm and cold periods, respectively.  

When including all possible measured data of inside air temperatures  the average STD of 
the whole dataset per location shows a similar pattern as STDs for the cold and warm periods 
(Table 7, row 4-7). Next to the reduction in °C STD, the averages of daily inside temperature 
are shown, with higher values for the winter period (warming effect) and lower values for 
the summer period (cooling effect). The results show a reduction in STD for the blue-green 
roofs at the Oosterpark location of a magnitude comparable to the chosen cold and warm 
periods. This indicates a systematic temperature buffering under the blue-green roofs.  

Figure 27 Scatterplot of the daily Standard Deviation of the inside air 
temperature during cold and warm periods 
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Table 7  Average STDs for warm periods and one cold period (above two lines); and STDs for the whole period 
measured on the specific sites. *This temperature computation represents a winter period, so a positive 
temperature difference highlights the benefit of the blue-green roof. 

Measurements of the blue-green roof at the Indische Buurt did not show the same STD 
reduction. The indoor temperature underneath the (blue-)green layer at Indischebuurt_BG_1 
varied more than under the reference roof. This lower ‘STD reduction’ can be assigned to 
two factors 1): There is an already low STD at Indischebuurt_R_1, which is the lowest of all 
reference roofs. This suggests that underneath the Indischebuurt_R_1 the roof experienced 
only small influence of outside air temperatures. The specific reason for this low influence 
is unknow due to the lack of detailed information about the insulation properties of this 
specific roof (see Appendix E). 2): The relatively high STD at Indischebuurt_BG_1 can be 
caused by a slightly different placement of the iButtons inside. Normally, the placement in 
the stairwell for all inside measurements is far away from influencing factors, but the sensors 
at Indischebuurt_BG_1 were more closely placed to the skylight. This skylight could have 
functioned as a greenhouse increasing temperatures during high sun radiation, which 
resulted in higher daily temperature fluctuations (and thus higher STDs).  

Overall, the results indicate that blue-green roofs seem to positively influence the indoor 
climate during both summer and winter months. This is in line with earlier observed 
temperature fluctuations as shown in the time series plots (Figure 21 and 22). Nonetheless, 
due to the potential effects of external factors visible in both absolute temperature 
differences and STD calculations, the results should be taken as indicative. The exact 
influence on indoor air temperature variation needs to be studied further and under more 
controlled conditions.  

 

 

 Measurement 
Period 

Average 
STD (blue-) 
green roof 

(°C) 

Average 
STD 

reference 
roof (°C) 

STD 
reduction 

(°C) 

Average 
Daily Inside 
Temp. (oC) 

(blue-) 
green roof 

Average 
Daily Inside 
Temp. (oC) 
reference 

roof 

Average 
Daily Inside 

Temp. 
difference 

(oC) 

Warm Periods  0.62 0.81 -0.19    

Cold period  0.13 0.36 -0.23    

Whole datasets  

Oosterparkbuurt_BG_1 vs R_1 – 
blue-green roof installed 

03/02/2021 – 
06/04/2021 

0.15 0.48 -0.33 19.6 14.7 4.9* 

Oosterparkbuurt_BG_2 vs R_2 06/07/2021 – 
21/10/2021 

0.44 0.79 -0.35 21.5 23.0 -1.5 

Indischebuurt_BG_1 vs R_1  27/07/2021 – 
30/09/2021 

0.62 0.26 0.36 23.8 22.8 1.0 

Indischebuurt_G_1 vs R_1 12/08/2021 – 
30/09/2021 

0.29 0.25 0.04 22.2 22.8 -0.6 
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4.3.3.2 U-values  
To examine the insulation properties of the roofs, U-values have been calculated from the 
available winter measurements of 2021. The resulting U-values are 0.43 W/m2 K on the 
Oosterparkbuurt_R_1 gravel roof and 0.21 W/m2 K on the Oosterparkbuurt_BG_1 blue-green 
roof, as shown in Table 8. The amount of energy escaping through this gravel roof is thus 
twice as high as for this blue-green roof, but this total U-value is partially dependent on the 
installed roof insulation underneath. Different insulation material with varying efficiency 
rates was used at each location (see Appendix E). This difference needs to be taken into 
account when calculating the final effect of the blue-green layer on the total insulation 
value of the roof. 
 
The insulation material installed in the construction of a roof has an insulation value given 
by the manufacturer. This so-called R-value (m2*K/W) is reciprocal to the U-values and 
represents the insulation of the whole roof, including the structure, the insulation layer, and 
the roofing material (Table 8). R-value calculated for the blue-green roof was higher than 
the value expected based on insulation material (4.8 vs. 3.5), while the calculated R-value 
for the reference roof came close to the expected value (2.3 vs. 2.0). This suggest that the 
blue-green layer on the top of the roof contributes an additional 1 - 1.3 m2*K/W of insulation. 
In other words, the blue-green roof construction as a whole leads to an additional higher 
insulation value. Which part of the blue-green roof specifically contributes to this higher 
value, namely the water crate layer that behaves as a buffer between the outside and inside 
temperatures, or because of improved insulation material, needs to be studied further.  

 

Table 8 Average U-values (W/m2K), R-values and Insulation properties of the construction of a reference and 
blue-green roof in Oosterparkbuurt for the month of February. U-values are based on night hours (00:00 – 
06:00). R-values are based only on the insulation material inside the roof structure, this means that not the R-
value of the whole roof construction is mentioned. 

4.3.3.3 Conclusions and discussion of indoor temperature analysis 
The results confirm that blue-green roofs have a small but positive systematic influence on 
indoor temperatures with higher inside temperatures in winter and lower in summer as 
compared to reference roofs. The variation in temperature is smaller underneath the blue-
green roofs compared to the reference roofs during the warm and cold period(s). Third, 
calculation based on a roof with the blue-green layer showed higher insulation values than 
predicted based on the insulation material, which was not the case for a conventional gravel 
roof.  

Analysis of the STDs showed to be more reliable than looking directly at the indoor air 
temperature differences. Nonetheless, daily STDs for all types of roofs where generally quite 

Location Roof type Insulation properties  Measurement 
period 

U-value 
(W/m2*K) 

R-value 
(m2*K/W) 

Oosterparkbuurt_BG_1  Blue-green Isomix 160-170mm, R 
value 3.5 

2021 - Winter 0.21 4.8 

Oosterparkbuurt_R_1  Reference-
gravel  XPS 60 mm, R value 2.0 2021 - Winter 0.43 2.3 
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low and less than 1.0°C. This can be assigned to the fact that both reference and blue-green 
roofs have already existing internal insulation layers installed and the influence of outside 
air temperatures is therefore limited. The benefit of blue-green roofs is therefore expected 
to be higher on poorly insulated houses as also is given by Castleton et al, 2010).  

Moreover, small indoor temperature differences also suggest that the indoor thermal 
comfort experienced by the human body would be negligible. The exact effect of blue-green 
roofs on the thermal comfort therefore remains unclear and needs to be studied further and 
under more controlled conditions to limit external influences.  

While the effect on thermal comfort remains doubtful, some conclusions can be drawn about 
potential consequences of installing a blue-green roof for energy saving costs.  Santin et al 
(2009) estimated that for the Dutch housing stock extra heating of one degree for a whole 
year represents an increase of ~4% of the total energy consumption for an average dwelling 
type. The calculated potential R-value increase of 1 – 1.3 m2*K/W (based on measurements 
and estimation of one roof), together with a higher air temperature underneath the blue-
green roof measured during winter of 2021, can therefore have a relatively large impact on 
the energy consumption.      

Although the effects of blue-green roofs on indoor temperature and the insulation values of 
the roof are, due to the circumstances, difficult to quantify, we see many indications of a 
buffering effect both in winter and in summer. In summer, it is likely that the thermal mass 
of the water crate layer creates a temperature buffering effect. This has also been 
confirmed by the study of Van Hamel (2021) where the buffering effect of the water crate 
layer has been found for summer months. For winter, it seems that the empty water crate 
layer provides additional insulation layer due to the stagnant air layer. In this research, we 
were only able to measure one blue-green and one reference roof for one winter month. 
Further research is therefore recommended to confirm the significance and magnitude of 
the buffering effect of blue-green roofs on indoor environment and to check whether this is 
indeed caused by the water crate layer.  
 

4.4 Discussion & conclusion 
 

4.4.1 Discussion  
The RESILIO project was an unique opportunity to study the effects of blue-green roofs in a 
northwestern European climate. The results of the field study presented here, allowed us to 
analyze the effect of a blue-green layer on the roof surface and indoor microclimate. 
However, the conducted field study also resulted in inevitable uncertainties because of its 
susceptibility to changes in the surrounding environment, as described in chapter 2. There 
are important remarks regarding the data collection process, different meteorological 
conditions and different vegetation maturity stages per roof.  
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4.4.1.1 Data collection  
The data collection was influenced by external factors like construction work on the roofs, 
bird activity, or lost equipment due to stormy conditions. This resulted in data gaps. Also 
inside the building there were variables that could not have been fully controlled during the 
measurement period. Residents opening windows in the stairwell, the insulation of the whole 
stairwell, or heating systems in the building and adjacent apartments might have had 
negative effects on the measurements and therefore on the conclusions. For instance, it was 
not possible to conclude to what extend the inside air temperature differences between 
blue-green and reference roofs were caused by the roof characteristics and to what extend 
by these external factors. For that reason, we have used  the extensive dataset recorded 
over long periods with 10 minute intervals to calculate daily STDs. We see this as a more 
reliable analysis compared to absolute temperature differences because it shows general 
thermal behavior of different roofs. 

Even though using STDs minimized this influence of external factors, one should be careful 
with interpretation of the results. The insulation material underneath the blue-green layers 
is different for each roof (Appendix E) and potential irregular indoor heating next to the 
stairwell still might have caused an increase in STD. The uncertainties are therefore present 
even while using the STD values and conclusions can only be drawn about more systematic 
trends in the data set.  

4.4.1.2 Meteorological conditions 
The original objective of this research was to study the effect of blue-green roofs during 
summer heat waves. Although KNMI measured twice the number of tropical days (>30 °C) in 
the last thirty years compared to 1961-1990 (KNMI 2021), 2021 did not have any tropical days 
or heatwaves recorded. Meteorological conditions during the summer measurement period 
were representative for a relatively cold and wet summer. Therefore, the effect of blue-
green roofs during extreme weather events could not be measured.  

The lack of official heat waves resulted in the necessity to define suitable measurement 
periods. The warm periods have been chosen when the average air temperatures measured 
at the blue-green roof were at least above 20°C for 5 consecutive days. This value was 
chosen arbitrarily with the intention to strike a balance between sufficient data availability 
and days that can still be defined as relatively warm compared to the rest of the summer. 
Hence, to show the impact of blue-green roofs related to weather extremes it is suggested 
to gather more data during heatwaves. 

4.4.1.3 Vegetation maturity 
As presented in the methods chapter, there were differences in vegetation coverage and 
maturity of the plants on the various (blue-)green roofs. It is expected that there might be 
an effect on the cooling of the surface and air above the roof caused by evapotranspiration 
of the vegetation and the substrate. However, the effect of the difference in vegetation 
maturity is quite small. Comparison of roofs with grown and juvenile vegetation during the 
measurement periods revealed only small difference in the maximum substrate 
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temperatures for warm periods (~2.5 °C). For winter period this difference was even 
smaller(~1.5°C). 

4.4.2 Conclusions 
The main objective of this research was to investigate indoor heat stress reduction by 
examining the cooling and insulation effect of blue-green roofs on the indoor temperature. 
To assess the effect of the blue-green roofs, three main questions were defined. Each of the 
question focused on a specific topic related to the influence of roof construction on the 
indoor climate. 

1. What is the effect of blue-green roofs compared to conventional roofs on the roof 
surface temperature?   

Our results show the strongest effect of blue-green roofs on surface temperature in 
summer. During the warm periods, the measured surface temperatures were clearly 
lower on the blue-green roofs than on gravel or bitumen roofs. During winter days, 
the surface temperatures were not significantly higher on blue-green roofs than on 
conventional roofs. Measurements further showed that there is no substantial 
difference in substrate temperatures when comparing these temperatures of a blue-
green roof to more conventional sedum covered green roofs. The differences between 
blue-green and green roofs became obvious when looking under the vegetation and 
the substrate layer. The temperature in the water storage of blue-green roofs was 
much colder during hot summer days than all the tested surfaces (gravel, bitumen, 
substrate with plants). This suggest that the heat load entering the building through 
the roof is the lowest for blue-green roof compared to all other types of roofs. 
Similarly, the empty water crate layer showed the highest temperatures during cold 
winter nights. The vegetation and substrate on (blue-) green roofs play a role in the 
effect on the surface temperature, however, the effect of the water crate layer 
seems to contribute most with less daily variation and lower maximum average daily 
temperatures as compared to reference roofs.    

2. What is the thermal effect of blue-green roofs compared to conventional roofs on the 
indoor temperature? 

During warm periods, blue-green roofs showed a small cooling effect (less than two 
degrees) on the indoor temperature compared to conventional roofs, based on the 
three locations. The decrease in absolute temperature was not possible to attribute 
only to the presence of blue-green layer as other external factors might have had a 
strong influence on the measurements. Besides the difference in measured 
temperature, the indoor temperatures also showed less fluctuations (daily variation) 
under the blue-green roofs than other conventional roofs. This suggests that rooms 
located under a blue-green roof are less sensitive to the outside air temperature 
values and its natural diurnal variation. The water stored in the crates warms up 
slower than conventional roof surfaces and therefore provides cooling during warm 
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days. The decrease in diurnal fluctuations under a blue-green roof was also measured 
during a cold period, even though the water crate layer was empty. Hence, also in 
cold periods, blue-green roofs seem to contribute to more stable inside air 
temperatures reducing the impact of outside air temperature variations. 

3. What is the effect of blue-green layer on insulation properties of the roofs? 

Computed insulation of a blue-green roof for the winter period is twice as high as for 
gravel roofs, even with an empty water crate layer (based on temperature 
measurements at one location). The calculated R-values (used in construction to 
indicate the insulation properties of materials) show that the blue-green layer on the 
top of the roof contributes an additional 1 – 1.3 m2*K/W of insulation. However, this 
value is based on measurements from only one blue-green roof and only one cold 
period and therefore should be taken as a first indication of the potential effect. It 
is logical that an extra layer contributes to extra insulation, further research is 
needed to verify the magnitude of the additional effect.  

4.4.2.1 Final conclusion and recommendations  
In general, we see a clear trend of a buffering temperature effect of blue-green roofs on 
both surface temperature of the roof and indoor air temperature. This is particularly visible 
at the water temperature that stays very stable with only small daily changes. The buffering 
effect causes blue-green roofs experience lower surface temperatures in summer and higher 
in winter, and also lower diurnal air temperature variations indoors. Our measurements 
suggest a positive effect on the indoor environment under a blue-green roof compared to 
traditional types of roofs. However, the magnitude of the effect could not have been 
calculated due to the specific measurement conditions and potentially significant effects of 
the surroundings. 

Implementing blue-green roofs might reduce high indoor temperatures. The exact effect of 
the blue-green roof on the air temperature inside the building and consequently the thermal 
comfort of the residents is unclear. The increased insulation values for blue-green roofs 
suggest that the additional blue-green layer might potentially influence the heating/cooling 
costs. The exact benefits of insulation of a blue-green roof on energy consumption and 
thermal comfort needs to be studied further. Besides the thermal effects, blue-green roof 
can have other beneficial properties on a building level, especially if accessibility to the roof 
is provided. Lower roof surface temperatures of blue-green roofs suggest a potential for 
creating a valuable and comfortable urban green space during hot summer days.  
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