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Green roofs are often used as an aesthetic resource by architecture, since they help to generate
artificial green areas in densely populated urban areas, thanks to the fact that they occupy small
spaces. This type of system has the quality that it also serves as a passive thermal insulation
system. The majority of built green roofs are based on an extensive system, which is characterized
by its low maintenance demand and low cost, as it has a shallow substrate and grass-based
vegetation. However, in order to exploit the full potential of this system, the optimal parameters for
each region must be studied, since the climatological characteristics of the place will directly affect
its operation. Through the applied methodology, a base model configured in relation to a system
previously established in the Autonomous University of Queretaro (UAQ) was obtained. With the
model generated, the relationship between the thickness of the substrate and the decrease in
internal temperature was studied, and differences of 5°C were obtained with respect to the

external tem perature.

Keywords: Green roof; thermal comfort; thermal insulation; green energy; computer simulation.

1. INTRODUCTION

Green roof systems are not something new, they
have been around for several centuries,
however, they were presented as rustic
coverings used to protect the roof of houses as
shown in Fig. 1. An example of these practices is
It can be observed in Iceland, Canada and the
United States. Where they were used as a
barrier against the cold climate of the region [1].

The green roof as we know it today emerged in
Central Europe in the 1970s [2] and spread
widely to the rest of the world at the beginning of
the new millennium. At present there are
thousands of covers that are covering the roofs
of multiple buildings and homes [3].

Due to the increase in global temperature, the
temperatures inside the houses have increased

in the summer, resulting in a reduction in the
thermal comfort of the occupants. What entails
the increase in the consumption of electrical
energy to feed air conditioners and other cooling
systems [4,5]. In Mexico is observed that
currently the energy demand of homes has
increased more and more and represents 19.6%
of the total demand of the country [6].

This demand for energy is also a consequence of
the increase in the population in our country,
which has followed an exponential trend in recent
years, and although a decrease in the growth
rate was observed in the last population census,
the population continues to grow. and as a
consequence, the number of necessary houses
increases [6]. It is for this reason that the
application of passive systems such as green
roofs, would help to solve the energy demand to
a certain extent.

Fig. 1. Traditional sod loaf houses (Iceland)
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Currently, green roofs can be divided into two
groups: intensive and extensive; Intensive ones
refer to roof gardens with shrubs and small trees
that need a minimum substrate thickness of 30
cm, in contrast to extensive ones that are made
up entirely of grasses generally and can develop
in thicknesses of 10 to 30 cm [7]. In Fig. 2 we
can see a diagram of the different layers that
make up an extensive green roof system.

If the green roof is taken into account as a part of
the thermal envelope of a home or building, it will
affect its energy consumption in terms of indoor
temperature control, either to increase or
decrease the temperature and achieve the
thermal comfort of users [8]. In this same article it
is shown that the results obtained will depend to
a large extent on the thickness of the substrate
layer and the percentage of moisture in it.

Even though several studies have been carried
out to verify the qualities and characteristics of
the green roof system in various climates [7,9], in
some of these studies some variables have been
left aside, as it is a complex system that requires
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a deep understanding of the relationships of the
variables in each of its layers to be able to
discern its behavior.

Some of these variables that directly influence
the efficiency of the model that have been
studied are: the thickness of the substrate layer,
type of substrate [10]. However, other variables
such as the construction of the drainage system,
the optimal humidity to increase the heat transfer
coefficient between the interior and exterior, to
name a few.

Taking into account the aforementioned before
being able to use the green roofs, a study should
be carried out depending on the climate where
the system is intended to be used: taking into
account certain variables; such as the type of
substrate to use, thickness of the substrate,
optimal percentage of humidity to generate the
greatest amount of heat transfer from the interior
to the exterior in the summer season and the
least in the winter season, always taking into
account the minimum essential requirements for
the survival of the vegetal layer. It is for this

Fig. 2. General scheme of green roof
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reason that the behavior of the system is studied
when humidity varies at certain times, an
alternative irrigation system and the use of the
drainage layer as a temporary water deposit.

2. THEORETICAL BACKGROUND

The model used is known as “fast all-season soil
strength” (FASST) developed by Frankenstein
and Koening for the United States Army and
Engineering Corps [11-16,17].

In Fig. 3 the energy balance of a green roof is
observed, it includes latent heat flux (L), sensible
heat flux (H), short-wave radiation (Is), and
incoming long-wave radiation (lir), conduction in
the ground and the complex exchange of
long wave (LW) radiation within the foliage
[11].

This energy analysis is divided into an analysis
for the foliage layer (Ff) and an analysis for the
soil surface (Fg). The numerous
parameterizations used for the latent heat flux
are described below in detail until reaching the
simultaneous solution of two equations involving
foliage temperature and soil surface.

Energy analysis for the foliage layer.

Ff = O'f[]s(l - (Xf) + EfIiT - EfO'Tf4] +
LTy = T#) + Hy + Ly )

Where, Fy is the foliage layer, o is the fractional
vegetation coverage, I; is the total incoming
short-wave radiation, a; is the albedo (short-
wave reflectivity) of the canopy, & is the
emissivity of canopy, [, is the total incoming
long-wave radiation, ¢ is the Stefan-Boltzmann
constant (5.67X10® W/m2K%), T} is the ground
surface temperature, T/ is the foliage
temperature, & =¢g;+¢& —¢ggy , g5 IS the
emissivity of the ground surface, Hy is the foliage
sensible heat flux and L, is the foliage latent heat
flux.

In addition to convective and sensible heat
transfer this equation accounts for both the short-

and long-wave radiation absorbed by the
vegetation, including the effects of multiple
reflections.

Sensible heat flux in the foliage layer

Hf = (1'1LAIpapr,aCfWaf)(Taf - Tf) (2)

Where, LAl is the leaf area index, p,s is the
density of air at foliage temperature, C,, is the
specific heat of air at constant pressure (1005.6
J-Kg K), Cy is the bulk heat transfer coefficient,
W,y is the wind speed with in the canopy, Ty is
the air temperature with in the canopy and Ty is
the foliage temperature [18].

Par = 0.5(pa + py) (3)

Where, p,; is the density of air at foliage
temperature, p, is the density of air at instrument
height and p; is the density of air at foliage
temperature [19].

Tor = (1= 0p)(T,) + 0;(0.37T, + 0.6T; + 0.1T,)  (4)

Where, T,; is the air temperature with in the
canopy, oy is the fractional vegetation coverage,
T, is the air temperature at the instrument height,
Ty is the foliage temperature and Ty is the ground
surface temperature.

Where, W, is the wind speed with in the canopy,
or is the fractional vegetation coverage, W is the
wind speed above the canopy and C, is the

near-neutral transfer coefficient al foliage layer
[20].

-2
Za—Z,
Cony = K2 (ln (z—f’i>> ©)

Where, C,,r is the near-neutral transfer
coefficient al foliage layer, K2 is the von Karmen
constant (0.4), Z, is the instrument height, Z,; is
the displacement height and Z,, is the foliage
roughness length scale.

Finally, the bulk transfer coefficient as defined by
Deardorff is given by [19]:

0.3
Cr = 0.01 x (1 + Waf) 7

Where, Cr is the bulk heat transfer coefficient
and W, is the wind speed with in the canopy.

Latent heat flux in the foliage layer
=g fofs (8)

Where, r; is the stomatal resistance, 75, is the
minimum stomatal resistance. The stomatal
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resistance at any time is proportional to
this  minimum resistance and inversely
proportional to LAI. Stomatal resistance is
modified by factors related to incoming solar
radiation and atmospheric humidity. f; is the
multiplying factor for the radiation effect on
stomatal resistance, f, is the multiplying factor
for the moisture effect on stomatal resistance
and f; is the additional multiplying factor for
stomatal resistance [20-22].

1

©)

e = Cpwey
Where, 1, is the resistance to moisture
exchange offered by the boundary layer formed
on the leaf surface, C; is the bulk heat transfer
coefficient and W, is the wind speed with in the
canopy.

" Ta

r Zm (10)
Where, r" is the foliage surface wetness factor,
1, is the resistance to moisture exchange and r;
is the stomatal resistance. From Henderdson-
Sellers [21].

Ly =l LAlpas CWosr" (day — dfsar)  (11)
Where, L, is the foliage latent heat flux, I is the
latent heat of vaporization at foliage temperature,
LAl is the leaf area index, p, is the density of air
at foliage temperature, C; is the bulk heat
transfer coefficient, W, is the wind speed with in
the canopy, r’ is the foliage surface wetness
factor, q,r mixing ratio for air within foliage
canopy and gy Saturation mixing ratio at
foliage temperature [16].

Qaf =
[(1-0£)aa+07(0394+0.6qf sqi" +0.1g,5atMg)]
1-0f[0.6(1-7")+0.1(1-M)]

(12)

Where, q, is the mixing ratio for air
within foliage canopy, o is the fractional
vegetation coverage, q, is the mixing ratio for
air, qrsqc is the saturation mixing ratio at
foliage temperature, r' is the foliage surface
wetness factor, g, is the saturation mixing
ratio at ground temperature and M, is the
moisture saturation factor (0 to 1) is the ratio of
volumetric moisture content to the porosity of the
soil [16].

The latent heat of vaporization I, is the amount

of energy required to convert a unit mass of
water to vapor.

2

[, = 1.91846 x 106[ s ]

Tr—33.91

(13)

Where, [, is the amount of energy required to
convert a unit mass of water to vapor and Ty is
the foliage temperature [21].

Soil energy budget.

Fy=(1=0p)[l(1 — ay) + eglir — £40T5] =
(T4 = TF) + Hy + Ly + K x 22 (14)

As with the energy equation for foliage, this
equation accounts for sensible heat flux (Hy),
latent heat flux (Ly) and the multiple reflections
associated with long and short-wave radiation.
The last term on the right represents the heat flux
by conduction towards the soil substrate. Where,
or is the fractional vegetation coverage, I is the
total incoming short-wave radiation, a4 is the
albedo (short-wave reflectivity) of ground
surface, ¢4 is the emissivity of ground surface, I;,.
is the total incoming long-wave radiation, is the
Stefan-Boltzmann constant (5.67X10-% W/m2K4),
T, is the ground surface temperature, T/ is the
foliage temperature, H, is the ground sensible
heat flux, L, is the ground latent heat flux and z
is the height or depth [16].

Sensible heat flux in the soil layer.

Hg = pagcp,achgwaf(Taf - Tg) (15)
Where, Hy is the ground sensible heat flux, p,g4
is the density of air at ground surface
temperature, C,, is the specific heat of air at
constant pressure (1005.6 J/kg K), Cn, is the
sensible heat flux bulk transfer coefficient at
ground layer, W, is the wind speed with in the
canopy, T, is the air temperature with in the
canopy and Ty is the ground surface temperature
[16].

Pag = 0.5(pa + pg) (16)

Where, p,, is the density of air at ground surface
temperature, p, is the density of air at instrument
height and p, is the density of air at the ground
surface temperature [16].



Narvéez et al.; Curr. J. Appl. Sci. Technol., vol. 42, no. 36, pp. 1-11, 2023; Article no.CJAST.107506

Fig. 3. Energy balance of a green roof

Linearized system of equations.

[ =[] + o[ Pt =171 (70
[Tgnﬂ]4 = [Tgnr + ‘?'f[Tgn]S[’Ijanr1 - Tgn] (17b)

WhereT/**! and T;**! are the current time step
foliage and ground surface temperatures. T;* and
Tf* are the corresponding temperatures at the
previous time step [19].

The saturation mixing ratios at the ground and
foliage surface are given as:

qg,sut(Tgn+1) — qsat(Tgn) + (aZ;at)Tn (Tgn+1 _ Tgn) (18&)
g

Arsat(TF*) = asae(TF) + (aZ;‘”)Tn (Tp*—T7)  (18b)
f

where g4, (T') is the saturation mixing ratio at
the previous time step and is formulated as given
in Garrat [23]:

0.622¢*(Tg")
P-e*(Tg)

qsat(Tgn) = (19)
Here the saturation vapor pressure e* (Pa) is
evaluated at the ground temperature from the
previous time step (Tg') as:

e =611.2exp [17.67 (Mﬂ

n_
T -29.65

(20)

The derivative of saturation mixing ratio at the
previous time step is given by:

aq* _ 0.622P ](de*)
arg (P-0.378e*)2]1 \dTg

(21

Here, the derivative of the saturation vapor
pressure can be calculated from the Clausius-
Clapeyron equation [23]:

de* _ lg+P(Tg)

arg — (Rox(1)’) (22)
Where, R, is the gas constant for water vapor
and [, is the latent heat of vaporization at the soil
surface temperature.

The corresponding saturation mixing ratio
relations for the leaf surfaces can be obtained by
replacing T, with Ty in the above relations.

Final equations.

After linearization the final equations are of the
form:

Cl,f + CZ,ng + C3’fo =0
Cl,g + Cz‘ng + C3’ng =0

(23a)
(23b)

The coefficients in these equations result from
the direct combination of the previous
development [16,17]. The coefficients involve the
temperatures of the foliage and ground surface.
This system of equations is solved
simultaneously to obtain T, and Tr . A key
difference in the implementation of the FASST
algorithm is that the conduction terms in the
equations C;, and C,, are solved by inverting
the conduction transfer functions (CFTs) within
the solution implemented. The CFT analysis
uses transient models of conduction through any
material with thermal mass using the fixed space
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method. The general approach relates the heat
flux at the surface of a building element to an
infinite series of temperature histories at the
boundary of both surfaces. The approximation of
the infinite series is made by means of a finite
series.

Software implementation
Inputs.

e Height of plants—the height of plants is
limited to values in the range 0.01 < height
<1.0m.

e Leaf area index—the projected leaf area
per unit area of soil surface. This field is
dimensionless and is limited in this
implementation to the range of 0.001 < LAI
<5.0.

e Leaf reflectivity—the fraction of incident
solar radiation reflected by the individual
leaf surfaces. Solar radiation includes the
visible spectrum as well as infrared and
ultraviolet wavelengths.

e Leaf emissivity—the ratio of thermal
radiation emitted from leaf surfaces to that
emitted by an ideal black body at the same
temperature. This parameter is used when
calculating the long-wavelength radiant
exchange at the leaf surfaces.

e  Minimum stomatal resistance—the
resistance of the plants to moisture
transport in units of s/m. Plants with low
values of stomatal resistance will result in
higher evapotranspiration rates than plants
with high resistance. Values for stomatal
resistance are generally in the range of
50.0-300.0 s/m.

¢ Name of the soil layer—a unique reference
name that the user assigns to the soil layer
for a particular green roof.

Roughness—a character string that
defines the relative roughness of a
particular material layer. This parameter
only influences the exterior convection
coefficient. A special keyword is expected
in this field with the options being
“VeryRough”, “Rough”, “MediumRough”,
“MediumSmooth”,

“Smooth”, and “VerySmooth”.
Thickness—the depth of the growing
media layer in meters.

Conductivity—the thermal conductivity of
the (dry) growing media in W/(m-K).
Density—the density of the (dry) growing
media in units of kg/m3.

Specific heat—the specific heat of the (dry)
growing media layer in units of J/(kg-K).
Absorptance: thermal—the fraction of
incident long wavelength radiation that is
absorbed by the growing media.
Absorptance: solar—the fraction of incident
solar radiation that is absorbed by the (dry)
growing media.

Absorptance: visible—the fraction of
incident visible wavelength radiation that is
absorbed by the growing media.

3. METHODOLOGY

The process was divided into three parts, which
were obtaining the data, validation of the model
and experimentation with the variables to be
studied.

3.1 Data Collection

research was carried out through the

analysis of data previously obtained at the
Autonomous University of Querétaro, where the
implementation of a green roof system was
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Fig. 4. Section of the roof in a building of the Autonomous University of Queretaro
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carried out, as well as the installation of sensors
to be able to collect the temperatures in the
different layers of the system. Fig. 4 shows a
scheme of the green roof system used and the
areas where the readings were obtained [12].

The green roof is located in building H of the
Graduate Department of the Faculty of
Engineering on the Cerro de las Campanas
Campus of the Autonomous University of
Querétaro.

3.2 Model validation

Taking into account these data, the analysis of
the general conditions of the model was carried
out in order to verify the reliability of the model.

Ansys software [14], is a multiphysics simulation
program for finite element analysis simulation,
and the EnergyPlus engine [11], is capable of
modeling buildings and verifying their energy
consumption, either to increase the temperature
or reduce it, ventilation and lighting. In addition,
Open Studio [13], was used, as a series of tools
that allow EnergyPlus to be used through a
graphical interface [11], [23].

3.3 Experimentation  of the

Variables

Study

Once the results were obtained, we proceeded to
the variation of the input data with respect to the
depth of the substrate layer and the change in
climatic conditions by wusing a database
corresponding to them for the place of study.
With the results obtained from the previously

conducted procedures, a comparison was
obtained of the temperatures reached by the
system using different substrate depth
configurations for various times of the year.

4. RESULTS AND DISCUSSION

In Fig. 5 we can observe the comparison of the
different internal temperatures obtained with
each of the configurations, which start from a
depth of 10 cm of substrate up to 30 cm with
intervals of 5 cm, these obtained by means of
EnergyPlus and Openstudio.

It can be seen that, in relation to the external and
internal temperature with the green roof system,
there is a difference of 5°C and in relation to the
base classroom of 3°C with respect to the
maximum temperature.

In Fig. 6 the data corresponding to the daily
average for the whole year are presented, where
the values obtained on the green roof with a 15
cm substrate, base room and external ambient
temperature are compared. It was observed that
the system helps to standardize the behavior of
the internal temperature throughout the year,
which prevents sudden changes in it regardless
of the season.

In Fig. 7a, we can observe the temperature
distribution in the base classroom. This
distribution was generated using the Ansys
Mechanical APDL program. The model is
configured to work with three-dimensional finite
element elements, based on a one-dimensional
transient analysis of heat transfer.

INDOOR AIR TEMPERATURE COMPARISON

40
— Enviromental temp
Indoor air temp AB
38 Indoor air temp GR10cm
== Indoor air temp GR15cm
Indoor air temp GR20cm
36 Indoor air temp GR25cm
Indoar air temp GR30cm

34
32
30

28

Tmperature (°C)

26

24

22

1 2 3 4 5 6 7 8 9 10 1

13 14 15 16 17 18 19 20 21 22 23 24

Time

Fig. 5. Internal temperatures of the green roof system with different substrate depths and the
base model
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COMPARISON OF THE DAILY AVERAGE OF OUTDOOR AND INDOOR TEMPERATURES

26
— Enviromental Temp
— Indoor air temp AB
24 — Indoor air temp GR15cm

Temperature (°C)

jan feb. mar. apr. may. jun.

jul. aug. sep. oct. nov. dec.

Month

Fig. 6. Daily average of internal temperature for green roof with 15 cm depth of substrate, base
room and external temperature

In Fig. 7b, the model is the same as the one in
Fig. 7a, except for a layer of 15 cm of soil that
was added on top of the external surface of the
roof, simulating the effect of the green roof in
terms of conduction, both figures have a scale
from 18°C to 27.4°C, blue to red. We can
observe in Fig. 7b, in comparison with Fig. 7a,

that the temperature at the top corresponding to
the roof is lower, and therefore it’s contribution to
the increase in indoor temperature is reduced.
We can also infer that the minimum temperature
in the classroom is lower by observing the color
distribution in both figures.

Fig. 7a. Distribution of internal temperatures (°C) in the base classroom. Scale from blue to
red, from 18°C to 27.4°C
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Fig. 7b. Distribution of internal temperatures (°C) in the classroom with a green roof with 15 cm
depth of substrate. Scale from blue to red, from 18°C to 27.4°C

5. CONCLUSION

With the results obtained from the different
models, it was concluded that for the climate of
Querétaro the optimum substrate thickness is 15
cm, which allows a decrease in internal
temperature of 5°C.

This series of results also allowed us to reach the
conclusion that for this type of climate it is not
relatively important to have a substrate thickness
greater than 15 cm, since the temperature
differences between 15 and 30 cm are of 1°C In
the case of extensive green lashes, which is the
model that was worked with, this depth of
substrate is adequate to meet the necessary
conditions to sustain the life of the plants that will
develop there.

Determining the thickness of 15 cm of substrate
as appropriate for the type of climate also gives
us the possibility of being able to implement it in
a greater number of homes, since the weight of
the systems in general will not represent as
significant a load as a greater thickness.
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