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Abstract: In cities with dry arid climate, air conditioning (AC) equipment is necessary for thermal
comfort in indoor spaces. The use of this equipment generates an increase in electricity consumption
and an increment in CO2 emissions to the environment; thus, one way to mitigate these negative
effects is the Living Green Wall (LGW). The objective of this research is to assess the decrease in
thermal gain, energy benefits, and estimate the greenhouse gas (GHG) emissions that are not emitted
by the use of the LGW. Measurements of heat flux, solar radiation, and temperatures were made on a
concrete wall and another with an LGW in a west-facing building in the city of Mexicali, Mexico.
The results indicate that it is possible to reduce 49% of the heat flow through the wall, which reduces
the thermal load 102,212 Btu/h to the indoor space, implying the additional work of 8.53 tons of AC.
This excess equals 985.6 kWh of electrical energy and generates a total of 697 kg of CO2 emissions
during the warm season. It is concluded that shading with an LWG becomes a very influential
element to mitigate the heat fluxes towards the indoor spaces.
Keywords: temperature; greenhouse gas emissions; heat fluxes; living green wall

1. Introduction
The absence of green areas in cities and high urbanization as a consequence of population
growth induce perturbations in the microclimate of the external spaces resulting in an increase of
air temperature [1,2]. Since the 1940s when Balchin [3] introduced the term “Urban Heat Island”
(UHI), effects on the atmosphere caused by the increase of air temperature in a city compared to its
surroundings have been considered [4]. The low level of vegetation in a city allows the absorption
of solar radiation directly by the buildings that do not have architectural or natural elements that
prevent this [5], causing an increase of temperature in exposed walls and, therefore, a greater heat
transfer toward the interior of the building [6]. The dense mix of buildings in urban complexes
causes a significant heat gain due to the characteristics of construction materials, which also affect heat
fluxes in cities with important vertical development where it is generated in the urban canyon of the
surrounding areas, depending on the external factors (wind, sun, relative humidity, etc.) of the area and
building materials [7], mainly on exposed facades to solar radiation. For example, in Hong Kong with
a subtropical climate, the surfaces of exposed walls to radiation in summer may have temperatures
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above 35 ◦ C, while unexposed walls have temperatures of 30 ◦ C [8]. Another study carried out in a
semi-arid climate [1] showed walls with average temperatures of 45 ◦ C.
Due to these urban thermal impacts, the intensity of the UHI and its effect on energy consumption
depend on multiple parameters, in particular, the type of surfaces, the characteristics of the buildings,
anthropogenic activity, as well as the local microclimate [9,10]. The aforementioned effects are intensified
in places with arid climate, when the use of air conditioning (AC) equipment becomes necessary to
maintain an acceptable level of comfort indoor space; this causes high electricity consumption because
there is a direct relationship between electricity consumption and room temperature [11], and therefore
an increase in anthropogenic greenhouse gases (GHG) such as CO2 [12,13]. The commercial and
residential sectors have an important role in the energy consumption of buildings, this increases
day by day, and the indicators of the International Energy Agency (IEA) range from 20% to 40% in
developed countries [14]. At the global level, the energy consumption registered per capita in 2014
was 3127.3 kWh [15]. For Mexico, in 2017, the demand for electricity was 309,727 GWh, showing an
increase of 3.7% compared to the previous year [16].
In buildings, the demand for electrical power for use in air conditioning systems is particularly
significant because that represents 50% of total energy consumption in countries such as the United
States and England [14]. While in Mexico, Secretaría de Energía (Ministry of Energy) [16] reports that
during the months from May to October (hot period) the highest levels of electricity consumption are
recorded, representing 54.1% of the annual national consumption in 2017, averaging 15,580,260 kWh
per month.
In the particular case of Baja California, according to data from the energy profile of Baja California
2010–2020 [17], the city of Mexicali represents only 34% of all users, but its electricity consumption
reaches 52.8% of the total State. The Mexicali residential sector has an average annual consumption
of 8193 kWh, of which 73% is due to the use of AC [18]. During the hot period (May to October),
the average consumption per capita in Mexicali is significantly increased by the use of air conditioning
equipment, reaching an average consumption of 998 kWh per month [19], while the others cities in the
state present an average of 252 kWh [17]; that is, during the hot season, the rest of the state consumes a
quarter of what Mexicali consumes.
Accordingly, the power generation is an important source of carbon dioxide (CO2 ), and UHI
mitigation strategies should be proposed as a tool to reduce energy consumption in cities and, as a
result, reduce global CO2 emissions [20]. It is noteworthy that in Mexico, the residential and commercial
sectors reported emissions of 25,639.35 Gg of CO2 e in 2013, contributing to 3.9% of total emissions [21].
For the year 2006, it was estimated that CO2 emissions by fuel/electricity related to the residential use
of air conditioning or cooling energy consumption, was 5500 Gg of CO2 e [22], for 2010 this increased
to 18,692.3 Gg CO2 e [23].
One way to mitigate the above-mentioned effects is green areas within the urban mosaic, but the
proportion of these are different in each city, depending mainly on urban use and climate type [24].
While there are insulation systems that delay the heat gain into the indoor spaces, through materials
that increase the mass of the wall, on critical summer days they are insufficient. So, the use of passive
systems such as the Living Green Wall (LGW) can help existing thermal insulation systems to maintain
thermal comfort in buildings [25]. In relation to the above, The World Health Organization (WHO)
recommends 9 m2 green areas cover per person [26]. In Mexico, only Mexico City complies with the
WHO proposal with 15.10 m2 , while the rest of the cities are below 5% of urban area destined for green
areas [27]. In Mexicali, the proportion of green areas is 2.01% [28], so the amount of green area is
2.94 m2 per person [29].
Some studies in cities with a Mediterranean climate (Brighton, England [30]; Genoa, Italy [31];
La Salta, Argentina [32]), documented decrements in the surface temperatures using a LGW, which has
been used over time as a passive method for cooling buildings, providing economic, environmental
and ecological benefits that facilitate the reduction of the UHI effect in urban areas, improve air quality,
and contribute to energy savings [33]. In addition, the LGW can be used for urban rehabilitation because
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they contribute to the insertion of vegetation into the urban context without requiring additional
space [34]. For these purposes, it is necessary to know the types of LGWs, which are classified into
two major groups: green facades and LGW. The green facades have foliage of vegetation that covers
the entire surface of the wall (species of more than 2 m in their adult life), without additional support
elements. While LGWs use containers of different types of materials and require an additional support
structure system on the wall, in addition to placing only small vegetation (less than 60 cm in their adult
life) [35].
This paper aims to evaluate the decrease in thermal gain of a concrete wall by using an LGW in a
west-facing building in the dry arid climate of the city of Mexicali, calculate the energy benefits on AC
equipment, and estimate greenhouse gas (GHG) emissions that would cease to be emitted due to the
use of a LGW.
2. Materials and Methods
2.1. Study Area and Urban Characteristics
The study was conducted in the city of Mexicali, Mexico, which is located at latitude 32◦ 330 04”
north, longitude 115◦ 040 08” west, and an altitude of 4 meters above sea level; its climate type
BW(h0 )hs(x0 )(e0 ), indicates that the city of Mexicali has a dry, very arid climate, with a rainy winter and
an annual oscillation of very extreme average monthly temperatures [36]. It has an average annual
temperature of 22.4 ◦ C, June to September with average temperatures above 33.1 ◦ C, and a maximum
average of 42.2 ◦ C; the coldest month corresponds to January with a monthly average of 12.4 ◦ C [7].
The highest temperature recorded in Mexicali, occurred on 28 July 1995, with a value of 52.0 ◦ C, and
the lowest on 13 January 1963, with a value of −7.0 ◦ C.
The experiment site is located within the Central Mexicali Campus of the UABC (Universidad
Autónoma de Baja California). Its surroundings are mostly covered by soils with concrete and asphalt,
the buildings are stone materials and there is a continuous flow of vehicles as it is inside a parking lot
and adjacent to a street with constant flow of automobiles.
The mentioned conditions and the climatic characteristics of the city hinder the growth of
vegetation, so for the experiment we used Bugambillea (Bugambilia brasiliensis): a deciduous climbing
shrub; of medium height; from Brazil; of ovate lanceolate leaves arranged alternately; that develops
small thorns; greatly resists soils; and requires little consumption of water [37].
2.2. Experimental Design
A concrete wall without insulation was selected at a west orientation with an area of 38 m2 .
The selection of this orientation is due to the fact that its exposure to direct solar radiation is presented
from 12:00 to 19:00 h. A module made of wood (2 m high by 2.40 m long with a width of 0.80 m) was
placed and in its interior Bugambillea (LGW) were planted. On the same wall, with a lateral separation
of one meter an area of 1 m2 without LGW was selected as a concrete wall (CW as the witness wall or
exposed wall) for comparison. In this area, surface sensors were placed as shown in Figure 1.
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Figure 1. (a) Section plan layout of measuring equipment. (b) Photo of Bugambillea on experimental site.
Figure 1. (a) Section plan layout of measuring equipment. (b) Photo of Bugambillea on experimental
site.
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±0.7 µW
W/m
°C◦ C
±0.05 °C±0.4 ◦ C
W/m²
W/m2 ±0.7 μW
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For this case study, the heat flux density is assumed unidirectional, because the heat transfer
is given in the direction of the temperature differential, where the indoor space has a controlled air
For this case study, the heat flux density is assumed unidirectional, because the heat transfer is
temperature (approximately 25 ◦ C), always less than any outside air temperature close to the wall
given◦in the direction of ◦the temperature differential, where the indoor space has a controlled air
(36 C at 11:00 am to 47 C at 16:00 minimum and maximum temperature, respectively; Figure 2), so the
temperature (approximately 25 °C), always less than any outside air temperature close to the wall
heat flux is given inwards and the effect of borders is neglected for practical purposes. With respect
(36 °C at 11:00 am to 47 °C at 16:00 minimum and maximum temperature, respectively; Figure 2), so
to the growth of the LGW, sufficient shading was achieved to contrast with the concrete wall (CW).
the heat flux is given inwards and the effect of borders is neglected for practical purposes. With
Thus assuming and projecting, total coverage of the wall was obtained as was the difference in the
respect to the growth of the LGW, sufficient shading was achieved
to contrast with the concrete wall
hourly flux between the CW and LGW (multiplying by 38 m2 which is the total area of the wall); later
(CW). Thus assuming and projecting, total coverage of the wall was obtained as was the difference in
this result was multiplied by the conversion factor to obtain the data in Btu/h (1 kW = 3412.142 Btu/h).
the hourly flux between the CW and LGW (multiplying by 38 m² which is the total area of the wall);
The results, already converted to Btu/h, were divided between 12,000 (12,000 Btu/hr = 1 t AC) to
later this result was multiplied by the conversion factor to obtain the data in Btu/h (1 kW = 3412.142
obtain the AC ton needed to remove the excess thermal load. In this way, the additional electricity
Btu/h). The results, already converted to Btu/h, were divided between 12,000 (12,000 Btu/hr = 1 t AC)
consumption was obtained from the ratio of 1 t AC = 1.446 kW of electrical energy, applicable for an
to obtain the AC ton needed to remove the excess thermal load. In this way, the additional electricity
extreme arid climate [38]. Each hourly result was then added up to obtain the additional quantity of
consumption was obtained from the ratio of 1 t AC = 1.446 kW of electrical energy, applicable for an
AC tons needed to remove that surplus within a period of 6 h. Considering that the warm season is
extreme arid climate [38]. Each hourly result was then added up to obtain the additional quantity of
4 months, the consumption obtained was multiplied by 80 days (office days).
AC tons needed to remove that surplus within a period of 6 h. Considering that the warm season is 4
months, the consumption obtained was multiplied by 80 days (office days).
For comparative purposes, the cumulative electricity consumption was introduced into the
Environmental Protection Agency (EPA) Greenhouse Gas Equivalencies Calculator [39] and the CO₂
emission results and some comparative equivalents were obtained. The measurement campaign was

intensity of 996.0 W/m², while in the vertical component (radiometer oriented vertically to the west
in situ) the maximum intensity was 738.2 W/m² at 16:00 hr.
The behavior of surface temperatures (continuous lines) and on-site air (dashed lines) is
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below 2 m/s (in order to neglect the advective and convective effects).
3. Results and Discussion
According to the data, the maximum air temperature recorded by the meteorology station reference
was 45.9 ◦ C, which was presented on 23 July at 18:00 h. At the experimental site, a maximum air
temperature of 53.0 ◦ C was recorded the same day and time, while the maximum surface temperature
detected by thermocouples on the exposed concrete wall was 61.0 ◦ C at 17:00 h. The highest global
radiation value (meteorology station reference) was presented at 13:00 h with an intensity of 996.0 W/m2 ,
while in the vertical component (radiometer oriented vertically to the west in situ) the maximum
intensity was 738.2 W/m2 at 16:00 h.
The behavior of surface temperatures (continuous lines) and on-site air (dashed lines) is presented
in Figure 2. The model is distinguished with the Bugambillea in green tones, concrete wall (CW) in red
tones, and finally the air temperature of the meteorology station reference in blue tones.
Figure 3 shows the comparison between the heat fluxes (continuous lines), where HeatFluxe_LGW
is indicated in green, HeatFluxe_CW in red, global radiation (Global_Rad, yellow dashed line) recorded
at the meteorology station and the vertical radiation recorded at experimental site (Ver_Rad, blue
dashed line).
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and the amount of kWh involved in offsetting this additional load are then shown. Finally, the total
GHG and equivalent are obtained with the accumulated electric energy (Table 4).
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Table 3. Hourly averages of radiation, heat fluxes, additional air conditioning (AC), and surplus kWh,
21–23 July 2018.
Local
Hour

* Global
Rad

* Ver
Rad

Ver Rad/
Global Rad

** CW

** LWG

** CW–LWG
in 1 m2

** CW–LWG
in 38 m2

Btu/h

13:00
14:00
15:00
16:00
17:00
18:00
—

0.963
0.959
0.851
0.673
0.492
0.282
—

0.32
0.45
0.59
0.63
0.51
0.39
—

0.33
0.46
0.70
0.93
1.04
1.38
Summation:

0.174
0.383
0.392
0.203
0.223
0.193
1.568

0.106
0.165
0.199
0.122
0.098
0.090
0.779

0.068
0.218
0.193
0.081
0.126
0.103
0.7883

2.565
8.2726
7.3416
3.078
4.769
3.9292
29.96

8752.14
28,227.29
25,050.58
10,502.57
16,272.51
13,406.99
102,212.08

Tons AC
0.73
2.35
2.09
0.88
1.36
1.12
8.53

Excess
kWh
1.05
3.40
3.02
1.27
1.96
1.62
12.32

Note: * global radiation kW/m2 , ** heat flux kW/m2 .

Table 4. Greenhouse gas (GHG) equivalencies, Environmental Protection Agency (EPA) 2019.

985.6 kWh = 697 kg CO2

kWh = Emissions

GHG Equivalencies
78.4 gallons of gasoline consumed
1704 Miles driven by average passenger vehicle
762 pounds of coal burned
0.122 homes‘ electricity use for one year
88,872 number of smartphones charged
26.5 incadescent lamps switched to light-emitting diodes (LEDs)
1.6 barrels of oil consumed
28.5 propane cylinders used for home barbeques

Considering that the hot period is four months, we assumed these results for a total of 80 office
days, resulting in 985.6 kWh (12.32 kWh × 80 days = 985.6 kWh), as shown in Table 3. Total emissions
and some equivalents are presented in Table 4 [39]. These indicators allowed us to magnify and
compare the excess consumption with typical elements or daily circumstances that impact and guide
the consciences of the citizens towards sustainability.
The difference in heat fluxes between the CW and LGW is equivalent to 49% of heat not being
transferred through the wall (0.779/1.568 = 0.49; Table 3), which implies that it becomes an electric
energy saving of approximately 985.6 kWh, which means 697 kg of CO2 can be avoided. For practical
purposes Table 4 provides examples from the Environmental Protection Agency of GHG equivalencies:
12.2% of a house’s annual electricity consumption; 296.77 liters (78.4 gallons) of gasoline consumed;
28.5 cylinders (capacity of each cylinder 18 lbs = 8.16 kg) of propane gas [39]. Thus, with the
implementation of an LGW, a fraction of the energy is transformed into latent heat, by means of the
leaves and the air channel that is formed between the building and the LGW, where the most important
effect to reduce heat gain on walls surface is shading [30,32,40]. In coincidence and in accordance with
the results obtained, it is possible to reduce the energy demand derived from the use of air conditioning
by a range of 40%–60% [31,41,42], not only in Mediterranean climates, but also in arid climates where
the urban environment hinders the growth of plants especially if they do not have some architectural
shading element to protect them in the hours of greater sun exposure; as happened in this case study
and in coincidence with what was observed by Riley [43] in a building in Osaka, Japan, in an LGW
system plants that are protected under the shade of some architectural element are subjected to less
stress, which facilitates their growth and hence their maintenance.
4. Conclusions
Exposure of walls to direct solar radiation is the most important factor in the gain of thermal
energy on exposed walls, so shading with an LGW becomes a very influential element to mitigate the
heat fluxes into indoors.
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In summary, for the study carried out in the city of Mexicali, implementing an LGW with a
climbing shrub-like plant, it is possible to reduce 49% of the heat fluxes through a concrete wall without
insulation, at a west orientation and during the hours of greatest exposure (13:00 to 18:00), which
reduces the thermal load 102,212 Btu/h to the indoor space and represents the additional work of
8.53 tons of AC, during the hot period. If this flux is not counteracted, the effects on the environment
can be quantified since the extra performance of AC equipment causes 697 kg of CO2 to be emitted
into the atmosphere. The use of vegetation for this case study not only saves energy and protects the
environment, but also contributes to the aesthetic improvement of the site, which generates a more
desirable landscape for urbanization. It is important to mention that the selection of vegetation must
be suitable for climate type and the orientation of the surface to be covered.
One of the limitations of this research was slow growth of the plant species Bugambilia brasiliensis,
due to the extreme temperature and solar radiation conditions recorded at the experimental site as a
result of the surrounding urban characteristics. It is therefore necessary to continue the research by
combining natural shading with architectural elements (other species and artificial foliage), in order
to achieve a greater coverage of vegetation on the wall and to mitigate the thermal flux towards
the interior.
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