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ARTICLE INFO ABSTRACT
Keywords: Summary: Faced with the increase in urban heat in summer, cities must quickly adapt by offering
Heat waves cool islands. If nature-based solutions are efficient and popular, other so-called grey solutions

City adaptation
Cooling devices
Canyon street
Sense-city

exist and can also provide solutions. In this paper we compare standard grey solutions in Sense-
city, an urban demonstrator equipped with sensor, located in the scientific campus of Cité Des-
cartes at Marne la Vallée. Our objective is on the one hand to compare the effectiveness of
standard solutions over time, but also to study the ability of sense-city and its canyon street to
study this phenomenon despite its relatively small size.

Methods: In this work we follow an experimental approach using a wide coverage of calibrated
sensors deployed in Sense-city. We have conducted two measurement campaigns in July 2021 and
July-August 2022 where we study the effectiveness of standard solutions (shading, white floor
surface, street watering) to reduce the air temperature in the canyon street of sense-city. As the
days are different, we compare the temperature difference in the street canyon equipped with
these cooling solutions with that on the surrounding area. This method allows us to overcome
daily variations. To interpret the results, we analyse the shades and we follow the temperature
over time and not only during the hottest hours. We also calculate the UTCI (Universal Thermal
Climate Index) to compare the perceived temperature.

Findings: The results show that despite its small size, the canyon street of sense-city behaves like a
canyon street and that the measured temperature differences due to heat exchanges comply with
physical laws and that the number and spatial distribution of sensors is validated. The Sense-city
demonstrator can therefore be used to carry out thermal efficiency experiments. In addition, the
method we used to compare cooling solutions allows us to limit the impacts due to slight daily
variations. Finally, while watering is effective in rapidly lowering the temperature in the street,
shading remains an optimal solution for the perceived temperature, even if it would be ideal to
close them at the end of the day to allow air circulation.

1. Introduction

During the months of July and August 2021, 2022 and 2023, numerous climatic disturbances such as heat domes in Canada, floods
and landslides in Belgium, Germany, Turkey, China and giant fires in Russia, Canada and Greece marked news and people's minds.
Climate inertia and the complexity of changing the energy model at the global level make it necessary to adapt our regions and cities to
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limit the impacts of the changes that are underway. The adaptation of territories, associated with imperative efforts on mitigation, is
therefore an essential strategy to maintain the quality of life of living organisms (humans, fauna and flora) and limit the costs linked to
the disorders caused by these events. This involves improving warning and crisis management systems (fires, heat waves, floods,
hurricanes, health crises), but also urban, peri-urban and rural developments to mitigate the effects of these recurring crises and to
adapt the territories to the climates of the future. Well aware of these issues, governments and regions can define laws or regulations,
they can also rely on labels and standards put in place by international organizations such as ISO or national in order to manage the
transition. This management can take multiple forms such as the ISO 37101 standard, or more specific application standards with
actions relating to a particular issue. Adaptation strategies concern all countries. (Agboola et al., 2023) propose approaches for
minimizing the effects of climate change in Nigerian cities.

This article focuses on the issue of urban cooling from French cases, even if the conclusions also apply in other contexts. In France,
in accordance with the Grenelle environmental laws and then the NOTRe law, the Regional Scheme for Planning, Sustainable
Development and Territorial Equality (SRADDET), drawn up by the regional council, sets medium- and long-term objectives in
connection with several themes including the fight against climate change. The Territorial Climate Air Energy Plans (PCAET), SCoT
and PLUi are then drawn up by the EPCIs (group of local authorities) to make the plans operational at the local level. The regulations
evolve over time and in the end the action is carried out at the local level, by local authorities and by a set of actors, including private
actors through the realization of development projects (public-private alliance for Implementation).

The urban heat island phenomenon is well known and very well documented in the scientific literature (Oke, 1987). Much research
has been undertaken to compare cooling solutions (Santamouris, 2014; Santamouris et al., 2017; Bernard et al., 2020) resulting in
guides presenting the solutions in a qualitative and educational way. Based on a rich scientific literature, the guide produced for
ADEME (The French Agency for Ecological Transition) (Leroy et al., 2021) classifies cooling solutions into green, grey and soft so-
lutions, and summarizes the research results characterizing cooling, the co-benefits and the impacts negatives of the main current
solutions.

Many current research studies attempt to estimate the reduction in temperature induced by planning solutions (Kaloustian et al.,
2018), reductions that are often limited given the small cooling spatial extent considered in the models or in the field. As limited as it
might seem, local temperature reductions are important for urban planning on the one hand to build cooling islands and on the other
hand to avoid thermal runaways.

The research work presented in this paper aims to compare the effectiveness of technical devices for urban cooling in the Sense-City
urban demonstrator. This research is funded by the Fraicheur research program of the i-site FUTURE of the Gustave Eiffel University.
The aim is to study the effectiveness of simple cooling solutions and to question the method and metrology associated with the ex-
periments. The approach followed is empirical: it involves measuring air temperatures in the field. The research is conducted according
to a comparative approach of devices during summer. These devices are placed in comparable urban and climatic conditions, which
makes it possible to quantify and qualify the cooling performance comparatively. We therefore have two scientific objectives: to
quantify the temperature differences according to the cooling devices and to set up and validate the experimental protocol in the Sense-
City space.

1.1. Our research questions and choices

Sense-city is a new urban scientific demonstrator funded by the French Research Funding Agency (ANR). The objective of this
equipment, described below, is to accelerate research on the urban transition, including that on the mitigation and adaptation of cities
to climate change. Among the research subjects, one is linked to the adaptation of cities to heat waves. Sense-city being relatively small
(each of the two experimental areas is limited to 400 m?), one of our first challenges is to study the suitability of the experimental area
to explore the effectiveness of various cooling solutions. In particular a pseudo canyon street was built to study heat exchanges during
heatwave periods. The canyon street is a classical urban shape widely used to study urban climate (Oke, 1987). Canyon street are still
much studied (Muniz-Gaal et al., 2019) and used in urban climate simulation modelling as ENVI-met 4.0 (Muniz-Gaal et al., 2019) or
TEB (Masson, 2000). Even if Sense-city canyon street is not all canyon street, does it behave as a real canyon street? What can we learn
from this canyon street? What is its behaviour in periods of high heat? What is the heat dynamic in this street throughout the day? Can
we refresh it using cooling solutions? Another question was about the sensors used in sense-city: are the sensitivity and deployment of
sensors appropriate for comparing the temperature inside and outside the canyon street and for comparing cooling solutions to each
other? At least, one challenge was to set up a method for comparing different close but not identical days.

Different solutions exist to cool cities. Some are simple and traditional (shading, light walls, presence of water) others are more
recent, more expensive and more sophisticated such as the greening of roofs, cooling paving stones, the use of heat resistant materials
for building or the design of the cooling system at the district level. Revegetation or renaturation is often popular because it is a no-
regret solution that offers multiple benefits (EC, 2016; Anderson et al., 2022; Agboola et al., 2023). However, field studies show that
the revegetation effort often does not compensate for the loss of plants due to the construction of roads and buildings (Barroca and
Ruas, 2023). Many studies also prove that solutions are more efficient when they are combined (Santamouris et al., 2017) including
hybrid green and grey solutions (Anderson et al., 2022). Sense-city canyon street has already 6 trees, including 3 water-trees. Our
objective is thus to test other solutions that would complete the existing trees. Thus, for our experiments we chose very simple cooling
solutions (shading, albedo change and watering) for different reasons. Firstly, these solutions are already used in cities such as Paris, so
we know they can be deployed. Secondly these solutions have already been studied so we have knowledge describing their properties
(Santamouris et al., 2017; Hendel et al., 2016; Parison et al., 2020), last but not least they are easy to install: they can therefore be
tested one after the other in the same place, the same summer which minimises the difficulty of interpreting data due to a changing
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context. Their study is relevant.
2. Experimental site and choice of sensors
2.1. Sense-city Tiny-District 2

Sense-city is an urban demonstrator, located in the scientific campus Cité Descartes in Marne-la-Vallée about ten kilometres East of
Paris. Sense-city is made up of two experimentation areas, called Tiny-District 1 and Tiny-District 2, of 400m? each equipped with
sensors. A climatic chamber of 450m? can be positioned on one of the two areas. Indeed, the climatic chamber is on rail and can be
moved according to the needs on one or the other of the Tiny-District. Sense-city sensors are connected to an information system
allowing access to data measured on time or in deferred time. The two experimentation areas house urban equipment allowing ex-
periments to be carried out by researchers from different disciplines (Ruas, 2019). Fig. 1 represents the Tiny-District 2 in which we
carried out experiments in July—August 2021 and July—August 2022. Tiny-District 2 consists of a street with sidewalks, two hollow
walls 6 m high and 11 m long. Hollow walls allow heat to accumulate like buildings. These walls recreate a canyon street with heat
exchanges. Tiny-District 2 also consists of 6 trees, including 3 rain trees. Rain trees have reservoirs to store rainwater flowing from the
road. There is also a water garden and a mud house used for other experiments (Fig. 1). The researchers make an experiment record to
be allowed to use Sense-City for a set period of time. As Sense-city is very recent - Sense city Tiny District 2 started to be used for
scientific experiments in 2021 - experiments are often done several times to improve testing protocols.

2.2. Choice of sensors and sensor locations

The chosen sensors make it possible to compare one day with another and to measure the air temperatures in different places in
space, at different heights, at different times. As part of this work, we focus on an experimental and non-modelling approach, so we
mainly use air temperature sensors positioned at different locations. Thus, we modify the initial environment by including standard
cooling devices that we leave at least 24 h to study the thermal variations over the hours.

To compare the days, we used a classic Meteorology sensor (Vaisala WXT536) and a radiation sensor (CampBell-NR-LITE2-L). We
also used hygrometry measurements (CampBell HygroVUE 5). For the air temperature we used PT100 sensors integrated in shelters.
All sensors are connected to data acquisition units (PEGASE, ADAM or CampBell).

The air temperature sensors were placed in 2021 at 50 cm from the ground and at 3 m to properly measure the heat dissipation
effect. Once these effects were clearly demonstrated in 2021, we placed the sensors high at 2 m, which is the standard height for
measurements. For the 2022 campaign, UTCI sensors have been added at 2 m.

Table 1 and Fig. 2 summarize the number and position of sensors for the two measurement campaigns. In terms of positioning, the
reference sensors are positioned in the canyon street (point A in Fig. 2) and outside the canyon street (point B in Fig. 2). In 2021 we
positioned the sensors on point A and B on the sidewalk, in 2022 we positioned them in the middle of the road to have a more central
temperature in the canyon street. The other temperature sensors distributed in space allow us to calculate temperature fields and to
have an average temperature outside the canyon street (without taking the sensors at point A).

Fig. 1. Tiny-District 2 from the sky (left) and from the north view point (right).

Table 1
Quantity and type of sensors for 2021 and 2022 measurement campaigns.
Type and height Météo Net Radiation Hygrometry Air temp. Air temp. Air Temp. UTCI
7 m 3m 3m 0.5m 3m 2m 2m
2021 1 1 3 6 6 0 0
2022 1 1 3 5 0 9 3
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2021 2022

® Ajr temperature at 0.5m ® Air temperature at 0.5m
® Ajr Temperature at 3m ® Air Temperature at 2m
@ Air Temperature at 0.5 and 3m @ Air Temperature at 0.5 and 2m

Fig. 2. The location of Air temperature sensors in 2021 and 2022.
2.3. Sensors calibration and accuracy

Sense-city temperature sensors are regularly calibrated at the COSYS laboratory which has equipment and personnel allowing these
regular calibrations. Other sense-city sensors are calibrated by private companies. The information system in place makes it possible to
know the calibration dates to be sure to only use calibrated sensors. The PT100 temperature sensors have an uncertainty of around
0.1 °C. If we take the example of sensor A (Fig. 2) its uncertainty is 0.08 °C during its calibration, which is extended to 0.15 °C for
outdoor experiments. To study how this sensor behaved, we compared the sensor values in relation to the temperature trend during a
night in an anticyclonic period. We chose the night of July 21, 2021 which was a warm night with very little wind and where the sense-
city sensors had very homogeneous values. Between 1 a.m. and 5:30 a.m., the temperature cooled down regularly. We thus calculated
the regression line then the deviation of the values from the sensor to this regression line which is a way of estimating the accuracy of
this sensor. The quadratic sum of the deviations from the regression line is +/— 0.10 °C. Thus, in real conditions, it is estimated that the
sensor has an accuracy of 0.10 °C which is consistent with the values of its calibration certificate. We can therefore consider that we
will not be able to interpret results whose values are less than 0.1 °C.

3. Experiments and analysis methods
3.1. Choice of cooling solutions tested

The aim of our experiments is to estimate and compare air temperature differences according to site effects (canyon street) and
cooling devices:

- Inside and outside canyon street to see the effect of this street on temperatures over the course of a day.
- With and without a cooling device in the canyon street (at point A) to study the effect of each cooling device.

Measurements are made at different heights to study the effect of heat dissipation. In terms of the choice of cooling devices, after an
initial analysis (Clémence, 2021), we chose to test so-called grey devices, according to the ADEME nomenclature (Leroy et al., 2021).
Among the possible grey devices, we have chosen three whose interest lies in the simplicity of technical implementation (for a local
authority). We chose to test shading (two types of shading were tested), colour (by increasing the albedo of the ground) and watering
(of the street). These solutions are classic and well documented. Shading and watering have a local effect, and are adapted to the
human well-being (Leroy et al., 2021). Changing albedo can have a more global effect on the city if applied over a large area. It is not
very suitable for pedestrians since it reflects the sun's rays during the hottest hours (Leroy et al., 2021). Yet many pedestrian squares in
France, such as the Place de la Comédie in Montpellier, have light-colour floor covering. Street watering is studied, among other things,
because it is a solution considered by various local authorities and already tested locally by the city of Paris in a sector that does not
have the sensor density of Sense-city. Paris has a drinking water network and a substantial non-drinking water network that can be
used to carry out actions to reduce urban temperature (Hendel et al., 2016; Parison et al., 2020). For shading, we are studying two
types of shading: an opaque shading and an openwork shading (by 50%) to see if the difference is perceptible at the scale of the tiny-
district 2.

So, by taking these three solutions, we compare, in the same space, the effectiveness of:
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- Shading, opaque and openwork, which reduces solar radiation.
- The albedo which limits the accumulation of heat in the ground by reflecting more direct radiation.
- Evaporation which consumes part of the energy from solar radiation.

Assuming that the canyon street is a little warmer than the surrounding space, we study the effectiveness of these solutions to lower
the temperature in the street at the central point A compared to point B (Fig. 2) depending on the solutions deployed.

3.2. Experiments in July 2021

The first year was used to test and calibrate the cooling devices and metrology for carrying out experiments during the 2022
campaign. In particular, it was important to validate or improve the number, type and position of sensors for the experiments. The
summer of 2021 having been generally cool and rainy, only a series of five hottest days could be kept (Table 2), but the last day could
not be used due to weather degradation.

3.3. Experiments in July-August 2022

As the summer of 2022 was particularly hot, many experiments were carried out (Table 3). Given the analyses of the 2021 data, we
have chosen to use larger cooling surfaces and two types of shading:

- 24 m? white shade installed from 6 am to 6 am the next day.

- 24 m® openwork shading installed from 6 am to 6 am the next day.

- 35m? of white canvas on the ground from 6 am to 6 am the next day.

- A watering of 6 times 20 1 on 24 m? of the road, sprayed 6 times from 1 pm to 3:30 pm (every 30 min).

In total we carried out 17 days of experiments. The experiments are sometimes carried out several times to obtain the most
comparable days possible in terms of climate. Among these 17 days we keep 4 days representing different cooling devices and 2
reference days with no cooling devices: a standard day and an extreme heat wave day.

3.4. Comparison of cooling solutions

Even during a heat wave, every day is different. In 2021, in particular, we were not in a heatwave period, we used the net radiation
to compare the days and eliminate the last day which was too cold. In July and August 2022, there were many hot and sometimes
scorching days. These are the days of 2022 that we will use to compare cooling devices. However, despite a very hot summer, when we

Table 2
Experiments in July 2021.
20/07/2021 21/07/2021 22/07/2021 23/07/2021 24/07/2021
Reference day Shady (Fig. 3, left) White colour (Fig. 3, middle) street watering Watered trees
(Fig. 3, right)
Less Radiation Higher Albedo More evaporation More evapo- transpiration

Fig. 3. Cooling devices used in July 2021.

Table 3
Experimentation days in July-august 2022.
Reference days Shading Open shading White street Street watering
Number of days tested 6 5 4 1 1
Number of days retained 2 1 1 1 1
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Fig. 4. Cooling devices used in July-august 2022.

look in detail, there are variations from day to day, from hour to hour, which can be explained by the general weather conditions, slight
variations in the wind or a few passages of clouds.

Our objective being to study the effect of the cooling devices set up in the canyon street compared to the same place without cooling
device, we chose to study the difference between the temperature in the street canyon (point A, Fig. 2) to the average of the other
temperatures of Tiny-District 2, which allows us to overcome the meteorological differences between days.

4. 2021 campaign results: effect of sunshine and canyon street
4.1. Chronicle of a typical day

In the graph below (Fig. 5) in Tiny-District 2, the coolest time is 6:15 am (16.83 °C) (Paris time, so 4:15 h in Universal Time UT) and
the hottest is 4:00 pm (29.86 °C) (i.e. 2 pm in UT). Fig. 6 shows that the temperature accumulates in the canyon street between 4 pm
and 6 pm compared to the other sensors and then the temperature becomes homogeneous during the night. The maps in Fig. 6 are
computed with the Inverse Distance Weighted interpolation function.

4.2. The effects of sunlight and dissipation
By observing the air temperatures at 50 cm and at 3 m over time at the same place (point B in Fig. 7) we see that:

- From 5 pm to 8:30 am the temperatures at 50 cm are warmer than at 3 m by an average of 0.4 °C. This corresponds to the phe-
nomenon of conduction, convection and dissipation. The ground has stored heat during the day and radiates it at night. The air is
warmer next to the ground (at 50 cm) than at 3 m.

- Between 9 am and 5 pm the values change:

- Between 9 am and 12 pm, the upper sensor at 3 m is 1 to 2 °C warmer than that at the bottom.
- Between 12 pm and 4:30 pm, it is the lower one (50 cm) which is warmer by about 1 °C.
- Between 4.30 pm and 5 pm the upper sensor (3 m) is warmer.

Average Air Temperature 20_07

31
29
27
25
23
21
19
17
15

0:00
1:15
2:30
3:45
5:00
6:15
7:30
8:45
10:00
11:15
12:30
13:45
15:00
16:15
17:30
18:45
20:00
21:15
22:30
23:45

Fig. 5. Average temperature in Tiny-District 2 of the reference day of 2021.
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Fig. 6. Temperature field in Tiny-District 2 during a summer day.

3

—Difference 0,5m-3m in the canyon street - 20/07 Point A
——Difference 0,5m-3m out of the canyon street - 20/07 Point B

Fig. 7. Sun and dissipation effects.

- At 5 pm we return to the nominal situation where the temperature at 50 cm is warmer than that at 3 m.

The examination of the situation using 3D modelling and ephemeris data shows that the upper sensor is warmer than the lower
sensor only when it is the only one of the two to be sunny (so between 9 am and 12 pm, and between 4.30 pm and 5 pm).

The shadow effect plays on points A and B but not at the same time (Fig. 8). For point A, which is located inside the canyon street
(Fig. 7), the curve follows the same trends but given the configuration, the sensors are not sunny at the same time, which explains the
time lag. On the other hand, we see that the effect is amplified: the temperature difference between the temperature at 50 cm and at 3
m is greater in the canyon street (point A) than outside the canyon street (Point B).

Fig. 8 shows the shadings on July 20, 2021 in Tiny-District 2 as a function of time. At 2 pm both sensors at point A in the middle of
the canyon street are in the sun, while at 6 pm the top sensor is in the sun but the bottom one is in the shade. Fig. 9 shows the effect of
sun exposure from sensors in Canyon Street on temperatures. From 6:00 am to 11:15 am the temperatures are almost identical. At
11:15 am (P1) the top sensor becomes warmer because it has moved into the sun while the one at 50 cm is still in the shade. As soon as
the sensor at 50 cm goes into the sun (P2 Fig. 9) it becomes warmer than the other until it goes back into the shade (P3 Fig. 9) while the
sensor at 3 m remains in the sun until at around 6:15 pm (P4 Fig. 9). The sensor at 50 cm becomes slightly warmer again than that at 3
m with a moderate difference of less than 0.5 °C which decreases during the night (Fig. 7, blue curve). The curves “Sun_on_sensor” in
Fig. 9 represent the time when the sensors were illuminated by the sun.



A. Ruas et al. Urban Climate 55 (2024) 101874

14h 18h

Fig. 8. Sun shadows on sensors located on point A (at 50 cm and 3 m), 3D view from the north side.

Air temperature in Canyon street 0.5m (17) and 3m (18) — Reference day
(20/07/2021)

545 g5 IS 0g. g —Temp_3m_18 1 A
: —Temp_0.5m_17 J
—Sun_on_sensor_17

—Sun_on_sensor_18

Bl P3
Ha5.0e 48:30 o 18.00:43:30 ¥

Fig. 9. Sun and dissipation effect inside the canyon street at 0.5 m and 3 m.
4.3. The street canyon effect

To evaluate the effect of the canyon street, we compare the temperature in the canyon street on the sidewalk (point A in Fig. 10)
with a sensor in the same configuration but outside the canyon street (point B in Fig. 10). Fig. 10 illustrates the temperature at 3 m, the
curves are even more marked at 50 cm. Both sensors have an equivalent positioning with respect to the winds. Here again, the
temperature analysis must consider the sunshine of the sensors. In Fig. 10, between 9 am (P1) and 11:30 am (P2) sensor B outside the
canyon street is 0.7 °C warmer than sensor A because it is the only one in the sun. As soon as the two sensors are in the sun, it is sensor
A, include in the canyon street which is warmer by 1 °C. When the sensor B, outside the canyon street, goes into the shade (P3), the
difference increases to 3 °C. Canyon Street still remains noticeably warmer by 1-2 °C until 7:30 pm (P4), then stays warmer all night by
about 0.4 °C.

5. 2022 campaign results: comparison of cooling devices
5.1. Reference days

The reference days correspond to the sequence of consecutive hot days without cooling devices. We have selected 4 days between
July 14 and July 19 which cover the temperature differences of the other days of experiments. These curves are quite similar, with the

exception of the night of July 17 to 18 between midnight and 1 am when the temperature rose by more than 2 °C, which corresponds to
a virtual absence of wind during that hour (Fig. 11).
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Temperature at 3m, inside (18) and outside (22) the canyon street

500 530 356:00 6:30 ;.49
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: 30 8:30
3:30 .
300 25 9:00 —Temp_3m_outside_canyon_22 B
9:30
2:30
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11:00
11:30
12:00
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17:00
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Fig. 10. Canyon and sun effect on air temperature inside and outside the canyon street at 3 m.
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Fig. 11. The reference days: average temperatures at 2 m.
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As the cooling devices are located in the canyon street, for the reference days we calculate the difference between the temperature
in the canyon street (point A in Fig. 2) and the average of the other temperatures, which we compare with the days on which a cooling
device is installed (see Fig. 4). In order to have a reference curve, we calculate the average curve of the differences for the 4 reference
days, which makes it possible to smooth out the occasional differences due to wind variations (Fig. 12).

The average curve (green in Fig. 12) breaks down into three parts. The first part (Period 1) between 6 am and 10:30 am, the sun
rises, some sensors are in the sun but not the sensor in the street canyon. It is therefore cooler in the canyon street from 7 am to 10.30
am. Then the canyon street starts to be in the sun and the temperature goes up. In period 2, the canyon street sensor is in the sun, the
canyon street is clearly warmer than the average of the other sensors. In period 3 the sensors gradually move into the shade. The
canyon street is slightly warmer than the other places, the difference decreases during the night. Note the particular shape of the
morning of July 18 (Figs. 11 and 12), where the increase in temperature is greater than on other days and where there is no wind
between 7 am and 9 am That day the difference between the canyon street (in the shade) and the other measurement points was the
greatest of the 4 days, which shows that the temperatures are more heterogeneous in the absence of wind.

For the rest of our research below, we use the average curve as a reference.

5.2. The cooling devices comparison

Fig. 13 below summarizes the results of the experiments. We first describe the curves by type of cooling device before concluding. In
Fig. 13, each cooling device should be compared with the reference with no cooling device (green curve).

- Open or non-open shades have the following tendency:

- From 11 am to 3 pm the air temperatures are similar to the reference without shade.

- At the hottest hours between 4 pm and 5 pm, the shade devices save up to 0.5 °C (it is less hot), with an average of 0.3 °C between
3:45 pm and 5:45 pm compared to a situation in the street canyon without device. This trend is felt until 8 pm.

- At the end of the day from 9 pm to 1 am, it is the opposite, the shade seems to prevent the air from circulating, and the canyon street
then becomes warmer by 1 °C than in a configuration without shade.

- At night the temperature becomes homogeneous again.

- On average over one day, the street is 0.1 °C warmer than the street without the device.

- Open or non-open shades are quite similar.

Changing the albedo of the road (white street) has the following effect:

- During the hottest hours, from 11 am to 5 pm, the white ground sends the radiation back into the street instead of absorbing it, it
increases the air temperature by an average of 0.5 °C with peaks of 1 °C towards 2:30 pm compared to the reference and therefore
reinforces the overheating effect produced by the canyon street. This is due to radiation that is reflected back into the street.

- On the other hand, from 9 pm, it is the most effective solution since there was less absorption of radiation and therefore less
conduction. The floor material at the end of the day has accumulated less heat and therefore warms the space less than the other
devices.

- On average over one day the street is warmer by 0.04 °C compared to the street without any device.

Air temperature in the canyon street - Average (other air temperature)

2,00
150 Period 1 § Period 2 Period 3
1,00
0,50
0
0,50 Ref -14 july
1,00 Ref -17 july
Ref 18 July

-1,50

e Ref Max - 19 July
-2,00

- == Average
-2,50

6:00 7:00 8:00 9:00 10:0011:0012:0013:0014:00 15:00 16:00 17:00 18:00 19:00 20:00 21:0022:0023:00 0:00 1:00 2:00 3:00 4:00 5:00

Fig. 12. Difference between the canyon street and the average temperature in the Tiny-District 2.

10



A. Ruas et al. Urban Climate 55 (2024) 101874

°C differences according to hour btw the canyon street and other
locations without (reference) or with cooling devices

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 0 1 2 3 4 5
2,00

-2,00
—Reference ——Shading Open Shading —White street —Street watering

Fig. 13. Difference between the canyon street and the average outside temperature according to cooling devices in the canyon street.

- Street watering is carried out 6 times from 1 pm to 3:30 pm:

- Between 1 pm and 3:30 pm, watering is very effective in preventing the canyon street from heating up. It is the only device allowing
there to be no difference between the canyon street and the surroundings, and lowers the temperature by 0.5 °C on average between
12 pm and 5 pm compared to the canyon street without device.

- As soon as the watering stops, the temperature rises but less heat has been accumulated in the soil material. The street is therefore
warmer than the surroundings, but slightly cooler than without this cooling device.

- From 8 pm the effect is no longer noticeable. The canyon street remains a little warmer than the surrounding space.

- On average over one day, the street is cooler by 0.02 °C compared to the street without the device.

5.3. Calculating the UTCI

The air temperature does not translate the feeling, the UTCI is an index created in 2009 by the international society of Biomete-
orology to estimate this feeling. Heat stress refers to the inability of the human body to maintain normal body temperature due to
excessively high temperature and humidity conditions. This exposes people to heat-related illnesses that can lead to death. The UTCI
combines air temperature, wind speed, humidity and radiant temperature. To compute the UTCI values we use an UTCI sensor box
acquired in 2022 that gives air temperature, radiant temperature under a black globe, wind speed and humidity. Then we use an UTCI
calculator accessible on line http://www.utci.org/utcineu/utcineu.php. Between 9 and 26 °C UTCI, there is no heat stress, between 26
and 46 °C and above, there are four levels of heat stress: moderate (26 to 32 °C), strong (32 to 36 °C), very strong (36 to 46 °C) and
extreme (above 46 °C). Fig. 14 presents the UTCI computed in the canyon street for the four cooling devices and the reference day.

Fig. 14 is not easy to interpret since the average temperatures were not identical each day and the UTCI requires taking the
temperature values and not the differences in the surroundings as we did for the previous analysis. Fig. 15 describes the surrounding
temperatures on those days and clearly shows the temperature differences between the days. We can clearly see that only full or open
shading reduces thermal stress in the canyon street, while watering and the change in albedo are ineffective, even harmful.

6. Discussions

The experiments carried out in the sense-city space make it possible to highlight important elements for urban design and for
relevant developments to combat urban heat during heat waves. The analyses carried out show that direct sunshine on the street is the
main warming factor and that, in particular, direct sunshine on a canyon street significantly increases the air temperature compared to
a more open environment (Figs. 10 and 12).

According to our analyses the change in albedo (lighter) is the worst solution for canyon streets since it does not reduce the overall
temperature over the day and increases the air temperatures in the street during the warmest hours. However, this solution is surely
optimal for rooftops, since then the reflected radiation reduces the heating of buildings without increasing the temperature of the
street. It would be a simple and effective solution, for example, for the roofs of buildings located in open spaces such as peripheral
industrial areas that are not organized in a canyon. For these areas, we could certainly suggest to associate them with unsealing or light
floors, with the exception of the pedestrian paths leading to the entrances of the buildings, paths which could be dark to avoid reflected
radiation.
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Fig. 14. UTCI according the cooling devices in the canyon street.

Watering is the most effective solution for cooling canyon street during the hottest hours (Fig. 13) and overall, but this system uses a
resource that is often scarce. In addition, this solution is less effective in terms of feeling the heat (UTCI) than in terms of reducing the
temperature (Figs. 13 and 15), as it does not protect people from direct sun radiation.

In absolute terms, the shade provided by buildings is the most effective. In fact, during the experiments, the canyon street in the
shade from 7 am to 11 am was the least hot space. This is also the conclusion of the work of Lee et al. (2018) or Ali-Toudert et al. (2005)
which emphasizes that the shading generated by buildings is very effective. Oke (1987, page 258) recalls the virtues of vernacular
architecture in narrow, shaded streets in hot, dry countries to protect against the summer heat. To provide shade, we need therefore to
distinguish the spaces to be built from the spaces already built. In the case of spaces to be built, the orientation of the streets, the height
of the buildings, the materials are essential points to consider at the scale of the districts to reduce Urban Heat Island (UHI) (Boccalatte
et al., 2020). When the space is already built, other shading solutions should be considered. Studies show that mature trees are good
solutions (Kantor et al., 2018). In our case, we could not plant trees, we experimented with the use of classic shaded structures (in
opaque fabric) or openwork (Fig. 4). The shades proved to be more effective for the heat felt than the other devices (Figs. 14 and 15),
but we could not decide between open or not open shades. If in total over a day the shades do not cool the air temperature on average,
they do, however, allow to slightly lower the air temperature during the hottest hours (from 4 pm to 5 pm) by 0.5 °C but above all to
lower the UTCI by 1.5 °C on average between 11 am and 5 pm (Fig. 16), which is considerable. The prerequisite for mitigating heat
stress in urban spaces is the reduction of mean radiant temperature which can be most effectively achieved by shading (Kantor et al.,
2018; Ali-Toudert et al., 2005).

In our work, we did not test different forms of shading, but this type of analysis using software such as the ComfortCover method
proposed by Vartholomaios and Kalogirou (2020) would certainly be very relevant since the method allows the shape, orientation and
geographical location of the shading to be considered in order to optimise its effectiveness.

The results we present are above all qualitative. They allow the efficiencies of the solutions to be ordered one to another and
according to the hours but do not allow the temperature gains to be precisely quantified. The gains depend on the absolute temperature
(Santamouris et al., 2017) but in addition on the context. The reduced size of sense city is also a factor of uncertainty. However, the
order relationship between the solutions and the order of magnitude of the gains in degree remain interesting. Implementing these
solutions in the real world raises further questions. If large cities like Paris are experimenting, other cities are slower and encounter
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Fig. 15. UTCI according to the cooling devices in the street canyon (left) and outside the street canyon without cooling devices (right).
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Fig. 16. Difference in UTCI values by device between UTCI in the canyon street and UTCI outside the canyon street.

various difficulties including citizen reluctance. The FreshWay research project, on which we are working, aims precisely to analyse
the planification and concrete measures of urban cooling from several French communities.

7. Conclusion

This research highlights the measured effectiveness of cooling devices in an experimental situation. Elements measured concerning
the effectiveness of the albedo (in “hot hours” and “cool hours”) and shading give original results. To sum up we could say that canyon
streets, when they let in solar radiation, are particularly hot streets. They can be cooled be shading or street watering. Street watering is
more effective that shading or albedo change in quickly reducing air temperature, but the effect does not last. Canyon street with light
pavement (with high albedo) are not effective for pedestrians because they heat up the streets during the hottest hours. Shading
pedestrian canyon streets is an effective solution for thermal comfort for sunny streets because it reduces radiation.

We also noticed that shading, which seems to be an interesting solution for the hottest hours, tends to slow down the cooling of
streets at the end of the day, certainly through aeraulic blockages (as shown in Fig. 13). More over canyon streets are spaces where
pollution tends to accumulate, shade structures should not accentuate this tendency. Shading could be limited to pedestrian streets and
the conception of the shading should be optimised to maximise shade and minimize aeraulic blockage. For this, modelling is certainly
the best approach because it would depend on many factors such as the shape of the canyon, its orientation and the direction of the
dominant wind. Dynamic shading devices - open during the hottest hours and closed at the end of the day to allow optimal ventilation -
might be a solution, but it has to be robust and unexpansive.

Our research also allowed us to study the use of the sense-city equipment to compare cooling devices. Thanks to this work, we have
improved metrology for the comparative study of devices and proposed methods to minimize the impact of daily meteorological
variations in our analyses. We were also able to observe that, although small in size, sense-city canyon street behaves like a classic
canyon street in terms of heat exchange, which allows us to validate the relevance of the Sense City equipment for experimenting with
this type of urban form. We can thus conclude that sense-city demonstrator, including its collection of sensors, is suitable for carrying
out experiments on the performance of cooling solutions and that its canyon street, despite its small size, behaves like a real canyon
street and can be used to carry out heat waves and cooling experiments.

Based on our results, it would seem relevant to consider future experiments, particularly with dynamic shading devices.
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