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a b s t r a c t

Vertical greening systems can be used as a mean to improve the environmental conditions of dense
urban areas. Several researches have proved the environmental benefits of green envelopes. It is still not
clear if vertical greening systems are economically sustainable, differently several Life Cycle Cost Analysis
and CosteBenefit Analysis determined economic costs and benefits of green roofs. This paper presents a
CosteBenefit Analysis of different vertical greening systems e green façades and living wall systems e

considering personal and social benefits and costs over their life cycle. Installation, maintenance, and
disposal costs of each analysed system are compared with the related private and social benefits (in-
crease of real estate value, savings for heating and air conditioning, cladding longevity, air quality
improvement, etc.), determining three indicators: the Net Present Value (NPV), the Internal Rate of
Return (IRR) and the Pay Back Period (PBP). The CBA demonstrated that some of the vertical greening
systems analysed are economically sustainable. Economic incentives (tax reduction) could reduce per-
sonal initial cost allowing a wider diffusion of greening systems to reduce environmental issues in dense
urban areas, such as urban heat island phenomenon and air pollution.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Background

Greening the building envelope can be an opportunity to restore
the environmental quality of dense urban areas by combining na-
ture and built areas [1]. In general terms the main benefits con-
nected to a green building envelope regard environmental
practices, economics, and social aspects, as the greenhouse gases
output reduction, climate change adaptation, air quality and indoor
and outdoor comfort conditions improvement, urban wildlife
(biodiversity), etc.; these benefits concern several fields, which are
all related and operate on a scale range; some only work if a large
surface in the same area is greened and their benefits are only
apparent at a neighbourhood or city scale, others operate directly
on the building scale [2e5].

Greening horizontal surfaces with intensive and extensive green
roofs are widespread especially in the northern part of Europe and
several studies investigate their economic benefits [6e9]. Wong
et al. [8] compare the cost of traditional roof solutions with green
roof solutions. Bianchini and Hewage [9] perform a probabilistic
analysis to estimate personal and social NPV and pay back period of
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green roofs. Claus and Rousseau [10] perform a private and a social
CBA for green roofs.

Vertical greening systems can be classified into façade greenings
and living walls systems according to their growing method [2,3].

Green façades are based on the use of climbers attached directly
to the building surface, as in traditional architecture, or supported
by cables or trellis. In the case of an indirect greening system,where
cables or meshes support vegetation, many materials can be used
as a support for climbing plants such as steel (coated steel, stainless
steel, galvanized steel), different types of wood, plastic or
aluminium. Indirect greening systems can be combined with
planter boxes at different heights of the façade. In this case the
system requires nutrients and a watering system, if the rooting
space is not sufficient. If nutrients and a watering system are
needed, it can be defined as a living wall system [2,3].

Living wall systems (LWS), also known as green walls and ver-
tical gardens, are constructed through the use of modular panels,
each of which contains its own soil or other artificial growing
mediums, for example foam, felt, perlite and mineral wool, based
on hydroponic culture, using balanced nutrient solutions to provide
to the whole or part of the plant food and water requirements [2].

1.2. Aim of the study

This paper provides a CosteBenefits Analysis (CBA) and com-
pares different vertical greening systems e green façade and living
wall system e considering personal and social benefits and costs
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Fig. 1. The vertical greening systems analysed applied on a double brick wall with air cavity and mineral wool: 1. Direct green façade, 2. Indirect green façade, 3. Indirect green
façade combined with planter boxes, 4. Living wall system.
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over their life cycle. The aim is to evaluate the economic sustain-
ability of different types of vertical greening systems, through three
indicators: the Net Present Value (NPV), the Internal Rate of Return
(IRR) and the Pay Back Period (PBP). The presented CBA includes the
calculation of initial costs (installation), maintenance costs,
disposal costs, economic benefits related to the increase of rent
income (due to the increase of property value), building envelope
longevity and energy demand reduction for heating and air con-
ditioning. With respect to the social economic benefits, positive
environmental effects of vertical greening systems have been
considered in terms of costs savings for the society (assumptions
made for the calculation of some benefits are based on an extensive
literature review).

1.3. Costs of vertical greening systems

During the past four or five years the variety of products avail-
able on the market for vertical green envelopes has increased
rapidly; it is possible to approximate the costs needed to install
some of the systems described above in Europe [11]. The cost of a
simple disposition of climbing plants at the base of the façade
(direct greening system) is around 30e45V/m2 for grown climbing
plants. In the case of indirect greening system (grown climbing
plants þ supporting material) the cost range is 40e75 V/m2. When
planter boxes are combined with supporting systems the costs
significantly vary according to the material used (from 100 to 150
V/m2, for a system made of plastic, up to 800 V/m2 for a system
made of zinc-coated steel). Also in the case of living wall system
(pre-vegetated panels) the costs can significantly vary: from 400 to
Fig. 2. Scheme of the building used for the analysis (no green situation).
1200 V/m2 depending on system conception and material used. A
wide range has been given; this is because the costs depend on the
façade surface and height, location, connections, etc. [11]. It is clear
that the living wall systems are much more expensive than the
direct and indirect greening systems, this is due to themaintenance
needed (nutrients and watering system), the materials involved,
and the design complexity; on the other hand it can be mentioned
that living wall systems increase the variety of plants engaged as
they don’t make use exclusively of climbing plants and offer much
more creative and aesthetical potential [12].
1.4. Benefits of vertical greening systems

Vertical greening systems provide a large range of personal and
social benefits. Personal benefits on a single envelope scale of green
façades and living wall systems are mainly related to the energy
savings for heating and air-conditioning, improvement of real es-
tate value (or rent), and durability of façades.

Studies demonstrate that a vertical green layer can contribute to
the building envelope performances by creating an extra stagnant
air layer which has an insulating effect [13] and reduces the energy
demand for air-conditioning up to 40e60% in Mediterranean
climate [14,15].

The economic effects generated by the presence of vegetation
on property values have been investigated in several studies. Peck
et al. [16] assumed that a greenwall would yield the same property
increase as a “good tree cover” and they estimate a value increase
interval for a property of 6e15% with a midpoint of 10.5%. Des
Rosiers et al. [17] have estimated that hedges or green walls
Fig. 3. Green south façade of the building used for the analysis.



Table 1
Increase/decrease percentage assumed in the different scenarios of the CBA.

Scenario Costsa (%) Inflation
rate (%)

Discount
rate (%)

Increase in rental
income (%)

Worst þ10 3.0 5.5 1.5
Middle 0 2.5 5.0 2.5
Best �10 2.0 4.5 4.5

a Increase/decrease coefficient applied to the estimated costs in the middle
scenario.
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increase 3.9% the property value. Gao and Asami [18] applied a
hedonic pricing of greenery (greenery of walls as well greenery of
streets and pedestrian spaces) and they found that an increase in
greenery quality level would increase land price by 1.4% in Tokyo
and by 2.7% in Kitakyushu (Japan).

A green wall also provides acoustic benefit for the building
because it affects the sound level environment [19]. Giachetta and
Magliocco [20] state that this benefit is very low in the case of a thin
layer of vegetation.

With respect to the social benefits connected with wide surfaces
of green envelopes these are mainly related to the improvement of
dense urban areas environmental conditions, as greenhouse gases
output reduction, climate change adaptation, air quality improve-
ment, urban wildlife (biodiversity), etc. [9].

The urban heat island (UHI) phenomenon can cause air tempera-
ture in the cities to be 2e5�C higher than those in the surrounding
rural areas, mainly due to the amount of artificial surfaces (high al-
bedo) comparedwith natural land cover and by atrophic activities [5].
Vegetation plays a fundamental role on the mitigation of the urban
heat island [21]. A research conductedbyAkabari et al. [22] shows that
the mitigation of the urban heat island effect with trees, green roofs
and green façades can reduce the U.S. national energy consumption
for air conditioning up to 20%, saving ofmore than $10B in energy use.

Vertical greening systems can improve biodiversity; in high
density urban areas, where so much green space is lost at ground
level, this becomes a vital function [2]. A study conducted by Köhler
[23] shows that mainly sparrows, blackbirds and greenfinches were
found between the climbers of green façades in Berlin; green fa-
çades, green roofs and vegetation in general function hereby as a
food source (insets) and as a nesting or breeding opportunity.

Several studies have demonstrated the important role of
green against air pollution which affects urban air; in an urban
street with trees there is only 10e15% of the total dust particles
of a similar streets without trees [24]. Minke and Witter [25]
found in a street of Frankfurt without trees an air pollution of
10.,000e20.,000 dirty particles per litre while in a street in the
same neighbourhood an air pollution of 3000 dirty particles.
Gaseous pollutants can be dissolved or sequestrated through
stomata on plants and leaves [26,27]. Using light sensors, volume
aerosol samplers and particle counters, Tan and Sia [28] sampled
roof temperatures and other air quality parameters both pre and
post green roof installation in Singapore; they reported that acid
gaseous pollutants, ambient green roof surface temperature and
carbon mass levels dropped significantly after the installation of
the green roofs. Yang et al. (2008) measured the following rate of
air pollutants absorbed by green roofs in Chicago: 52% of O3, 27%
of NO2, 14% of PM10 and 7% of SO2.
2. Methodology

2.1. Basic approach

For the evaluation of the economic sustainability of vertical
greening systems the technique of CosteBenefit Analysis (CBA) is
used. This technique, created to verify the economic sustainability
of public interventions, has already been used to evaluate green
roofs according to different scenarios for the distribution of costs
and benefits [9,10].

Through a CBA the present study evaluates the economic sus-
tainability of six vertical greening systems, these are:

� 1. a direct green façade with a well grown Hedera helix;
� 2A. an indirect green façade with a well grown H. helix sup-
ported by a plastic mesh (high-density polyethylene HDPE);

� 2B. an indirect green façade with a well grown H. helix sup-
ported by a steel mesh;

� 3A. an indirect green façade combined with HDPE (planter
boxes with a well grown H. helix supported by a plastic mesh
(HDPE));

� 3B. an indirect green façade combined with steel planter boxes
with a well grown H. helix supported by a steel mesh;

� 4. a living wall system based on a mat containing an aggregate
mix and composed by two layers of geotextile.

Fig. 1 shows the different vertical greening systems analysed.
The first option, direct green façade, is based on a well grown H.
helix (foliage thickness about 20 cm) planted at the base of the
façade. This system requires a dig for organic substrate (soil), as
well as the second greening system (indirect green façade), where a
climbing plant is supported by a plastic (HDPE, 2A) or a steel mesh
(2B). The third option analysed is an indirect greening system
combinedwith planter boxes placed at several heights of the façade
where H. helix plants (foliage thickness about 20 cm) grow in
organic substrate, working with a system for water and nutrients.
Finally the living wall system (option 4) consists in a mat planted
with different species (evergreen climbing plants and small
shrubs). The mat contains an aggregate mix and composed by two
layers of geotextile. The irrigation of the living wall system is
assured by the presence of a drip line in each module.

An office building has been designed for this CBA (Fig. 2). This is
a virtual building located in Genoa (44�24040.1600N, 8�5505705800E), a
dense urban area in the north of Italy (Mediterranean climate). This
location is used to calculate installations and transportation costs,
energy savings for heating and cooling, real estate value and related
rental income and all the costs and benefits influenced by the
specific location. This is a four floors office building with the north
façade sharedwith the building next to it; thewindows surface is 1/
8 of total floor surface, according to the local regulation on mini-
mum windows area for ventilation and illumination requirements
[29]. The body of the building is cubic and the surface area, as well
as the façades surface, is of 225 m2 with a flat roof. The building
envelope is made by a double brick wall with an air cavity and
mineral wall (thickness of insulation material 8 cm), according to
the local regulation [30], which requires a thermal transmittance of
0.36 W/m2 K for this part of building envelope. Only a façade is
supposed to be greened: the one facing south (Fig. 3). This has a
total surface without windows of 215 m2. The virtual building is
designed according with local regulations considering the most
common characteristics and technologies; for this reason vertical
greening systems are supposed to be applied only to the south
façade.

The presented CBA includes data collected from product firms
and information provided by vertical greening systems companies,
and from the regional price list (for the vertical greening systems
initial costs, maintenance costs, disposal costs); for the economic
effects related to the increase of property value and building en-
velope longevity due to vertical greening systems real estate mar-
ket surveys have been used. For the calculation of the economic
benefits connected to the energy saving for heating and air
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conditioning a simulation model is used. Some assumptions (to
quantify the effects of air quality improvement, climate change,
habitat, UHI, aesthetic) are based on published data on other green
roofs and wall researches and practices. This may introduce some
bias and indicates that this work is subjected to revision as
increasing experience with more and better data obtained from
researches on vertical green.

The economic sustainability of each solution is calculated by
mean of three indicators:

1. the Net Present Value (NPV), i.e. the discounted value of the
sum of costs and benefits that occur within the period of life
considered;

2. the Internal Rate of Return (IRR), i.e. the annual percentage rate
of return on investment;

3. Pay Back Period (PBP), i.e. the number of years from which the
total revenue equals (or exceeds) for the first time the total
costs.

The CBA is developed considering:

- personal costs and benefits;
- social costs and benefits.

The evaluation is developed in relation to three possible sce-
narios: best, middle and worst, each configured according to
different combinations of variables values included in the CBA (e.g.
installation and maintenance costs, rental income, energy saving
for air conditioning, discount rate, annual inflation rate).

For the best scenario the variables are configured with their best
combination of predicted values (lowest installation and mainte-
nance costs, highest increase in rental income, highest annual
saving for air conditioning, lowest annual inflation rate, lowest
discount rate, etc.); for the middle scenario the variables are
configured with their ordinary (most likely) values; for the worst
scenario the variables are configured with their worst combination
of value (highest installation and maintenance costs, lowest in-
crease in rental income, lowest annual saving for air conditioning,
highest annual inflation rate, highest discount rate, Table 1).

The maintenance costs that occur within the life span of each
vertical greening system are updated over the years by applying the
annual inflation index on the first maintenance cost; this is calcu-
lated based on the trend of the values recorded in the last ten years
in Genoa (Italy) [31].

2.2. Assumptions

The analysis period to study the economic aspects (CBA) is based
on a service life of 50 years. The CBA is developed considering the
life cycle of each vertical greening system. This was indicated by the
companies installing green systems as a time after which the
maintenance is no more convenient; so that the period is signifi-
cant in order to determine the contributions of maintenance costs,
energy savings and the other benefits and costs. The life expectancy
for the first and second option of vertical greening systems with
climbing plants (1. direct green façade, 2A. HDPE indirect green
façade and 2B. steel indirect green façade) is assumed to be 50 years
[2,32]. The same can be assumed for the supporting systems and
planter boxes of vertical greening systems 3A and 3B (HDPE and
steel indirect greening system with planter boxes). With respect to
the plant species used for these systems a replacement frequencies
of 5%/year is assumed, for the living wall system (4) this is 10%
replacement/year [32]. According to information provided by the
company, an average of 5% of the living wall system panels have to
be replaced every year. Water pipes of the automated watering
systems needed for the living wall system (4) and for the indirect
greening systems (3Ae3B) have to be replaced every 7.5 years due
to crystallizing of salts [32].

The benefits related to the installation of vertical greening sys-
tems depend on the plants growing speed. For the direct and in-
direct greening systems (1 and 2Ae2B) the full covering of the
façade by H. helix is estimated after 15 years (according to Bellomo
[33], 0.5 m/year of vertical growing) and the benefits are calculated
after 10 years from the installation. For the indirect greening sys-
tems combined with planter boxed (3Ae3B) benefits are calculated
after three years to allow a complete coverage. In the case of the
living wall system (4), due to the several plants used and the layers
involved, it is possible to calculate the benefits after installation of
prefab modules (after one year).

The CBA is founded on the discounting method of costs and
benefits in order to provide an equivalent basis for the alternatives
to be evaluated. The average financial discount rate applied by
banks for lending operations in the five past years is 5%.

Table 1 summarizes the percentages assumed for the different
variables in order to depict the three different scenarios (worst,
middle and best).

3. Data collection and calculation

3.1. Personal costs and benefits

The personal economic benefits of vertical greening systems are
mainly related to the real estate, savings for heating and air con-
ditioning, cladding longevity, and tax incentives. As shown in
Table 4 tax incentives are considered only in qualitative terms. The
costs and benefits related to construction, maintenance, and
disposal, energy saving, longevity, and real estate value have been
quantified as following described.

3.1.1. Initial costs
The installation costs of all the vertical greening systems ana-

lysed were obtained from product firms and information provided
by companies, and from the Unioncamere Liguria’s price list [34].

The prices of the vertical greening systems analysed in this
study have significant differences (Table 2). The first option, direct
green façade, is made of climbing plants, which cost 22 V/linear
metre facade (H. helix); in this case, as well for indirect greening
systems (option 2Ae2B) a dig at the base of the façade is required
(requiring a cost of 520 V/linear metre facade). The supporting
systems made by HDPE and steel mesh cost respectively 36 and 94
V/m2 while installation costs 83 V/m2. For the indirect green fa-
çades combined with planter boxes the costs are higher (Table 2);
besides these systems, as well as the living wall system (4), require
an irrigation system.

The living wall system is the most expensive system analysed;
the panels and plant specie cost about 200V/m2with irrigation and
installation not included. Transportation prices, included in the
costs given above, are calculated for the city of Genoa, Italy (base of
this study). The companies producing the greening systems ana-
lysed are 300e350 km away from Genoa (Italy).

3.1.2. Maintenance costs
Maintenance needs and costs depend on the greening system

type (Table 2). For the direct and indirect green façades planted at
the base of the façade (options 1 and 2AeB) maintenance regards
only pruning to be carried out every year, with costs differing for
the first four years and for the remaining years of service life (from
5th to 50th due to the different grown of plants).

In the case of the indirect greening system combined with
planter boxes maintenance needs include also the water pipes



Table 2
Personal costs related with the installation of vertical greening systems.

Relating to Category Cost Time frame Cost (V/m2 facade)

1. Direct green façade Initial Plant species and installation One time 21.78a

Dig þ pot One time 519.92a

Maintenance Pruning Annual e after 4th year 2.81
Cladding renovation One time e 50th year 1224.35

Disposal Green layer disposal One time e 50th year 31.10

2A. HDPE indirect green façade Initial Plant species One time 21.80a

Dig þ pot One time 519.92a

Supporting system and transportation One time 36.07
Installation One time 83.50

Maintenance Pruning Annual e after 4th year 2.81
Cladding renovation One time e 50th year 755.39

Disposal Green layer disposal One time e 50th year 197.40

2B. Steel indirect green façade Initial Plant species One time 1.52
Dig þ pot One time 36.27
Supporting system and transportation One time 93.79
Installation One time 83.50

Maintenance Pruning Annual e after 4th year 2.81
Cladding renovation One time e 50th year 755.39

Disposal Green layer disposal One time e 50th year 199.74

3A. HDPE indirect with planter boxes Initial Plant species One time 37.99
Supporting system and transportation One time 36.07
Planter boxes One time 33.55
Irrigation system One time 27.61
Installation One time 83.50

Maintenance Pruning Annual 5.63
Irrigation (H2O) Annual 0.96
Plant species replacement (5%) Annual 1.90
Pipes replacement (irrigation system) Annual 2.47
Cladding renovation One time e 50th year 695.67

Disposal Green layer disposal One time e 50th year 202.69

3B. Steel indirect with planter boxes Initial Plant species One time 28.36
Supporting system and transportation One time 93.79
Planter boxes One time 60.67
Irrigation system One time 27.61
Installation One time 83.50

Maintenance Pruning Annual 5.63
Irrigation (H2O) Annual 0.96
Plant species replacement (5%) Annual 1.42
Pipes replacement (irrigation system) Annual 1.42
Cladding renovation One time e 50th year 695.67

Disposal Green layer disposal One time e 50th year 206.20

4. Living wall system Initial Plant species One time 27.49
Panels and transportation One time 176.23
Irrigation system One time 27.61
Installation One time 83.50

Maintenance Pruning and panels adjustment Annual 14.41
Irrigation (H2O) Annual 0.96
Panels replacement (5%) Annual 6.05
Plant species replacement (10%) Annual 2.75
Pipes replacement (irrigation system) Annual 2.85
Cladding renovation One time e 50th year 486.96

Disposal Green layer disposal One time e 50th year 218.56

a V/linear metre base facade.
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substitution and plant species substitution. Finally, for the living
wall system (4), panels’ replacement has to be added to the other
maintenance costs, which regard water pipes substitution, plant
species substitution, and pruning.

3.1.3. Disposal costs
The disposal costs include the greening systems disposal

(removal of plants and structures, transport to landfill, and dump
taxes), and the cladding (plaster) renewal (Table 2). Costs for all the
vertical greening systems analysed were obtained from product
forms and information provided by companies and by the regional
price list [34].
3.1.4. Property value
With respect to the increase of property value (in the CBA

evaluated in term of rental increase), vertical green is relevant to
three real estate features: “building” related to typology and
aesthetic of the building; “pollution” related to level of noise and
air pollution perceptible inside the building; “green” related to the
presence of green/green areas (also not directly accessible) close
to the building. These features determine the value of a property
according to specific areas of local real estate market [35]. In order
to consider different economic impacts of the features recognized
in different areas of the real estate market of Genoa, three
different locations of the building used for this CBA have been
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considered (in relation to the three different scenarios defined for
this study):

1. a semi-central area of the city: middle scenario;
2. a central area of the city: worst scenario;
3. a peripheral area of the city: best scenario.

When these three features vary, the property value will vary
accordingly; in presence of a good state of all three features, the
property value may increases from a minimum of 8% (when the
building is located in a central area of the city) to amaximum of 20%
(when the building is located in a peripheral area [35]).

Considering that the installation of vertical greening systems
interests only one side of the building (3 sides are no-green), and
that the features “building” and “green” are also affected by other
factors in addition to the aesthetic ones (e.g. building type, number
of floors, presence of green areas closed to the building), for the
three different locations the precautionary measure of 1/4 of the
value of each weight given by Sdino [35] is assumed.

For the three real estate market locations considered in this
study, the maximum contribution of both features is:

- 3.0% for a building located in a semi-central area of the city;
- 2.0% for a building located in a central area of the city;
- 5.0% for a building located in a peripheral area of the city.

The coefficients of increase are then related to the type of ver-
tical greening system with particular reference to the aesthetic
aspects. These values have been defined for each type of vertical
greening system (Table 6).

The economic effect induced by the presence of green has been
estimated by determining the increased building value and there-
fore the consequent increase of rental income. For this type of
property (office building), in fact, the rental market (and not the
sale market) is more significant and therefore an attention to
aesthetic and functional qualities due to green may increase the
rental income. For the estimation of the average values, the rents
listed by the OMI (Real Estate Market Watch e Agency Land e

Provincial Bureau of Genoa) in the second half of 2012 for com-
mercial property (offices) located within the three selected real
estate areas are used [36]. Increases in annual fees are taken into
consideration in CBA models starting from the year in which plants
will fully cover the façade. The increases in annual rent related to
the specific locations assumed in this study vary from 1960 to 3550
(V/m2/year).

3.1.5. Energy saving
The energy saving connected with the installation of vertical

greening systems is related to the energy demand for air condi-
tioning and heating, which can lead to a considerable economic
benefit.

A single façade (south oriented) with a vertical greening system
can reduce the energy demand for air conditioning in Mediterra-
nean climate depending on the type of external walls: in the case
where the wall (30 cm of concrete) is externally insulated with
15 cm of polystyrene, the values of energy saving for cooling are
between 1.4% and 2.6% compared to a non green case. In a second
case scenario with an internal insulated wall (with 15 cm of poly-
styrene with 30 cm of concrete) the presence of a green layer leads
to a reduction in cooling energy consumptions from 4.7% to 6.2%.
With a massive wall with 40 cm of concrete (non insulated) the
cooling energy reduction that can be obtained is up to 65.8% [14].
According to Ottelé [37] insulation material moderates the pre-
vailing temperature’s difference between the outside and inside, as
it is possible to conclude according to the results obtained by
Mazzali et al. [14]. Therefore considering the location used for this
study (Genoa, Italy) and the exterior wall stratigraphy (internal
insulation with 8 cm thickness) the energy saving for air condi-
tioning is assumed to be in a range of 10e20%. This percentage has
been subtracted from the annual energy consumption for air con-
dition. The annual energy demand for air conditioning has been
calculated thanks to a simulation model (Termo Microsoftware) of
the virtual building used in this analysis. For the different green
walls systems, the energy cost saving for air conditioning (from 888
to 2017 V/year) is shown in Table 6.

With respect to the energy savings for heating, due to the in-
crease of the insulating properties with greening systems, the
additional thermal resistance is assumed to be 0.09 km2 W�1. This
value is used for both the direct and indirect greening systems
analysed due to the fact that there is a stagnant air layer in and
behind the foliage [13]. For the living wall systems the thermal
transmittance of the substrate and the materials used are added.
Concerning the different vertical greening systems the energy cost
savings for heating are represented in Table 6. Software Termo
allowed the simulation of different situations (non green and op-
tions 1e2Ae2Be3Ae3Be4) through the increase of thermal
properties of the south façade (see Fig. 2) and considering the
different thermal transmittance of the greening systems analysed;
the economic benefit for heating calculated go from 7.02 up to 19.17
V/year. The calculation of the economic effects (cash spare) due to
the energy reduction resulting from the installation of the analysed
vertical greening systems, was done making reference to the gas
and energy bills (from the past two years) of an office building. This
building is located in Genoa, as well as the building used for this
analysis, and has similar characteristics. To exactly relate this
building to the virtual building used for this CBA, a model with the
software Termo (Microsoftware) was realized for both buildings. To
obtain the costs (and savings) for air condition and heating for the
simulation building, a calculation of the energy and gas consump-
tion for both buildings was made; enabling to obtain an economic
benefit related to the energy saving due to the green layer.

3.1.6. Longevity
With respect to the building façade maintenance, the adoption

of vertical greening systems does not increase it; it reduces the
frequency of intervention thanks to a protective action given by the
leaves (and to the other layers involved) shading effect [38]. For the
direct greening system analysed, even if plants are directly attached
to the wall, it is not necessary to perform any additional mainte-
nance (if the facade is in good condition [16]). Vertical greening
systems protection delays the decay of the underlying wall caused
by UV rays, temperature changes, acid rain, ice, and air pollution
reducing the deterioration [16]. This effect is evident in the case of
living wall systems, where an addition protective action is provided
by continuous supporting layers.

The frequency of the maintenance service of a plastered façade
(complete remaking of the coating layers and painting) depends on
the quality of the plaster and the environmental conditions (pollu-
tion, precipitation frequency, etc. [39]); without any protection it
varies between 25 and 30 years but it can also be done at lower
frequencies (>30 years [39]). In this study it is estimated that
without a green layer the renovation of the façade would have to be
realized in the 35th year, while green lengthens the coating lifetime
of 15 years (incremental value assumed in the current examination
for all solutions of considered). Therefore, at the end of the 50th year
(the end of the life cycle assumed for this study), maintenance of the
plaster façade should be considered. The longevity benefit is equal
to the cost recovery that must have been done at the 35th year and
the lower cost done a the 50th year due to a better condition of the
plaster (this affects only systems 2Ae2B, 3Ae3B and 4.)



Table 3
Percentage of façade’s surface involved in the 50th year maintenance (depending
on the vertical greening system type).

Typology of green facade % of surface facade
and type of refurbishment

1 100%: “A”

2Ae2B 60%: “A”
20%: “B”
20%: “C”

3Ae3B 50%: “A”
25%: “B”
25%: “C”

4 25%: “A”
40%: “B”
35%: “C”
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For the options analysed in this study, different types of
intervention should affect the building surface (depending on the
green layer fixing modality); the planned actions are three
(Table 3):

- type “A”: removal of all of plaster facade (1st layer, 2nd layer
and surface finishing), remaking and subsequent painting;

- type “B”: removal of the 2nd layer of plaster and finishing
layer, remaking of the two layers and subsequent painting;

- type “C”: removal of only the top layer of plaster and subse-
quent painting.

Depending on the vertical greening system Table 3 shows the
types of intervention operated on the façade and the percentage of
surface covered.

To estimate the saving, the actual costs (cost estimated at the
time of verification) are updated to 35th and to 50th year ac-
cording to the annual inflation index.

3.1.7. Tax reduction
In the last ten or twenty years many cities and states adopted

economic incentives to support a major diffusion of urban green
(in most of the cases only green roofs are mentioned). Germany is
one of the countries where the local policies contributed most to a
wider diffusion of green roofs [1]. The numerous supporting
programs adopted by many cities allowed 10% of roofs to be
Table 4
Benefits related to the installation of vertical greening systems.

Relating to Category Benefit Quantitative Qualitative

Personal Construction
and maintenance

Increase of cladding
durability

X

Energy saving Additional insulation X
Air-conditioning X

Longevity Cladding durability X
Real estate Increase

of property value
X

Incentives
and support

Tax reduction X

Social Climate change Carbon dioxide
reduction

X

Air quality
improvement

NO2, PM10,
SO2 reduction

X

Habitat Increase
of biodiversity

X

Urban heat
island

Air temperature
reduction

X

Aesthetic Increase of area
value

X
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Table 6
Costs and benefits data input for the personal probabilistic analysis.

Cost/benefit Scenario 1. Direct green façade 2A. HDPE indirect green façade 2B. Steel indirect green façade

Time frame Year Values
(V; V/year)

Time frame Year Values
(V; V/year)

Time frame Year

Cost e initial Worst One time 1st 9923 One time 1st 40,150 One time 1st
Middle 9021 37,846
Best 7594 34,830

Cost e maintenance Worst Annual 2nde5th 137 Annual 2nde5th 137 Annual 2nde-5th
6the50th 666 6the50th 666 6the50th

Middle 2nde5th 124 2nde5th 124 2nde5th
6the50th 605 6the50th 605 6the50th

Best 2nde5th 111 2nde5th 111 2nde5th
6the50th 545 6the50th 545 6the50th

Cost e disposal Worst One time 50th 9336 One time 50th 59,256 One time 50th
Middle 6687 42,441
Best 3723 23,626

Benefit e heating Worst Annual e after
10 years

11the50th 7.02 Annual e after
10 years

11the50th 7.02 Annual e after
10 years

11the50th
Middle 7.43 7.43
Best 7.41 7.41

Benefit e air-conditioning Worst Annual e after
10 years

11the50th 1092 Annual e after
10 years

11the50th 1092 Annual e after
10 years

11the50th
Middle 1156 1156
Best 1330 1153

Benefit e longevity Worst One time 50th 61,164 One time 50th 107,354 One time 50th
Middle 61,164 107,354
Best 61,164 107,354

Benefit e property value Worst Annual 11the50th 577 Annual 11the50th 577 Annual 11the50th
Middle 962 962
Best 1264 1264

K. Perini, P. Rosasco / Building and Environment 70 (2013) 110e121 117
greened with an increase of 10% every year. The city of Genoa
(location of this study) does not provide tax incentives for the
installation of greening systems (neither green roofs nor vertical
green).

In Italy, tax benefits for building works and installations like
solar panels, photovoltaic, insulation, etc. are provided until June
2013 (from 55% up to 65% of the cost incurred is detracted from
taxable income). Vertical green is not included and therefore tax
reduction is not considered in this study.

3.2. Social costs and benefits

The social costs and benefits considered in this study concern air
quality improvement, carbon reduction, habitat creation, aesthetic
impact, urban heat island mitigation and tax incentives connected
to the installation of vertical greening systems in urban areas. The
positive environmental effects of vertical greening systems have
been considered in terms of costs savings for the society. As shown
in Table 4 some of these benefits have not been quantified (and
therefore will not be considered in the CBA) due to a lack of reliable
data or to the impossibility to estimate their effect connected to a
single green façade.

3.2.1. Air quality improvement
Air quality depends on the amount of dust, particulates and

nitrates (Nox) in the air [40,16]. Nitrogen oxides (NOx), particulate
materials and other air pollutants (as ozone and sulphur oxides)
can cause respiratory diseases, heart attacks [41] and chronic
bronchitis [42]. Improving air quality can so reduce public health
costs. The oxygenecarbon dioxide exchange rate differs between
plant types; as demonstrated by Ottelé et al. [43] there is an air
quality improvement that can be obtained thanks to a plant of H.
helix; it is possible to assume a similar value as the one used for
green roofs plants. According to Currie and Bass [44] a green wall
absorbs slightly less than an extensive roofs except for PM10 (Yang
et al. [45]), Currie and Bass [46] estimate that 1 ha of green roofs
remove between 72 kg and 85 kg of pollutants (7.2 � 10�3 kg/m2 to
8.5 � 10�3 kg/m2).

According to surveys carried out by ARPAL (Liguria Regional
Environmental Protection Agency) during the year 2011 in the city
of Genoa (location of this study) the alerts exceeding the thresholds
of air pollutants were 453. They covered the carbon monoxide (6
times), ozone (399 times), nitrogen dioxide (35 times) and partic-
ulate PM10 (13 times [31]).

For this study the remove value assumed for vertical green is
equal to 50% of the remove value assumed by Currie and Bass [44]
for green roofs (because of the vertical position of the green wall
systems). Assuming that the NOx emission credit is estimated as
3375 $/ton/year (3375 $/kg [7]) and given an exchange rate of 0.77
V per 1 USD (march 2013). The value of NOx absorption assumed for
the different scenarios is from 3.6� 10�3 kg/m2 up to 4.2� 10�3 kg/
m2 resulting in a benefit for air quality improvement of 9.4 � 10�3

to 10.9 � 10�3 V/m2/year (Table 5).

3.2.2. Carbon reduction
Assuming the green walls air pollution removal range described

in Table 5 and considering the carbon reduction tax as 20$/ton
(15.4 � 10�3 V/kg [47]) the annual benefit in carbon reduction
varies from 0.055 � 10�3 V/m2/year to 0.065 � 10�3 V/m2/year.

3.2.3. Habitat creation
The integration of vegetation with vertical greening systems in

built spaces can improve biodiversity creating a habitat for micro-
organisms and also for smaller animals (bees, bats, birds, etc. [23]).
Cities’ municipalities spent economic resources to restore or create
new natural habitats so that a green wall could represent an



3A. HDPE indirect with planter boxes 3B. Steel indirect with planter boxes 4. Living wall system

Values
(V; V/year)

Time frame Year Values
(V; V/year)

Time frame Year Values
(V; V/year)

Time frame Year Values
(V; V/year)

57,026 One time 1st 58,657 One time 1st 76,552 One time 1st 82,865
50,300 52,704 69,589 75,347
45,931 46,699 59,661 67,427

137 Annual 2nde50th 1339 Annual 2nd-50th 1907 Annual 2nd-50th 4493
666
124 2nde50th 1160 2nd-50th 1556 2nd-50th 4409
605
111 2nde50th 1080 2nd-50th 1652 2nd-50th 4303
545

59,958 One time 50th 60,844 One time 50th 61,897 One time 50th 65,608
42,944 43,578 44,333 46,990
23,906 24,259 24,679 26,159

7.02 Annual e after
3 years

4the50th 5.71 Annual e after
3 years

4the50th 5.71 Annual e after
1year

2nd-50th 15.91
7.43 6.25 6.25 17.60
7.41 6.67 6.67 19.17

1092 Annual e after
3 years

4the50th 888 Annual e after
3 years

4the50th 888 Annual e after
1 year

2nde50th 1674
1156 973 973 1851
1153 1039 1039 2017

107,354 One time 50th 113,236 One time 50th 113,236 One time 50th 133,793
107,354 113,236 113,236 133,793
107,354 113,236 113,236 133,793

577 Annual 4the50th 704 Annual 4the50th 704 Annual 2nd-50th 1690
962 1012 1012 1869
1264 1281 1281 2036
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avoided cost; according to Bianchini and Hewage [9] this can be
considered as a social benefit, however habitat creation is not a
common investment in many cities. Therefore this benefit will not
be quantified but considered only on a qualitative level.

3.2.4. Aesthetic
Vegetation has a positive effect on the well-being and residen-

tial satisfaction of the city’s inhabitants [48,49,2]. Better availability
to nearby green areas is important for the well-being and the daily
behaviour by reducing long-term noise annoyances and prevalence
of stress-related psychosocial symptoms, by increasing the use of
outdoor spaces [50]. This study quantifies the benefits connected to
the aesthetic value of vertical greening systems onlywith respect to
the personal benefit (property value, as above described), as the
social benefit is considered only on a qualitative level due to the
impossibility to assign a value to the positive impact of vegetation.

3.2.5. Urban heat island
Vegetation has a fundamental role on the mitigation of the ur-

ban heat island. Greened surfaces have different albedo value
compared to artificial hard surfaces (20e30% for vegetation and 5%
for asphalt [51]) and high concentration of water [5].
Table 7
Indicators of economic sustainability of green facade systems.

Type of green facade Net present value (NPV) (V) Internal rate of

Worst Middle Best Worst

1 9500 21,140 30,139 7.7
2A �12,749 2061 14,713 2.9
2B �28,915 �9800 3349 0.0
3A �36,263 �18,748 289 0.0
3B �69,311 �49,497 �22,872 0.0
4 �116,488 �92,846 �61,027 0.0
This benefit has not been quantified (and therefore will not be
considered in the CBA) due to the impossibility to estimate the
effect of a single green façade on the urban heat island mitigation.
The positive effect of vegetation in reducing the urban heat island
phenomenon is evident only if a large surface of the same area is
greened (e.g. parks, gardens, many green façades or roofs [52,21]).

3.2.6. Tax incentives
As described in Section 3.1.7 tax reduction as personal benefit

has not been taken into account since the city of Genoa (location of
this study) does not provide tax incentives for the installation of
greening systems (neither green roofs nor vertical green) and also,
at a national level, tax incentives established for some building
works don’t include this type of installation. Therefore this social
cost is not considered in this analysis.

4. Discussion and analysis

The results obtained with the CBA show that not all the vertical
greening systems are economically sustainable (Table 7 and Figs. 1
and 2); the analysis of indicators described in the following para-
graphs takes into account personal and social economic benefits.
return (IRR) (%) Pay back period (PBP) (number of years)

Middle Best Worst Middle Best

9.4 10.7 24 19 16
5.2 5.8 33 33 16
4.3 4.7 42 35 16
0.0 4.5 >50 35 16
0.0 0.0 >50 >50 16
0.0 0.0 >50 >50 >50
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Graph 2. IRR of vertical greening systems (1. direct green façade; 2A. HDPE indirect
green façade; 2B. steel indirect green façade; 3A. HDPE indirect green façade combined
with planter boxes; 3B. steel indirect green façade combined with planter boxes; 4.
living wall system).
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Since the latters are very low (resulting in a very small impact on
the total values) a separate analysis of the indicators is not pre-
sented. It has to be specified that e differently from other inter-
vention in the building sector carried out for profit (like public
works) e in the case of greening systems the economic sustain-
ability is reached when the NPV is positive (that is when incomes
prevail on costs) and the annual Internal Rate of Return (IRR) have
similar values to the passive interest rate applied by credit in-
stitutes to finance an intervention (in Italy for the time being it is
about 5% per year). Considering the Pay Back Period (PBP), the most
favourable economic conditions take place when the PBP is lower,
that is the sooner the collected economic benefits will equal the
costs incurred.

4.1. Direct green façade

The values obtained for the economic indicators show that this
greening system is sustainable for all the scenarios assumed
(Table 7). The Net Present Value (NPV) goes from a minimum of
9500 V (worst scenario) to a maximum of 30,139 V (best scenario;
Graph 1). Also the internal rates of return are all above acceptable
economic thresholds (Graph 2); these go from a minimum of 7.7%
(worst scenario) to a maximum of 10.7% (best scenario). The num-
ber of years needed for the economic benefits to reach the costs
varies from a maximum of 24 years (worst scenario) to a minimum
of 16 years (best scenario). These values are due to the low instal-
lation, maintenance, and disposal costs of the direct green façade.

4.2. Indirect green façade

The indirect green façade, where vegetation is supported by an
HPDE mesh or by a steel mesh, can be considered economically
sustainable for the best scenario; differently in the middle scenario
only the greening system based on the HDPE mesh (2A) is sus-
tainable (Table 7). In particular, for this system positive NPVs vary
between 2061V (middle scenario) to 14,713 V (best scenario; Graph
1) with IRR values respectively of 5.2% and 5.8% (Graph 2) and a PBP
of 33 and 16 years. The indirect green façade (2Ae2B) compared to
the direct one (green façade) (1) has higher installation (due to the
supporting system) and disposal costs; this happens especially for
the indirect green façade supported by a steel mesh (2B).

4.3. Indirect green façade combined with planter boxes

The indirect green façade combined with planter boxes (3A.
HDPE support and planter boxes and 3B. steel support and planter
boxes) presents an economic sustainability (minimum) in the best
80
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Graph 1. NPV of vertical greening systems (1: direct green façade; 2A: HDPE indirect
green façade; 2B: steel indirect green façade; 3A: HDPE indirect green façade com-
bined with planter boxes; 3B: steel indirect green façade combined with planter boxes;
4: living wall system).
scenario; the other two scenarios are under the limit of accept-
ability. For the best scenario the NPV is positive with only 289 V,
with IRR of 4.5% and PBP of 16 years (Table 7; Graphs 1 and 2). As for
the indirect green façade (2Ae2B), installation costs (not only for
the supporting system but also for the irrigation system) and
maintenance costs for vegetation and irrigation system are high.

4.4. Living wall system

The living wall system analysed in this study does not show e

for any of the three different scenarios assumed e any margin of
economic sustainability; the NPVs are all negative as well as the IRR
values which are not defined (as these do not exist; Table 7; Graphs
1 and 2). This vertical greening system has high installation costs
for the pre-vegetated panels and maintenance costs for the whole
system (panels to be replaces, plant species, irrigation system). Due
to these costs within the life cycle, after the initial costs for the
installation, the annual benefits overtake the annual costs (for
maintenance) of a few tens of euros, value which is insufficient to
pay back the incurred costs (Graph 3).

4.5. Overview

Beyond the specificity of the case study examined, the CBA
shows that for these systems both installation and maintenance
costs play a decisive role for sustainability; the latter is particularly
relevant in the case of systems 3 (indirect green façade combined
with planter boxes) and 4 (living wall system). For these two sys-
tems (3e4) personal and social benefits are slightly higher than
maintenance costs, preventing from a recovery of initial costs.
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Graph 3. Cost and benefit for the living wall system (4) e middle scenario.
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Even the savings resulting from the increased longevity of the
plaster are not enough to reduce the negative effect of the initial
costs; nevertheless this economic benefit is relevant in the case of
the indirect systems (2). This happens also because the economic
benefit occurs at the 50th year (set as the year in which the
maintenance of façade is performed, following to the greening
system disposal) therefore, its discounted value at year “zero”,
which is the time frame used to calculate the economic sustain-
ability indicators, is significantly reduced.

For all the vertical greening systems analysed, in terms of annual
benefits, the two most relevant items are the energy savings for
summer air conditioning (because of the location of the building:
Genoa, Italy) and the increase in rental income, both around V

1000/year. For all the vertical greening systems analysed the energy
saving for heating is lower, amounting to less than 6.5 V/year.

The value increase (rental income) due to the presence of the
vertical greening system differs from one scenario to another
(building location) but it is indifferent to the type of system used.
The difference depends only on the years required to green the
whole façade; the benefits can be calculated from the 4th year for
the indirect greening systems combined with planter boxes (3) and
for the living wall system (4); whereas for the direct green façade
(1) and indirect green façade (2) starting from the 11th year.

The CBA suggests that the economic sustainability of such sys-
tems can be significantly increased by reducing the initial costs for
promoters; this can be achieved through government incentives in
the form of tax deductions (even if this would affect the social costs
calculation). In Italy this type of incentives are already provided by
law n. 83/2012. The amount of tax relief may vary, depending on the
type of work, from 50% (for renovation work on the building
structure) to 55% (for interventions aimed at energy saving) of cost.
This deduction (calculated on the taxable income of the personwho
bears the costs), can be up to a maximum of V 96,000 and can be
distributed on a decade. The integration of a green façade may, in
relation to its characteristics, be included among the interventions
that benefit from such relief. Furthermore the importance of the
development of green areas in urban centres and the imple-
mentation of the Kyoto Protocol is ratified also by the Italian law;
article 6, paragraph 1 of law n. 10/2013 provides that municipalities
should promote the development of urban green spaces and ac-
tions to promote energy saving and energy efficiency, absorption of
particulate and reduce urban heat island.

The social benefits calculated have a very small influence on the
CBA. This happens because ecological and environmental benefits
are mainly related to a macro scale (neighbourhood or city scale)
and a single green wall does not play a significant role. Further-
more, the benefits related to habitat creation, aesthetic impact,
urban heat island mitigation have not been quantified (and there-
fore not considered in the CBA) due to a lack of reliable data or to
the impossibility to estimate their effect connected to a single green
façade. These unquantifiable categories may be relevant in vertical
greening systems’ applications but can be considered only in
qualitative terms.

5. Conclusion

Vertical greening systems provide personal and social benefits.
The CBA determined that installation and maintenance services
costs play a fundamental role on the economic sustainability. For
some of the systems analysed in this study the benefits can not pay
back these costs. The most relevant benefits calculated in this CBA
are connected with the real estate and the energy savings for
summer air conditioning. While all the benefits could be consid-
ered for studies based in other locations, the latter benefit is con-
nected with the specific location of this study characterized by
Mediterranean climate. The social benefits calculated in this study
have a very small influence on the CBA, since only the benefits
connected to air quality improvement and carbon reduction have
been quantified. However also the benefits mainly related to macro
scale can be considered as additional social benefits.

From the presented CBA it can be concluded that:

� The Direct green façade (1) is economically sustainable for all
the scenarios assumed in this study with an average pay back
period of 20 years;

� The Indirect green façade (2AeB) can be (almost) sustainable
depending on the material used for the supporting system: in
the case of HDPE mesh the NPV are positive formiddle and best
scenario with a pay back period of 16 years (best scenario); the
higher initial costs for the indirect greening system base on
steel mesh determine a positive NPV only for the best scenario;

� Indirect green façade combined with planter boxes (3Ae3B)
presents a (minimum) economic sustainability only for the best
scenario due to its installation and maintenance costs (sup-
porting system þ watering system);

� The living wall system analysed in this study can not be
considered economically sustainable due to high (compared
with the other greening systems analysed in this study)
installation and maintenance costs.

Beyond the systems examined in this study, some vertical
greening systems can be very expensive and difficult to maintain;
this is an important aspect, since it is mandatory to minimize the
economical impact to enable a wide use of greening systems to
improve dense cities’ environmental conditions. Installing vertical
greening systems would be an attractive business if social benefits
were (more) taken into account by governments; considering that
ecological and environmental benefits’ financial support (govern-
ment incentives) could be provided for new and existing buildings.
By reducing initial costs for the installation of vertical greening
systems the economic sustainability of such systems could be
significantly increased, enhancing a wider diffusion.
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