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A B S T R A C T

By reducing the quantity of precipitation reaching the ground, a green façade can contribute to a more natural
way of rainwater drainage. Additionally, it provides shadowing, insulation, and evapotranspiration (ET) of water
enabling it to reduce the heat load of a building. The collection of precipitation and the ET were tested over a
two month period on two commercially available living wall systems. The entering and outgoing amounts of
water were monitored, as well as the mass variation of the systems. The weather data, collection of precipitation
and condensation, and the ET were determined. The precipitation collection of one vertical m2 expressed as an
equivalent percentage of the precipitation on one horizontal m2 results on average in 18.8% and 33.0% for the
panel and the planter box system respectively, whereby the occurrence of wind driven rain is not essential. Wind
speed, humidity, air temperature, and solar radiation have been found to be neither independent nor dominant,
yet trends for both systems are in good correlation. Correlating the measured ET with the reference ET obtained
through the FAO-56 Penman-Monteith equation results in a factor of 1.46 and 0.76 between a horizontal m2 of
reference crop and a vertical m2 of the panel and the planter box system respectively, values relating to deviating
designs and dissimilar irrigation procedures. The total estimated ET power is 18 (± 3) kW/m2/year and 11
(± 3) kW/m2/year for the panel and the planter box system, respectively. The derived water balances indicate
the need for proper irrigation management throughout the year.

1. Introduction

The presence of vegetation in the urban environments has been
shown to have many benefits, for the environment (air purification of
carbon dioxide, nitrogen oxides, and particulate matter, thermal in-
sulation, noise reduction, protection of building materials against the
environment, reducing the “urban heat island” effect, improving the
microclimate, improving the biodiversity) as well as for people (redu-
cing stress levels, and an increased well-being and productivity) [1–11].

Nowadays, the artificial drainage of precipitation is needed to re-
place the natural drainage of former urban green areas, which have
been gradually replaced by impermeable surfaces, such as streets and
roofs [12–16]. The introduction of the green roof is a way of re-
integrating urban green, resulting in a semi-natural form of rainwater
discharge [12–15,17,18]. Like a traditional roof, the traditional façade
is an impermeable surface which receives precipitation under the in-
fluence of the wind. This water runs down the façade and is discharged
onto the ground or into sewers. Studies on green roofs have shown a soil
substrate with plants to retain on average 60%–100% of the total pre-
cipitation [13–15,18]. Similar to green roofs, green façades have the

potential to collect, retain, and gradually discharge rainwater. How-
ever, in contrast to green roofs, the quantity of rainwater collection of
green façades is still unknown. Furthermore, studies which could in-
dicate the influence of the slope on rainwater retention are indecisive,
reporting it to have either a negative [13,14,19,20] or no influence on
the retention of rainwater [3,18,21].

In addition to precipitation management, green façades can con-
tribute to a comfortable indoor climate by providing shadow, insula-
tion, and evapo(transpi)ration (ET), whereby water evaporates from the
substrate and plants and transpires vapour through the plant pores.
Solar radiation is absorbed and reflected by the foliage and the sup-
porting structure, preventing it from attaining the substructure and
openings [11,22–30]. Additionally, the system, covered with a dense
layer of foliage, creates an air cavity, resulting in additional insulation.
Varying insulation values are given in the literature, being in the range
of the insulation values of double glazing [15,26,31–38]. Finally, the
green façade evapo(transpi)rates water, herewith consuming 2.45 MJ/
kg (at 20 °C) of latent heat for the vaporization of water [39] and
consequently cooling the surrounding area adiabatically. Many studies
have shown a significant contribution of the adiabatic or evaporative
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cooling of green façade systems to their surroundings and the indoor
climate [15–17,24,27,28,34,37,38,40–49]. However, research on the
magnitude of evaporative cooling, specifically for modular pre-grown
non-ground-based external vertical greening systems, so-called living
wall systems (LWS), also known as green walls, vertical gardens, and
vertical greenery systems [40,48–52], are not reported yet in the lit-
erature, to the best of the authors' knowledge.

In contrast with direct and indirect green façade systems, LWS are
not exclusively limited to rooting at the base of the façade and the use
of climbing vegetation, causing them to possess a far larger aesthetical
and creative potential, allow for a rapid covering of extensive surfaces,
and extend to higher areas [52,53]. As a consequence, due to design
complexity, materials involved, and maintenance, LWS have sub-
stantially larger installation costs, life cycle costs, and environmental
impact [54–56]. The most relevant benefits, from a cost-benefit point of
view, are related to real estate and energy savings for air conditioning.
For the latter, the application of LWS is preferred over direct or indirect
green façade systems, since the presence of substrate is key in ob-
structing conductive heat exchange [30,49,57,58]. While social, eco-
logical, and environmental benefits predominantly relate to a macro
scale and have limited impact on the monetary value, they reduce the
environmental impact [55]. The costs and emergy (a measure for di-
rectly and indirectly consumed energy needed for the creation of a
product or service in line with the Odum energy systems theory [59]) of
installation and maintenance services (labour, water, and nutrients) are
important for both an economically and environmentally sustainable
vertical greening system [60,61]. Knowledge of both energy saving
ability and ideal water management is therefore needed [62].

For theoretical studies of plant evaporation, the standardised FAO-
56 Penman-Monteith equation of the United Nations Food and
Agriculture Organisation (hereinafter called PM equation) is typically
used [39]. This equation uses a hypothetical reference crop to overcome
the necessity for unique evaporation parameters for individual plant
species. Through crop specific coefficients, distinct ET rates are related
to the rate of ET from the reference surface (ETo) [39]. In prior studies
regarding the use of plants in double skin facades and the evaporation
of vertical gardens, this equation was successfully applied [63,64]. The
application of the PM equation to the ET measured in an experimental
setup enables a year-round prognosis for the ET power of a green façade
system, as well as the consequent potential heat load reduction on
buildings.

The primary goal of this study is to determine the changes in the
internal water balance of distinctly dissimilar living wall systems under
the influence of prevailing weather conditions in order to provide an in-
depth understanding of the incoming and outgoing quantities of water,
the optimisation of irrigation management, and the possibility of a
predictive estimation of the potential evaporative cooling behaviour of
such a living wall system prior to application.

In this study, two commercially available living wall systems are
tested during 2 months with the intent to gain more insight in the
collection and retention of precipitation, evapo(transpi)ration, and the
resulting conversion of solar radiation. Based on these results, a year
round prognosis is proposed for the evaporative power of both systems,
by making use of the PM equation. Finally, a system specific water
balance is set up for the complete test period, visualising the occurring
internal water flows. The knowledge gained can be used to design with
green façades as contributing factors to the indoor climate with an
optimised water management.

2. Materials and methods

2.1. Test location and conditions

This study took place at the Eindhoven University of Technology
(TU/e), the Netherlands, for a period of 2 months (from the end of
November until the end of January). This specific period is chosen

because of desired test conditions, ensuring various magnitudes of
precipitation events together with a wide range of wind speeds. These
are best met in the early winter months for the location of Eindhoven.
Representative measurements regarding the ET are ensured by using
evergreen plants. Because they keep the same ground coverage year-
round and do not wilt, their ET is not influenced by growing seasons
[39].

During the period that both LWS have been monitored, 47 and 61
successful measurement days for the panel and the planter box system
respectively were achieved before frost set in and the test had to be
aborted. Fig. 1a, b, and c show the geographical location (latitude:

Fig. 1. Location and orientation of the test façades: a. Satellite image of the location of
the test setup and the rain gauges (marked with X), b. Test setup on the west façade of the
'Vertigo' building of the Eindhoven University of Technology, the Netherlands [82], c.
Test setup with the mounted panel system (right) and planter box system (left).
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51.45, longitude: 5.48), the position of the setup on the west façade of
the Vertigo building at the TU/e, and the test setup on the balcony
respectively. The exact location of the experiment was carefully se-
lected based on meteorological conditions. The predominant wind di-
rection for Eindhoven, the Netherlands, is southwest (Fig. 2a). Hence,
considering a cardinally positioned building, the test facades would be
ideally facing either south or west in order to study the collection of
WDR. Taking into account the heat load on a building, a west-facing
façade receives direct nearly orthogonally irradiance solar radiance
which is combined with a higher ambient temperature (gained during
the day). Consequently, the need for a reduction of the heat load can be
considered higher than for a south façade where the angle of incidence
is higher [65]. In turn, the west-facing façade is selected over the south
façade to perform the experiment.

Not only the climate, time of the year, and façade orientation in-
fluence the performance of a LWS, also the shape of the building and
the exact position on the façade have a considerable effect on the
conditions at the face of the façade. The speed and direction of the wind
are influenced, as well as the quantity of rain reaching the façade.
According to Blocken and Carmeliet, the maximum WDR exposure and
the highest variation takes place at the top corners of a façade. The
lower part of a building will receive less WDR in case the wind-blocking
effect is larger [66]. To minimise the influence of these effects on the
measurements, it was decided to position the LWS in front of the west

façade of a medium-rise, wide building slab on the campus of the
Eindhoven University of Technology. The location on the façade is
chosen 30 m out of the corner of the building to prevent a corner effect.
Whereas, strong (turbulent) winds in the vicinity of the edge of the roof
are avoided by locating the setup 4 m lower. In front of the test setup, a
large open area stretches around 180° where, 65 m to the west 3 single
trees (± 20 m in height) are located, and 60 m to the south a row of
trees (± 15 m in height) is situated. By choosing this location, the
influence of wind is comparatively stable while a rain catch ratio in the
range of 0.4–0.8 relative to the free-field conditions can theoretically be
achieved [66].

According to the most used climate classification system, the
Köppen-Geiger map, the test site is located in a warm temperate, fully
humid, and warm summer (Cfb) climate [67]. Fig. 2b gives an overview
of the expected meteorological conditions for the test location based on
the monthly mean values (period 1981–2010) [68].

2.2. Living wall systems

Living Wall Systems (LWS) are available in a wide variety and many
different ways of categorizations exist in the literature. Fig. 3a–d shows
the typology adopted by the authors. In this study, two commercially
available living wall systems (LWS) of the planter box and the panel
type (Fig. 3a and b) have been investigated. These systems have been

Fig. 2. Meteorological conditions for Eindhoven,
the Netherlands: a. Yearly mean wind direction in
percentage of time (1985–2017) [83], b. Monthly
mean values for: temperature, wind speed, ra-
diant exposure of global radiation, relative hu-
midity, total precipitation (1981–2010) [68].
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chosen due to their relatively larger exposed surface area and growth
medium volume in comparison with the combination system and the
geotextile system (Fig. 3c and d). Inherently they, therefore, possess a
higher potential for precipitation collection and buffering. Both are
indirect prefabricated modular systems which are commonly mounted
detached from the façade [40]. The first system is of the planter box
type (Fig. 3a) which effectively measures 0,60 × 0.55 m while
mounted, resulting in an effective vertical surface of 0.33 m2 [57,69]. In
this LWS, the vegetation is rooted in a horizontal potting soil medium
with a volume of± 35 l, making the system similar to that of a classic
planter. The second system is a modular prefabricated hydroponic
panel system fitted with mineral wool (Fig. 3b), hereinafter referred to
as panel system, measuring 0,60 × 1,00 m in size it has a substrate
volume of 42 l, effectively covering 0.67 m2 of façade surface while
mounted [70]. In contrast to the planter box system, the panel has a
vertical surface which is covered with greenery by the insertion of pre-
grown plug plants into the mineral wool substrate.

Herewith, both systems possess distinctively dissimilar growing
conditions, resulting in a different plant suitability. To ensure a re-
presentative outcome regarding the performance of each system as a
whole, the individual systems were planted with a diverse selection of

predominantly wintergreen plant species found most successful. Hence,
the dissimilarity in evapotranspiration when applying a single type of
different species is to a certain extent evened out, however, it cannot be
completely excluded. Prior to the test, both LWS have been pre-grown,
ensuring well-rooted, healthy vegetation.

Since the plants are not rooted into the earth, the buffer for both
water and nutrients is limited, making them dependent on irrigation
systems. Relative to the potting soil used in the planter box system, the
mineral wool of the panel system has a low buffering capacity, re-
quiring a high irrigation frequency. For the irrigation of both systems, a
pressure equalizing, self-closing, and self-cleaning commercially avail-
able irrigation system with a specified capacity of 2 l/hour was selected
(Gardena micro drip). Prior to application, the inline drip heads were
tested, selected, and calibrated to ensure a constant, equal, and mea-
surable dosage of water. In consultation with the company providing
the panel system, the irrigation duration and frequency have been set to
1 min every 3 h with 3 dripper heads delivering a total of 0.79 l per day.
The company supplying the planter box system advised a necessity-
guided irrigation at a mass loss of approximately 1.5 kg. After an initial
wetting prior to the measurement period, the planter box system has
only been irrigated once during the duration of the test, with an amount
of 1430 ml.

2.3. Experimental design

A deviation in the mass of a LWS over time is a measure of a change
in its internal water buffer. However, three categories of influencing
factors can be distinguished: primary factors such as the dry weight of
the LWS and added irrigation; secondary factors, in general external
influences such as precipitation, evapo(transpi)ration, wind, and
changes in the biomass; and tertiary factors which involve for example
animals, faeces, biomass from other vegetation, falling objects, human
action, fire, etc. Both primary and secondary factors are of interest;
however, only primary factors can be influenced or equated for.
Tertiary factors are either avoided, or their influence is accounted for.
To mimic the conditions of a façade mounted system surrounded by
other modules, both systems are partially enclosed avoiding the influ-
ence of tertiary factors. Hereby, the top, back, bottom, and sides are
shielded from weather conditions while the front and protruding parts
are exposed. In case of the planter box system, the protruding part of a
module situated directly above is accounted for in the in the enclosure.
To avoid an influence on the mass measurement, the systems are kept
detached from their enclosure by maintaining a gap of 5 mm on all
adjacent sides. Fig. 4a and b display cross-sections of the panel and the
planter box system test setup, respectively.

Factors contributing to a water content increase causing a mass gain
are irrigation and precipitation collection in the form of rain or dew,
while runoff, throughflow, and evapo(transpi)ration contribute to a
reduction of water content and a decrease in mass. By monitoring ir-
rigation, runoff, throughflow, and mass changes of the LWS, evapo
(transpi)ration and the collection of precipitation can be determined in
accordance to:

= + + −m m V ρ V ρ V ρΔ Δw lws r w t w i w (1)

where:

Δmw = Mass change due to precipitation collection (+) or evapo
(transpi)ration (−) [g]
Δmlws = LWS mass change [g]
ρw = Density water [g/cm3]
Vr = Runoff volume [ml]
Vt = Throughflow volume [ml]
Vi = Irrigation volume [ml]

Fig. 5a and b show a simplified representation of the factors influ-
encing the water balance of the panel and the planter box system,

Fig. 3. LWS system typology based on: a. planter boxes filled with a growth medium,
0°–90° to the horizontal; b. enclosed or incorporated growth medium at a vertical or-
ientation; c. planter box or panel system combined with facilities for climbing or hanging
plants; d. non-biodegradable geotextile, functioning as growth medium.
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respectively.

2.4. Data acquisition

The mass of the planter box system (including mounting frame
≈33 kg) was monitored directly using a scale with a maximal load of
120 kg and a sensitivity of± 1 g (Mettler-Toledo, type KC120-ID1
MultiRange). The panel systems mass (including mounting frame
≈25 kg) was directly measured by a scale with a maximum load of
60 kg and a verified sensitivity of± 10 g in the 15–30 kg range
(AllScales Europe, Serie WPI-T-40-60). Both scales were digitally logged
continuously up to 6 times per second. A moving average of 22 s was
applied to this data to even out wind induced vibrations, yet still show
short-term mass variations.

In order to monitor the exact timing and quantity of water added
through irrigation, regardless of precipitation or evapo(transpi)ration,
an additional external dripper was monitored by a tipping bucket with a
calibrated resolution of 0.58 ml/tip. The quantity of water leaving the
system in a liquid state (e.g. by running off, or flowing through the
system) was determined by collecting effluent water in polytetra-
fluoroethylene (PTFE) coated gutters and running it directly through
tipping buckets.

Fig. 1c depicts the complete test setup with the mounted LWS.
Meteorological data is collected continuously during the test period. A
Vaisala WTX510 weather station was used to measure barometric
pressure, air temperature, relative humidity (RH), wind speed, wind
direction, and local precipitation. The weather station is positioned at
the same distance from the façade, approximately 0.3 m above the
systems, as well as 1.7 m and 3.1 m north of the planter box and the
panel system, respectively. Additionally, two rain gauges (Young Model
52202) with a tipping-bucket mechanism and a horizontal orifice were
used to measure horizontal rainfall. Their locations on the roof,± 4 m
above the systems, are marked with X in Fig. 1a. The maximum oc-
curring error due to rest water corresponds with the volume of the
tipping bucket and the resulting resolution of 0.1 mm of horizontal
rainfall per tip. Information on WDR impinging the vertical surface of

the façade was determined with a WDR gauge positioned 0.4 m above
and in between the two systems. This gauge was designed, manu-
factured, tested, and optimised in prior studies by the TU/e and has a
collection area of 0.2 × 0.2 m with a rest water error corresponding to
0.015 mm [71,72]. The increased accuracy of the WDR gauge over that
of the horizontal rain gauges ensures accurate measurements at low
catch ratios. Additionally, WDR measurements on the west façade are
cross-referenced with those of horizontal rain to eliminate potential
false positive readings (e.g. due to condensation). All tipping buckets
are regularly checked for proper functioning given the high degree of
accuracy and susceptibility to contamination. The occurring hemi-
spherical global solar radiation was determined using a Kipp & Zonen
Pyranometer type Solarimeter CM 11 located 1.2 m west of the test
setup.

3. Results and discussion

Increases and decreases of the mass of the system are a measure for
variations in the water content of the systems. A mass increase re-
presents irrigation, collection of precipitation, or condensation. A de-
crease in mass can be related to either outgoing streams (runoff and
substrate throughflow) or evapo(transpi)ration. Mass variations caused
by irrigation, runoff, and throughflow are continuously monitored and
their influence corrected for. In turn, this leaves evapo(transpi)ration to
be the sole factor for mass loss and precipitation collection and con-
densation to be the only influencing factors for mass gain.

3.1. Collection of precipitation

Over the test period, 163 precipitation events ranging in magnitude
from 0.1 mm to 23.6 mm (Table 1) were measured during 35 of the 61
measurement days. Here, the occurrence of a precipitation event is
defined by the detection of rain (no other type of precipitation occurred
during the test period) by at least the southern roof mounted rain
gauge. Hereby, the influence of the adjacent high rise building on the
northern rain gauge and that the façade over the rain gauge close to the

Fig. 4. Cross section of the encasing which houses the planter box
systems, balances, mounting stands, irrigation system, and
throughflow collection and measurement system (dimensions in
mm).
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systems is avoided. The quantity of collected precipitation was de-
termined by the mass gain determined through Eq. (1). The onset and
termination of a precipitation event were cross referenced with the
precipitation events detected by the various rain gauges and mass gain
through condensation is excluded. Except for 11 events, all being
0.1 mm in magnitude, all precipitation events resulted in a measurable
mass change. The precipitation collection of both systems are displayed
in Fig. 6a and b for respectively all precipitation events and events
smaller than 8 mm. For both systems, a concave trend line can be drawn
showing a maximum which can be an indication for the saturation
points of the systems, at 1.3 mm and 2.7 mm for respectively the panel
system and the planter box system. Since only a limited amount of
events larger than 8 mm were recorded and the precipitation collection
of these events varies considerably, the exact value of the saturation

points is uncertain.
Both systems vary significantly regarding their substrate. Whereas a

volume of± 67 dm3/m2 of mineral wool is applied in the panel
system,± 106 dm3/m2 of potting soil is used in the planter box system.
In turn, this results in 19 and 25 ml/dm3 for the panel system and the
planter box system, respectively. The composition and hydrodynamic
properties of both the mineral wool and the potting soil are unknown
and undisclosed by the producers, making reasoning regarding this
matter delicate. However, the planter box system was designed with a
height of 0.5 m in order to enable capillary rise over its entire height
[69] whereas the capillary rise of mineral wool for use in hydroponics is
in the region of one order of magnitude lower [73]. This supports the
need for the dissimilar approach to irrigation. Through capillary rise,
the buffered water in the planter box system is accessible throughout
the entire substrate whereby it can used for extended time prior to ir-
rigation. Conversely, the water in the mineral wool of the 1 m high
panel system will sag to the lower area, depriving the upper part.
Therefore, frequent irrigation is required to ensure enough moisture in
the top section, hereby keeping the overall system in a state of high
moisture content. These factors combined result in the dissimilarity
shown in Fig. 6b.

Expressing the overall precipitation collected on 1 vertical m2 as an
equivalent percentage of the overall precipitation which has fallen on 1
horizontal m2 results in a global average equivalent percentage of
13.6% and 26.5% for the panel system and the planter box system re-
spectively. However, when the equivalent percentage is calculated for
each individual event, the average will be 18.8% for the panel system
and 33.0% for the planter box system. The deviation in percentages
listed above is an indication that the amount of precipitation captured
and retained is reduced with an increase in precipitation intensity.
Hence, smaller precipitation events are captured more efficiently than
large events. The dissimilarity in precipitation collection between the
two systems can be correlated to their designs. The enclosed horizontal
surface of the substrate of the planter box is more likely to catch and
retain precipitation than the vertical flat substrate provided by the
panel system. Additionally, the relatively large volume of potting soil
substrate in the planter box system allows for a better and larger buf-
fering capacity, resulting in a less frequently needed irrigation. Hereby,
the buffering capacity of the substrate is available and its saturation
point is reached less easily and the release of excess water is prevented.

During the test period, the quantity and magnitude of WDR im-
pinging the vertical surface of the west façade were measured with a
driving rain gauge. 83 out of 163 occasions WDR was detected. Fig. 7a
and b depict the relationship between the collection rate of the panel
system and the planter box system respectively and the WDR to

Fig. 5. Schematic representation of influential factors on the water balance of: a. Panel
system, b. Planter box system.

Table 1
Quantity and magnitude of precipitation events measured.

Precipitation
magnitude (mm)

Recorded
events

Precipitation
magnitude (mm)

Recorded
events

0.1 62 2.2 2
0.2 20 2.4 2
0.3 10 2.6 1
0.4 11 2.7 1
0.5 6 2.8 3
0.6 5 3.7 1
0.7 3 4.4 1
0.8 4 5.1 1
0.9 10 5.2 1
1.0 2 5.9 1
1.1 1 6.2 1
1.2 2 6.8 1
1.3 1 7.6 1
1.4 2 11.4 1
1.5 1 13.6 1
1.6 1 16.1 1
1.9 1 23.6 1
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horizontal precipitation ratio. As previously mentioned, the average
collection rates of both the panel system (18.8%) and planter box
system (33.0%) are found to be higher than the 7.7% average WDR.

Of the total of 163 precipitation events, 80 occurred without de-
tection of WDR on the designated gauge. Of these, a mass increase was
detected for 63 and 67 of the events for respectively the panel system
and the planter box system. Hence, the systems were able to collect
precipitation in 78.8% and 83.8% of cases without WDR measured.
Potentially, this could be due to low rainfall intensities combined with a
higher wind speeds. In this case raindrop diameters and inherent inertia
are small which results in a more pronounced distortion in their tra-
jectories [74]. Compared to the WDR rain gauge close to the façade, the
plants extruding from the systems have a less pronounced wind
blocking effect enabling them to capture droplets with trajectories close
to parallel with the façade. The remaining of these precipitation events,
which have not led to an increase of weight of the panel system, were
all of the smallest precipitation magnitude of 0.1 mm except for one,
which was 0.3 mm. This can be attributed to a low horizontal rainfall
intensity combined with a low wind speed resulting in a reduced catch
ratio or non-west wind directions with limited to absent rain on the test
façade [66]. Overall, the planter box system has been found to collect
more during events without WDR measured, as well as more WDR than
the panel system does. Additionally, it has been found that both systems
are able to collect precipitation even if no WDR is measured.

3.2. Evapo(transpi)ration

The analysis of the mass data took place after the measured outflow

and the irrigation were calculated for. This left a processed mass graph
showing only three streams: collected precipitation, condensation, and
evapo(transpi)ration. The limited effect of condensation, being the
opposite of evaporation, is effectively cancelling out by deduction. To
determine the systems net evapotranspiration (ET) independent of the
evaporation due to collected precipitation, both mechanisms of eva-
poration are processed separately. A typical evapo(transpi)ration prior
to and after precipitation is shown in Fig. 8. Excluding condensation
and the evaporation related to the collection of precipitation, the re-
maining total deviation in a systems mass over the considered time
period is interpretable as the evapotranspiration of the systems.

By using the latent heat of vaporization of water (2.45 MJ/kg at
20 °C [39]), the weight loss due to evaporation per m2 façade surface
can be converted from mm (l/m2) into evaporative power (W/m2). On
average, the panel system and the planter box system evapo(transpi)
rate respectively 0.75 mm and 0.81 mm per day over the measurement
period. The corresponding average evaporative powers (Ptotal) are
therefore 21 W/m2 and 23 W/m2. Next to the Ptotal, Table 2 also shows
the evapotranspirative power (Pet) and the evapo(transpi)ration taking
place after a precipitation event (Pevap). These results show clear dif-
ferences between the two systems. The panel system evapotranspirates
more, thereby evaporating more during dry periods, while the planter
box system evaporates more after it has collected precipitation. A
possible explanation can be found in the availability of water at a given
moment. Since the panel system is irrigated regularly, water is con-
tinuously available while the planter box system, due to its design,
benefits from the higher degree of precipitation collection.

The planter box system is irrigated more efficiently, needing less

Fig. 6. Precipitation collected (mm) related to the total of
the precipitation event (mm) for: a. Events smaller than
8 mm, b. All precipitation events.
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water, yet is dependent on precipitation. For the green façade to
function properly all year round, irrigation is to be provided.

3.3. Influencing factors of evapotranspiration

The typically used PM equation specifies how various weather
conditions influence the reference evapotranspiration (ET0), the ET of
“a hypothetical reference crop with an assumed crop height of 0.12 m, a

fixed surface resistance of 70 s/m, and an albedo of 0.23” which “clo-
sely resembles an extensive surface of green grass of uniform height”
[39]. For the ETo, the FAO-56 Penman-Monteith Equation is given as
(established in [39]):

=
− + −

+ +
+( )

ET
R G γ u e e

u

0.408Δ( ) ( )

Δ γ(1 0.34 )
n T s a

0

900
273 2

2 (2)

where:

Fig. 7. Percentage of the total precipitation collected re-
lative to the WDR to horizontal precipitation ratio for: a.
Panel system, b. Planter box system.

Fig. 8. Typical mass loss and gain due to collection of
precipitation, evapotranspiration, and evapo(transpi)ration
for the panel system (November 27, 2011).
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ET0 = reference evapotranspiration [mm/day],
Rn = net radiation at the crop surface [MJ/m2/day],
G = soil heat flux density [MJ/m2/day],
T = mean daily air temperature at 2 m height [°C],
u2 = wind speed at 2 m height [m/s],
es = saturation vapour pressure [kPa],
ea = actual vapour pressure [kPa],
Δ = slope of the saturated vapour pressure curve [kPa/°C],
γ = psychometric constant [kPa/°C].

In this equation, the soil heat flux density (G) for a vegetation
covered surface with calculation time steps of 24 h or longer is rela-
tively small compared to Rn and may be ignored (G ≈ 0) given that the
temperature of the substrate follows the air temperature. Furthermore,
the saturation vapour pressure deficit is specified through es-ea and the
psychometric constant (γ) depends on the atmospheric pressure
through [39]:

= = ⋅ −c P
ελ

Pγ 0.665 10p 3
(3)

= ⎛
⎝

− ⎞
⎠

P z101.3 293 0.0065
293

5.26

(4)

were:

λ = latent heat of vaporization, 2.45 [MJ/kg],
cp = specific heat at constant pressure, 1.013 10−3 [MJ/kg/°C],
ε = molecular mass ratio of water vapour and dry air, 0.622 [-],
z = elevation above sea level [m].
P = atmospheric pressure [kPa],
Δ, the slope of the saturated vapour pressure curve, is the derivative
of the saturated vapour pressure e°(T), and therefore determined by
the air temperature through the following equations [39]:

° = +( )e T e( ) 0.6108
T

T
17.27

237.3 (5)

=
°

+
e T

T
Δ 4098 ( )

( 237.3)2 (6)

were:

e°(T) = saturation vapour pressure at the air temperature T [kPa],
T = mean daily air temperature at 2 m height [°C].

Hence, the influential climatological parameters determining ET0

are wind speed, saturation vapour pressure deficit (humidity), air
temperature, and solar radiation. The test setup is located 27.5 m above
sea level (ground level location, 16.0 m [75]; balcony, 10.4 m; average
mounting height 1.1 m), resulting in a psychometric constant (γ) of
0.067 kPa/°C. Substituting the constant values (G and γ) into Eq. (2),
gives the following:

=
+ −

+ +
+( )

ET
R u e e

u

0.408Δ ( )

Δ 0.023 0.067
n T s a

0

60.3
273 2

2 (7)

For the start, middle, and end of the test period (respectively
November 24, December 26, and January 29), the ETo is determined

based on the long-term average meteorological conditions for
Eindhoven given in Table 3 [68]. Fig. 9a displays the influence of wind
speed on the ETo. As can be seen, the graphs show a curvature which is
best captured by a polynomial equation. In the measured wind speed
range of 0.3 m/s to 4.6 m/s, however, the correlations shown in Fig. 9a
are close to linear with an R2 value of 0.98. Hence, to avoid the in-
fluence of scattering due to other influential factors, it is chosen to
display the trend between measured ET and wind speed linearly
(Fig. 9b).

The saturation vapour pressure deficit of the air, being the differ-
ence between saturation vapour pressure and actual vapour pressure, is
a measure of the capacity of air to take up water vapour before being
saturated. During the test, temperature and relative humidity are
monitored, enabling the calculation of saturation vapour pressure def-
icit through [39]:

=
° + °e e T e T( ) ( )

2s
max min

(8)

=
° + °

e
e T e T( ) ( )

2a
max

RH
min

RH
100 100

max max

(9)

where.

e°(Tmin) = saturation vapour pressure at daily minimum tempera-
ture [kPa],
e°(Tmax) = saturation vapour pressure at daily maximum tempera-
ture [kPa],
Tmax = daily maximum air temperature at 2 m height [°C],
Tmin = daily minimum air temperature at 2 m height [°C],
RHmax = maximum relative humidity [%],
RHmin = minimum relative humidity [%].

Based on the meteorological data given in Table 3 [68], the ETo is
calculated for a range in the vapour pressure deficit (Fig. 10a). As could
be concluded from Eqs. (2), (8) and (9), the variation in ETo is linear.
Fig. 10b shows the determined saturation vapour pressure deficit re-
lated to the measured ET. Here, despite a scattering due to other in-
fluencing factors, a linear correlation can be seen.

As seen in Eq. (2), the air temperature is directly present in the PM
equation, in the mean saturated vapour pressure (es; Eq. (8)), as its
derivative, the slope of the saturated vapour pressure curve (Δ; Eq. (6)),
and in the actual vapour pressure (ea; Eq. (9)). Fig. 11a displays the ETo

based on Table 3 [68] for a broad air temperature range. During the test
period, temperatures between 0 °C and 8 °C were detected for which the
graph can be perceived as linear. However, due to the slope of the sa-
turated vapour pressure curve (Δ; Eq. (6)), a second-degree polynomial
correlation between ETo and temperature exists. Furthermore, as for
wind speed, with an R2 value of 1.00, the correlation displayed in
Fig. 11a is near linear. Since the temperature variable is present in
correlation with all other influential factors, a larger scatter is to be
expected for the correlation between temperature and ET, so the trend
lines in Fig. 11b are presented linearly.

To determine the relation between evapotranspiration and incident
radiation (Rn) and to exclude the effect of evaporation of precipitation,
only the daily global radiation period (8:00–17:00) of the 18 and 23
successfully measured dry days for respectively the panel and the

Table 2
Evapo(transpi)rative power of the panel system and the planter box system: total eva-
porative power (Ptotal), evapotranspirative power (Pet), and precipitation evaporative
power (Pevap).

Panel system Planter box system

Pet (W/m2) 14.2 9.9
Pevap (W/m2) 5.5 11.3
Ptotal (W/m2) 19.7 21.2

Table 3
Long-term average meteorological conditions for Eindhoven, the Netherlands [68].

Nov Dec Jan

Tmin (°C) 3.3 0.8 0
Tmax (°C) 9.6 6.1 5.7
uz (m/s) 4.1 4.4 4.9
z (m) 10 10 10
Rhmean (%) 76 86 87
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planter box system, was used for analysis. Fig. 12a shows the radiation
curve and corresponding ET curve of the planter box system for No-
vember 19, 2011. Fig. 12b displays the radiation plotted against the ET
showing a linear correlation. Once more, deviations from the linear
correlation occur due to variations in the other influential factors (e.g.
wind speed, water vapour content of the air, and temperature) over the
radiation period. In both graphs, the influence of the west orientation of
the systems ET and incident radiation can clearly be seen. The range
and mean evaporative power and the corresponding percentage of in-
coming radiation used for ET of all prior mentioned events are given in
Table 4. These percentages are in range with the 20%–40% of ET from
radiation, found by Krusche et al. for plants on the open ground [24].
The evaporative power by radiation is in the same range as the values
presented in Table 2. The variation can be explained by the ET taking
place outside of radiation hours, which is taken into account for the
values in Table 2, as well as the increased amount of evaporation oc-
curring on days with precipitation.

The analysis of the influencing factors has shown that none are in-
dependent, yet the trend lines for both the panel and the planter box
system are in good correlation. Hence, based on the determined
weather conditions, the ETo is calculated for each measurement day.
Fig. 13a and b display the correlation between the calculated and the
measured evaporation for the panel system and the planter box system
respectively. As witnessed with the individual climatological factors,
the ET of the panel system shows a more narrow spread and, therefore,
a better correlation than the planter box system.

3.4. Evapotranspiration prognosis

The effect of characteristics distinguishing a crop from the hy-
pothetical reference crop is integrated into a crop coefficient (Kc).
Furthermore, a water stress coefficient (Ks) is used to describe soil water
stress effects. Herewith, the crop evapotranspiration under standard
conditions (ETc) and the crop evapotranspiration adjusted for stress
conditions (ETc adj) are given by [39]:

=ET K ETc c o (10)

where:

ETc = crop evapotranspiration under standard conditions [mm/
day]
Kc = crop coefficient [-]

In contrast to the horizontal square meter of the reference crop, the
considered surface is a west-oriented vertical square meter. Being either
ascending or descending, without additional support, the growth di-
rection of plants is vertical. Hence, the thickness of the foliage on a
vertical surface is more limited than the height of vegetation on a
horizontal surface. Furthermore, the structure to the east side of the
vegetation casts a shadow over the vegetation for half of the day, a
situation which is comparable to the presence of tall border vegetation.
Both this and the crop height can be taken into account in the PM
equation by the adjustment of the Kc value.

Compared to the reference, a relatively small volume of substrate

Fig. 9. Evapotranspiration related to wind speed for: a.
Theoretical ETo based on average meteorological conditions
at the start, middle, and end date (measurement range in
black); b. Measured ET.
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without underlying water buffer is available. To overcome this dis-
similarity, the condition of the well-watered soil is provided by prop-
erly irrigating the systems through which actual water stress is pre-
vented.

On both systems, the vegetation was selected for both their com-
patibility with the system and to obtain a representative value for the
diverse foliage applied in a practical situation. This situation is con-
sistent with the intercropping described in the PM equation for which
the Kc value can be altered to achieve a mean value for multiple crops.

All previously described deviations show to have a similar effect,
which can be accounted for by altering the Kc value. Consequently, it is
assumed that a coefficient can be used to incorporate the effect of the
before mentioned characteristics which distinguish the tested LWS from
the hypothetical reference crop. The implementation of this factor,
KLWS, results in the following equation:

=ET K ETLWS LWS o (11)

where:

ETLWS = living wall system evapotranspiration under standard
conditions [mm/day]
KLWS = living wall system coefficient [-]

Based on the theoretical ETo, calculated with the measured daily
mean weather data, and observed ET (Fig. 13a and b), a value for the
correlation is determined. For the panel and the planter box system, this
results in average KLWS coefficients of approximately 1.46 and 0.76,
respectively. Fig. 13a and b show that the correlation for the panel

system (R2 = 0.70) is better than that of the planter box system
(R2 = 0.28). Hence, the standard error (dashed lines in Fig. 13a and b)
is taken into account for the determination of the year-round ETLWS

using the KLWS values.
The value for the planter box system is in the range of that of onion

and sorghum at the end of the season (Kc = 0.75) [76,77]. Based on a
review article by Lazzara and Rana [78,79] reporting Kc values ranging
from 0.1 to 1.78, the value determined for the panel system is relatively
high, only exceeded by alfalfa in the middle of the season (1.78), with a
value close to that of green beans (Helda) in the middle of the season in
a greenhouse (Kc = 1.4) [80]. With KLWS coefficients of 1.46 and 0.76,
there is a 70% difference between the panel and the planter box system.
This can be related to the abundance of water in the panel system in
combination with the dissimilarity in the designs. While the exterior
encasing of the planter box system is made of watertight plastic, leaving
only a small substrate surface exposed, the panel systems exterior
consists of a geotextile with a large surface which enables additional
evaporation. This effect correlates with soil evaporation which occurs
when a crop is small and hardly covers the ground. Hence, due to the
high frequency of irrigation, the effect of evaporation will be con-
siderable, whereby Kc may exceed unity [39]. The year-round reference
crop ETo is calculated by implementing standard local climatological
records of wind speed, humidity, air temperature, and solar radiation
into the PM equation (Eq. (2)). Fig. 14 shows the ETo and the ETLWS

obtained through the application of the KLWS coefficients for both sys-
tems. Based on these prognoses, the ET of the panel system results in
650 (± 100) mm/year and the ET of the planter box system in 380

Fig. 10. Evapotranspiration related to saturation vapour
pressure deficit for: a. Theoretical ETo based on average
meteorological conditions at the start, middle, and end date
(measurement range in black); b. Measured ET.
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(± 120) mm/year, hence translating to respectively 18 (± 3) kW/m2/
year and 11 (± 3) kW/m2/year, reaching a peak of 83 (± 12) W/m2/
day and 47 (± 12) W/m2/day.

3.5. Water balance systems

With the obtained data, the magnitude of all in- and outgoing water
streams is established for both systems on a daily basis. This results in
the average water balances for the overall test period. Fig. 15a and b
show the water balance where the entering amount of water is set to be
100%. Fig. 15c and d show the balances when the total average pre-
cipitation of 3.36 mm per horizontal m2 per day is set as 100%. Since
this amount is equal for both systems, quantities can be compared di-
rectly. The larger amount of applied irrigation to the panel system can
be clearly distinguished as a major influence on the overall entering
amount of water. With a total inflow of 2.12 mm/day, the planter box
system takes in more than double the amount of water it processes with
0.99 mm/day. With an average combined runoff and throughflow of
1.31 mm/day and an increase 0.06 mm/day in the buffer, the planter
box system is found to receive an excess of irrigation. A reduction of the
irrigation with 1.37 mm/day, however, would be inadequate, since part
of the runoff and throughflow measured is related to the runoff during
and after precipitation. In turn, this correlates with the design of the
panel system of a vertical semi-penetrable surface and a mineral wool
substrate with a reduced buffer capacity. With an overall 0.03 mm/day
decrease in the internal buffer of the planter box system, increasing the
frequency of irrigation is suggested, however, the runoff and

throughflow are on average larger. During the summer period, the
calculated ET of the panel and the planter box system is approximately
3.6 times higher than that of the test period. Considering this, the ir-
rigation for both systems during this period should be increased to
maintain a situation where water stress is avoided. When this condition
is met, the ET is independent of the magnitude of the incoming water
flows, provided that they are larger than the calculated ET. As men-
tioned earlier, the ET of both systems, including the ET of precipitation,
is almost equal for both the panel system and planter box system. This,
being higher than the evapotranspiration determined for the dry per-
iods, indicates that the actual energy absorbed and used for evaporation
is higher than calculated. Yet, more research over a longer time span is
needed to give an indication of this value. The values of ET determined
in this study are plausible given the prior research on the ET of Par-
thenocissus tricuspidata, Hedera helix, and Fallopia baldschuanica
covered façades in Berlin, Germany, respectively showing a daily eva-
poration of 0.7–1.3 l/d/m2, 1.2–1.7 l/d/m2, 0.7–2.3 l/d/m2 façade area
in August and October [81].

4. Conclusion and recommendations

Two living wall systems, a panel system and a planter box system,
were tested over a period of 2 months under outdoor conditions. During
this period, all administered incoming and outgoing streams of water
were monitored as well as all occurring weather conditions (e.g. irra-
diation, precipitation, wind, wind driven rain, relative humidity, etc.).
The mass of both systems was monitored continuously to determine

Fig. 11. Evapotranspiration related to temperature for: a.
Theoretical ETo based on average meteorological conditions
at the start, middle, and end date (measurement range in
black); b. Measured ET.
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changes to the internal water content due to precipitation, condensa-
tion, and evapo(transpi)ration. The resulting water balances distinguish
and quantify the entering liquid water; by irrigation, precipitation and
condensation, outgoing liquid water; by means of runoff& throughflow,
and outgoing gaseous water through evapo(transpi)ration. It is shown
that the tested living wall systems are able to collect precipitation as
well as, to varying degrees, buffer it for later evapo(transpi)ration.

Precipitation events ranging from 0.1 mm to 23.6 mm were col-
lected and absorbed by the panel as well as the planter box system. For
both systems, the buffering capacity has been found to be exceeded
with precipitation events larger than approximately 13 mm. Hence, the
buffering capacity is used most efficiently during smaller precipitation
events. The systems do not have to face the wind, nor does the pre-
cipitation have to occur at an angle to the systems for collection to take
place. However, the planter box system shows to collect more pre-
cipitation under the influence of wind driven rain than the panel system
with a collection rate of respectively 26.5% and 13.6% of the total

precipitation that falls on a horizontal m2. Here, the horizontal surfaces
of the planter box system enable it to catch and absorb the precipitation
more easily. In addition to that, this system contains a substrate with a
high buffering capacity, as a result of which it needs little irrigation
during a rainy period.

The collection of precipitation contributes to evapo(transpi)ration.
Hereto, the panel and the planter box system utilise respectively
4%–38% and 16%–36% of the incident solar radiation. On average, an
evaporative power of 21 W/m2 for the panel system, and 23 W/m2 for
the planter box system have been achieved during the test period. Next
to the mild insulating effect and the shadow provided by a green façade,
evapo(transpi)ration can be considered as an additional passive cooling
mechanism which becomes active when solar radiation increases, so
when cooling is actually desired.

The application of the FAO Penman-Monteith model indicates a
higher potential for evaporation for the panel system compared to the
planter box system. The expected energy uptake and associated cooling
potential of the panel and planter box system are 18 (± 3) kW/m2/year
and 11 (± 3) kW/m2/year, respectively, reaching a peak at 47 (± 12)
W/m2/day and 83 (± 12) W/m2/day. Hence, the exposed surface
combined with the regular irrigation on daily basis, ensuring a con-
tinuous highly humid substrate of the panel system, strongly influenced
the evapo(transpi)ration of the panel system and should therefore not
be neglected. To support the calculated rate of evaporation during
summer, the planter box system, like the panel system, needs a higher
degree of irrigation than provided during the test period.

To gain more knowledge on the subject, this study can be prolonged
by year-round testing of the selected systems. This will provide more
data on both the collection of precipitation and the evaporative per-
formance under a more diverse variety of weather conditions. In

Fig. 12. Solar radiation and evaporation correlation of the
planter box system (November 19, 2011) for: a. Time de-
pendent correlation; b. Time independent correlation.

Table 4
Minimum, maximum and mean evapo(transpi)rative power (Pmin, Pmax, and Pmean re-
spectively) and minimum, maximum and mean percentage of incident solar radiation
used for evapotranspiration (Rn min, Rn max, and Rn mean respectively) by the panel system
and the planter box system.

ET Panel system Planter box system

Pet min (W/m2) 3 5
Pet max (W/m2) 31 40
Pet mean (W/m2) 16.1 19.0
Rn min (%) 4 16
Rn max (%) 38 36
Rn mean (%) 19.6 24.0

P.M.F. van de Wouw et al. Building and Environment 126 (2017) 221–237

233



addition, a comparative study into precipitation collection and eva-
porative cooling of a wider range of façade greening systems and
commonly applied façade materials can be performed. Hereby, the
added value of different approaches, continuous irrigation and the ac-
tive role of vegetation contributing to the ET, can be determined.
Moreover, since the available surface of a green façade (e.g. layers of
leaves and flowers) is larger than that of common façades, the combi-
nation of collection and buffering of precipitation prior to evapo

(transpi)ration is more likely. Besides expanding the study in a tem-
perate maritime climate, the precipitation collection and ET could be
investigated in a different climate, e.g. a hot and dry climate, where
humidity is low and cooling is needed, or a warm and humid climate,
where thermal comfort is an issue and vegetation will thrive.
Furthermore, all of the proposed case studies can help to improve the
calculated evaporation prognosis based on the Penman-Monteith
model.

Fig. 13. Measured evaporation related to the calculated ETo

based on occurring weather conditions, dotted lines in-
dicate the standard error for: a. Panel system; b. Planter box
system.

Fig. 14. Calculated average open ground evapotranspira-
tion Eindhoven and prognosis for the evapotranspiration of
the panel and the planter box system throughout the year
(standard error range indicated), by means of the FAO
Penman-Monteith model.
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