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A B S T R A C T   

The thermal evaluation of building components composed of a base wall with a solar passive skin solution, such 
as a vertical/roof greenery system, ventilated façade, reflective painting, etc., is usually performed as a whole. In 
this research, it has been proven that, independently of the base wall thermal inertia and insulation level, the 
temperature of the outermost surface layer of any building component during sunny hours is mainly dependent 
on the ambient air temperature and relative humidity, the incident global solar radiation and the building skin 
behaviour. 

The latter assumption has been proven on the south wall of a reference building simulated with TRNSYS. The 
south wall properties have been varied and the building has been subjected to different climates. The assump-
tion’s validity has been checked for twelve south wall cases: a combination of 2 thermal transmittance, 2 thermal 
inertia and 3 climates. Each case has been simulated for a whole year. Based on this finding and the local ambient 
conditions for sunny hours, the hypothetical achievable maximum and minimum temperatures for the outermost 
surface layer have been defined. Then, based on the outermost surface temperature experimental measurements, 
the cooling and heating solar efficiencies valid for any skin solution have been defined. 

Furthermore, the developed methodology has been applied to a vertical living wall tested for a whole year 
under the accuracy and quality procedure of the PASLINK method. In this way, the cooling and heating solar 
efficiencies were experimentally determined for this skin solution for both, the hot cold seasons. The study has 
shown that the cooling efficiency during the hot season is 90.8%. As expected, even during sunny summer hours, 
the presence of water positively affects the performance of the façade, as it brings the base wall external surface 
temperature close to the ambient wet bulb temperature, therefore reducing the cooling load of the building. For 
the cold season, the cooling efficiency was similar, at 90.3%, which means a heating efficiency of 9.7%. Again, 
even for sunny winter hours, the values of the external surface temperature tend towards the ambient air wet 
bulb temperature, resulting in an increase in the heating demand. 

These experimental efficiency values allow the heating or cooling behaviour of different skin solutions to be 
comparable with a single number that is independent of the base wall composition. In addition, independently of 
the base wall composition, once the experimental efficiency value of a given skin solution is known, it allows 
(during sunny hours) the base wall outermost surface temperature to be calculated with precision. The latter 
makes it possible to increase the accuracy of the estimation of the heating and cooling demands of such methods 
as the degree-day method.   

1. Introduction 

Nowadays, population growth and urbanization in cities is affecting 
the quality of life in the European Union (EU). Buildings make up 40% of 
energy consumption and generate 36% of CO2 emissions in the EU, ac-
cording to ‘H2020 Energy Efficient Buildings (EeB)” [1]. The building 

sector is a key element to help decarbonise Europe, reducing its CO2 
emissions by 80% and energy consumption by 50% by 2050. Most 
buildings in Europe (both residential and tertiary) were built without 
considering their energy efficiency a priority [2]. 

Therefore, energy efficiency in buildings is part of a global 2030 
strategy concerning energy use in a society which is betting strongly on 
sustainable development as a way to ensure a future where the living 

* Corresponding author. 
E-mail address: zaloa.azkorra@ehu.eus (Z. Azkorra-Larrinaga).  

Contents lists available at ScienceDirect 

Applied Thermal Engineering 

journal homepage: www.elsevier.com/locate/apthermeng 

https://doi.org/10.1016/j.applthermaleng.2022.118403 
Received 13 August 2021; Received in revised form 12 February 2022; Accepted 21 March 2022   

mailto:zaloa.azkorra@ehu.eus
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2022.118403
https://doi.org/10.1016/j.applthermaleng.2022.118403
https://doi.org/10.1016/j.applthermaleng.2022.118403
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2022.118403&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applied Thermal Engineering 210 (2022) 118403

2

conditions of the population should always be within comfort levels, 
without an irreversible negative influence on the environment caused by 
human activity [3]. 

While the installation of other heating or cooling system options are 
costly and time consuming, passive technologies for urban green in-
frastructures, such as green roofs (GR) and vertical greenery systems 
(VGS), can improve the thermal performance of building envelopes 
more economically [4]. 

One type of VGS is a modular living wall (MLW), where plants are 
grown on vertical surfaces, with the substrate standing vertically in 
modules, is a relatively new application of VGS using modern technol-
ogy [5]. Common systems for living walls are modular, panel or felt 
systems. Modular systems are pre-planted modules that are attached to 
the structures. A watering and nutrient distribution system is always 
required and the modular panels should be replaceable [6]. 

While VGS have been in use for centuries, there has recently been a 
surge in interest in installing them in both retrofit and new construction 
applications. The potential benefits of VGS include their aesthetic appeal 
[7], improved indoor air quality [8], improved outdoor air quality [9], 
habitats for animals [10], sound attenuation [11,12], reduction of the 
“heat-island effect” in cities [13–15], storm water reduction [16] and 
energy savings. 

The thermal performance of VGS and its impact on building’s heating 
and cooling demands has been extensively quantified in both experi-
ments and mathematical modelling. Perini et al. [17] shows a temper-
ature reduction at the VGS in a range of 2–6 ◦C compared with the bare 
wall (BW). Eumorfopoulou and Kontoleon [18] also measured temper-
ature differences in a green façade (GF) and found that the minimum 
and maximum surface temperatures of a GF are considerably lower than 
those of the BW sections. In a similar study Yin et al. [19] results show 
that the daily surface temperature in a GF is significantly lower than the 
average BW surface temperature, with a maximum reduction of 4.67 ◦C, 
and that the cooling effect of the GF is most obvious in the middle of the 
day and significantly decreases at night. Another recent study by Shafiee 
et al. [20] found that a living wall (LW) can reduce the ambient air 
temperatures by up to 8.7 ◦C, reducing the temperature fluctuations by 

decreasing the maximum and increasing the minimum temperatures of 
the ambient air close to the façade. 

In addition to work on the effects of the ambient temperature 
reduction that can be obtained from VGS, some research has been car-
ried out on the insulation benefits that green walls can provide.He and 
Jim [21] evaluates the thermodynamic transmission in a GR using a 
simulation model based on the traditional Bowen ratio energy balance 
model (BREBM). It determined that the GR absorbs and stores large 
amounts of heat to form an effective thermal insulation against fluctu-
ations. Further research by Pérez et al. [22] show VGS as passive energy- 
saving systems thanks to the shade produced by the vegetation and the 
insulation provided by the vegetation and substrate. Another recent 
work of research, Fox et al. [23], found that diurnal fluctuations in the 
heat flux were lower for the LW system than without it. Nayak et al. [24] 
focused on a full-scale comparison of a double-skin GF with a LW. The 
results showed a high energy saving potential during the cooling season 
for the LW (58.9%) compared to (33.8%) for the double-skin green 
façade. 

With respect to predictive models of the energy performance of VGS, 
several studies have used field measurements to parameterize simplified 
mathematical models [25]. Each of these studies have made simplifi-
cations with respect to the effects of evapotranspiration and time- 
varying soil thermal properties. The evaporation ratio can be defined 
as a function of the water content of the surface layer [26]. Both studies 
were also limited in scope to the air conditioning energy saving potential 
in summer. 

A physics based model of the energy balance of a GR has been 
developed and integrated into the EnergyPlus building energy simula-
tion programme [27]. Sailor found that building energy consumption 
varies significantly in response to variations in growing media depth, 
irrigation and vegetation density. 

Apart from Sailor, some other researchers have simulated GR and 
have validated Sailor’s model with experimental data [28,29], obtaining 
relatively accurate values of the soil’s outer surface temperature for such 
a complex model. 

The Sailor model is based on the [30,31] models on GR and 

Nomenclature 

C Volumetric heat capacity (MJ/(m3K)) 
e Thickness of homogeneous layer (m) 
G Global solar radiation on a vertical plane (W/m2) 
h Convective heat transfer coefficient (W/(m2 K)) 
k Thermal conductivity coefficient (W/(m K)) 
i Number of sublayers 
q̇ Heat flux (W/m2) 
RH Relative humidity (%) 
T Temperature (◦C) 
U Thermal transmittance (W/(m2 K)) 

Greek symbols 
α Absorptivity (–) 
ε Emissivity (–) 
σ Stefan-Boltzmann constant (5.67•10− 8 W/(m2 K4)) 

Abbreviations 
BW Bare wall 
CRES Centre for Renewable Energy Sources and Saving 
EU European Union 
GF Green Façade 
GR Green Roofs 
LCCE Laboratory for Quality Control in Buildings of the Basque 

Government 

LW Living Wall 
MLW Modular Living Wall 
UTC Coordinated Universal Time 
VGS Vertical Greenery Systems 

Subscripts 
abs Absorbed 
atm Atmospheric 
base, summer Base temperature for summer 
base, winter Base temperature for winter 
comb Combined 
cond Conduction 
conv Convective 
evap Evaporation 
max Maximum value 
min Minimum value 
in Indoor 
lw Long-wave radiation 
out Outdoor 
rad Radiation 
sat Saturation 
sol–air Solar -air (temperature) 
surf Surface (homogeneous layer outer surface) 
surr Surrounding surfaces 
sw Short-wave radiation  
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highlights all the heat and mass transfer processes that happen in the GR. 
As noted above, these processes are coupled to each other, as it is hard to 
investigate them separately. Some researchers, such as Feng et al. [32], 
developed a model of the photosynthesis and transpiration processes, 
calculating their effect on the energy balance of the GR. Kumar and 
Kaushik [33] studied the air temperature inside the foliage and 
modelled it. Ayata el at. [34] carried out some experiments to decouple 
the sensitive heat transfer process in the GR and evaluate it separately. 
Some investigations [35,36] have been carried out to examine the soil 
layer’s thermal conductivity and thermal capacity variation with the soil 
moisture content. Chiba et al. [37] conducted an experimental study on 
the effect that a VGS has on the heat transfer coefficient of buildings. It 
concluded that the vertical greenery system (VGS) allows energy con-
sumption to be minimized during summertime. 

The energy performance in buildings is influenced by many factors, 
and this complex situation makes it very difficult to accurately imple-
ment the prediction of building energy consumption [38]. So it is also 
important to note that there are some other approaches to the GR 
thermal behaviour by other authors, such as the modelling approach in 
[21] that treat the GR as a radiation shield. The modelling approach in 
[39] also uses differential equations, but the assumptions are different 
compared to the Sailor model. There are also a couple of authors who 
have tried to simplify the GR model: [40,41], showing that relatively 
simple models can give accurate results [42]. Finally, Kotsiris et al. [43] 
tests a GR in the Greek PASLINK test site of The Centre for Renewable 
Energy Sources and Saving (CRES) and characterizes the GR with a 
factor named ‘dynamic U-value’ by the authors which depends on the 
behaviour of the GR; that is, it assumes that the improvement of the GR 
can be introduced as a reduction of the overall U-value of the whole roof. 

The first aim of the study herein presented focuses on defining the 
solar cooling or heating efficiency valid for any skin solution of a 
building component. The method assumes (by proving its weight is 
negligible during sunny hours) that it is possible to neglect the term of 
heat transfer by conduction in the energy balances of the outermost 
surface of the façade, and thus estimate this surface temperature without 
considering it. Based on this assumption, it is possible to define a solar 
cooling and heating efficiency for any skin solution installed in the 
outermost layer of a building envelope and design a simple experimental 
test to obtain it. Thus, for sunny hours, the thermal behaviour 
improvement of including complex skin solutions as VGS, ventilated 
façades, or reflective painting solutions over traditional base wall fin-
ishing solutions could be comparable with a unique experimental value. 
The second aim of this study is to test the repeatability of the proposed 
efficiency value by experimentally obtaining the solar cooling and 
heating efficiency of a MLW innovative skin solution tested in a PAS-
LINK test cell for a whole year. 

2. Material and method 

2.1. Defining the heating and cooling solar efficiency of the skin solution 
of a building component 

A common method used to estimate the heating and cooling de-
mands of a building is the degree-days methodology with ASHRAE 
Standard 90.1 [44]. For a common building component such as the one 
represented in Fig. 1, the heat flux associated with the steady-state 
heating demand due to transmission heat losses for a specific hour of 
a winter period would be calculated using equation (1): 

q̇ = U⋅
(
Tbase,winter − Tout

)
=

Tbase,winter − Tout
1

hin
+
∑n

i=1
ei
ki
+ 1

hout

=
Tbase,winter − Tout

Rin− out

[
W
/

m2]

(1) 

where Tout is the outdoor temperature [◦C], Tbase,winter is the base 
temperature for winter [◦C], ei is the thickness of the ith layer of the 
building component [m], ki is the thermal conductivity of the ith layer 

[W/(m K)], and hin and hout are the internal and external surface 
convection-radiation combined heat transfer coefficients, respectively 
[W/(m2 K)]. The indoor and outdoor convection-radiation heat transfer 
coefficients are usually fixed by the regulations, for example, in the 
Spanish Building Technical Code (CTE) [45] this value is fixed for ver-
tical building components at hin = 7.69 W/(m2 K) and hout = 25 W/(m2 

K). 
For a specific hour of a summer period, the cooling demand associ-

ated with the steady-state transmission heat gains would be calculated 
using equation (2): 

q̇ = U⋅
(
Tout − Tbase,summer

)
=

Tout − Tbase,summer
1

hin
+
∑n

i=1
ei
ki
+ 1

hout

=
Tout − Tbase,summer

Rin− out

[
W
/

m2] (2) 

where Tbase,summer is the base temperature for summer [◦C]. 
If we analyse Fig. 1 together with equation (1) and equation (2), it 

can be seen that the heat transfer phenomena occurring from the 
outermost surface of the building component towards the exterior, are 
the ones introducing the highest uncertainties in the degree-day meth-
odology. In other words, the short-wave radiation exchange is consid-
ered in a very simple manner by assuming the effects of the solar gains 
within the base temperature. Solar gains effect within the building 
heating and cooling demands could be better estimated if the solar ra-
diation effect on the building component’s external surface temperature 
could be estimated accurately. That is, the outermost surface of a 
building component might be several degrees Celsius higher, during 
sunny hours, than the outdoors air temperature, yet equations (1) and 
(2) always use the outdoor air temperature for the heat transfer 
calculation. 

Thus, if the outermost surface temperature of the building compo-
nent were known during the sunny hours of the whole year, the equa-
tions (1) and (2) could use Tsurf,out in the calculations instead of Tout. 
Then the solar gains effect would be accurately calculated by equations 
(1) and (2), while the heating and cooling demands associated to 
transmissions losses/gains through the opaque part of the building en-
velope would also be precisely estimated. 

A general n layer common building component can be seen in Fig. 1. 
If the external surface temperature of the building component were 
known, the steady-state equation of heat flux from this outermost sur-
face towards the interior would be very easily calculated by equation 
(3): 

q̇ =
Tsurf − out − Tin
∑n

i=1
ei
ki
+ 1

hi

=
Tsurf − out − Tin

Rin− surf ,out

[
W
/

m2] (3) 

Fig. 1. Representation of a general n layer building component for a sum-
mer period. 
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where Tsurf-out is the outermost surface temperature [◦C], Tin is the 
indoor air temperature [◦C], ei is the thickness of the ith layer of the 
building component [m], ki is the thermal conductivity of the ith layer 
[W/(m K)], and hi is the internal surface convection-radiation combined 
heat transfer coefficient [W/(m2 K)]. 

Before developing the methodology for Tsurf,out estimation through 
an experimentally obtained parameter, the layer where Tsurf,out will be 
estimated must be clearly defined. The position of Tsurf,out is clear in a 
common building component such as the one presented in Fig. 1, where 
the outermost layer is a facing brick or other skin finishing where only 
short-wave radiation heat transfer, long-wave radiation heat transfer 
and convective heat transfer occur with the exterior. In this case, the 
Tsurf,out position is the outermost surface where the heat transfer phe-
nomena towards the interior of the building is converted into pure 
conduction through opaque layers. For these opaque layers, the thermal 
resistance should be estimated as ei/ki (see equation (3)). Unventilated 
air chambers, or other layers that can be modelled accurately with an 
equivalent thermal resistance, are equivalent to layers that can be rep-
resented in equation (3) as ei/ki. 

In building components equipped with skins such as living walls or 
ventilated façades, where complex heat transfer phenomena, such as 
evapotranspiration and natural and/or forced ventilation, can occur in 
the outermost air chamber, the selection of the layer where Tsurf,out 
should be estimated must follow the same logic. This outermost surface 
layer must be the one from which only heat transfer by conduction will 
occur until the heat reaches the interior of the building. Then, if the Tsurf, 

out were known, the heat flux through the building component with this 
complex behaving skin could be accurately modelled by equation (3). As 
an example, a schematic of a building component with a green cover 
installed over a facing brick with a 5 cm ventilated air chamber is shown 
in Fig. 2. In this building component, with a modular living wall fin-
ishing skin, the Tsurf,out would be defined as the temperature of the 
outermost surface of the facing brick. Even in such a complex building 
component, if Tsurf,out were known for all the sunny hours of the cooling 
season, the cooling effect of the green cover could be accurately esti-
mated by means of the simple equation (3). Although very complex heat 
transfer phenomena occur in the building envelope skin, from the layer 
defined as Tsurf,out in Fig. 2 towards the interior, through the layers 1 to 
4, pure heat conduction can be assumed for the heat flux estimation and 
equation (3) could be accurately used. 

Thus, if this outermost surface temperature during the sunny hours of 
the day could be estimated by a single performance parameter, then 
methods such as the degree-day method could be modified to estimate 
the cooling demand reduction potential of building component skins 
such as VGS during sunny hours. A similar approach could be done for 
building skin solutions with the aim of reducing the heating demand by 

trying to maximize this outermost surface layer temperature during 
sunny hours. Furthermore, this performance indicator should be valid 
for comparing the behaviour of different building component skin so-
lutions for both, façades and roofs. 

Here, the concept of building component skin solar efficiency can be 
defined as in equations (4) and (5), depending on whether it is charac-
terized for the cooling season (4) or the heating season (5). See also 
Fig. 3 for clarification of equations (4) and (5). 

The cooling or heating efficiency value is applicable to both walls 
and roofs subject to the incident solar radiation. These efficiency values 
relate the real experimentally measured Tsurf-out during sunny hours in 
the outermost surface of a building component with the maximum or 
minimum achievable temperatures in the outermost surface façade/roof 
of the building envelope, depending on the locally measured weather 
conditions: 

εcooling =
Tmax − Tsurf − out

Tmax − Tmin
[ − ] (4)  

εheating =
Tsurf − out − Tmin

Tmax − Tmin
[ − ] (5) 

where: 

Fig. 2. Detail of the composition of the tested MLW.  

Fig. 3. Representation of Tmax,Tmin and Tsurf − out in a general n layer build-
ing component. 
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- Tmax and Tmin are the hypothetical limiting maximum and minimum 
achievable outermost surface temperatures, estimated using locally 
measured weather variables and specific algorithms.  

- The maximum achievable temperature of the outermost surface of a 
building component facing solar radiation (Tmax) will be estimated 
using the upper limit values of the ASHRAE sol–air temperature (Tsol- 

air) method [44]. 

Tmax = Tsol− air = Tout +
α⋅Gsol

hcomb
−

ε⋅ΔR
hcomb

[
◦C] (6) 

where, α is the absorptivity of the surface for solar radiation; Gsol is 
the global solar radiation incident on the surface [W/m2]; hcomb is the 
combined coefficient of heat transfer by long-wave radiation and con-
vection at the outer surface [W/(m2 K)]; Tout is the outdoor air tem-
perature [◦C]; ε is the hemispherical emissivity of the surface (-), and ΔR 
is the difference between long-wave radiation incident on the surface 
from the sky and the surroundings and the radiation emitted by a hy-
pothetical blackbody at outdoor air temperature [W/m2]. 

According to ASHRAE [44], the maximum possible Tsol-air tempera-
ture is obtained when:  

• The term α
hcomb 

has a value of 0.052, which represents the usual 
maximum value for this term.  

• The term ε ⋅ΔR
hcomb 

has a value for horizontal surfaces facing the sky of 
4 ◦C and for vertical surfaces of 0 ◦C.  

- Tmin is considered to be the wet bulb temperature, calculated using 
the locally measured outdoor temperature and humidity. Tmin, is 
defined as the temperature of the air when it is adiabatically satu-
rated with water, in which case its temperature will decrease to the 
temperature called wet bulb temperature [46]. The wet bulb tem-
perature is always lower than the dry bulb temperature, except for 
those cases where the relative humidity is 100%, when they are 
equal. The wet bulb temperature can be calculated as a function of 
the outdoor air temperature and the relative humidity, using the 
following empirical algorithm [47].     

- Tsurf-out is the measured temperature of the outermost surface of a 
tested building component with a certain skin solution. It could be a 
façade or a roof component. To obtain the skin solution cooling solar 
efficiency using equation (4), the building component with the skin 
solution to be evaluated should be tested during several days facing 
south, if it is a façade solution, or facing the sky if it is a roof 
component. 

It can be easily demonstrated by combining the previous cooling 
efficiency (equation (4)) and heating efficiency (equation (5)) the 
following relation between both efficiencies (equation (8)): 

εheating = 1 − εcooling [ − ] (8) 

The temperatures in the outermost surface Tmax and Tmin represent 

the worst and best scenarios of the building component skin behaviour 
depending on the season considered. In summer, the worst condition 
happens when the surface temperature (Tsurf-out) is the maximum 
possible (Tmax), and the best condition happens when Tsurf-out reaches 
Tmin. On the contrary, in winter, the façade should work in the opposite 
way. 

The proposed method relies on the validity of the following strong 
assumption: “during sunny hours of the day where the global solar ra-
diation striking on the outermost surface of a building component is over 
150 W/m2, the conduction heat transfer mechanism occurring through 
the Tsurf,out layer can be considered negligible in comparison with the 
sum of the short-wave solar radiation, long-wave radiation and 
convective heat exchanges occurring in the building skin”. 

If this strong assumption is valid, once a building skin efficiency is 
obtained by means of a testing campaign, where the building skin has 
been installed in a specific building component with a 

∑n
i=1

ei
ki 

value and 
the test has been carried out with a specific Tin, the efficiency values 
obtained for the building skin solution by means of equations (4) and (5) 
would be valid to estimate the Tsurf,out values of this skin solution when 
installed in any other building component, even working with a 
different Tin value. The Tsurf,out values for a skin solution for which the 
cooling solar efficiency (εcooling) has been obtained through an experi-
mental campaign, when installed in another building component with a 
∑n

i=1
ei
ki 

value different from the one used during the testing campaign, 
would be estimated as in equation (9): 

Tsurf − out = Tmax − εcooling⋅(Tmax − Tmin) [
◦C] (9) 

where εcooling is the one obtained during the testing campaign,Tmax 

would be obtained by applying equation (6) with the local weather 
conditions of the new location where the building skin is to be installed, 
and Tmin would be obtained by applying equation (7) with the local 
weather conditions of the new location where the building skin is to be 
installed. 

The selection of the lower limit of 150 W/m2 for the incident global 
solar radiation for the efficiency calculations has to do with the calcu-
lation of Tmax by applying equation (6). With 150 W/m2 incident global 
solar radiation, for a vertical surface, we would obtain that Tmax = Tout +

7.8◦C, while for a roof Tmax = Tout + 7.8 − 4◦C = Tout + 3.8◦C. In cold 

days, the wet bulb temperature is very close to the ambient air tem-
perature, so from equation (7), we can say that Tmin = Twet− bulb ≈ Tout . 
Thus, the denominator Tmax − Tmin of equations (4) and (5) becomes 
very small and makes the calculation of the cooling and heating effi-
ciencies unstable and uncertain for the instants of time where the inci-
dent solar radiation is below 150 W/m2. For example, for cold winter 
days, when evaluating the efficiency of a green roof, the term Tmax −

Tmin ≈ 3.8◦C for an incident solar radiation of 150 W/m2, an error of 
0.5 ◦C in the temperature differences of the numerator will represent a 
13% error in the efficiency calculation. Note that, for sunny clear days, 
> 90% of the incident solar energy occurs when solar incident radiation 
is over 150 W/m2. Thus, the efficiency value represents how well or 
badly we evacuate or capture the main part of the incident solar radi-
ation thanks to the selected skin solution. 

The heating and cooling efficiencies of the skin components must be 
calculated experimentally on completely clear sunny days. Since the 
same skin component’s heating or cooling efficiency should be similar if 

Tmin = Twet− bulb

= Tout atan
[
0.151977 (RH% + 8.313659)

1
2

]
+ atan (Tout + RH%) − atan (RH% − 1.676331) + 0.00391838 (RH%)

3
2atan (0.023101RH%)

− 4.686035 [
◦C] (7)   
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the skin solution is tested in different completely clear sunny days, the 
repeatability of the obtained efficiency values is crucial. When global 
solar irradiation is over 150 W/m2 and with a frequency of at least 10 
min, the instantaneous efficiencies must be calculated and all those 
values must be averaged to obtain a daily averaged efficiency value. 

To check the repeatability of those daily values on a complex skin 
solution, a MLW has been tested for a whole year in a well-controlled 
experimental facility. All the completely clear sunny days have been 
identified for two periods, the hot season and the cold season. The ef-
ficiency values of all those days have been calculated and the spread 
(standard deviation) on each season and the similarity of the efficiency 
between seasons have also been analysed by comparing the mean of all 
those daily efficiencies. 

2.2. Proving the conduction heat transfer is negligible in the energy 
balance of a building envelope component’s outermost surface during 
sunny hours 

The method presented in section 2.1, requires validating this strong 
assumption: the conduction heat transfer is negligible in the energy 
balance of a building envelope component’s outermost surface during 
sunny hours. The assumption must be valid for a wide range of wall 
solutions with different thermal transmittance and thermal inertia and 
for hot and cold climates. This validation is going to be done by simu-
lating a series of four wall solutions under three different climate con-
ditions and for a whole year. Then, the weight of the conduction heat 
transfer in the energy balance of the outermost surface layer of the wall 
is going to be analysed for all cases. The well-known TRNSYS simulation 
software have been selected to perform this analysis. 

Considering a general n layer building component, as shown in 
Fig. 1, the energy balance in the control volume representing a general 
skin solution would be calculated by equation (10) (assuming all heat 
fluxes to be positive in the direction towards the control volume): 

Gsol⋅α + qconv + qrad,lw,surr + qrad,lw,sky + qevap + qcond = 0
[
W
/

m2] (10) 

where: Gsol is the incident global solar radiation on the surface [W/ 
m2]; α is the absorptivity of the surface for solar radiation; qconv is the 
convection heat transfer [W/m2]; qrad, lw, surr is the long-wave radiation 
exchange between the outer surface and the surroundings [W/m2]; qrad, 

lw, sky is the long-wave radiation exchange between the outer surface and 
the sky [W/m2]; qevap is the evaporation heat transfer [W/m2] (if it 
exists, not shown in Fig. 1); and qcond is the conduction heat transfer [W/ 
m2]. 

When analysing building components with and without vertical 
greeneries, the difference is the presence or absence of the term qevap. In 
a general case, for façades without VGS, the weight of the term qcond in 
the energy balance would be greater than if a VGS façade with qevap term 
were considered. Therefore, this study aims to demonstrate that the 
qcond heat exchange is negligible compared to the sum of the rest of the 
heat exchanges that occur in the outermost surface of a building enve-
lope component over a whole year for sunny hours. For this reason, a 
generic analysis will be carried out for a case without the term qevap, 
which will give a higher weight of the qcond term value. 

Therefore, the validation will be performed for the extreme case, 
where the weight of the term qcond is maximum. Consequently, the 
assumption that the conduction heat transfer is negligible will also be 
valid for the cases with a different skin solution in which extra heat 
transfer mechanisms appear in the outermost layer, such as qevap or qelec; 
in these cases, the weight of qcond would be lower. 

2.2.1. Reference building description 
Using a simple space, in which the phenomena of interest can be 

separated from the rest of the phenomena that occur in a real building, is 
an approach that has already been used by other authors [48,49]. 

A space formed by a square floor of 4 m each side (16 m2 of floor) and 

2.5 m high (from now on reference building) has been chosen for this 
study. As shown in Fig. (4.a), the building has been oriented parallel to 
the cardinal axes, the wall oriented to the south being the object of 
analysis (in red in Fig. (4.a)). For the sake of simplicity, the above- 
mentioned wall has been considered to be formed by a single homoge-
neous material. Depending on the case of study, the physical properties 
have been changed in order to analyse the effect of the thermal con-
ductivity and thermal inertia. 

In order to be able to identify the effects related to the variation of 
the physical properties of the wall, some simplifications have been 
made. These simplifications have been used to make the analysis of the 
results easier, thus facilitating the comparison between the walls. Some 
of these simplifications may involve a certain “idealisation” of the 
behaviour of the building. The assumed simplifications are as follows:  

- There is no conduction heat transfer through the building envelope 
except for the wall under study (the south wall). Therefore, the rest of 
the vertical walls, ceiling and floor have been considered adiabatic. 

- The presence of glazed surfaces is not considered. In order to facili-
tate the calculation of the radiation exchanges inside the premises, it 
has been assumed that there is no semi-transparent element that 
allows the entry of solar radiation into the reference building.  

- In the same way, no internal gains due to occupation, equipment or 
lighting have been considered. 

- The building is considered airtight, so there will be no energy de-
mand due to the external air inlet (voluntary by ventilation or 
involuntary by infiltration) to the interior of the reference building. 
Considering that, except for the object wall, the rest of the walls are 
adiabatic, it can be concluded that the entire energy demand is 
related exclusively to the characteristics of the object wall.  

- The effects of shading produced by constructive elements, remote 
objects or other buildings are not considered. 

The effects of other types of parameter, such as the geometry of the 
building or its orientation, have not been considered. In order to narrow 
down the number of cases, variations in the orientation, appearance or 
compactness of the building have not been considered. 

2.2.2. Parameters used in the simulations 
With the aim of analysing how the qcond term weight varies with the 

climate conditions, the analyses carried out throughout this study have 
considered the reference building located in various locations. These 
locations have been chosen as representative of 3 climatic zones estab-
lished in the Spanish Technical Building Code CTE [45]. The CTE is the 

Fig. 4a. Dimensions and orientation of the reference building.  
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regulatory framework that establishes the requirements to be met by 
buildings in relation to basic safety and habitability requirements. 

The climate selection has been made with the aim of including the 
most significant ones for the qcond term weight analysis proposed in this 
study. A location with severe summer conditions (Almería), another one 
with severe winter conditions (Burgos), and finally a zone with mod-
erate climatic characteristics (Bilbao), have been selected. The climatic 
zones they belong to, according to the Spanish CTE regulations, are A4, 
E1 and C1, respectively [45]. The season averaged global vertical south 
solar radiation, outdoor temperature and relative humidity of the 
selected locations can be seen in Table 1. 

The weather data used in the simulation as input are those corre-
sponding to the meteorological year type of the aforementioned local-
ities. These data have been collected using the software Meteonorm 
[50]. 

The heating and air conditioning system in the building is assumed to 
be powerful enough to keep the internal temperature between 20 ◦C and 
26 ◦C at any time. In order to facilitate the analysis, the system is 
assumed to be 100% convective, transmitting all the power to the air, 
without heat radiation exchange with the building’s walls. The initial 
enclosure temperature values have been assumed to be equal to 20 ◦C. 
The selection of this initial value has no effect on the results, because the 
simulations have been carried out considering a two year period, 
selecting the values of the second year as the results. 

The convection coefficients, both exterior and interior, have been 
assumed constant throughout the simulation. The values adopted have 
been the ones defined in the standard UNE EN ISO 6946 [51]. The pure 
convection coefficient values adopted for the simulations are presented 
in Table 2 (long wave radiation effect not considered within them). 

The absorptivity value used for the short-wave radiation was 0.7 and 
the emissivity value used for the long-wave radiation exchange was 0.9. 

The TRNSYS model is used to calculate the interior and exterior 
surface temperatures of the south wall for a whole year of each analysed 
case. Then, these temperature values have been used as input variables 
for the code in finite differences resolved with MATLAB, where the 
conduction heat flows have been calculated for the outermost surface. 
The modules used in TRNSYS were the following: Type 109-TMY2 - 
Weather Data Reading and Processing, Type 33e – Psychrometrics, Type 
69b - Sky Temperature, Type 56b - Multi-zone building, Type 25b – 
Printer, Type 28b – Printer and Type 65d - Online plotter. The TRNSYS 
model flow diagram is illustrated in Fig. 4b. 

For the MATLAB code, the chosen time frame was Δt = 60 s and the 
distance between nodes Δx = 1 cm (using smaller Δt and Δx did not 
produce any variation on the obtained results). The different heat flows 
(in absolute values) have been accumulated in annual values and used in 
the analysis. 

The reference building described above, with the considerations 
previously commented, provided the necessary information to address 
the cases. The object wall (the south wall) was defined as a homoge-
neous enclosure 30 cm thick. Twelve cases, formed by the combination 
of 2 thermal transmittance, 2 thermal inertia and 3 climates, have been 
selected. It can be observed that the selected transmittance and inertia 
values consider high and low limiting values commonly used in the 
construction sector. 

Each case has been appointed with a code formed by the letter W plus 
a number (1, 2, 3 or 4), depending on the thermal transmittance and 
inertia of the wall, plus a letter (A, C or E) corresponding to the climatic 
zone of the chosen location. The considered values for the climate- 
inertia-thermal transmittance combinations are presented in Table 3. 

2.2.3. Theoretical approach to estimate the outermost surface heat fluxes 
As the main purpose of this simulation is to quantify and compare the 

weights of the different energy exchanges in the outer surface of the 
object wall, a detailed schematic of all energy exchanges involved is 
shown in Fig. 5. With reference to the direction of the energy flows in 
Fig. 5, the outer surface energy balance is shown in equation (11) 
(represented as heat fluxes). 

qcond,surf − out = qconv,out − qrad,sw,out + qrad,lw,sky + qrad,lw,surr
[
W
/

m2] (11) 

The thermal behaviour of the wall in its outermost surface is evalu-
ated considering all the mechanisms involved individually (conduction, 
short-wave solar radiation, long-wave exchange with the surroundings 
and with the sky, and convection with outside ambient air). 

This study aims to prove that the energy balance that occurs in the 
outermost layer of the envelope can be simplified, considering the 
mechanism of heat conduction through it to be negligible, since its value 
is negligible when compared to the sum of the values of short-wave 
radiation, long-wave radiation, and convective heat exchanges that 
occur in it. This assumption would allow us to accurately estimate the 
Tsurf-out value, applying only the energy balance in the building envelope 
outermost surface without considering the qcond term in the energy 
balance when solar radiation is present. 

2.3. Description of the PASLINK test cell 

The method presented in section 2.1 is going to be tested for a spe-
cific skin solution: a modular living wall (MLW). This MLW skin solution 
is going to be installed on the outermost surface of a base wall and tested 
for a whole year under real weather conditions under the PASLINK 
methodology. The PASLINK test cell is a well-insulated structure that 
consists of two spaces. An area of 5.0 × 2.7 × 2.7 m3 called the “test 
room”, and an adjoining area called the “service room”. The south 
façade (and roof in some PASLINK test cell types) of the test room is 
interchangeable, so it is possible to test different building components 
(walls or roofs). Fig. 6 shows a scheme of a PASLINK test cell. 

In the PASLINK cells, heat transfer through the enclosure to the test 
room is accurately measured or controlled. Thus, all the heat passing 
through the element (to be tested) can be properly evaluated. Calibra-
tion and test procedures were also developed and tested during the 
PASLINK project and these are fully developed in [53,54]. All the actions 
carried out in setting up the PASLINK test cells of the Laboratory for the 
Quality Control in Buildings (LCCE laboratory) of the Basque Govern-
ment, where the tests of this work were carried out, have been per-
formed to fulfil all the requirements described in these PASLINK 
documents. 

Table 1 
The seasonal averaged climatic characteristics in the different locations.  

G solar, south 
vertical [W/m2] 

Outdoor 
temperature [◦C] 

Humidity 
[%] 

Season Location  

121.92  17.73  75.34 Spring Almería  
126.64  25.14  71.47 Summer  
153.92  18.10  71.65 Autumn  
167.70  13.81  71.89 Winter  
111.06  14.29  72.42 Spring Bilbao  
115.67  19.90  73.70 Summer  
106.53  13.03  74.47 Autumn  
110.38  7.95  75.20 Winter  
120.27  10.33  73.10 Spring Burgos  
136.05  17.64  65.59 Summer  
120.29  8.02  81.55 Autumn  
127.98  3.50  81.71 Winter  

Table 2 
Convection coefficients adopted for the simulations.  

Heat flow direction hconv,in 

[W/(m2K)] 
hconv,out 

[W/(m2K)] 

Horizontal  2.9 23 
Vertical upward  5.8 23 
Vertical downward  0.81 23  
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2.4. Description of the Modular living wall (MLW) test sample 

The component to be tested and analysed in this study is a base wall 
with a MLW skin solution installed on the South face of a PASLINK test 
cell. The base wall section schematic is presented in Fig. 2, it consists of a 
double-sided vertical enclosure without glazing made, from inside to 
outside, in the following materials: cement mortar (1.5 cm), double 
hollow brick (32 cm × 14 cm × 6.4 cm thick), unventilated air chamber 
(10 cm) and face brick (22.8 cm × 49 cm × 10.5 cm thick). The di-
mensions of the tested sample were 2.7 × 2.7 m (sample area 7.3 m2), 
with the thermal transmittance of the base wall being 0.77 W/(m2 K). 

With reference to the MLW skin solution shown in Fig. 7, it consists of 

an air chamber (5 cm), a layer formed by a metallic substructure 
anchoring the MLW to the base wall, an outside layer of a pre-cultivated 
plant module (8 cm) [55] and, finally, an irrigation and drainage system. 
The pre-cultivated modules in the outside layer are made of recycled 
polyethylene 60 cm wide by 40 cm high and 8 cm thick. The modules do 
not contain any polyvinyl chloride (PVC) material, so they are suitable 
for sustainable construction. Due to their dimensions, they provide a 
sufficiently large water reserve to minimize the risks of a lack of water. 

The metallic substructure supporting the modules is made of a ver-
tical stainless steel frame Fig. 7 that acts as an anchoring element where 
the modules are placed. The four polyethylene hooks located at the back 
of the plant modules enable the anchoring to the vertical steel structure 
profiles. This structure does not allow the vegetated modules to be 
extracted perpendicularly from the wall. In this way, module thefts are 
avoided. 

Four entrances for the drippers are placed in the upper part of the 
modules, while the two drainage exits are located at the bottom. Mod-
ules are hermetically sealed so that no water is poured onto the inside of 
the plant façade. In this way, there is no need for prior sealing work on 
the façade. The façade is covered 100 per cent by the modules, thus 
avoiding additional work to finish the wall. 

The irrigation system used in the test is automatic and responds to 
the fertigation techniques used in hydroponic crops. The nutrient solu-
tion is distributed in small quantities in localised areas by self- 
compensating droppers, so that the plant growth can be controlled by 
adjusting the nutrient solution and, at the same time, reducing the need 
for irrigation water. The system is complemented by filtration elements, 
irrigation control and a pump to raise and distribute the water 
throughout the MLW. An evergreen shrub (Helichrysum italicum) was 
selected in this test to guarantee the uniformity of the MLW. 

2.5. Experimental testing and instrumentation 

The PASLINK test cell used in this study is located in the facilities of 
the Laboratory for the Quality Control in Buildings of The Basque 
Government (LCCE), (latitude: 42◦51́N, longitude 2◦41́W) in Vitoria - 
Gasteiz, Spain. The experiments were carried out between January and 
December 2014. 

The standard sensors for a PASLINK test cell were used in this test 
and registered at 1 min interval and then averaged to 10 min intervals 
[56]. However, to apply the method proposed in section 2.1, only a few 
of those sensors are needed: the outermost surface temperature of layer 
4 (see Fig. 2) in four locations (see also Fig. (7.c)), the outdoor air 
temperature, the outdoor air relative humidity and the global vertical 
south solar radiation incident on the MLW. Thus, the description of the 
sensors used in this research are commented on here. 

The temperature of the Tsurf-out layer of Fig. 2 was measured with 
four platinum thermoresistances Pt100 (measurement accuracy ±
0.1 ◦C), the average of those four signals has been considered for this 
analysis as the Tsurf-out. In front of the MLW the outdoor air temperature 
was measured with a platinum thermoresistance Pt100 (measurement 

Fig. 4b. TRNYS model flow chart.  

Table 3 
The characteristics of the 12 analysed cases.  

Code Transmittance 
U [W/(m2K)] 

Volumetric heat capacity 
C [MJ/(m3K)]* 

Location 

W1A  0.13  0.50 Almería 
W2A  0.13  4.00 
W3A  1.30  0.50 
W4A  1.30  4.00 
W1C  0.13  0.50 Bilbao 
W2C  0.13  4.00 
W3C  1.30  0.50 
W4C  1.30  4.00 
W1E  0.13  0.50 Burgos 
W2E  0.13  4.00 
W3E  1.30  0.50 
W4E  1.30  4.00  

* The wall’s heat capacity per wall m2 would be obtained by multiplying the 
volumetric heat capacity by the thickness of the wall (0.3 m). 

Fig. 5. Outer surface energy exchanges.  
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accuracy ± 0.1 ◦C), protected against radiation and mechanically 
ventilated. The relative humidity was measured in front of the MLW 
with an AHLBORN FHA 646 E1 sensor (measurement accuracy ± 2%). 
Finally, the vertical global solar radiation incident in the plane of the 
tested MLW was recorded using a Kipp&Zonen CM11-P pyranometer 
(measurement accuracy ± 3%). All the sensors were calibrated before 
installation in the experimental setup and were connected to the main 
data acquisition unit Agilent 34970A. 

3. Results and discussion 

3.1. Results of the outermost surface heat fluxes weight analysis 

The cases analysed to find out what happens in the energy balance of 
the outermost surface of the walls correspond to the 3 climates × 2 
inertia × 2 thermal transmittances combinations presented in section 
2.2. The use of these cases gives a general overview of the weight the 

conduction heat flow has in the outermost surface of a general building 
component compared to the rest of the heat flows towards the ambient. 

The analysis of the heat flows is based on the relative weight of each 
mechanism in the total energy balance of the outermost surface of the 
wall, as well as the influence of the different parameters (inertia, climate 
and thermal transmittance) on the values of the corresponding flows. 

Fig. 8 shows the accumulated annual energy balance of the heat 
fluxes that make up equation (11) for all the hours when the solar ra-
diation values are>150 W/m2. For clarity, in Fig. 8, the long wave ra-
diation heat exchanges with the sky and surroundings have been 
grouped as follows:.qrad,lw = qrad,lw,sky + qrad,lw,surr 

In the first case study (1), in which both, the thermal transmittance 
(0.13 W/(m2 K)) and the heat capacity (0.50 MJ/(m3 K)) are low for the 
three different climates (A, C, E), the percentage of qcond is lowest (below 
2% for the three climates), qconv between 29 and 32%, qrad, sw between 
53 and 55% and q rad, lw about 14% of the total annual energy balance 
(during sunny hours). In case (2), where the heat capacity is increased 

Fig. 6. General structure of the PASLINK test cell [52]. NOTE: the component under test in this figure is a general passive component, it is not the MLW tested within 
this research. 

Fig. 7. a) Details and measurement devices in the tested base wall outermost surface installed in the PASLINK test cell at LCCE (plants still not grown) b) the MLW 
front view during the test (once the plants has been grown). c) Front view representation of the layer Tsurf-out of Fig. 2 where the position of the surface temperature 
sensors used in this research can be seen. NOTE: there was also a heat flux sensor (1HFP-01), but has not been used in this research. 
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(4 MJ/(m3 K)) and the thermal transmittance is kept low (0.13 W/(m2 

K)), the values of all the qcond term is approximately doubled compared 
to case (1). The values show that the qcond for the three climates remains 
similar at 4%. In case (3), where the thermal transmittance is increased 
(1.30 W/(m2 K) and the heat capacity remains low (0.50 MJ/(m3 K)) the 
qcond is approximately triplicated compared to case (1) and represents 
about the 6% for the three climates studied. In the last case (4), where 
both the thermal transmittance (1.30 W/(m2 K)) and the heat capacity 
are high (4 MJ/(m3 K), the weight of the conduction heat flows (qcond) 
increases to about 12–13% (this is about six times the weight of case 
(1)). The latter case is the most unrealistic, but it shows that only in the 
cases of walls with high inertia and high thermal transmittance does the 
weight of the conduction heat flow in the outermost surface energy 
balance have a not negligible weight. 

The previous analysis show that it is possible to neglect the qcond term 
in the energy balance of usual wall compositions to calculate the Tsurf-out 
value during sunny hours. Therefore, it is possible to carry out the heat 
exchange balance on the outermost surface of the building component 
without considering the term qcond. 

Furthermore, when performing the analysis of a VGS or a GR, as 
stated in equation (10), the term qevap associated with this type of skin 
solution must be taken into account. In this simulation study, a wall 
where the qevap effect does not exit has been evaluated. In this way, the 
extreme case where the weight of the term qcond is maximum, has been 
analysed and validated. In other words, Fig. 8 represents the maximum 
values that the qcond term could present on the analysed wall, which 
would be reduced if a new heat transfer mechanism were to be incor-
porated in the outermost surface, such as qevap. 

The obtained Tsurf-out values obtained for the 12 different scenarios (3 
climates × 2 inertia × 2 thermal transmittances) and for a hypothetical 
perfectly, adiabatic wall have also been analysed. Such season averaged 
temperature values have been compared with the season averaged 
outdoors air temperature, for the hours where the solar radiation values 
are higher than 150 W/m2. 

In Fig. 9, the outdoor air temperature and the outer surface tem-
perature for the summer and winter periods and for the considered 12 
cases are presented only considering all the sunny hours with Gsol > 150 
W/m2. The season averaged outdoor air temperature values differ 

Fig. 8. Outermost surface energy annual balance percentages for the considered climate-inertia-thermal transmittance combinations considering all the sunny hours 
with Gsol > 150 W/m2. 
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greatly from the calculated exterior surface temperatures. The 
inequality that occurs with the ambient temperature is greater for winter 
cases. 

The results presented in Fig. 9 reveal that, in the periods of solar 
radiation (>150 W/m2), the calculated temperature of the outermost 
surface, in all the study cases, differs between the different construction 
solutions only by ± 1–2 ◦C. The lower limit of the temperatures always 
corresponds to the combination of high inertia and high thermal trans-
mittance (W4); logically, this is the case where the qcond term weight is 
maximum. On the other hand, the upper limit is established by the 
façade considered adiabatic. 

Given that the outdoor air temperature in the degree-day method is 
currently used to calculate the demand for cooling and heating, it is 
worth noting that, performing this calculation with the outermost 

surface temperature (Tsurf-out) calculated using the proposed efficiency 
methodology, it is much closer to the real temperature of the outermost 
façade surface. Therefore, the use of this method would make the 
degree-day method much more precise and the heating demands would 
not be overestimated and cooling demands underestimated. 

3.2. Calculation of the cooling efficiency throughout a whole year for a 
MLW 

After validating in the previous section 3.1 the strong assumption 
about the negligible weight the conduction heat flow has in the energy 
balance of the outermost surface of a building component, in this sec-
tion, the proposed method to estimate the heating and cooling solar 
efficiency is applied to a MLW. In order to evaluate the cooling efficiency 

Fig. 9. Outdoor air temperature and outer surface temperatures for the considered climate-inertia-thermal transmittance combinations.  
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of the tested MLW, the minutely acquired data have been averaged every 
10 min and collected in a file containing all the measurements over one 
year (2014). The three temperatures (Tmax; Tmin; Tsurf-out) have been 
plotted in two periods as examples. The first period lasts from August 5th 

to 15th and the second from March 7th to 17th.  

- Tsurf-out is directly measured on the tested sample outermost surface;  
- Tmax is calculated using equation (6) with the measured outdoor air 

temperature and the measured global solar radiation incident on the 
tested sample;  

- Tmin is calculated using equation (7) with the measured outdoor air 
temperature and the measured outdoors air relative humidity. 

It is possible to graphically see the meaning of the cooling efficiency 
as the ratio between (Tmax – Tsurf-out) and (Tmax - Tmin). It is clear that the 
cooling efficiency will reach its maximum value when the temperature 
of the exterior layer is as close as possible to the ambient wet bulb 
temperature, which is identified as the best possible condition for 
summer and the worst for winter. 

The tests have been conducted in the PASLINK test site located in 
Vitoria-Gasteiz. Even if there is no official heating period established by 
the authorities in this area, the heating season starts at the beginning of 
autumn and finishes at the beginning of spring. Thus, even if the results 
of the efficiency are very similar throughout the whole year, the analysis 
have been done dividing the year into two periods: the cold season 
considers autumn and winter (the period when the heating systems are 
usually ON), while the hot season considers spring and summer (the 
period when the heating systems are usually OFF). 

3.2.1. Cooling efficiency during hot season (spring and summer). 
A representative period of the cooling efficiency results in summer’s 

hottest days is presented in Fig. 10, in which the measured incident 

global solar radiation, the measured outermost surface temperature and 
calculated Tmax and Tmin temperatures, together with the estimated 
cooling efficiency, are shown together. During the testing days, solar 
radiation started at 06:00 h and faded away at 18:00 h (UTC hour). Clear 
days can be identified by an almost regular bell shape (i.e., 5th, 6th). The 
cloudy days (i.e., 7th to 15th) had a very irregular behaviour of the solar 
radiation due to passing clouds. This indicates that many days did not 
have completely clear skies during the testing period. 

During some of the days, the air temperature increased by midday up 
to 30 ◦C (7th, 8th, 9th and 10th), although the temperature of the exterior 
surface never reached values higher than 25 ◦C. During the sunny hours, 
the temperature of the outermost surface is always lower than the 
temperature of the air and very close to the wet bulb temperature. 
However, during the hours in which there is no solar radiation, from 
18:00 to 06:00, the temperature of the outermost surface is above the 
temperature of the air (probably maintained thanks to the green cover). 

A detailed cooling efficiency curve is visible in Fig. 11. The cooling 
efficiency curve usually starts with a slight peak in the early hours of the 
morning, when the MLW panels are coldest due to early morning irri-
gation and the thermal inertia effect of the colder night. Then, as it 
stabilises, it draws a flat curve during the central hours of the day when 
the solar radiation is high. Finally, in the afternoon, as solar radiation 
disappears, the cooling efficiency slightly decreases, reaching its mini-
mum at the moment when solar radiation disappears, which coincides 
with the moment when the plant panels are drying out. 

In the case of Fig. 11, the early morning irregular peaks in the cooling 
efficiency curve are not only caused by the irrigation that occurs in the 
early morning combined with the inertia of the night-time temperature, 
but also have to do with the early morning cloud passing effect that 
decreases the incident solar radiation to about 200 W/m2 and makes the 
efficiency calculation more unstable. As stated in the methodology 
section, this is why the efficiency values are only calculated for cases 

Fig. 10. Evaluation of temperatures, cooling efficiency and the incident global solar radiation data, registered from August 5th to 15th. (Sharp fluctuations in solar 
radiation are due to cloud movement). 
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where the incident solar radiation is over 150 W/m2. The cooling effi-
ciency in this type of MLW is not influenced by rainfall, as water is al-
ways available to the plants in the growing layer through the irrigation 
system. 

On the other hand, the presence of clouds throughout the day causes 
fluctuations in the solar radiation curve, which are reflected in the peaks 
and irregularities of the thermal efficiency values. For this reason, when 
defining the efficiency, it is necessary for the efficiency to be calculated 
on completely sunny, clear days, while cloudy days are not taken into 
account. 

To analyse the repeatability of the MLW cooling efficiency, it was 
necessary to calculate the daily cooling efficiency values of all the 
available clear sunny days. Then, averaging all these daily values of the 

hot season (from March 20th to September 22nd), a representative value 
for the cooling efficiency in hot conditions is obtained: ε = 0.9076 [-] (or 
90.8% cooling efficiency) with a standard deviation of 0.08 [-]. It is 
important to note that only the clear days (45 days) are considered in the 
calculation of this averaged cooling efficiency. Considering the 
complexity of the heat and mass transfer phenomena occurring in this 
MLW skin solution, the spread of the obtained experimental cooling 
efficiencies is considered low. 

This MLW skin solution, when properly irrigated, is an extremely 
adequate system to reduce cooling demands in summer due to heat gains 
through opaque elements of the building envelope. During sunny hours, 
it is able to maintain the outermost surface layer of the building 
component, where it has been installed, very close to the ambient wet 

Fig. 11. Detail of the profile of temperatures, incident global solar radiation and cooling efficiency for the 5th August (summertime).  

Fig. 12. Evaluation of temperatures, cooling efficiency and the incident global solar radiation data, registered from March 7th to 17th. (Sharp fluctuations in solar 
radiation are due to cloud movement). 
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bulb temperature. 

3.2.2. Cooling efficiency during cold season (autumn and winter). 
As can be seen in Fig. 12, during wintertime, the MLW cooling effi-

ciency values also approach 90%. Again, in order to analyse the 
repeatability and the spread of the cooling efficiencies during the cold 
season, the daily cooling efficiencies of clear sunny days have been 
averaged from 23rd September to 19th March. A mean cooling efficiency 
value of ε = 0.9026 [-] (or 90.3% cooling efficiency) with a standard 
deviation of 0.07 [-] has been obtained for the cold season. Both the 
mean cooling efficiency and the spread of the daily efficiencies are 
identical to those ones obtained for the hot season. A 90.3% cooling 
efficiency implies a heating efficiency of just 9.7% for the cold season 
(see equation (8)). It is important to note that only clear days (28 days) 
are considered for the calculation of these mean cooling and heating 
efficiencies. These results indicate that the MLW skin solution behaves 
identically in both the cold and hot seasons. The latter is crucial, the 
repeatability between seasons and the low spread of the obtained daily 
efficiencies should mean that only a short testing period with a few clear 
sunny days is required in order to obtain reliable heating and cooling 
efficiency values of skin solutions. 

As for the hot season, the temperature of the outdoor air and the 
outermost surface temperature of the façade are very similar during cold 
and sunny winter days (see Fig. 12), though Tsurf-out is slightly higher 
than Tmin (wet bulb temperature). Note that the wet bulb temperature 
and the air temperature are very close when the air temperatures are 
low. 

Analysing Fig. 13, at about 12:00 h, the maximum possible sol–air 
temperature according to equation (6) and using the locally measured 
vertical south global solar radiation, would be 57.1 ◦C while the outdoor 
air temperature is 14.7 ◦C and the wet bulb temperature is 10.7 ◦C. Since 
the cooling efficiency at 12:00 h is 92.3%, the outermost surface tem-
perature is only 14.3 ◦C. The heating efficiency (using equation (5) or 
equation (8)), would give a value of 7.7%). The day represented in 
Fig. 13, is a cold sunny winter day that would probably require heating 
within the building. Having a cooling efficiency of 90% means that the 
skin solution is generating an undesired cooling effect in the outermost 
surface of the wall that will generate extra heating demand within the 
building. For this day, a skin solution that permits to obtain higher 
temperatures in the outermost surface of the wall would be preferable. 

It is evident from the considerations that it is convenient to have a 
VGS, mainly in hot seasons, since the value of the cooling efficiency 
represents the goodness of the façade skin solution in decreasing the 
temperature below the vegetation layer. Due to this, the effect is positive 
in summer and negative in winter. 

The cooling and heating solar efficiency values obtained with the 
developed method, not only provide a comparable unique efficiency 

value to understand the performance of this skin solution; they also 
permit to more accurately obtain the outermost surface temperature of a 
building component where this skin solution is installed (see equation 
(9)). These surface temperatures can be used in methods such as the 
degree-day method to more accurately estimate the heating and/or 
cooling demands due to the installation of a skin solution in a certain 
building component as detailed in section 2.1. 

4. Conclusions 

This research proposes a methodology to experimentally determine 
the cooling and heating efficiencies of different skin solutions for the 
opaque elements of a building envelope during sunny hours. Cooling 
efficiencies of 100% (or 0% heating efficiency) means that the skin so-
lution is able to maintain the outermost surface of the building envelope 
at the wet bulb temperature of the local weather conditions. This is 
supposed to be the minimum possible obtainable temperature by passive 
building skin solutions (Tmin). On the other hand, heating efficiencies of 
100% (or 0% cooling efficiency) means that the skin solution is able to 
maintain the outermost surface of the building envelope at the sol–air 
temperature of the local weather conditions. This is supposed to be the 
maximum possible obtainable temperature by opaque building skin 
solutions (Tmax). 

These efficiency values give a comparable value of the performance 
of any skin solution in a unique number. Solutions with high cooling 
efficiency values would be propitious solutions for reducing the cooling 
demand in buildings; while skin solutions with high heating efficiencies 
would be propitious solutions to reduce the heating demand within 
buildings. However, the definition of the efficiency value needs to prove 
a strong assumption: that the conduction heat flux has a negligible 
weight in the energy balance of the outermost surface of a general 
building component during sunny hours (when the global solar radia-
tion striking the outermost surface is above 150 W/m2). 

The latter strong assumption has been proven and validated by 
simulating and analysing, over a whole year, the energy balance in the 
outermost surface of a wall with different thermal inertia and thermal 
transmittance under three different climate conditions. It has been 
determined that, independently of the climate, the weight of the heat 
flux by conduction is negligible (below 6% for walls with common 
thermal transmittance and thermal inertia values) compared to the sum 
of the rest of the heat fluxes occurring due to solar radiation gains, losses 
by convection to the ambient and losses by long wave radiation towards 
the surroundings and sky. Therefore, it is possible to conclude that the 
outermost surface temperature of a building component does not 
depend on the conduction heat flux during sunny hours. 

With all this, the developed method to experimentally obtain cooling 
and heating solar efficiencies of skin solutions has been experimentally 

Fig. 13. Detail of the profile of temperatures, incident global solar radiation and cooling efficiency for the 7th of March (wintertime).  
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tested on a specific skin solution: a Modular Living Wall. A repeatability 
and spread study of the experimentally obtained cooling efficiency 
values for clear sunny days was carried out over an entire year on this 
Modular Living Wall skin solution. The mean cooling efficiency for the 
hot season and the cold season has been found to be similar; 90.8% and 
90.3% respectively. Not only is the mean cooling efficiency similar be-
tween seasons, but also the spread of the daily cooling efficiencies has 
been small and similar for both seasons. This is a clear sign of the 
repeatability of the proposed method to evaluate the solar behaviour of 
different skin solutions with a unique efficiency value. These efficiency 
values make it easy to compare the solar performance of the tested 
Modular Living Wall with any other skin solution for walls or roofs. 
From this repeatability study it can be concluded that the testing cam-
paigns required to obtain the heating and cooling solar efficiency values 
for a certain skin solution would only require a few weeks where few 
clear sunny days should happen Before the minimum number of 
required clear sunny days to obtain reliable solar efficiency values can 
be established, similar repeatability studies as the one performed in this 
work should be done for other types of skin solutions. 

After evaluating the Modular Living Wall’s cooling efficiency as a 
measure to quantify the effect of the vegetation for reducing the 
outermost surface temperature of the constructive solution; the final 
conclusion is that the most efficient condition for the Modular Living 
Wall is in the hot season. The presence of water in summer positively 
affects the performance of the façade, since it reduces the outermost 
surface temperature nearly to the wet bulb temperature (this is the 
minimum possible by passive skin solutions), thus reducing the cooling 
load of the building. Moreover, during sunny hours the living wall did 
not allow the façade exterior surface temperature to rise above the air 
temperature. It is evident from the considerations that it is convenient to 
have a green façade mainly in hot seasons, since the value of the cooling 
efficiency represents the goodness of the skin solution in decreasing the 
temperature of the wall’s outermost surface. 

On the other hand, for winter, it was noticed that the Modular Living 
Wall cooling efficiency values approached 90.3% (very similar to the 
summer cooling efficiency). This is equivalent to saying that the heating 
efficiency of this skin solution is just 9.7%. This implies that the tem-
perature of the external surface is again very close to the lowest mini-
mum achievable temperature limit, the wet bulb temperature. This 
means a reduction in the wall’s outermost temperature during sunny 
hours that will lead to a corresponding increase in the heating demand 
and higher energy costs. In winter, the thermal performance of this skin 
solution with the irrigation system is not interesting at all due to the 
cooling effect generated by the evapotranspiration, since it prevents the 
solar radiation from heating up the outermost surface of the building 
envelope. 

Finally it must be said that, using these cooling or heating effi-
ciencies, it is possible to estimate the outermost surface temperature of a 
façade very accurately for all the sunny hours over a whole year. This 
can be done using these single experimental performance parameters 
and the local weather conditions where it is to be calculated. With this 
outermost surface temperature, the interior air temperature and with 
the wall’s layers composition, the heat flow through walls with a com-
plex skin solution could be accurately estimated for sunny hours. Note 
that the degree-day method uses the outdoor air temperature to calcu-
late the cooling and heating demands even in sunny hours where the air 
temperature and the outermost surface temperature of the wall can 
differ considerably. Therefore, the use of this solar efficiency method-
ology could make the degree-day method much more precise in sunny 
hours, so the thermal demands of the buildings could be better 
estimated. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

the work reported in this paper. 

Acknowledgements 

This work was supported by the Spanish Ministry of Science, Inno-
vation and Universities and the European Regional Development Fund 
(grant number RTI2018-096296-B-C22) through the MONITHERM 
project ‘Investigation of monitoring techniques of occupied buildings for 
their thermal characterization and methodology to identify their key 
performance indicators’, project reference: RTI2018-096296-B-C22 
(MCIU/AEI/FEDER, UE). 

Open Access funding provided by University of Basque Country. 

References 

[1] D. Chiara, Fedrizzi Roberto, B. Elena, H2020 BuildHeat - Retrofit protocols, (2020) 
10.5281/zenodo.3734970. 

[2] E. Burman, D. Mumovic, J. Kimpian, Towards measurement and verification of 
energy performance under the framework of the European directive for energy 
performance of buildings, Energy. 77 (2014) 153–163. 

[3] R. Elnaklah, I. Walker, S. Natarajan, Moving to a green building: Indoor 
environment quality, thermal comfort and health, Building Environment. 191 
(2021), 107592. 

[4] M. Natarajan, M. Natarajan, M. Rahimi, M. Rahimi, S. Sen, S. Sen, et al., Living wall 
systems: evaluating life-cycle energy, water and carbon impacts, Urban ecosystems. 
18 (1) (2015) 1–11. 

[5] M.A. Mir, Green facades and building structures, Delft University of Technology, 
Delft, 2011. 

[6] T. Safikhani, A.M. Abdullah, D.R. Ossen, M. Baharvand, A review of energy 
characteristic of vertical greenery systems, Renew. Sustain. Energy Rev. 40 (2014) 
450–462. 
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