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Abstract: Hot and dry climate and air pollution is a growing problem in urban areas, and this can have
an adverse impact on life and health of urban residents. One of the ways to protect people from this
hazard is the use of urban green or street greenery. However, its implementation can be problematic in
highly urbanized areas. This paper presents a concept of the green structure (GS), designed, and is still
being developed, by Adam Kalinowski where cooling efficiency is based on the synergy of shade and
evapotranspiration. The GS that could be used as street furniture, small architecture form or a public
utility structure intended to protect people and objects from an adverse urban environment, at the
same time providing pleasant and healthy microclimate inside. The pilot project-the first application
of the GS in the urban environment-is presented and the results of short-term measurements of
temperature and humidity are provided and analyzed. Moreover, a simple dynamic simulation of
the GS performance in courtyards has been conducted. The obtained results show the decrease of
the perceived temperature within this structure. Depending on climate type, an average potential
reduction of Universal Thermal Comfort Index (UTCI) and mean radiant temperature (Tmrt ), caused by
the GS in a courtyard case study, is 5–8 ◦ C and 17–29 ◦ C, respectively. Performed simulation also
confirms that TRNSYS software is an appropriate tool for simple outdoor microclimate analysis.
Further research to develop this concept, increase its performance and customize it for different
applications are proposed.
Keywords: nature based solution; green infrastructure; green shelter; green tunnel; pergolas; shade;
evapotranspiration; pocket park; climate change adaption; green wall

1. Introduction
Outdoor conditions are very important for the proper functioning of sustainable cities.
Citizens leave buildings to, among others, commute to work, go to school or go shopping. It should be
stressed that more and more people spend their leisure time actively outdoors, which is very important
for their wellbeing. Outdoor behavior (activities) and human thermal comfort are influenced by climate
and weather conditions [1], and have been studied by many researchers. Furthermore, changes in
climate [2] and city-related climatic phenomena, for instance, the heat island [3], are becoming
dangerous for urban residents’ health and lives [4–6]. Therefore, governments start to notice the need
to develop strategy and tools for adaptation to climate change [7,8].
Energies 2020, 13, 2755; doi:10.3390/en13112755
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Three main groups of thermal adaptation strategies to climate change can be distinguished:
environmental modification, behavioral adjustment and psychological adaptations [9]. The last two
are linked to personal beliefs, practice, lifestyle and general policy. Whereas, the first one refers to
a technical solution, such as the design of outdoor spaces to strengthen the resilience of people to
bothersome climate change impact.
In turn, there are two main objectives in environmental modification strategy. The macro objective
is to decrease air temperature in the city or its part. The micro objective is to provide citizens with
infrastructure, which enables them to reach thermal comfort. In order to achieve those objectives,
numerous tools were established and described in the literature, named “urban greening” which
appropriately designed could be classified as blue-green infrastructure, for example:
•
•
•
•

Green spaces (e.g., parks, forests),
Green surfaces (e.g., lawn, green walls and roofs),
Green shade (e.g., pergola, street trees),
Water and wetlands [10].
Other tools can be considered as more technological solutions:

•
•
•
•
•

Shade (buildings and other canopies),
Wind induced or mitigated by urban structures,
Cooling coating of urban surfaces (high albedo and/or emissivity),
Water mist fan, street sprinklers [11] or pavement-watering [12],
Cooling vest [13].

It is proven that larger urban greening influences urban climate [14], and cooling down of outdoor
air in the surrounding urban area [15]. However, the issue is still not fully explored, particularly on
its spatial scale [16,17], usefulness in different climatic zones [18], irrigation and evapotranspiration
aspects [19], which need further investigation. The macro effect might also be reached by green
roofs [20], treatment of asphalt or concrete surfaces with the high albedo coating [21] and appropriate
urban design: space management [22] and air paths [23]. However green solutions are preferred
because of the re-radiation of the sun on pedestrians in the case of high albedo solutions [24].
Other tools are considered for microclimate amelioration. Their implementation needs a
fit-for-purpose and -place approach [25]. The theoretical analysis revealed that shade and solid
humidity [26] or water [27] are the most efficient in increasing local outdoor thermal comfort. However,
as it is calculated in Reference [28], for a desert city climate, more energy-saving way to improve thermal
comfort is a shade of trees than evapotranspiration of lawns. In turn, Shashua-Bar et al. [29] developed
an indicator of cooling efficiency, which considers both the thermal effect and water consumption of a
cooling strategy. They found that, although lawns and trees have a significant influence on thermal
stress reduction, trees, together with the pavement, have the highest cooling efficiency, due to much
lower water consumption.
Although researchers, in the above papers, explore green surfaces, these analyses do not consider
vertical green surfaces [30], which also have an impact on the outdoor environment. For example,
Cameron et al. [31] compared the cooling properties of plant species and found that there is a difference
in both cooling performance and cooling mechanism. In turn, Wong et al. [32] investigated air
temperatures in the vicinity of green walls, up to 1 m, for Singapore climate. They found that the
difference in air temperature, 0.6 m away from the wall surface, between the bare wall and most effective
cooling wall was about 1 K on the day of measurements. Contrary in Reference [33] no significant effect
of the green wall on nearby microclimate, 0.5 and 1.0 m away from the surface, has been observed.
Zölch et al. [34] compared, by numerical simulation, the influence of trees, green roofs and green
facades on outdoor thermal comfort at the micro-scale, for urban quarter located in Munich, Germany.
They found that the trees and the green facades could reduce Physiological Equivalent Temperature
(PET) by up to 13% and 10%, respectively.
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Type of shade is also an important factor in heat stress reduction. For example, Yıldırım [35]
compared thermal comfort parameters in ten historical passageways of Sanliurfa, Turkey, which differ
in orientation, location and construction. In turn, another study examined the influence of different
tree species and planting design on outdoor thermal comfort in tropical climate [36]. Similar research
was carried out considering the oceanic climate in Reference [37]. While in the case of tropical
climate differences in PET for different trees has been found, in the case of oceanic climate differences
were in microclimate parameters, but PET differences were not significant. The microclimate of a
courtyard located in Athens, Greece, with combined garden and building shade has been described in
Reference [38]. The maximum air temperature reduction relative to nearby urban square and park
were 6.5 and 1.5 K, respectively. The shades of tree, umbrella and neighboring building were compared
by Lee et al. [39] in Ontario, Canada. The most effective cooling object was building, followed by
tree and umbrella. In turn, Watabene et al. [40], by sensors and survey, investigated the difference
in thermal comfort under pergola and building shade in Japan. They discovered that the decrease
of prceived temperature is more pronounced under building shade. Huang et al. [41] measured,
by sensors and surveys especially, the pedestrian thermal comfort underneath an elevated building,
and compared it with thermal comfort in open spaces. Their findings prove that space underneath an
elevated building is significantly more comfortable in hot weather than open spaces. Other studies
compared the efficiency of trees shade and canopies shade. Cheung and Jim [42] examined tree and
concrete shelter effect on two outdoor thermal comfort indicators, in Hong Kong and identified that
thermal comfort under a tree was better. Colter et al. [43] investigated the impact of trees and ramada
(wood-metal roof over a table with chairs on a concrete pad) on human thermal comfort in Arizona,
USA and showed that some tree species protect better from thermal stress than ramada. Whereas,
similar research by Middel et al. [44] did not find significant differences between trees and photovoltaic
canopy in Arizona, USA. Kántor et al. [45] examined the effectiveness of trees and sun sails shading in
the Hungarian city of Pécs and revealed the pronounced heat stress reduction by mature trees with a
dense canopy and sun sails that covered entire street canyon at high elevation. In a small courtyard
located at the campus of Ben-Gurion University, Israel thermal discomfort was decreased more by trees
than by mesh, and both shading methods were more effective when combined with grasses planted in
the courtyard [46].
Authors did not find any studies where the influence of shade and evapotranspiration would
be integrated to reach synergy of mesic and xeric vegetation. So far, mesic and xeric vegetation or
trees and lawns have been considered as two separate, even alternative, tools of urban greening to
mitigate citizens heat stress. Therefore, in our study, we present the concept of the green structure
(GS), which combines both shade and evapotranspiration, providing an effective cooling mechanism
for urban microclimate. In other words, we propose to combine both types of urban greening to get
smart green infrastructure which provides a very comfortable microclimate, while simultaneously is
designed in such a way as to have low water consumption and be flexible for potential incorporation
in an urbanized environment. Together with the GS concept description, simple measurements of the
first GS realization in the urban space are presented. Moreover, dynamic thermal simulation of the
courtyard is carried out to assess thermal comfort in the GS.
There is a number of commonly used software packages to analyze the outdoor thermal
environment, for example, ENVI-met, RayMan or SOLWEIG. To carry out simple numerical analysis,
TRNSYS software (Version 17.02.0003, Solar Energy Laboratory, Madison, WI, USA) has been chosen [47],
which is dedicated to energy systems and buildings, but also sun spaces interaction with massive
(building) construction. Its detailed radiation model was earlier used to radiation process analysis in
street canyon microclimate [48,49]. In this paper, using the same approach, the TRNSYS has been used
for the courtyard microclimate simulation for the first time. Prior to this, courtyards were modeled in
TRNSYS only with its shading aspect [50] or coupled with ENVI-met [51].

various shapes and dimensions, could be used as street furniture, a transient zone between air‐
conditioned buildings, microclimate shield for small architectural structures or as larger public utility
structures. The GS is also suitable for green street infrastructure, especially in highly urbanized areas,
where albedo modifications are not easy, for instance, due to the high cost or presence of historic
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The GS can be of nearly any shape‐from regular to more abstract, imitating shapes from nature.
However, the base form is simple and symmetrical. The upper part of the structure is designated for
There are plenty of outdoor comfort indicators to assess cooling effectiveness. The Universal
planting photophilic and xerophilic and the lower (shaded) for photophobic species. Plants that
Thermal Comfort Index (UTCI) [52] has been used in this study because it is suitable for different
occupy space between the shelves limit the amount of water leaving the structure. Moreover, they
climate zones [53], and is commonly used in outdoor heat stress assessment in an urban context [54].
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It has been hypothesized that plants and soil inside the green structure are able to maintain
a microclimate with significantly lower temperature and higher humidity in comparison to the
surrounding. The design of the GS ensures low water consumption. The evapotranspiration process is
limited by shading and maximally utilized to cool microclimate in the GS. Such structures, of various
shapes and dimensions, could be used as street furniture, a transient zone between air-conditioned
buildings, microclimate shield for small architectural structures or as larger public utility structures.
The GS is also suitable for green street infrastructure, especially in highly urbanized areas, where albedo
modifications are not easy, for instance, due to the high cost or presence of historic buildings.
The GS can be of nearly any shape-from regular to more abstract, imitating shapes from nature.
However, the base form is simple and symmetrical. The upper part of the structure is designated
for planting photophilic and xerophilic and the lower (shaded) for photophobic species. Plants that
occupy space between the shelves limit the amount of water leaving the structure. Moreover, they are
a screen for the incoming radiation. The natural ventilation process goes on through skylight (located
in the upper part of the structure) and free spaces between the shelves [55], Figure 2.
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Next,
based on the dynamic simulation, the GS potential cooling effectiveness
has been analyzed, in the urban context, for two types of climate (Section 4.2). Finally, the GS importance
The first GS based on the above idea is in the city center of Wrocław, Poland, geographical
and performance is discussed in Section 5, with the possible application, implementation (Section 5.2),
coordinates: 51°07′26″ N–17°03′01.0″ E, and is called The Infinite Green [57]. The structure with the
as well as development and further research needs (Section 5.4).
dimensions of 1000 × 360 × 500 cm and the distance between shelves of about 51 cm, was completed
in Methods
August 2015
3–5). It was designed in the framework of the visual arts program for the
2.
and (Figures
Materials
European Capital of Culture in Wroclaw 2016. Originally the project had no scientific ambitions, and
was The
onlyGreen
a cultural
endeavor,
and was created according to an artistic vision. Thus, in comparison to
2.1.
Structure
Case Study
the primary concept, The Infinite Green shape is more complex (the symbol of infinity). It should also
The first GS based on the above idea is in the city center of Wrocław, Poland, geographical
be mentioned that
the summer climate in Wrocław is described as Dfa class, according to Köppen
coordinates: 51◦ 070 26” N–17◦ 030 01.0” E, and is called The Infinite Green [57]. The structure with the
[56], so more moderate then B and Cs classes. Additionally, the solar altitude angle and sunshine time
dimensions of 1000 × 360 × 500 cm and the distance between shelves of about 51 cm, was completed
are different from the location, where the GS would be most desirable (Figure 1).
in August 2015 (Figures 3–5). It was designed in the framework of the visual arts program for the
The Infinite Green construction consists of seven levels of horizontal plywood frames that are
joined by steel masts. On the bottom of the structure, an additional frame plays the role of the object
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European Capital of Culture in Wroclaw 2016. Originally the project had no scientific ambitions,
and was only a cultural endeavor, and was created according to an artistic vision. Thus, in comparison
to the primary concept, The Infinite Green shape is more complex (the symbol of infinity). It should also
be mentioned that the summer climate in Wrocław is described as Dfa class, according to Köppen [56],
so more moderate then B and Cs classes. Additionally, the solar altitude angle and sunshine time are
different from the location, where the GS would be most desirable (Figure 1).
The Infinite Green construction consists of seven levels of horizontal plywood frames that are
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2.2. Plant Material and Care
The intensity of natural light varies significantly between shelves. Plants on the upper shelf
are exposed to rather strong direct sunlight, while only scattered light reaches the lower shelves,
which provide shade. A very important task is to choose appropriate plants suitable for the conditions
on particular shelves of the structure. The Infinite Green was intended to be operational all the
year-round, so the final choice of plant species (perennials) was predetermined and limited by the
Polish climate: warm summer and cold winter. At its 120 m2 of growing area, about 120 plant species
and varieties of 63 genera were used, with the most numerous species and varieties of the genera
Sedum (13), Geranium (9), Campanula (5) and Dianthus and Festuca (4 each). During the selection of plants,
both the color of leaves or flowers and plant requirements were considered. Moreover, species easy
to care for were chosen. The upper shelves (floors) were occupied by photophilous and xerophilous
plants, while the lower shelves, by photophobic plants. Universal peat substrate (pH 5.4–6.5) was
used for their cultivation. At the bottom of shelves, expanded clay was laid as drainage and for
additional loosening of substrate. Plants were irrigated with an automatically controlled watering
system, depending on weather conditions. However, for two weeks after planting, intensive irrigation
was applied. The watering pipes were located on every shelf. A nitrogen-rich fertilizer (NPK 21:5:10
and micronutrients) was used at the beginning of the growing season (second half of March) and
next in late May and early June (NPK 12:8:16 and micronutrients). Dead parts of plants, old flowers
and inflorescences were removed, and new plants were added in the empty spaces. Some plants,
like lavender, were pruned in April. Weeds were removed systematically. The watering system was
closed in autumn, and the whole structure was covered with geotextile, to protect plants against
frost damage.
3. Measurements
The measurements of The Infinite Green inner microclimate were performed twice, first on the
26th/27th of August (Period A) and second on 27–31 August 2016 (Period B), (Table 1). The choice of
the day when the measurements were performed depended on weather conditions (high temperature
and clear sky) and logistic reasons. In the first date of measurement (A) three sensors were used.
Two of them were located inside the structure, one at the height of 0.4 m (T0.4 , RH0.4 ) and one at 1.8 m
(T1.8 , RH1.8 ), so they measured indoor microclimate. The third one was fixed on the top shelf, without
any shade from the Sun (TSUN ). The structure is located in the city center, at the open courtyard
between old residential buildings, which provided easy access to the object for the general public. Thus,
to protect the equipment from damage, the measurements with easy noticeable and more accurate
equipment (Ahlborn) were very short—24 h and were limited to temperature and humidity. The data
were recorded every 5 min.
In the second term of measurement (B) sensors were fastened to wooden sticks and stuck into
the soil of the shelves, 15 cm over the soil surface. The sensors were located on the first, third,
and fourth shelf (from the bottom), and they measured microclimate between the shelves. One sensor
located on the top shelf was completely exposed to daylight. The DSS logger sensors, which measure
both temperature and humidity, were used. These devices are battery-powered, cheap, small and
light enough to install them discreetly on the tested shelves. The data were recorded every 10 min;
each record consisted of four values: Maximum and minimum for both temperature and relative
humidity, observed during the past 10 min. The sensors’ location is presented in Figure 5.
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Table 1. Measurements in the first realization of green structure (The Infinite Green) in Wrocław, Poland.
Measurement

Period

Sensors

Symbol

Location

Sensor Quality

A time step:
5 min

26/27 August 2016

Ahlborn:
FHA646-E1C (temp/RH)
FHAD46-41(temp/RH)
ZA9030-FS2, Pt 100-2 (temp)

T0.4 , RH0.4
T1.8 , RH1.8
TSUN

1.8 m *
0.4 m *
top shelf

Accuracy:
±0,1 ◦ C/±2%
±0.4 K/±1.8%
±0.05 K

B time step:
10 min (max
and min value)

27–31 August 2016

DSS logger (temp/RH)
DSS logger (temp/RH)
DSS logger (temp/RH)
DSS logger (temp/RH)

Tp1 , RHp1
Tp3 , RHp3
Tp4 , RHp4
TSUN , RHSUN

1st shelf **
3rd shelf **
4th shelf **
top shelf

Resolution:1 ◦ C/%

* in the air; ** from the bottom, 15 cm over the soil surface on the shelf, in the inner part.

The measurements performed by both DSS logger and Ahlborn sensors were compared in
laboratory conditions and calibrated. The results have shown that DSS loggers are characterized
by higher inertia, i.e., slower reaction to the changes in environmental parameters. Due to the
above-mentioned circumstances and the fact that only maximum and minimum readings of DSS
loggers were recorded (every 10 min), the measurements of relative humidity (RH) were difficult
to compare. However, both devices recognized changes of RH with enough precision to allow the
analyses of heat processes in The Infinite Green. The schedule of performed measurements is presented
in Table 1.
To compare microclimate inside the studied structure with conditions outside the structure,
three sets of temperature and humidity data have been included in the study:
•

•

•

Measurement performed at Wrocław Airport (EPWR), 51◦ 060 11.0” N–16◦ 540 00.0” E, downloaded
from the website: https://www.wunderground.com/, time step 30 min (EPWR). The airport
weather station is located about 9 km from the GS, in the suburbs. It is surrounded by buildings
only from the south side, and the rest is an empty flat grass-asphalt area. The terrain between
the Airport and the GS locations is urbanized and flat, and there is about 10 m height difference
between them.
Measurement performed at the Observatory of the Department of Climatology and Atmosphere
Protection, University of Wroclaw, 51◦ 060 19.0” N–17◦ 050 20.0” E, [58], time step 60 min (UW).
University weather station is located about 3 km from the GS. It is surrounded by buildings only
from the east side, and the rest is a green area with trees and bushes, but the nearest is 10 m away.
The terrain between this weather station and the GS locations is urbanized and flat, and there is
about 5 m height difference between them.
Simulation of weather condition using the WRF model [59,60], time step 10 min (WRF), one node
per at least 1.7 km2 .

Weather stations are quite far away from the GS. However, in the shortage of onsite weather
stations, they were included in the analysis. Without this data, the only reference value would be
WRF (simulated) data and TSUN . The first is averaged calculation for one node, which represents
1.7 km2 of the urban area. The second is directly exposed to solar radiation. Microclimate measured
by both weather stations are less influenced by surrounding buildings and probably more by the
green surrounding (especially UW). Therefore, the air temperature of microclimate next to the GS,
during sunny days, should be equal to or higher than those measured by weather stations.
4. Results
4.1. Measurements
4.1.1. Public Perception
In the first year, the GS was just implemented on the unkempt urban courtyard (Figure 3),
and this confuses locals. However, later the object has gained positive interest and locals engaged in
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maintenance of the GS [61,62]. Currently, the courtyard is prepared to be a pocket park, in which the
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4.1.4. Microclimate, Period B: 27–31 August 2016
Sensors were located between shelves (on sticks) and readings consisted of minimum and
maximum temperature and humidity during every 10 min. During this period, the first two days
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The results of humidity measurements obtained at EPWR, UW, WRF and the green structure could
not
compared quantitatively, due to problems with calibration (Section 3), but they can be compared
4.2. be
Simulation
qualitatively by their dynamic characteristics (shape of the curve, its extrema). Interestingly, there was
Model
a4.2.1.
reverse
course of humidity in the inside and outside of the structure: The values increased during the
daytime and decreased at night inside the structure—which is the opposite of the records at weather
The analysis of the GS performance was also carried out employing dynamic simulation. The
stations and those resulting from the simulation (WRF). It was caused by the evapotranspiration
courtyard surrounded by buildings was modelled as a room with a virtual window in the ceiling,
process triggered by warmth between the shelves with plants, during the day.
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4.2. Simulation
4.2.1. Model
The analysis of the GS performance was also carried out employing dynamic simulation.
The courtyard surrounded by buildings was modelled as a room with a virtual window in the
ceiling, based on the approach previously described in the literature [49,50]. The input meteorological
data came from a typical meteorological year obtained from TRNSYS library. Local wind velocity for
convective heat transfer coefficient was estimated using meteorological data, the simple model and
BLAST reduction formula [64], chosen according to models review prepared by Mirsadeghi et al. [65].
The courtyard dimensions were 40 m × 40 m and the building’s height was 16 m, aspect ratio (height
over width) equaled 0.4. The air change rate of courtyard space and wind velocity in the courtyard
(va,court ) for comfort analysis was estimated based on wind velocity (va ) and a simple model by
Alvarez et al. [66]. The results of courtyard thermal performance simulation in TRNSYS (TRNBuild
model) included mean radiant temperature (Tmrt:lw,court ), air temperature (Ta,court ) and short wave solar
radiation reaching surface where the GS is placed (Qsol,court->GS ). Based on Tmrt:lw,court and Qsol,court->GS
effective mean radiant temperature (Tmrt,court) , combining short- and long-wave radiation, has been
calculated. The four above-mentioned variables (va,court , Ta,court , Tmrt,court , RHa,court ) were input to
BioKlima software [67] to calculate UTCIcourt values for indoor environment of the courtyard (subscript
court) without the GS. The analyses were performed for the summer period (July and August), each day
between 10:00 and 18:00, in two types of climate (Köppen class.): moderate, Dfb (Poznan, Poland) and
warmer, more arid, BSk (Murcia, Spain).
Next, the four variables of UTCI function were analyzed to assess the influence of the GS on
thermal comfort, with the following assumptions:
•

Tmrt,GS was calculated similarly to Tmrt,court , based on two components:
#
#

•
•

Qsol,GS —short-wave radiation reaching the GS outside surface (Qsol,court->GS ) was reduced
by transmissivity coefficient of total radiation through a plant layer, assumed at 55%
according to Reference [68];
Tmrt:lw,GS —the mean inside surface temperature of the GS was assumed to be 1 K lower than
the outside air temperature (Ta,court ), according to presented results and literature [69,70];

Ta,GS —reduction of Ta,court as a result of evaporation cooling with constant enthalpy and the
increase in absolute humidity by 1 (H2 O/kg of dry air);
va,GS —reduction of va,court , due to the flow-through the GS was assumed to be 50%.
The schematic diagram of the model is presented in Figure 8.

4.2.2. Results
The results of the simulation are presented in Figure 9. The reduction of Tmrt and UTCI by the
GS application is evident. Taking into account the average values, Tmrt decrease was 17 ◦ C in the
cooler (Dfb), and 29 ◦ C in the warmer (BSk) simulated climate, what was followed by a decrease of
UTCI by 5 ◦ C and 8 ◦ C, respectively. However, if only the peaks of these values (Tmrt , UTCI) are
considered, which affect people’s health and their adaptability the most, the reduction of Tmrt and
UTCI was significantly higher: 29 ◦ C followed by 7 ◦ C for Dfb climate and 38 ◦ C followed by 12 ◦ C for
BSk climate, respectively.
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4.2.2. Results
The results of the simulation are presented in Figure 9. The reduction of Tmrt and UTCI by the
GS application is evident. Taking into account the average values, Tmrt decrease was 17 °C in the
cooler (Dfb), and 29 °C in the warmer (BSk) simulated climate, what was followed by a decrease of
UTCI by 5 °C and 8 °C, respectively. However, if only the peaks of these values (Tmrt, UTCI) are
considered, which affect people’s health and their adaptability the most, the reduction of Tmrt and
UTCI was significantly higher: 29 °C followed by 7 °C for Dfb climate and 38 °C followed by 12 °C
for BSk climate, respectively.
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5.
5. Discussion
Discussion
5.1. The GS Need
5.1. The GS Need
In dry and hot climate people, especially the elderly, prefer to stay at home if their urban
In dry and hot climate people, especially the elderly, prefer to stay at home if their urban
environment is not adapted to their needs, i.e., there is a lack of cool spaces, where they could restore
environment is not adapted to their needs, i.e., there is a lack of cool spaces, where they could restore
their comfort. The increasingly popular and very effective solution for cooling indoor spaces is
their comfort. The increasingly popular and very effective solution for cooling indoor spaces is air‐
air-conditioning [71]. However, long exposure to the specific thermal environment has an impact on
conditioning [71]. However, long exposure to the specific thermal environment has an impact on
human physiology [72]. This lifestyle leads to both decrease of human comfort resilience [73] and an
human physiology [72]. This lifestyle leads to both decrease of human comfort resilience [73] and an
increase in global consumption regardless of technological advancement and increases in performance
of air-conditioning equipment [74]. Therefore, it is important to find a strategy to decrease heat stress
on both macro and micro levels in urban areas. The presented concept seems to be the appropriate
solution for a micro level, especially in spaces where a change of paved surface is difficult. The GS
objects could fill the gaps of blue-green infrastructure in highly urbanized cities, as a more flexible
solution than pocket parks and green squares [75]. Therefore the GS concept should be considered in
the framework of fit-for-purpose and -place selection of green infrastructure [25].
Semi-closed green spaces cloud be a response to increasing water shortages. While shaded lawns
have about two times lower evapotranspiration then unshaded [76], semi-closed spaces could be
even more efficient. Although some research regarding semi-closed green spaces is available, e.g.,
Reference [38], the urban greenery is still considered, by professionals, mainly as ground cover and
shading provided by trees or pergolas. Therefore, the new solutions are needed in the context of existing
highly urbanized spaces. Moreover, spatially limited objects are in accordance with Nikolopoulou and
Steemers [77] who have noticed that a variety of spaces providing different environments would maximize
both physical and psychological [comfort] adaptation.
5.2. The GS Performance
The residents of urban areas in a dry and hot climate or in very hot summer seasons of moderate
climate are subjected to (Figure 2a):
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•
•

Solar short-wave radiation (S) which also reflects (rS) from different surfaces and exerts a profound
impact on the human body;
Long-wave radiation exchange (L):
#

•
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#

With the ground, buildings and other objects surface that warm up significantly during the
day, due to sunlight which results in high mean radiant temperature;
With the sky which can significantly decrease UTCI during the night;

Convection heat transfer (C) caused by hot air surrounding the human body;

These heat fluxes act to reduce the heat dissipation from the human body to the environment,
thus causing thermal discomfort—as heat produced during the metabolic processes cannot leave
the human body. At the same time, the humidity vapor pressure in the air is low, and as a result,
the thermoregulation of the human body causes the decrease of heat stress by the evaporation
heat transfer (E). However, the resulting excessive sweating usually causes social and physiological
discomfort at the same time.
The presented GS can ameliorate these adverse processes in the following ways (Figure 2b):
•
•
•
•

The shelves and plants produce shade, protecting the interior from short-wave solar radiation,
derived either: directly from the sun or reflected (1a);
The GS construction creates a new insulating shield for the human body through the change of
the temperatures of surrounding surfaces, the influence of long-wave radiation is lessened (1b);
Both above-mentioned processes are supported by plants which during daylight consume solar
energy necessary for photosynthesis [78];
The growing plants and the soil cause the cooling down of the air inside the structure thanks to
the evapotranspiration process (2);

As a result of the protection from short-wave radiation provided by plants layer (1) and
evapotranspiration (2), the decrease in the mean radiant temperature was revealed which in urban
areas could be much higher than the temperature of the air, especially in courtyards [79].
The net increase in air humidity caused by the evapotranspiration process (2) could lead to thermal
discomfort because of higher vapor pressure in the air. However, continuous ventilation results in
a mixture of dry and wet air volumes. Moreover, the relative humidity in the urban environment is
rather lower than outside the cities (see Figures 6 and 7).
It is not clear if the GS supports the cooling influence of wind or not. Wind force may be decreased
because of pressure losses; however, wind velocity can be increased locally because of the GS cracks
that are kind of a nozzle. As a result, there is a feeling of improved thermal comfort (3). This issue
needs further research.
During the night, the object emits heat that has been accumulated in the structure and the wet soil
during the day. Moreover, a closed shape protects the inside air from the long-wave radiation emitted
to the sky, which becomes very intensive after the sunset in hot and dry regions. Therefore, at night
the temperature inside is not as low as outside the structure.
Presented results are the outcome of the first simple pilot study. Measurements confirmed that
shade of the GS is full, and there is a decrease in air temperature because of evapotranspiration.
However, the potential of evapotranspiration and cooling efficiency [29] is still not thoroughly tested.
Simulation results show the expected potential of the GS in two climate zones, mainly due to a decrease
of mean radiant temperature.
5.3. Concept Application and Implementation
This kind of urban structure can be used, for example, as part of recreation areas, rest zones,
restaurants, dance floors or bus stops. This could be desirable, especially in urban areas where albedo
modifications are cumbersome or impossible (for instance, due to the high cost or presence of historic
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buildings) or desert areas. Another application is possible in an urban canyon, where the GS could
form a longitudinal shield (tunnel) which protects pedestrians from the street environment (heat source
and pollution). At the same time, larger versions can be deployed in huge construction structures and
can also find applications in building conditioning, for example, as a kind of green façade or shield.
The larger versions can also be a part of restaurants or pubs.
The preferable shape of the construction is probably a closed shape, but structures can be of
nearly any shape—from geometrical to organic. If not too large, the structure can be constructed
entirely from impermeable plywood. The wooden blocks are used as spacers between the shelves.
Larger scale structures can comprise steel supports and green roof membrane (it is optional, however),
combined and reinforced with plywood boards (troughs). This relatively thin membrane protects the
troughs that contain soil for the plants and are placed on every shelf of the structure. Components
of much larger structures can be made of steel. System of automatic irrigation should be applied
on each level; its precise requirements depend on the individual plants’ needs and the outside
conditions. Good fertile soil matched to plants requirements and growth conditions is also necessary.
Below, we present additional recommendations regarding the suitable plant taxa, depending on the
climate zone [55].
Plants for upper shelves:
(a)

(b)

(c)

Succulents—plant species that store water in their organs, which makes them resistant to extended
drought periods and strong insolation. In the temperate climate, succulent plants adapted to low
winter temperatures should be used (e.g., Sedum and Sempervivum spp.). Collections of plants
used in warmer climates should include succulent species and other xerophytes originating
from warmer climatic zones, e.g., species of the families: Crassulaceae, Cactaceae, Aizoaceae,
Agavaceae, Aloaceae and Liliaceae, as well as of the genera Senecio, Euphorbia and Sansevieria.
Plants with silver leaves, as well as tomentose or wax-coated leaves effectively reflect sunrays
and are protected against excessive transpiration. Examples of such plants include woodland
sage (Salvia nemorosa), lamb’s ear (Stachys lanata), carnation (Dianthus), lavender (Lavandula) and
sea thrift (Armeria).
Native or garden species of plants adapted to local climates, such as various grasses:
silvergrass (Miscanthus), hair grass (Deschampsia), fescue (Festuca), feather grass (Stipa), as
well as some sedges (Carex) and other perennial plants, like purple coneflowers (Echinacea) and
black-eyed-susans (Rudbeckia).
Plants for lower shelves:

(a)

(b)
(c)

Ferns, which are normally found in the undergrowth, often at forests edges, e.g., Dryopteris
filix-mas and Matteucia struthiopteris. The range of used plants can be expanded with ferns from
warmer zones, such as Nephrolepis, Asplenium, Davalia.
Climbing plants with runners, which quickly sod shaded places, such as some varieties of Hedera
helix, Vinca major, V. minor, Polygonatum multiflorum, Corydalis cava.
Other photophobic species, typical for temperate climate: Geranium macrorhizum, G. platypetalum
and G. sanguineum, Bergenia, Convallaria majalis, Asarum europaeum, various species and
cultivars of Hosta, as well as tropical and subtropical plants, such as Syngonium, Aglaonema,
Philodendron, Scindapsus.

5.4. Development and Further Works
There are two more possible ways to improve the basic concept (Figure 10). The first is to equip
the object with the PV system (4) to produce electrical energy from solar radiation. Combination of
PV system with the cooling GS could result in higher performance of solar energy conversion [80].
That energy could be used for:
•

A forced ventilation system that both improves air quality and enhances a cooling effect inside
the structure;
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Artificial lighting or supplementary heating system for cold nights;
Powering certain electric and/or lighting devices if the structure is used for commercial purposes
(e.g., a restaurant);
Supporting neighborhood electrical energy needs or as part of a smart grid.
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sustainable solution, the life-cycle analysis (LCA) should be done to consider its erection, materials and
exploitation [83].
A very important issue, outside the direct scope of our work, is the possibility of local improvement
of air quality inside cities, as air pollution is the cause of major human health problems. Plants’ ability
to remove harmful substances from the air, phytoremediation, should also be taken into account.
It is known that plants can scavenge a significant amount of air pollutants and through interactions
with microorganisms detoxify them and improve air quality [84]. This prospect could also be
investigated by chemical and biological analysis of inner air to check the properties of different
plants to absorb particulate matter (PM), thus improving the air quality [85]. Therefore, from this
perspective, the right selection of plants is also important. They should be perennials, easy to take
care, with good photosynthetic efficiency, i.e., the ability to absorb and consume large amounts of
solar energy, resistant to environmental stressors, and able to absorb air pollutants. It should also
be remembered that pollen of some species can cause allergies and these plants can be harmful and
should not be chosen [86]. Therefore, each solution should be considered in terms of the foreseeable
total impact on the urban environment.
The comprehensive measurements could simultaneously provide the basis to study the problem
further with the help of more extensive computer simulations, such as ENVI-met. However, using TRNSYS
with deployed dedicated models, e.g., References [68,87,88], could also be beneficial or even more
appropriate if the micro-level analysis is desirable. In such an approach, the GS is a kind of filter of
outdoor environment for humans subjected to hot waves in cities.
6. Conclusions
At the beginning of the article, the growing need for research in the area of urban outdoor comfort
was explained and emphasized. Thermal adaptation strategies for climate change have been presented,
and urban greening role has been explained. Based on the short literature review, the GS has been
presented. This concept is a synergy of two of the most efficient cooling mechanisms of urban greening:
shading and evapotranspiration—what is a novelty in the field. The smart design of the GS leads to
comfortable indoor microclimate and low water consumption. Next, the first filed implementation
of the concept has been described. The presented results of pilot measurements and the experience
of the research team have shown that these types of objects could be useful in hot and dry climates
and during summer seasons in moderate climates. In the case of the prototype of the GS structure,
localized in Dbf climate, the heat comfort related parameters were improved. Air temperature reduced
by 1–2 ◦ C and relative humidity increased by up to 10 percent points. The shade effect was very
efficient and evapotranspiration process noticeable. In turn, using dynamic simulation in TRNSYS the
potential of the GS for improving outdoor thermal comfort has been assessed. The GS could reduce
peak Tmrt and UTCI by 38 and 12 ◦ C, respectively, in BSk climate. In the Dfb climate reduction of peak
values is 29 ◦ C and 7 ◦ C, respectively. The green structure concept has many possible applications
and ways of improvement. However, there is a need for more professional measurements to more
quantitatively describe its effectiveness and model the involved cooling processes.
Using GS is recommended in outdoor urban spaces to fill gaps in blue-green infrastructure,
to enable and encourage people to spend time outdoors. This solution is flexible and particularly
suitable for paved surfaces. The GS is part of a toolset which help people in practicing comfort resilience,
which is the promising way toward socio-technical transition in energy consumption behavior and
lifestyle. In this approach, the objective is not to keep a specific range of surrounding temperature,
but to base it on the dynamism of human physiology and needs.
TRNSYS software is presented as a suitable tool that could be useful for such outdoor microclimate
simulations, especially because of its long- and short-wave radiation model, building model and its
flexibility to the newly developed models.
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