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Abstract
This study reports a numerical analysis of the performance
of green façades in different geographical locations and
seasonal conditions. A mathematical model from a previ-
ous study is implemented and combined with the modified
convective heat transfer coefficients from a recent study of
the literature to simulate the transient heat transfer through
bare walls and green facades with climbing vegetation. An
implicit Finite Difference Method (FDM) based solver is
used to perform the numerical simulations. Climate data
are taken from relevant weather stations in Oslo and Rome
and typical meteorological year (TMY) values are used
for this purpose together with variable thermo-physical
properties of air. An energy budget analysis reveals that
the short-wave radiation term and convective heat transfer
term are predominating compared to the other terms in-
volved in the energy balance equation for summer time.
The results show that the green walls are most effective
in summer seasons with high levels of solar radiation, as
most of the cooling effect is credited to the vegetation
blocking the solar radiation. In cooler seasons, the benefit
is less prominent. Furthermore, an analysis of the effects
of the different models of convective heat transfer coeffi-
cients is presented.
Keywords: green buildings, green vertical systems,
green façades, passive design, sustainability

1 Introduction
Recent studies show a drastic increase of global energy
use over the last four decades. Based on the United Na-
tions report and as mentioned by several authors, it is esti-
mated that the population in cities will increase up-to 68%
by 2050 (UN, 2018; Vo et al., 2019; Seyam, 2019; Besir
and Cuce, 2018) with urban dwellers reaching ≈ 6.7 bil-
lion. In this regard, the building sector accounts for a large
portion of the total energy usage, as well as 36% of the to-
tal greenhouse gas emissions is attributed to the building
sectors (Vo et al., 2019; Seyam, 2019). For this, the United
Nations Environment Program (UNEP) proposes several
measures like increasing the energy efficiency of build-
ings, appliances, reduction of emission, approach towards
energy usage and promoting technologies with renewable
energies rather than fossil fuels.

Integrating plants into the building envelope addresses

both aesthetic and energy concerns. Utilizing different
types of greenery systems, microclimatic conditions of
buildings can be more cost-effective and eco-friendlier
(Seyam, 2019; Koc et al., 2018; Besir and Cuce, 2018).
Green buildings with green infrastructures like green
horizontal systems and green vertical systems are sus-
tainable, efficient and passive design solutions for ef-
fects associated with rapid urbanization, addressing issues
with a high carbon footprint, high greenhouse gas emis-
sion, urban heat island effects etc. (Susca et al., 2011;
Safikhani et al., 2014; Manso and Castro-Gomes, 2015;
Charoenkit and Yiemwattana, 2016; Koc et al., 2018).
Green roofs (GR) and vertical greenery systems like green
façades(GF)/living walls differ fundamentally due to the
structure of the assembly and differences in the involved
heat transfer processes (Susorova et al., 2013; Pérez et al.,
2014; Bustami et al., 2018). A detailed classification of
green walls based on the construction characteristics is
presented by (Manso and Castro-Gomes, 2015). Scientific
studies established the energy saving benefits of green in-
frastructures in building sectors (Feng and Hewage, 2014;
Raji et al., 2015). It is also a proven fact that the presence
of green systems has an important psychological impact
on urban dwellers. Thermal insulation, shading effects,
evapotranspiration and wind effects are the key features
towards the energy saving impacts of greenery systems.
Several parameters like substrate thickness, soil moisture,
solar radiation inception, density of foliage and the cov-
erage, ventilation blind effects, thickness of the foliage,
air layer, orientation, wind barrier/blockage etc. are to be
accounted for in mathematical modeling of such systems.
Plant characteristics, weather conditions, climate zones,
wall assembly types, façade orientations etc. are to be
considered in modeling and analysis of thermal benefits.

In this regard, Alexandri and Jones developed a dy-
namic one dimensional model for green roof account-
ing the fundamental heat and mass transfer mechanisms
(Alexandri and Jones, 2007) involved in the energy dy-
namics. On the other hand, a quasi steady state approach
was adopted by (Tabares-Velasco and Srebric, 2012) in
their green roof model. Further developments on the green
roof model are reported in (Heidarinejad and Esmaili,
2015; He et al., 2017). For vertical greenery systems, a
mathematical model of building exterior wall with climb-
ing vegetation is presented in (Susorova et al., 2013). Sev-
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eral other authors considered the heat balance of the fo-
liage and heat transfer through the substrate layer of the
vertical greenery system and integrated models in build-
ing simulation programs like TRNSYS and EnergyPlus
(Djedjig et al., 2015, 2017; Dahanayake and Chow, 2017).
A multilayered model approach for vegetated vertical sys-
tems is presented in (Convertino et al., 2019a). Neverthe-
less, studies on the modeling aspects of green roof/green
façades are still an active field of research and develop-
ment.

In this work, we have revisited the model proposed in
(Susorova et al., 2013). We aim to implement this green
façade model combining the effects of the modified con-
vective heat transfer coefficients presented in the recent
work of (Convertino et al., 2019b). The main objective of
this work is to investigate the applicability of the afore-
mentioned model and to analyze the performance of the
green wall envelope of buildings, for different climate data
revealing the possible benefit of employing green façades
in buildings. The paper is organized as follows. In section
2, we present the governing equations and the numerical
methodology of the study together with the problem setup.
The detailed analysis of the results is given in section 3.
Finally, the conclusions are drawn in section 4.

2 Method
2.1 Governing equation
The green façade model of Susorova et al. accounts the
various heat transfer mechanisms for a vegetated wall (Su-
sorova et al., 2013), and the energy balance is defined as:

SRvw +LRvw +XR+Cvw = Qvw +Svw (1)

Where SRvw is the incident shortwave radiation, LRvw is
the net long-wave radiation, XR is the radiative exchange
between the leaves and wall surface, Cvw is the convective
heat flux, Qvw is the conduction heat flux and the heat stor-
age in the façade material is Svw = ρCpL(dTvw/dt), with
density of the wall material ρ , specific heat of the wall Cp,
wall thickness L, t is the time and Tvw is the wall temper-
ature. A schematic of the energy balance and a very brief
description of the terms of the Equation 1 are given in Ap-
pendix A for the sake of completeness and to facilitate the
understanding of the overview of the mathematical model.
Details of the model can be found in (Susorova et al.,
2013). Note that essentially, the wall temperature Tvw(t)
is linked with the air temperature Tair(t), the sky temper-
ature Tsky(t), the ground temperature Tgr(t), the indoor air
temperature Tin(t) and the leaf temperature Tlea f (t). The
energy balance equation of bare wall is similar to equa-
tion 1, without the XR term and the unknown bare wall
temperature denoted as Tbw. The energy balance equation
is therefore expressed as:

SRbw +LRbw +Cbw = Qbw +Sbw (2)

The governing ordinary differential equations (ODEs)
can be expressed in the following form:

dTvw

dt
= avw(t)+bvw(t)Tvw + cvw(t)T 4

vw (3)

dTbw

dt
= abw(t)+bbw(t)Tbw + cbw(t)T 4

bw (4)

Where, the time varying coefficients (avw, bvw, cvw, abw,
bbw and cbw) are functions of the other associated temper-
atures and the relevant thermo-physical properties.

2.2 Numerical procedure
The implicit form of the discretized equations for the
ODEs can be given by,

T n+1
vw −T n

vw

∆t
= an+1

vw +bn+1
vw T n+1

vw + cn+1
vw (T n+1

vw )4 (5)

T n+1
bw −T n

bw
∆t

= an+1
bw +bn+1

bw T n+1
bw + cn+1

bw (T n+1
bw )4 (6)

Where, ∆t is the time step and the superscripts n and n+1
denotes the time levels of the discretization.

The implicit FDM based solver is developed using Mat-
lab programming language to compute the transient tem-
perature of the wall with a time step of one minute.

2.3 Problem setup
Simulations are performed in which the temperature of
the façade is computed over a 24-hour period. To per-
form these computations, hourly weather data is gathered
through the EU’s photovoltaic geographical information
system and a local weather station in the relevant cities
(Norsk klimaservicesenter, 2020; The European Commis-
sion’s science and knowledge service, 2019; YAGA AS,
2020). A suitable interpolation procedure is adopted to
produce weather data for a time resolution in minutes. The
green façade is assumed to be consisted of a brick wall
covered with Boston Ivy and the corresponding relevant
material properties are used. Among the necessary pa-
rameters, ρ , Cp, L and Tin are assumed to be 672kg/m3,
468J/kgK, 0.2m and 295K respectively. The choice of
Tin is based on the recommended operating temperature
mentioned in Norwegian standard (TEK17, 2017). All
other parameters used in the simulations are summarized
in Appendix A. Two seasons (summer and winter) are con-
sidered for the performance behavior of the mathematical
model in the geographical location of the cities Rome and
Oslo. Note that an initial temperature of the wall is re-
quired to achieve the time marching solutions. To avoid
this initial data affecting the results, simulations are per-
formed over a 48 hour period, of which the last 24 hours
are extracted as the result. In the next section, we present
the results of the simulations for different scenarios.

3 Results and Discussions
In this section, we first illustrate the relative importance of
the individual terms of the energy balance equation. This
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is followed by the comparison of the performance of the
green façades in different scenarios. Finally, the analysis
of the impact of the convective heat transfer coefficient
with various empirical models is presented at the end.

3.1 Energy budget
The budget of the terms of the energy equation for bare
walls and green walls are calculated after finding the wall
temperatures. For this analysis, a typical summer day sit-
uation in Oslo region is considered. The contributions of
each term in the energy equation are shown in Figure 1
and Figure 2 for a bare wall and green wall, respectively.
It is clear from these figures that the contributions from the
convection term and the solar short-wave radiation term
are dominant from 09:00 hrs to 19:00 hrs for both the
walls. For example, at 14:00 hrs the contribution of the
short-wave radiation term SRvw, and convection term Cvw
for the green wall are ≈ 49% and ≈ 40% respectively. On
the other hand, for bare wall the contribution of SRbw and
Cbw are found to be ≈ 50% and ≈ 37%. It can be noticed
that the values of all budget terms are significantly reduced
in the green wall essentially due to the blockage of the ra-
diation and associated lower temperature differences. The
contribution of the radiative exchange term XR, for the
green wall is found to be relatively less compared to the
other terms.

Figure 1. Energy budget bare wall.

3.2 Performance of green façades in different
climates and seasons

Here we present the results of the performance of the bare
wall and the green wall in two different locations in Eu-
rope namely Rome and Oslo using the weather data for
the month of July and February 2019.

Figure 3 shows the comparison between the bare wall
and green wall temperature in summer situation for both
cities. Evidently, green wall reduces the wall temperature
and thereby is capable of reducing the cooling demand in
peak hours in daytime (6:00 hrs to 18:00 hrs for Rome
and 7:00 hrs to 22 hrs in Oslo). This clearly depicts the

Figure 2. Energy budget green wall.

Figure 3. Wall temperature of bare- and green walls over a sum-
mer day in Rome and Oslo.

effectiveness of the green vegetation countering with the
dominant incident radiation component.

It can be realized that a temperature drop of about
6−7K (see Figure 4) is achievable with the application of
green vegetation in the summer daytime. Also, the cooling
effect lasts relatively longer in Oslo (≈ 3 hrs more) than
Rome. This is directly linked with relatively longer day-
time in Oslo than Rome in the month of July. Note that, an
estimate of the reduction of cooling demand can be made
from the conductive heat flux term of the energy balance
equation. This cooling demand reduction on an average is
found to be ≈ 10W/m2 for Rome and ≈ 9W/m2 for Oslo.
In nighttime, the green wall temperatures are found to be
marginally higher than the bare walls in both the cities and
the green layer reduces the heat loss due to long-wave ra-
diation.

The results of the simulations in winter scenarios for
Rome and Oslo are shown in Figure 5 in terms of wall
temperature for both the bare wall and the green wall. In
Rome during the daytime, 8:00 hrs to 15:00 hrs a maxi-
mum drop of about 2−3K (see the temperature difference
between the bare wall and the green wall Figure 6) is ob-
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Figure 4. Temperature difference between bare- and green walls
over a summer day in Rome and Oslo.

Figure 5. Wall temperature of bare- and green walls in Rome
and Oslo, Winter.

served. This leads a marginal increase in heating load dur-
ing this time. The rest of the day and nighttime the wall
temperature remains about 1K higher for the green wall.
However, in Oslo climate, the winter is much more severe
compared to Rome. The green wall temperature remains
≈ 1K higher most of the time, except a very short period
of the daytime. This provides very marginal benefits on
heating demand in places having colder climate.

3.3 Impact of convective heat transfer coeffi-
cient

The analysis presented in the previous sections 3.1 and
3.2, are completely based on the mathematical model of
Susorova et al. (Susorova et al., 2013). The energy budget
analysis in section 3.1 reveals that the convective heat flux
term is one of the important contributors in the energy bal-
ance equation. The convective heat transfer coefficient for
green wall in the energy balance model (Susorova et al.,
2013) is approximated with the same correlation as for
bare wall case (hvw ≈ hbw = 10.79+ 4.192V , where V is
the air speed at the bare façade). In this work, we intend to

Figure 6. Temperature difference between bare- and green walls
over a summer day in Rome and Oslo.

explore the other relevant correlations (Deardorff, 1978;
Stanghellini, 1987; Morrison Jr and Barfield, 1981; Ay-
ata et al., 2011; Campbell and Norman, 2012; ASHRAE,
2020) as mentioned in the recent work of Convertino et al.
(Convertino et al., 2019b). The expressions of convective
heat transfer coefficients are summarized in Appendix B.

A typical summer scenario in the Oslo climate region is
considered for this analysis. Figure 7 shows the wall tem-
perature of the green wall for various hvw values as men-
tioned before. Based on the input weather data, thermo-
physical properties and plant characteristics we found that
the Richardson number Ri < 10−2 throughout the day.
This implies that the convection type can be considered as
forced convection. The application of mixed regime Nus-
selt number Nu, following (Stanghellini, 1987) is there-
fore omitted for comparison in this analysis. Note that,
increase in hvw leads to decrease in wall temperature com-
paratively.

Figure 7. Calculated wall temperature with different approaches
of finding the heat transfer coefficient.

It can be seen from Figure 7 that (Campbell and Nor-
man, 2012) approach yields lower wall temperature than
that of (Susorova et al., 2013). On the other hand, higher
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wall temperatures are obtained by (Ayata et al., 2011;
ASHRAE, 2020; Morrison Jr and Barfield, 1981) meth-
ods. Among these, (Ayata et al., 2011; ASHRAE, 2020)
methods yield almost identical result as they are both
based on McAdams’ equation . On the other hand, (Morri-
son Jr and Barfield, 1981) approach gives far lower values
for the convection coefficient and therefore much higher
wall temperature (even higher than the bare wall) is es-
timated. It is clear that, there is a wide variation in the
prediction of green wall temperature when applying the
different methods of calculating the convective heat trans-
fer coefficient compared to Susorova’s model. As men-
tioned in (Susorova et al., 2013), some studies showed a
decrease in values of convective heat transfer coefficients
for a wide range of vegetated façade types, the present
findings through the (Ayata et al., 2011; ASHRAE, 2020)
methods are in accordance with this trend. It is known that
the building geometry, surroundings and wind directions
have a significant effect on the magnitude of the convec-
tive heat transfer coefficient (Defraeye et al., 2011; Iousef
et al., 2019). Several correlations are based on the results
of flat plate experiments in wind tunnels (Jayamaha et al.,
1996) and may not fully capture the local variations of ge-
ometry and wind directions around the building façades.

4 Conclusions
Modeling aspects of green roof/green façades require to
deal with complex interactions associated with plants,
soils, building materials, surrounding atmosphere and so-
lar radiation. This fundamentally involves transient cou-
pled heat and mass transfer mechanisms. In this work, we
have revisited the mathematical model of building exterior
wall with climbing vegetation as presented in (Susorova
et al., 2013). An implicit FDM based solver is developed
to perform simulations for two different seasons in Oslo
and Rome and typical meteorological year (TMY) values
are used together with variable thermo-physical properties
of air.

An energy budget analysis reveals that the short-wave
radiation term and convective heat transfer term are pre-
dominating compared to other terms involved in the en-
ergy balance equation for summer time. The performance
of green wall showed capability of decreasing the cooling
demand in summer time quite significantly for both Rome
and Oslo. With recent trends in climate change, the cool-
ing need in the Oslo area will most likely increase in the
next few years. During the winter, however, the decrease
in heating demand is not as significant as the reduced cool-
ing demand noticed in summer time. Nevertheless, espe-
cially in relatively cold winter regions like Oslo, the green
wall still helps to increase the wall temperature compared
to the bare wall. Furthermore, we have analyzed several
different methods for the estimation of the convective heat
transfer coefficient as the convective term in the energy
balance equation plays an important role opposing the so-
lar radiation gain. The prediction of the behavior of the

wall temperatures for green wall with methods in previous
literatures are in accordance with the expected trend. Nev-
ertheless, further detailed studies with supporting experi-
mental data, the limitations of this simplified green façade
model can be improved. The detailed analysis of the long-
wave radiation term, radiative exchange term between the
leaves and the wall surface will be undertaken in our future
work.

Appendix A
In this section, we present a brief description of the math-
ematical model (see details in (Susorova et al., 2013)) and
the input parameters used in the simulations. Figure 8 il-
lustrates the schematic view of the green wall setup and
associated energy transfer processes.

Figure 8. Schematic of the energy balance of the green wall
(Susorova et al., 2013; Vo et al., 2019).

The terms of the equation 1 for green wall are given by,

SRvw = Itαwτ

LRvw = τεwεskyσFsky(T 4
sky −T 4

vw)+ τεwεgrσFgr(T 4
gr −T 4

vw)

XR = (1− τ)
εwεlea f σ

εw + εlea f − εwεlea f
(T 4

vw −T 4
lea f )

Cvw = hvw(Tair −Tvw)

Qvw = (Tvw −Tin)/Rbw

Svw = ρCpL(dTvw/dt)

On the other hand, the terms of the equation 2 for bare
wall are given by,

SRbw = Itαw

LRbw = εwεskyσFsky(T 4
sky −T 4

bw)+ εwεgrσFgr(T 4
gr −T 4

bw)

Cbw = hbw(Tair −Tbw)

Qbw = (Tbw −Tin)/Rbw

Sbw = ρCpL(dTbw/dt)

Where It is the total solar radiation incident on
the wall, αw is the wall absorptivity, τ is the plant
layer transmissivity of radiation, εw, εsky, εgr and
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εlea f are the emissivities of the wall, sky, ground and
plant layer, respectively. The values are assumed as
αw = 0.7,εw = 0.9,εsky = 1,εgr = 0.9,εlea f = 0.96. The
plant layer transmissivity, τ = exp(−κLAI). Here, the
radiation attenuation coefficient κ (taken as 0.4W/mK),
and the leaf area index LAI (assumed as 1.8). σ is the
Stefan-Boltzmann constant. Fsky and Fgr are the view
factors between the wall, sky and ground, Tsky is the
temperature of the sky, Tvw is the temperature of the
vegetated wall, Tbw is the temperature of the bare wall,
Tgr is the temperature of the ground (assumed equal to
Tair), Tlea f is the leaf temperature, hvw and hbw are the
convection heat transfer coefficient of the vegetated and
bare wall (see Appendix B).

Tsky is calculated as a function of the air temperature
and dewpoint temperature as:

Tsky = Tair

(
0.8+

Tdew −273
250

)0.25

The view factors are calculated as a function of the tilt
angle θ

Fgr = 0.5(1− cosθ)

Fsky = 0.5(1+ cosθ)

For the vertical greenery systems the tilt angle is equal
to 90◦, resulting in both view factors equal to 0.5.

The equation for calculating Tlea f can be found in (Su-
sorova et al., 2013). The necessary parameters are the
thermodynamic phsycrometer constant γ (0.000666◦C−1),
radiative conductance through air gr (obtained through
table A3 in (Campbell and Norman, 2012)), the leaf
characteristic dimension D (0.12m), typical stomatal con-
ductance of lower and upper leaf surface gsll and gsul
(0.2mol/m2s), leaf absorptivity αlea f (0.5), relative hu-
midity of the air RH, specific heat of the air Cpair
(29.3J/molK), air pressure Pair.

Appendix B
The various models for convective heat transfer coeffi-
cients used in the simulations and mentioned in section
3.3 are presented below.

Susorova uses the following equation:

hvw = a+bV + cV 2 (B1)

Where V is the wind speed and a,b and c are co-
efficients based on the material roughness. The wall
surface is assumed to be of medium roughness, with the
coefficients equal to 10.79, 4.192 and 0, respectively.

Morrison & Barfield and Stanghellini calculate hvw
based on the Nusselt number, which is given in equations
B3 and B4 respectively.

hvw =
Nuλ

D
(B2)

Nu = 0.328Pr0.33Re0.5 (B3)

Nu = 0.37(Gr+6.92Re0.5) (B4)

Where Nu is the Nusselt number, Re =
DV
ν

is the

Reynolds number, Gr =
gβD3

ν2 (Tair −Tlea f ) is the

Grashof number. λ is the air thermal conductivity, Pr
is the Prandtl number, g is the gravitational acceleration
constant (9.81m/s2), β is the thermal expansion coeffi-
cient of air (0.0034K−1), and ν is the kinematic viscosity
of air.

The Ayata and ASHRAE models calculate hvw on the
basis of McAdams’ equation and are presented in equa-
tions B5 and B6, respectively.

hvw = 5.9+4.1V
511+294
511+Tair

(B5)

hvw = 5.6+4V (B6)

Equations B5 and B6 are applicable for V < 5m/s, oth-
erwise hvw is calculated from:

hvw = 7.2V 0.78 (B7)

Lastly, for Campbell & Norman model, hvw utilizes the
boundary layer conductance for heat transfer as:

hvw = gbhCpair (B8)

where

gbh = 1.4 ·0.135

√
V
D
. (B9)
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