
Modelling and Validation of two Heat and Mass Transfer Model of Living Walls and 

Evaluation of Their Impact on the Energy Performance of a Supermarket in a Semiarid 

Climate 

 

Mauricio García1,2,4, Sergio Vera1,2,4, Waldo Bustamante2,3,4, Fabien Rouault4,5 
1 Department of Construction Engineering and Management, School of Engineering, Pontificia 

Universidad Católica de Chile, Santiago, Chile 
2 Center for Sustainable Urban Development (CEDEUS), Santiago, Chile 

3 School of Architecture, Pontificia Universidad Católica de Chile, Santiago, Chile 
4 UC Energy Research Center, Santiago, Chile 

5 School of Construction, Pontificia Universidad Católica de Chile, Santiago, Chile 

 

Abstract 

There are about 35 heat and mass transfer green roof 

models up to date. However, there are only four living 

wall models. Furthermore, there are very few studies on 

the impact of living walls on the building energy 

performance of buildings. Moreover, none of the living 

wall models has been validated under semiarid climate 

conditions and there is a lack of studies about the cooling 

potential of living walls in retail buildings such as 

supermarkets. This paper aims to adapt two well-known 

green roof models to be able to model the heat and mass 

transfer through living walls, validate both models under 

semiarid climate conditions, and couple both adapted and 

validated models to EnergyPlus. Therefore, the impact of 

living walls on the energy performance of an ASHRAE 

prototype supermarket located in Santiago of Chile is 

evaluated. The results show that living walls can reduce 

up to 24% the cooling loads of a supermarket, and the wall 

thermal insulation significantly diminishes the impact of 

the living wall. 

Symbol Variable name Used by 

Cp,a Air specific heat capacity Sailor 

Cf 
Bulk heat transfer 

coefficient (-) 
Sailor 

Chs 
Sensible heat bulk transfer 

coefficient at substrate layer 
Sailor 

F View factor (-) 
He et al. and 

adapted models 

H Sensible heat flux (W/m2) He et al.  

hsub , 
hconv 

Convection coefficients 

between substrate and 

foliage, respectively 

Tabares-Velasco 

& Srebric 

I Longwave radiation (W/m2) 
Sailor and He et 

al. 

k 
Thermal conductivity 

(W/mK) 
Tabares-Velasco 

& Srebric  

Kh Turbulent diffusivity (m2/s) He et al.  

KV Von Karmen constant (-) Sailor 

LAI 
Leaf Area Index of the plant 

(-) 

Tabares-Velasco 

& Srebric, Sailor 

and He et. al 

n Attenuation coefficient (-) He et al. 

q Mixing ratio Sailor 

ra, ras 
Aerodynamic resistance 

above and below the foliage 

(s/m) 

He et al.  

Rir 
Net long wave radiation 

from ground and sky (W/m2) 
Adapted models 

T Temperature (K) 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

W Wind speed (m/s) Sailor 

Waf 
Wind speed within the 

canopy (m/s) 
Sailor 

Z𝑑 Displacement height (m) 
Sailor and He et 

al. 

Z𝑜 
Foliage roughness length 

scale (m) 
Sailor and He et 

al. 

Z𝑟 Reference height (m) 
Sailor and He et 

al. 

Subscripts 

af Air close the foliage Sailor 

f Foliage layer 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

g Ground Adapted Models 

s Substrate layer 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

sky Sky 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

Greek symbols 

𝜀 Emissivity (-) 
Tabares-Velasco 

& Srebric, Sailor 

and He 

ρ Density (kg/m3) 
Tabares-Velasco 

& Srebric, Sailor 

and He et al. 

σ 
Stefan-Boltzman constant 

(5.67e-8) [W/m2K4] 

Sailor and He et 

al. 

σ𝑓 
Fractional Vegetation 

Coverage (-) 
Sailor 

𝜏 Long-wave transmittance 
Tabares-Velasco 

& Srebric 

µ Extinction coefficient(-) He et al.  
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Introduction 

The development of building construction in large cities 

brings problems of energy supply according to their 

needs. Buildings account for 21% of the total energy 

consumption in Chile, while HVAC represents between 

40 to 65% of the total buildings energy consumption 

according to the Asociación Chilena de Eficiencia 

Energética (2016). On the other hand, retail buildings, like 

supermarkets and warehouse stores need to reduce 

operational costs due to increasing competition. Jamieson 

(2014) shows that big-box retail stores in USA can reduce 

the energy consumption up to 30%. Accordingly, green 

envelopes are a passive design strategy that can mitigate 

the excessive use of energy from buildings. This 

technology includes roof and wall vegetated systems. In 

the case of vertical green envelopes, this consist in two 

main categories: (1) Green façades, which typically use 

climbing plants to grow vertically either directly on the 

building’s surface or by a secondary support system 

(Riley, 2017). (2) Living walls, on the other hand, are an 

infrastructure technology that consist in pre-vegetated 

vertical panels or modules. These panels are fixed to a 

frame and include an irrigated substrate that can provide 

support for a great variety of plants species (Flores et al., 

2015) However, none building simulation tool 

incorporates a heat transfer and mass model of living 

walls (herein called LWHMT models) to evaluate their 

impact on the building energy consumption. While more 

than 35 numerical heat and mass transfer models of 

vegetative roofs have been developed in the last three 

decades (Vera et al., 2018), only one model (Sailor, 

2008), has been incorporated to a building performance 

simulation tool. On the other hand, only four living wall 

models have been developed: He et al. ( 2017),  Djedjig 

et al. (2016), Malys et al. (2014) and Scarpa et al (2014). 

None of these LWHMT models has been incorporated in 

a building energy simulation tool, yet.  

Therefore, the main objective of this paper is to evaluate 

the impact of living walls on the energy performance of a 

supermarket. To do this, two numerical LWHMT models 

were developed in Matlab® based on adaptations of the 

green roof models of Tabares and Srebric (2012) and 

Sailor (2008). Both LWHMT models were validated 

against experimental data for the foliage and surface 

substrate temperatures of a living wall located at the 

Laboratory of Vegetative Infrastructure of Buildings of 

the Pontificia Universidad Católica de Chile (Santiago of 

Chile). Then, one of these models was coupled to 

EnergyPlus to evaluate the impact of this technology on 

the energy performance of a supermarket located in 

Santiago of Chile.  

Comparison of green roof and living wall 

models  

According to Tabares-Velasco & Srebric (2012) a 

complete model should cover all the main phenomena of 

heat and mass transfer. In addition, they mention that the 

main differences between the developed models of green 

roofs correspond to the factors that affect the thermal 

conductivity of the substrate, plants stomatal resistance 

(transpiration) and the convective heat transfer 

coefficients. The same aspects are relevant in modeling 

the heat and mass transfer in living walls, but in 

comparison with green roof models, the longwave 

radiation absorbed by plants as well as the convective heat 

transfer are identified as key processes that need to be 

analyzed for living walls. This section focuses on 

comparing both phenomena between green roof models 

of Tabares-Velasco & Srebric (2012) and Sailor (2008) 

with the living wall model of He et al. (2017).  

View Factor 

The view factor is an important parameter that vary 

among GRHMT and LWHMT models, which influences 

the longwave radiation absorbed by the canopy. The most 

important difference found corresponds to the 

incorporation of one more component in the equation of 

longwave radiation absorbed by plants, which 

corresponds to the effect of longwave radiation from the 

ground, represented through the view factor Fg, as shown 

in Table 1 (He et al. 2017). This factor depends of the 

living wall position with respect to the ground, which is 

usually perpendicular.  On the other hand, GRHMT 

models only consider the sky incidence.  

Table 1: Equations for longwave radiation absorbed by 

plants 

 

Convection  

Table 2 shows the equations for calculating convection in 

the studied green roof and wall models. The main 

differences between the roof and wall models is the 

factors that multiply the temperature differences between 

the substrate and air close de canopy for the substrate 

sensible heat flux, and the factor multiplying the 

temperature difference between the canopy and the air 

close the canopy for the foliage sensible heat flux. 

Table 2: Equations for calculating convective heat 

transfer 

Tabares-Velasco & Srebric used a robust model to 

represent the convective heat transfer based in an 

experimental study developed by Wang (1982), which 

Model Equations 

Tabares-Velasco & 

Srebric 
(1 − τf)ε𝑓σ(Tsky

4 − Tf
4) 

Sailor σ𝑓ε𝑓(Isky − σTf
4) 

He et al. 
Fgε𝑔ε𝑓σ(Tg

4 − Tf
4) + Fskyε𝑓(Isky

− σTf
4) 

 

Model 
Equations 

𝐇𝐟 𝐇𝐬 

Tabares-

Velasco 

& 

Srebric 

1,5LAI hconv(Taf − Tf) hsub(Taf − Ts) 

Sailor 
1.1LAIρafCpaCfWaf(Taf

− Tf) 

ρasCpaChg Waf (Taf
− Ts) 

He et al. LAIi(ρCp)a
(Taf − Tf)

ra
 (ρCp)a

(Taf − Ts)

ras
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determined equations to represent the Nusselt number for 

natural, mixed and forced convection for a horizontal flat 

plate (see Table 3). On the other hand, Sailor and He et al. 

used an approach to model convection by calculating the 

aerodynamic resistance.  

Adapted LWHMT model 

This section includes the main modifications made to the 

green roofs heat and mass transfer models (herein called 

GRHMT models) to represent properly the heat and mass 

transfer phenomena through living walls.  

Longwave Radiation Absorbed by Plants 

Equation 1 represents the longwave radiations absorbed 

by plants in the case of a vertical surface. As He et al. 

(2017) indicate, this type of radiation depends of the sky 

and the ground view factors.  

Rir = σϵfFground(Tf
4 − Tground

4) + σϵfFsky(Tf
4 −

Tsky
4)      (1) 

where, Fground and Fsky represent the view factors. 

According to Walton (1993), the value of both factors is 

0.5 for a vertical surface. Also, the ground surface 

temperature (Tground) is assumed the same as the air 

temperature (Taf). 

Table 3: Equations for calculating aerodynamic 

resistance 

Convective Heat Transfer Coefficient 

To model heat transfer convection in green roofs, 

Tabares-Velasco & Srebric (2012) based their study in an 

approach of convective heat transfer between the air and 

a horizontal flat plate. This is an approximation, because 

this approach neglect the roughness of the vegetation. To 

model living walls is necessary to adapt the equations of 

green roof models for a vertical flat plate. Churchill 

(1977) studied the interaction of air and vertical flat plates 

and determined the dimensionless number of Nusselt for 

the three different cases: natural, forced and mixed 

convection (see Eq. 2, 3 and 4).  

 NuxF =
0,339Re1/2Pr1/3

(1+2(
0,0468

Pr
)

2
3)

1/4      forced convection  (2) 

 NuxN =
0,503Ra1/4 

(1+(
0,0492

Pr
)

9
16)

4/9       natural convection  (3) 

 Nun = NuF
n + NuN

n    mixed convection   (4) 

Re, Pr and Ra correspond to Reynolds, Prandtl and 

Rayleigh dimensionless numbers, respectively. The “n” 

factor of Equation 4 depends on the surface 

characteristics. According to Churchill (1977), n = 3 is 

the most accepted value for vertical flat plates. Then, to 

calculate the mixed convection, it is necessary to obtain 

forced and natural values of Nusselt previously. However, 

it is also necessary to define ranges for each convection 

phenomenon. Chen et al. (1986) established the limits for 

mixed convection in vertical flat plates, which 

corresponds to 0,07 < Grx/Rex
2 < 7,5. Therefore, 

forced convection occurs when Grx < 0,07Rex
2 and 

natural convection when 7,5Rex
2 < Grx. This approach is 

considered for the LWHMT model. 

Based on these changes, two LWHMT models were 

obtained adapting the GRHMT models of Tabares-

Velasco & Srebric (2012) and Sailor (2008). 

It is important to note that these adapted models do not 

consider the incidence of plants roughness. There are 

some studies about convective heat transfer on vegetative 

surfaces (Massman, 1987; Otterman et al., 1993; Blümel, 

2002) which can be considered in the future. 

Validation under Semiarid Climate 

Conditions 

Both LWHMT models were validated against 

experimental data for the foliage and surface substrate 

temperatures of a living wall located in Santiago at the 

Laboratory of Vegetative Infrastructure of Buildings of 

the Pontificia Universidad Catolica de Chile. Santiago is 

characterized by a semiarid climate (Bsk) according to 

Köppen-Geiger climate classification, which establishes 

different climate categories around the world (Kottek et 

al. 2006). The experimental data used for validation 

correspond to the foliage and substrate surface 

temperatures during March (summer months) and July 

(winter month). 

Three metrics are used to validate the two LWHMT 

models. First, scatter plots represent the relation between 

the simulated and measured values of the substrate and 

foliage temperatures. Second, Root-Mean Square 

Deviation, RMSD (Eq. 5), is a measure of the difference 

between values simulated versus measured. In this case, 

this value represent a temperature in Celsius degrees. 

Finally, the Normalized Mean Bias (NMB), given by Eq. 

6, indicates if the model overestimate or underrate the 

predicted values of the substrate and foliage temperatures, 

where N is the number of time-steps.  

 RMSD = √∑ (T°simulated−T°measured)
2N

i=1

N
     (5) 

 NMB =
∑ (T°simulated−T°measured)
N
i=1

∑ Xmeasured
N
i=1

x100   (6) 

Results of validation 

Figures 1 and 2 plot the experimental and simulated 

foliage temperature using the adapted LWHMT models of 

Tabares-Velasco & Srebric (T-V & S) and Sailor during 

a summer month (March) and a winter month (July) in 

Santiago of Chile, respectively. 

Model Equations 

Tabares

-

Velasco 

& 

Srebric 

Nu

=

{
 
 

 
 3 + 1,25 ∙ 0,025Re0,8                Gr < 0,068Re2.2 

2,7 (
Gr

Re2.2
)

1
3

(3 ∙
15

4
+
15

16
∙ 0,0253Re0,8)    0,068Re2,2 < Gr < 55,3Re5/3

0,15Ra1/3                                 55,3Re5/3 < Gr

 

hconv = 1,5Nu ∙ ka/L1 

Sailor 

Waf =0,83σfW√Kv
2 (ln(

Zr−Zd

Z0
))

−2

+ (1 − σf)W 

ra = 
1

cfWaf

 

He et al. 
ra =

1

µ2W
(ln(

Zr − Zp
Z0

)) 2 

ras =
Hexp(n)

nKh
(exp (

−nZ0
s

H
) − exp (

−n(Z0+Zd)

H
))  
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Table 4: Summary of RMSD and NMB values. 

Month Media Model 

RMSD 

(°C) 

NMB 

(%) 

March 

Foliage 
Sailor 1.16 1.75 

T-V & S  0.7 10.68 

Substrate 
Sailor 0.42 3.08 

T-V & S 1.36 19.18 

July 

Foliage 
Sailor 2.96 -10 

T-V & S 2.86 -8.6 

Substrate 
Sailor 0.65 0.55 

T-V & S 0.66 5.57 

It is possible to notice that exist a better agreement 

between the simulated and experimental data for March 

in comparison with July. This is clearer after analyzing 

the RMSD values for both months in Table 4. 

Furthermore, Tabares-Velasco & Srebric adapted model 

presents a NMB of 10.68% in March and -8.6% in July, 

while Sailor adapted model results present a NMB of 

1.75% in March and -10% in July. These results mean that 

both models overestimate the foliage temperature in 

summer and underestimate it in winter. 

 

Figure 1: Simulated vs. measured foliage temperatures, 

March 2017. 

 

Figure 2: Simulated vs. measured foliage temperatures, 

July 2017. 

Figures 3 and 4 show the results of the substrate 

temperature obtained from both LWHMT models and 

experimental data. These results agree better than that for 

the foliage temperature. The adapted Sailor LWHMT 

model outperforms the adapted Tabares-Velasco & 

Srebric model in March, whereas, both LWHMT models 

predict substrate surface temperatures close to the 

experimental data in July. 

Furthermore, each Figure shows the correlation value R 

and the determination coefficient R2, whose values of 

every single case are greater than 0.9 and 0.82, 

respectively. Results present R-values close to 1, which 

implies a very high positive correlation between the 

simulated and measured data. On the other hand, a high 

value of R2 indicates a good quality of the model to 

estimate foliage and substrate temperatures respect to the 

measured data. The best correlation for the foliage 

temperature occurs on March (Figure 1), and for the 

substrate temperature occurs on July (Figure 4). 

 

Figure 3: Simulated vs. measured substrate 

temperatures, March 2017. 

 

Figure 4: Simulated vs. measured substrate 

temperatures, July 2017. 

LWHTM models coupled with EnergyPlus 

The two adapted LWHMT models are able to predict the 

thermal performance of living walls. Nevertheless, it is 

needed to couple these models developed in Matlab with 

EnergyPlus to evaluate the impact of living walls on a 

supermarket energy performance, which is located in 

Santiago of Chile. Coupling of the LWHMT models and 
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EnergyPlus was done via MLE+. This tool corresponds to 

a package of functions whose objective is to exchange 

variables previously defined between Matlab and 

EnergyPlus. In this study, the defined variable was the 

external wall temperature of the supermarket building, 

which was replaced by the substrate temperature in 

contact with the wall, as a boundary condition for 

EnergyPlus. Then, the energy simulation program 

calculates the heating and cooling loads considering the 

new boundary condition in each time step of simulation. 

The evaluated supermarket was an ASHRAE stand –alone 

retail prototype building of Albuquerque (USA) due to 

Santiago of Chile shows the same Köppen climate 

classification (Bsk). Therefore, weather data corresponds 

to Santiago city. The .idf file of the prototype building was 

updated in 2016 and none of its construction features was 

modified in this study. Three different cases were studied: 

(1) the base-case prototype building; (2) living walls on 

the north, east and west façades of the base-case building, 

thus thermal insulation layer of the walls remains; and (3) 

the same as (2) but thermal insulation layer of the north, 

east and west walls is not included. These cases are called 

(1) base-case, (2) living walls + insulated walls, and (3) 

living walls + uninsulated walls, respectively.  

Table 5: Walls thermal resistance of the base case. 

Layer Material 
Thermal Resistance 

(m2K/W) 

Inner Concrete Wall 0.088 

Intermediate Wall Insulation 5.310 

Outer Gypsum 0.079 

Table 5 indicates the thermal resistance of each layer of 

the base case. The material of the inner layer corresponds 

to concrete, which presents a low thermal resistance such 

as the outer one (gypsum). The intermediate layer is de 

insulation, which has a high thermal resistance equal to 

5.31 m2K/W. For the uninsulated walls case, 

intermediated layer is not considered.  

Finally, the main plants and substrate parameters used in 

this study are indicated in Table 6. These properties and 

characteristics correspond to inputs for the LWHMT 

models. 

Table 6: Plants and substrate parameters. 

Parameter Value Units 

Plants 

LAI 4 (-) 

Fractional vegetation 

coverage 
100 (%) 

Minimum stomatal 

resistance 
500 s/m 

Substrate 

Thickness 0.2 M 

Wilting point 0.03 m3/m3 

Field capacity 0.1 m3/m3 

Dry thermal conductivity 0.1 W/mK 

Dry density 446 kg/m3 

Dry specific heat 1190 J/kg 

Results and discussion of cooling and heating loads 

The LWHMT model adapted from Tabares-Velasco & 

Srebric GRHMT model was used to perform all the co-

simulations. Figure 5 shows the heating and cooling loads 

(kWh/m2year) of the prototype supermarket located in 

Santiago of Chile for the three cases indicated previously. 

The results show that the supermarket cooling and heating 

loads are reduced by 3.3% and 23.7% for the insulated 

and uninsulated supermarket walls in comparison with the 

base case, respectively. 

 

Figure 5: Demanded loads for heating and cooling. 

Moreover, these results evidences the insulation of the 

supermarket walls significantly reduce the effect of the 

living walls, which is a similar results to those obtained 

by Vera et al. (2017) for insulated green roofs in a 

supermarket. 

Conclusion 

The main objective of this paper was to evaluate the 

impact of living walls on a supermarket energy 

performance under semiarid climate conditions. To do 

this, two heat and mass transfer living walls (LWHMT) 

models were developed based on adaptations of the green 

roofs models of Tabares-Velasco & Srebric (2012) and 

Sailor (2008). Both LWHMT models were programmed 

in Matlab environment, validated against extensive 

experimental data, and coupled with EnergyPlus.  

The main conclusions of this research are that: 

 Significant reductions of the cooling loads can 

be obtained by implementing living walls, 

which are around 24% lower than that for the 

basecase building. 

 Wall insulation strongly reduce the impact of 

living walls on the supermarket energy 

performance. Then, living walls have a higher 

cooling potential than wall insulation for the 

studied prototype supermarket under semiarid 

climate conditions. 
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