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Blue-green roofs have been utilized and studied for their enhanced water storage capacity compared to con-
ventional roofs or extensive green roofs. Nonetheless, research about the thermal effect of blue-green roofs is
lacking. The goal of this research is to study the thermal effect of blue-green roofs in order to assess their po-
tential for shielding the indoor environment from outdoor temperature extremes (cold- and heat-waves). In this
field study, we examined the differences between blue-green roofs and conventional gravel roofs from the
perspective of the roof surface temperatures and the indoor temperatures in the city of Amsterdam for late 20t
century buildings. Temperature sensor (iButtons) values indicate that outside surface temperatures for blue-
green roofs are lower in summer and fluctuate less during the whole year than temperatures of conventional
roofs. Results show that for three warm periods during summer in 2021, surface substrate temperatures peaked
on average 5°C higher for gravel roofs than for blue-green roofs. Second, during both warm and cold periods, the
temperature inside the water crate layer was more stable than the roof surface temperatures. During a cold
period in winter, minimum water crate layer temperatures remained 3.0° C higher than other outdoor surface
temperatures. Finally, also the variation of the indoor temperature fluctuations of locations with and without
blue-green roofs have been studied. Locations with blue-green roofs are less sensitive to outside air temperature
changes, as daily temperature fluctuations (standard deviations) were systematically lower compared to con-
ventional roofs for both warm and cold periods.

1. Introduction built environment [5] as they can reduce the proportion of solar radi-

ation that reaches the roof structure beneath and offer additional cooling

Due to climate change, more extreme weather events are experi-
enced, such as long-term drought, extreme rainfall and heat waves [1].
Only in the past four years, the Netherlands has experienced the first and
third warmest summer in history, 2018 and 2019 respectively, and the
longest heatwave in history, August 2020 [2]. In the urban environment,
these meteorological extremes, coupled with a high amount of imper-
vious surfaces, lead to severe risks to people and infrastructure [3]. The
air temperature in Dutch cities has a mean daily maximum 2.3 °C higher
than their rural surroundings [4], a phenomenon that is called the Urban
Heat Island effect.

Nature-based solutions are seen as favourable effective measures to
increase urban resilience and to decrease high temperatures in summer.
However, space is often scarce in urban environments and therefore
roofs have received increased attention in mitigating the consequences
of climate change in urban areas. This resulted in a variety of roof sys-
tems of green and blue-green roofs designed as an integral part of the
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in summer due to evapotranspiration by the vegetative layer [6,7].
Green roofs are also suggested for energy saving purposes due to their
added insulation values resulting in decreased need for cooling in
summer and heating in winter [8]. Yet, more recent research suggests
that the availability of water in the substrate plays an important role in a
higher actual evapotranspiration rate, which improves the cooling effect
of the roof [9-11] and potentially improves the thermal comfort in the
indoor environment [12,13].

Green roofs with an additional rain water storage are commonly
referred to as blue-green roofs. Blue-green roofs have been mostly
studied from the perspective of a higher water capture ratio [14,15]
where the benefits of the extra water crate layers are often related to the
potential of reducing pluvial flood risk or storm management [16].
Nonetheless, blue-green roofs can also be beneficial from the perspective
of temperature extremes mitigation. Almaaitah & Joksimovic [17]
investigated the thermal and hydrological effects of blue-green roofs in
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comparison with green roofs and how this can contribute to vegetable
production in urban areas. Their study shows moderate air-cooling ef-
fects above the blue-green roof surface in the afternoon and evening.
Similar results have been shown in Cristiano et al (2022) [18]. They also
emphasize the additional benefits of a blue-green roof regarding thermal
insulation and the potential of reducing the average temperature inside
the building. Further, the evaporative potential of blue-green roofs is
higher than the one of green roofs without additional water storage [14]
which suggest a higher potential for mitigation of urban heat island. This
is further supported by literature focusing on modeling the effect of
green roofs. Li et al. (2014) [11] show that the cooling effect of a green
roof strongly decreases with lower water availability and that the
maximum theoretical effect, when all roofs are covered with well tran-
spiring vegetation, is around 1 °C on pedestrian level when compared to
gravel roofs.

Despite the promising results of [17] and [18], research specifically
focusing on blue-green roofs potential in reducing heat stress on build-
ing level or in increasing the insulation capacity of the roof is limited.
Also the actual effect of blue-green roofs on city scale temperature
mitigation is expected to be lower than what model results indicate [11].
For a city like Amsterdam (size, climate, roof types, building height, and
street width) the effect has been estimated to 0.3 °C if all suitable roofs
are used [19]. On top of that, most articles are based on measurements
from one roof only [12,15] or case studies with different climatological
conditions [18]. This study contributes to the understanding of the
thermal effect of blue-green roofs by analysing both summer and winter
measurements from several blue-green roofs with the same construction
specification in various locations in Amsterdam. Next to the investigated
effect on roof surface temperatures, which is the main focus of existing
studies, the effect on indoor temperature has been measured as well in
order to find out the possible contribution to the reduction of indoor
thermal comfort.

The aim of this research is to provide a better understanding of the
effects of blue-green roofs on the temperature on a building scale in
order to assess blue-green roof potential for shielding the indoor envi-
ronment from outdoor temperature extremes (cold- and heatwaves).
Roof surface temperature and air temperature under the roof were
chosen as an indication of how much heat is transferred between indoor
and outdoor environment. To assess these two aspects, the following
questions have been defined:

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

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

This research is part of the RESILIO project' . RESILIO (an acronym
for ‘Resilience nEtwork of Smart Innovative cLImate-adapative rOof-
tops’) was a cooperation between the municipality of Amsterdam, two
research institutes, several housing corporations and other non-
governmental organisations. Due to the cooperative nature of the proj-
ect and involvement of multiple stakeholders, the choice of roofs and
measurement period was predetermined by the setup of the project. This
resulted in sub-optimal measurement conditions: (i) The summer of
2021 was relatively wet and without heat-waves in the Netherlands. (ii)
Construction deadlines of the roof varied and therefore not all data were
available for the whole measurement period. (iii) Roof elements (such as
chimneys), the presence of water, as well as the indoor context varied
slightly between different locations. And (iv) the plants on the blue-
green roofs were not yet mature and the results are therefore not
representative of a fully developed blue-green roof.

1 Further information on https://resilio.amsterdam/
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2. Methodology
2.1. Measurements

In this field study, we examined the differences between roof surface
temperatures and indoor temperatures for buildings with blue-green and
at buildings with conventional gravel roofs. The measurements took
place in the east of Amsterdam (NL) in winter and summer of 2021
(Fig. 1). The measurements were executed on three newly installed blue-
green roofs. Three grey gravel roofs were chosen as reference roofs based
on proximity to the blue-green roofs and similar construction charac-
teristics of the building and the roof (year of construction, roof type,
insulation prior the blue-green roof construction). 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. The roof naming is based on an abbreviation of blue-
green (‘BG’) or reference (‘Ref’) roof, and a number (1-3).

Schematization of the blue-green roofs and the reference roofs can be
found in Fig. 2. The top layer of the blue-green roofs in the RESILIO
project is a green layer consisting of a substrate (expandable shale,
expandable clay, lava, pumice, crushed brick, and green waste compost)
with a mixture of biodiverse vegetation similar to extensive green roofs
(i.a. Sedum, Potentilla, Dianthus). The underlaying blue layer is a system
of plastic water retention boxes, in this paper referred to as “crates” or
“water crates”, with a storage capacity of 85 mm. The system enables a
capillary rise of water from the crates to the substrate above and
therefore provides the plants with additional water supply and facili-
tates a higher potential evaporation rate than a conventional extensive
green roof [14]. During winter, the crates are empty to prevent water
freezing in the storage and potential damage to the crates and the roofs.

The potential advantage of the additional water crate layer can be
seen from hydrological perspective, as well as from biodiversity and
urban heat island mitigation perspective. A water crate layer has a
higher water retention capacity compared to a green-roof substrate of
similar thickness. The water storage capacity of a substrate layer is 12
mm on average (20 % of the 60 mm substrate). The water crate layer has
a capacity of 71 mm for 80 mm crates. The additional water storage also
allows planting of plants that would not survive dry summer conditions
without irrigation. On top of that, higher evaporation rates of blue-green
roofs compared to green roofs with similar vegetation cover [14] com-
bined with lower surface temperatures can contribute to mitigation of
urban heat island effect.

At each site, the temperatures have been measured above the roof, in
the substrate (or gravel), in the water crates (for blue-green roofs), and
inside the building as shown in Fig. 3. The temperatures have been
measured using Thermochron iButton temperature loggers [20]. The
measurement interval was set to 10 min. The iButtons are capable of
capturing temperatures between -30 and 85 °C with an accuracy of
0.5 °C. Each roof had between 6 and 8 sensors as most points were
measured with two sensors simultaneously to decrease the chance of
error (sensor failure or loss due to bird activity or heavy rain or wind).
With 6 measurement locations this adds up to 42 measurement points in
total.

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 or an unused chimney). The iButtons are not
designed to measure outdoor air temperature and can be influenced by
solar radiation. To limit this, they have been placed on the northside of
the building and the data have only been used as an indication of out-
door temperatures and are not further analysed in this research. The
temperature of the substrate of gravel was measured a few centimetres
under the surface by burying the sensor in the green roof substrate or in
the gravel. The indoor air temperature measurement was taken ~10 cm
under the ceiling.

The indoor air temperature can be influenced by various factors
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Fig. 1. The locations of the roofs where temperature measurements have been carried out.

Fig. 2. Overview of the roof structures for the blue-green and the gravel roof. Please note that thickness and materials used for each layer can vary.

beyond our control (e.g. presence of hatches and windows or the use of in order to maximize the effect of the roof on the measurement. In case
heating). These have been limited as much as possible by, for example, of blue-green roofs, the temperature was also measured in the water
placing the iButtons out of direct sunlight and in hallways, instead of in crate layer at the bottom. In winter, the water crates are empty to avoid
people’s homes, to limit the influence of heating habits of the tenants. freezing and the sensor was therefore measuring the air temperature

Also, the sensors have been placed relatively close to the ceiling (10 cm) inside the empty storage layer.
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Fig. 3. Overview of the placed measurement devices at the research site. Please note that the placement of the devices depend on the type of roof.

Data have been collected from January till October 2021. From this
data set, four representative periods (one cold and three warm, Table 1)
have been chosen to analyse the thermal behaviour of blue-green roofs
compared to the reference roofs during both summer and winter. Due to
the lack of official heat- and cold-waves in 2021, alternative warm and
cold periods were defined for the purpose of this study. For a period to be
considered as “warm” the average 24-hour air temperature measured
above all blue-green roofs had to be at least 20°C for 5 consecutive days.
For the cold period, the air temperature should not exceed 0°C for at
least 5 consecutive days.

Due to construction deadlines, the only blue-green roof already
constructed in February 2021 was the one on location BG-1. Therefore,
the other blue-green locations are excluded from the cold period anal-
ysis. Later in the year, BG-1 had to be removed from the analysis due to
re-construction of the roof.

The summer of 2021 was a relatively wet summer with 268 mm of
rain from 1 June to 31 August measured at a nearby meteorological
station (Schiphol), where a normal Dutch summer has 224 mm of rain
[21]. During each chosen warm period there was little to no amount of
rain. However, prior to each of these periods it had been raining. Due to
the combination of a relatively wet summer and rainfall prior to the
measurement periods it is assumed that the plants on all locations were
well watered. Unfortunately, measurements of the water height in the
crates were not available during the measurement period.

Because of construction work deadlines and spring or autumn
planting, the blue-green roofs did not have (fully grown) plants yet
during the measurement periods, which resulted in temperature mea-
surements more representative for bare substrate than for vegetated
roof. The lack of established vegetation at the blue-green locations is
expected to have an influence on the total evaporation rate of these
roofs. Therefore, the evaporation rates are not examined in this report.
We acknowledge that the evaporation effect is present, and was studied
in more depth within the RESILIO project by Busker et al. [14].

Table 1

2.2. Analysis of measured temperatures

To detect the possible effects of the blue-green roofs, measured data
from all monitored roofs have been analysed. After removing outliers,
time-sequences of cold and warm periods were visualized for the mea-
surements locations as presented in Table 1. To limit the influence of
day-to-day variation on the analysis of differences in measured tem-
peratures, outside surface temperature measurements were averaged for
each hour of a day. Temperatures were measured every 10 min, there-
fore there are 6 measurement values in each hour (hour 1 contains
measurements between midnight and 1:00, h 2 from 1:00 till 2:00, etc.).
Meaning, for a 7-day measurement period each resulting point is the
average of 42 values (6*7). We see this as a more robust analysis
compared to absolute temperature differences because it shows general
thermal behaviour of different roofs. For the cold period, around 4100
measurements have been analysed. For the multiple warm periods this
number runs up to around 15200 measurements. To see the differences
in performance of the roofs the hourly averages were plotted out over
24 h to show the diurnal fluctuation.

To statistically support the difference in performance of the types of
roofs during cold and warm periods, a statistical analysis was done.
Differences in means were calculated for 1) surface substrate tempera-
tures of reference and blue-green roofs and for 2) surface substrate
temperature and water crate temperatures of only blue-green roofs.
First, a two sample analysis for variances F-tests were performed to
determine which T-test was needed: a two sample independent T-test
assuming equal variance or unequal variance. Second, appropriate T-test
was performed with an alpha of 0.05 to determine statistical significance
between group means. The outcome of the statistical analysis is given in
p-values. If the p-value is low (lower than the alpha value), it proofs that
the differences found in means of temperatures is statistically
significant.

To investigate the effect of the blue-green roofs on the inhouse

Measurement locations for each time period and the minimum, maximum and average measured air temperatures above the blue-green roof(s).

Period Measurement Period Roofs used for analysis Minimum Temperature (°C) Maximum Temperature (°C) Average Temperature (°C)
Cold 07/02/2021 - 14/02/2021 BG-1, Ref-1 -8.5 2 -2.8
Warm 04/06/2021 - 16/06/2021 BG_2,Ref 2 11.5 33.0 20.2
Warm 16/07/2021 - 27/07/2021 BG_2, Ref 2 14.5 32,5 20.4
Warm 06/09/2021 - 10/09/2021 BG_3,Ref 3 12.0 33.0 21.3
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temperatures, the temperature variations have been calculated for lo-
cations with blue-green and reference roofs. We computed standard
deviations (STD), a measure to calculate the amount of variation of the
values in the dataset for each day. By computing STDs we were able to
minimize the potential effect off uncontrollable external factors which
might have changed the absolute temperature. Daily STDs were calcu-
lated in such a way that the compared data of a blue-green and reference
roof always match the same period of measuring. This enabled us to
check the behaviour of blue-green roofs during all seasons and not only
during warm and cold periods. This analysis was therefore also done for
the entire measurement period, which results into a conclusion drawn
over a larger dataset than only the warm and cold period.

3. Results

Some differences between the blue-green and reference roofs are
already visible from a simple time-series graphs. Fig. 4 shows that the
differences between the types of roofs are much smaller during winter
than in summer. However, there are also some similarities for winter
and summer. For example, the indoor temperature is the most stable
temperature throughout the whole year, followed by the temperature
measured in the water crates.

During the analysed cold period (Fig. 4a), the temperature measured
in the empty water crate layer is most of the time the highest measured
temperature with relatively low diurnal fluctuation (up to 5.5 °C). The

IDWXUH %DVHG 6ROXWLRQV

daily substrate temperatures of the blue-green roof and the reference
roof have both up to 10 °C diurnal variation and only show small, but
statistically significant differences (see Table 2 and Section 3.1 for
further details). Much higher fluctuations in temperatures have been
measured on warm sunny days in summer (Fig. 4b). The measured
surface temperature of a gravel roof varies from 8.5 °C during the night
to 48 °C during the day. This is in contrast to much lower amplitudes of
the blue-green roof, from 12 °C at night to 44 °C during a day.

The indoor temperature measured under the blue-green roof is
higher in winter (by ~8 °C) and lower in summer (by ~3 °C) compared
to the time-series of the indoor temperature under the reference roof.
Nonetheless, the absolute temperatures can be influenced by external
factors (as explained in the Methods section). Nonetheless, it can also be
seen that the indoor temperature under the blue-green roofs (solid or-
ange line in Fig. 4) has a lower fluctuation than the indoor temperature
under the conventional roof (dashed orange line) for both summer and
winter, indicating lower influence of the outdoor environment.

The outcome of the statistical analysis is presented in Table 2. Day
and night temperatures of blue-green substrate were compared to tem-
peratures of the gravel on reference roofs for both warm and cold pe-
riods. On top of that, blue-green roofs substrate temperatures were
compared to water crate temperatures. All data sets have a degrees of
freedom ranging from 335 to 2307 and are therefore large enough for
statistical analysis. Performed F-tests p-values with an alpha of 0.05
show unequal variance for most data sets, with the exception of three

Fig. 4. Time series of measured temperatures shown for a) the cold period measurements at BG-1 and Ref-1, and b) representative warm period measurements at BG-

2 and Ref-2. Y-axis dates are ‘DD-MM-YYYY’ format.



Table 2

F-tests two sample analysis for variances and two-sample independent t-tests assuming equal means® or unequal means® comparing Ref-Substrates with BG-substrates and BG-Substrates with BG-Water crate. A subdivision

is made between measurements during night-hours (sunset — sunrise) and daily hours (sunrise — sunset) to account for changes in incoming solar radiation.

Roof Period Time Mean F-statistic P-value - F-test (Alpha = 0.05) Degrees of freedom T-statistic P-value - T-test (Alpha = 0.05)
Ref-1 Substrate Day (8:00 - 16:59) -2.19

BG-1 Substrate (T-test with Ref-1 Substrate) -1.87 1.55 7.40E-06 766 -1.978 4.93E-02
BG-1 Water crate (T-test with BG-1 Substrate) -1.17 0.86 0.06 795 5104 4.28E-07
Ref-1 Substrate 06/02/2021 - 14/02/2021  Night (17:00 - 7:59)  -3.84

BG-1 Substrate (T-test with Ref-1 Substrate) -4.29 1.13 0.0501 1390 4.014 6.33E-05
BG-1 Water crate (T-test with BG-1 Substrate) -1.45 1.13 0.06 1390 25.28% 2.64E-116
BG-2 Substrate Day(6:00 - 22:59) 25.94

BG-2 Water crate (T-test with BG-2 Substrate) 21.22 2.15 8.79E-41 2176 18.92 8 4.59E-74
BG-2 Substrate 04/06/2021 - 16/06/2021  Night (23:00 - 5:59)  15.15

BG-2 Water crate (T-test with BG-2 Substrate) 19.56 0.23 0.00 719 -20.08 B 1.46E-71
Ref-2 Substrate 16/07/2021 - 27/07/2021 Day (6:00 - 22:59) 27.22

BG-2 Substrate (T-test with Ref-2 Substrate) 25.62 1.62 3.50E-17 2307 4878 1.22E-06
BG-2 Water crate (T-test with BG-2 Substrate) 22.35 3.15 3.39E-84 1843 13.94 B 4.81E-42
Ref-2 Substrate Night (23:00 - 5:59) 15.48

BG-2 Substrate (T-test with Ref-2 Substrate) 16.25 1.44 2.34E-05 972 -7.87 B 9.48E-15
BG-2 Water crate (T-test with BG-2 Substrate) 20.27 0.27 0.00 758 -29.78 B 1.16E-129
Ref-4-Substrate 06/09/2021 - 10/09/2021 Day (6:00 - 22:59) 25.00

BG-4 Substrate (T-test with Ref-4 Substrate) 22.35 2.09 1.01E-16 905 6.38° 2.84E-10
Ref-4 Substrate Night (23:00 - 5:59) 17.65

BG-4 Substrate (T-test with Ref-4 Substrate) 16.66 2.98 7.31E-15 335 4578 6.94E-06

0 2 wqod d
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Fig. 5. Average hourly temperatures, averaged over all days of the cold period (7-14 February 2021) at BG-1 and REF-1.

datasets in the cold period. The T-test p-values show in all cases statis-
tical significance and a larger differences between means were described
by higher positive or lower negative ‘T-statistics’ values. Based on these
results we can conclude that for all our comparisons blue-green roof
substrates differs significantly from its reference counterpart, and that
the water-crate layer differs significantly from the blue-green substrate
layer above.

3.1. Roof surface temperature - winter

To analyse the timeseries, hourly averages have been calculated.
Fig. 5 shows the hourly averages for the cold period for the substrate
layer of a blue-green roof and for the gravel layer of a reference roof. The
differences in diurnal variations of substrate temperatures for gravel and
blue-green roofs were relatively small. Nevertheless, computed means
for BG-substrate were still significantly higher during the day (see
Table 2). During the night, means were more closely related, and during
the second part of the night (0:00 - 8:00) the difference between gravel
and blue-green substrate can be interpreted as negligible, because the
hourly averages fall within the uncertainty of the sensor.

The measured temperature in the water crate layer is higher than the

temperature of blue-green roof substrate for most of the day and this
difference is even higher during the night. Only during the warmest part
of the day (12:00 — 14:00) the blue-green roof substrate temperature
exceeds the temperature in the water crate. This is due to direct exposure
of the substrate to solar radiation and subsequent heat transfer from the
substrate layer to the water crate layer. The effect where the tempera-
ture of the water crate layer only starts increasing after the substrate
layer above heats up (around 11:00) is particularly visible in Fig. 4a for
11-13 February. Looking at the diurnal variation, the temperature in the
water layer experiences much lower diurnal amplitude (~2 °C)
compared to other surfaces (up to 4.5 °C) or air (3.5 °C). In general, the
surface temperatures follow the pattern of the air-temperature and solar
radiation, experiencing higher influence of the outdoor environment,
whereas the water crate layer temperature stays much more stable. This
suggests a temperature buffering effect of the water crate layer.

3.2. Roof surface temperature - summer
Fig. 6 shows the hourly averages for all investigated warm periods

for the substrate layers and water crate measurements of blue-green and
gravel roofs. The maximum daytime surface temperatures for blue-green

Fig. 6. Average hourly temperatures, averaged over all days of all warm periods (4-16 June, 16-27 July, and 6-10 September 2021) at multiple blue-green and

reference roofs.
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roofs are on average 2-3 °C lower than for gravel roofs. The maximum
differences (up to 8 °C) are visible in the afternoon. This is also
confirmed by all Ref- and BG substrate T-tests during the day that
showed lower means for the blue-green roofs (Table 2). At night means
are more closely related for BG substrate and reference roofs and
average temperature differences fall within the uncertainty of the sensor
during the second part of the night (0:00-7:00, Fig. 6).

The measured temperatures in the water crate layer, shown in Fig. 6,
have the lowest absolute maximum temperature (25.1 °C) from all the
measured layers. Also, the diurnal fluctuation over the 24 h period is the
lowest for the water crate layer. The temperature amplitude in the water
crate was only 7.3 °C compared to up to 18 °C for blue-green roof
substrate (BG-2) and up to 22 °C for gravel (Ref-2). From the statistical
analysis in Table 2 it can be seen that the mean temperature of the water
crate was in almost all cases significantly lower during day time and
higher during night time that the mean temperature of the substrate
above.

Comparing the different blue-green roofs, several general patterns
can be seen across all the locations, namely the similar amplitudes of
measured substrate temperature or the buffering effect of the water. It
further 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.
This could be partially explained by a much lower albedo and higher
solar absorption of gravel roofs compared to blue-green roofs [22].
Hence, a higher amount of absorbed solar radiation results in a pro-
longed period of energy emitted to its surrounding increasing the sub-
strate temperature.

The maximum temperature within the water crate was reached at
19:00, 3-4 h later compared to the other surfaces. This is caused by a
combination of two factors: (1) water has high thermal mass which
causes it to warm up slower than other used surfaces. (2) as 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
(the substrate above, the building below, and the air temperature) are
warmer. These two factors also explain why during the night water crate
temperatures are 4-5 °C higher than other surfaces. Looking at the
average over 24 h, temperatures measured in the water crate layer were
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the most stable of all measured surface temperatures. The lower diurnal
fluctuation of the temperature in the water crate (filled with water),
implies a cooling and a temperature buffering effect of blue-green roofs
compared to reference roofs.

3.3. Indoor temperatures

In order to analyse the effect of blue-green roofs compared to gravel
roofs on the indoor environment, STDs of the indoor air temperatures
have been calculated. The scatterplot (Fig. 7) shows the daily STDs of the
measured indoor air temperature for the reference roofs (x-axis) versus
the STDs for the blue-green roofs (y-axis) for one cold and multiple
warm periods.

The result shown in the graph is that in general STDs are low for blue-
green roofs and reference roofs and do not exceed 2 °C. This could imply
that outside climatological conditions have limited influence on the
indoor temperatures and that reference roofs seem already properly
insulated, making it difficult to gain large thermal benefits when
installing blue-green roofs.

Nonetheless, still an insulative effect of blue-green roofs can be seen
from the graph during most warm and cold periods (Fig. 7). Scatter
points underneath the reference line show days when the indoor tem-
perature STDs were higher for reference roofs than for blue-green roofs.
Lower STD values represent less variation during a 24 h period, implying
a smaller influence of outside climatological conditions (e.g., air tem-
perature, radiation). The STD values for blue-green roofs appear to be in
general lower than for the corresponding STD values for reference roofs,
indicating a better insulative capacity of the blue-green roofs.

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 3. 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) under-
neath the blue-green roof is 0.19-0.23 °C STD less than underneath the
reference roofs. This is still a relatively large proportion of STD of the
reference roofs (0.36 — 0.81).

When including all suitable measured data of inside air

Fig. 7. Scatterplot of the daily standard deviation in °C of the inside air temperature during cold and warm periods. Each symbol represents the variation of one day.
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Table 3

IDWXUH %DVHG 6ROXWLRQV

Average STDs for warm periods and one cold period (top two lines); and STDs for the whole period measured on the specific sites.

Measurement Period

Average STD blue-green roof (°C)

Average STD reference roof (°C) STD reduction (°C)

Warm Periods 0.62
Cold period 0.13
BG-1 vs. Ref-1 03/02/2021 - 06/04/2021 0.15
BG-2 vs. Ref-2 06/07/2021 - 21/10/2021 0.44
BG-3 vs. Ref-3 27/07/2021 - 30/09/2021 0.62

0.81 -0.19
0.36 -0.23
0.48 -0.33
0.79 -0.35
0.26 0.36

temperatures, the average STD of the whole dataset per location shows a
similar pattern as STDs for the cold and warm periods (last three rows of
Table 3). The temperature buffering effect of a blue-green roof is visible
during all seasons, not only during the extreme weather conditions. The
results show a reduction in STD for the blue-green roofs at the BG-1 and
BG-2 of a magnitude comparable to the chosen cold and warm periods,
indicating a systematic temperature buffering of the blue-green roofs.

Contrary to the other locations, the measurements of the BG-3 roof
show a higher STD for blue-green roofs than for the refence roof. The
indoor temperature underneath the blue-green layer at BG-3 varied
more than under Ref-3 (also shown in Fig. 7). This effect can be assigned
to two factors: i) The STD at the Ref-3 roof is already very low. The
specific reason for this low influence of outdoor environment is unknow
due to the lack of detailed information about the insulation properties of
this specific roof. ii) The STD at BG-3 is relatively high compared to the
other two blue-green roofs. This could have been caused by a slightly
different indoor situation at BG-3. The access to the roof, and therefore
the hallway where the iButtons were placed, was a big 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).

4. Discussion

The RESILIO project was a unique opportunity to study the effects of
blue-green roofs in a north-western European climate. The results of this
field study allowed us to analyse 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 de-
pendencies on suitable roofs and susceptibility to changes in the sur-
rounding environment. For example, the results were based on a limited
number of roofs with some different characteristics and unmatured
vegetation. Inside the buildings, iButton measurements in the stairways
might have been influenced by radiation by incoming light from win-
dows, opening of hatches, and (central) heating systems. Despite these
limitations, we consider our data quality sufficient, as we see a consis-
tency in our results that are statistically significant. The above
mentioned possible influencing factors appeared only in several specific
measurement situations and have been addressed in the explanation of
the results.

The colder surface temperatures of blue-green roofs compared to
gravel roofs in summer correspond with previously published studies on
various types of vegetated roofs [5,6,15,17] and can be explained by the
physical properties of the various roof surfaces. For instance, evapo-
transpiration of plants explains the cooling effect only partially because
vegetation was not fully grown and transpiration was limited [23].
However, evaporation from the substrate surface might still have
contributed to this cooling effect because there was a relatively stable
water supply from the crates to the substrate. Moreover, solar absorption
of gravel roofs is higher than (sparsely) vegetated soil, resulting in a
larger emission of thermal energy for gravel roofs and increasing the
temperature within the substrate [7,21,22]. Both effects, however, are
expected to be much lower during winter due to decreased vegetation
cover and lower temperatures [24]. Solar absorption is lower caused by
fewer sun radiation, and the evaporative flux decreases with a negative
temperature gradient [23].

The main differences between traditional sedum-covered green roofs
and the blue-green roofs studied in this research was the presence of the
water crate layer. The temperature measured inside the water crate
layer, both with (in summer) and without (in winter) water, showed the
lowest diurnal fluctuation from all surface measurements. During sum-
mer, this buffering effect can be partially explained by higher thermal
mass of water [7,24]. However, this thermal buffer capacity might have
negative consequences for indoor thermal comfort, as it results in higher
temperatures during the night and could hinder or delay the cooling of
the building [15]. The buffering effect of the water crate layer is also
visible in winter when the storage is empty. In fact, the constant tem-
peratures found in the water crate layer were the only measured outdoor
temperatures that did not follow the air temperature pattern. This sug-
gest that even without the additional thermal mass of water, the empty
crate layer provides some level of temperature buffering. The temper-
ature buffer in the water crates is the predominate factor that distin-
guishes the thermal behaviour of blue-green roofs from other types of
roofs.

The absolute influence of blue-green roofs on the indoor tempera-
tures could not have been quantified because the measurements were
not performed under controlled conditions and the exact magnitude of
the external influences is unknown. Therefore, conclusions can only be
drawn about more systematic trends in the data set and not about the
magnitude of the effect. Moreover, daily STDs for all types of roofs that
were investigated in this field study were generally quite low (<2.0 °C).
This can be assigned to the fact that both reference and blue-green roofs
have already existing internal insulation layers installed and therefore
the influence of outside air temperatures is limited. The benefit of blue-
green roofs is therefore expected to be higher on poorly insulated houses
as shown by Castleton et al. [7]. The temperature buffering effect of
blue-green roofs should be further compared to roofs with various de-
grees of insulation. Results regarding the insulative properties of
blue-green roofs in winter and their cooling effect in summer can clarify
the potential benefits of these roofs for energy savings and thermal
comfort of the tenants.

Santin et al. [25] 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. A small
difference in air temperature throughout the year can therefore have a
large impact on energy consumption but not on thermal comfort of the
tenants. As mentioned before, the absolute magnitude of the tempera-
ture change indoors could not have been quantified. Nonetheless, the
small differences in the temperature fluctuation under blue-green and
reference roofs suggest that the effect of blue-green roofs on indoor
temperatures, especially for well insulated roofs, is also small. Conse-
quently, the influence on thermal comfort of the tenants is expected to
be negligible.

In practical application, there are several obstacles for blue-green
roof. The price of a blue-green roof is higher than price of an exten-
sive green roof. This price difference is mostly due to the smart system
that is necessary for opening and closing of the water storage layer based
on weather prediction. Consequently, blue-green roofs need to have a
size of at least 200 m2 to be economically viable; size is therefore
another potential limitation for implementation of blue-green roofs.
Alternatively, blue-green roof can also be installed without the smart
system. This, however, decreases its potential for smart water
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management [14]. Further, the slope of the roof also needs to be lower
for installation of blue-green roof (max 11°) than for extensive green
roof. Lastly, due to the higher water storage, a blue-green roof is heavier
than just a green roof and requires higher carrying capacity of the un-
derlaying roof construction.

5. Conclusions

The main objective of this research was to provide a better under-
standing of the effects of blue-green roofs on the temperature on a
building scale in order to assess their potential for shielding the indoor
environment from outdoor temperature extremes (cold- and heat-
waves). First step towards this objective was to assess the surface tem-
perature of both types of roofs. Unfortunately, the vegetation cover of
the blue-green roofs was not yet fully developed and the results ae
therefore more representative for an adaptation phase of a blue-green
roof. Our results show the strongest effect of blue-green roofs on sur-
face temperature in summer. During the warm periods, the measured
surface temperatures were on average 2-3 °C lower on the blue-green
roofs than on gravel roofs. This difference is expected to be higher for
roofs with fully developed vegetation. During winter days, the surface
temperatures were not significantly different on blue-green roofs than
on conventional roofs.

The measurements in the water crate layers of blue-green roofs show
an all year-round temperature buffering effect. During hot summer days,
the temperature in the water storage of the blue-green roof was much
lower than other measured surfaces (up to 12 °C and 7 °C compared to
gravel roofs and the blue-green roof substrate, respectively) and also
experienced the least diurnal variation. Similarly, the empty water crate
layer showed up to 3 °C higher minimum temperatures during cold
winter nights.

Our measurements further show a positive systematic effect on the
indoor environment under a blue-green roof compared to traditional
gravel roof type. The variation in temperature is smaller underneath the
blue-green roofs compared to the reference roofs during both warm and
cold periods (0.19 — 0.35 °C reduction in STD). This suggests that rooms
located under a blue-green roof are less sensitive to the outside air
temperature and its natural diurnal variation. Nonetheless, these effects
are expected to be small.
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