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Abstract

In urban contexts climate change and urbanization alter the correct management of outflows. The need to reduce CO2
emissions and increase the green areas presence is linked to forecast targets to facilitate the correct management of
urban risks. To achieve these objectives the new technologies are available, such as green roofs, which are useful for
reducing the impacts of climate change in urban areas and for the proper management of outflows, indeed, the green
roofs can be connected to rainwater reuse systems. The collection and reuse water system can be studied using the
Life Cycle Assessment (LCA) methodology. In this paper a sustainability estimate of the green roof and reuse water
system is proposed in the Urban Hydrological Experimental Park at the University of Calabria (Italy).

Keywords: Green roof, Water reuse, Life Cycle Assessment,
Sustainability

Introduction

In urban contexts, the need to oppose the effects of urbanization
and climate change is increasing [1,2]. Drainage water, in the urban
systems, is the component most affected by the combined effect of
climate change and urbanization. The natural water cycle in urban
context produces the flooding phenomena and uncontrolled sliding
of the surface water which are destined to become more frequent
and important [3,4]. For these reasons, it is necessary to manage
urban water resources in a sustainable way, through appropriate
procedures to optimize the allocation of water resources or using
analytical environmental criteria that guide design choices towards
sustainability [5-13]. Today the Best Management Practices (BMPs),
among which are distinguished sustainable solutions with low
environmental impact (Low Impact Development, “LID”), are
identified as intervention which aimed to minimize the impervious
surfaces, restoring the natural hydrological cycle in an urban
environment through the use of vegetated systems and infiltration. For
the urban rainwater management, low impact sustainable solutions
offer many advantages as reduction of the polluting load of the first
rain water and the reduction of the flow rates and volumes of the
peaks relating to urban drainage system [14]. Among the LID types
the green roof is frequently used in urban context because it uses
unused urban areas to guarantee many environmental benefits as
promote energy saving in buildings, pollutants concentration [15].
The rainwater management is one of the most important functions
of a green roof. This characteristic has an important potential in
a context of water resource scansity [16,17]. For thisreason, the
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collection and treatment of rainwater is a design solution considered
in the presence of vegetated roofs [18]. These technologies, whose
efficiency in terms of the collected water quality also depends on
the materials present [19], contribute to increasing the sustainability
of the low impact infrastructures such as green roofs, increasing
their known benefits.
The green roof and water reuse system (GRWRS) represents
an element which contributes to increasing the vegetated roofs
sustainability.Thereforeit makes sense to discuss its sustainability
level. Indeed this estimate cannot be linked only to the operational
phase, but to the entire life cycle. A valuable tool that estimates the
sustainability is the Life Cycle Assessment (LCA) - a useful method
to support decisions. LCA is an objective method that defines the
ecological budget of a product or system, because it considers all
product or system information linked to the life cycle. In the literature
there are many studies based on LCA application to LIDs and LCA
application to pipeline [20-30].
Studying the reuse system sustainability is useful to show that
environmental impacts depend not only to the operational phase,
but also on the complex life-cycle structure of the product and the
materials that make up it.
This paper proposes a LCA application to a GRWRS, using the
University of Calabria green roof and a generic structure of water
reuse system. This work aims to highlight that the involved materials
life cycle has a bearing on the sustainability of the entire system life
cycle. The sustainability analysis proposed, through LCA, focuses
only on the materials study, without making technical evaluations
concerning the system performance.
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Material and Methods
This section will be divided into two parts:
• Explanation of the LCA methodology applied to the stratigraphy
of the University of Calabria green roof
• Explanation of the LCA methodology applied pipelines for
reuse system
The GRWRSis decomposed into two sections which regain the roof
stratigraphy and the reuse system, proposed in several alternatives
among the most used.The LCA procedure application is different
between the two sections up to the inventory definition (Life Cycle
Inventory phase - LCI), but the calculation method for the Life Cycle
Impact Assessment (LCIA) is similar in order to compare the results.
Life Cycle Assessment of the green roof
The University of Calabria is located in the southern Italy and it
is surrounded in a Mediterranean climate. The green roof is part
of the “Urban Hydraulic Park,” which also includes a permeable
pavement, a bioretention system and a sedimentation tank connected
to a treatment unit. An extensive green roof was installed on the
existing rooftop of the Department of Mechanical Engineering and it
was divided into four sectors. Two sectors are vegetated with native
plants and differ from each other by the drainage layer. Another
sector is characterized by bare soil with only a few spontaneous
plants. The last sector is the original impervious roof. The green
roof is divided into square elements of 50 by 50 cm with alternating
vegetated and non-vegetated areas. In this study, only one vegetated
sector – sector 1 - of the green roof was considered. The green roof
analysis is carried out with reference to the stratigraphy shown in
Figure 1 and here detailed from the bottom to the top
• antiroot bituminous membrane layer, with a high content of
elastomeric and plastomeric polymers,
• water storage layer, with indestructible felt in polyester/
polypropylene fibers,
• drainage layer, ventilation and drainage with expanded
polystyrene,
• filter layer, with filter mat made of polypropylene,
• culture layer, with Mediterranean mineral soil,
• vegetated layer, withCerastium, Diantus, Carpobrotus.

Figure 1: Sector 1 stratigraphy
To evaluate product sustainability with the LCA method, it is
necessary to evaluate the requests of water and energy linked to
extraction techniques, production operations, transport and disposal.
This analysis provides information on how each phase of the process
affects the sustainability. The method structure related to the study
case is summarized following. In this analysis, the objective of the
LCA is the assessment of environment impacts associated to the
materials of sector 1 stratigraphy of the green roof. The analysis
is carried out in reference to the functional units of 1 m3 of the
stratigraphy. The system boundaries include the phases of extraction
of raw materials, production processes, transport from the supplier
to the installation place and energy consumption related to the
transformation. The data quality is guaranteed by the experimental
site of the University of Calabria and by the possibility of using the
Ecoivent database.
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Life Cycle Assessment of the re use system
In this analysis, the objective of the LCA application is to evaluate the
impacts associated to the life cycle of different types of pipes. Seven
test pipes of a different materials are analyzed, chosen from the most
popular ones on the European market (Gres, Steel, Iron cast, PE, PP,
PRFV, PVC). The functional unit is 100 linear meter of the pipe of
the material selected with the same diameter (nominal diameter 300
mm). In this work, the functional unit is independent of the hydraulic
considerations because the LCA application is only intended to
compare the environmental performance of the materials. The system
boundaries include the phases of extraction of raw materials, production
processes, transport from the supplier to the installation place and
energy consumption related to the transformation.
Input data does not refer to specific pipelines, but represents average
European values of some manufacturers (Ecoinvent database is used).
Life Cycle Impact Assessment
For the Life Cycle Impact Assessment (LCIA) it is possible to use
many methods, which differ in purpose and structure of analysis.
In this work, among the various LCIA methods available in the
software (such as SimaPro, which is used for this application) is
chosen. The Impact 2002+ method specifies the impact in damage
categories (human health, ecosystem quality, climate change,
resources) and impact categories (human toxicity, respiratory effects,
ionizing radiation, ozone layer depletion, photochemical oxidation,
aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidification/
nutrification, aquatic acidification, aquatic eutrophication, land
occupation, global warming, non-renewable energy, mineral
extraction). The operation criterion of this method, reported in,
is summarized below [31,32]. The IMPACT 2002+ method is
formulated by the methodologies combination based on both the
midpoint approach, which refers to the impact categories, both on
the endpoint, based on the damage categories. In the Impact 2002+
method, the assessments are made primarily at the midpoint level
and at the normalized damage level. In the first case, the evaluations
are obtained by means of the midpoint characterization factor and
are expressed in equivalent kilograms of the reference substance.
In the second case these assessments are calculated by means of
the normalized damage factor and expressed in "points", which
correspond to "pers • yr" with reference to Europe. The normalization
factors for the Impact 2002+ damage category are show in Table 1.
Table 1: Impact 2002+ normalization factors related to Western
Europe [32].
Damage
categories

Normalization factor
referring to Q2.2
version

Unit

Human Health

0,0071

Disability-Adjusted
Life Year DALY/
point

Ecosystem Quality

13,700

Potentially
Disappeared Fraction
of species over a
certain amount of
m2 during a certain
amount of year PDF.
m2.y/point

Climate Change

9,950

kg CO2 into air/point

Resources

152,000

MJ/point
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In this method the normalization factors are the impact ratio per
unit of emission divided by the total impact of all substances in the
specific category [32].
Impact 2002+ is used to LCIA phase for the GRWRSas impact
assessment methodfor the interest towards the Climate Change
and because the new criteria for the comparative assessment of the
Human Toxicity and Ecotoxicity categories have been developed
in Impact 2002+.

Results and discussion

Life Cycle Assessment of the green roof
The impacts associate to the functional unit choice are shown in
Figure 2 and detailed in the following list [33]. It is important
to note that the impacts evaluated are expressed as a percentage
(percentage impact of each individual layer of the total impact of
Climate Change on the globe stratigraphy), to highlight the Climate
Change importance on the total.
• Antiroot bituminous membrane layer - The environmental cost
of such a layer is approximately equal to 17.4%. This value is
only comparable to Resources damage category, while Human
health and Ecosystem quality impacts are approximately equal
to half compared to the previous values. The environmental
load is associated with the processing techniques of the raw
materials needed for product realization. The Climate Change
and Human health impacts grows considerably due to the
emissions derived from the means of transport by road, whose
energy class is not competitive.
• Water storage layer - The environmental impact associated
to Climate Change, is about 18,2%. In this case are involved
polymeric materials which, with the same energy costs linked
to the production stage compared to the anti-root layer, have
major impacts due to the distance between the retrieval location
of the material up to the city of Rende. The damage category
that registers the least damage is the Ecosystem quality, being
synthetic materials.
• Drainage layer - The value is approximately equal to 18,7%. This
percentage represents the highest value in the stratigraphy of the
sector 1 of the green roof. The use of polymeric materials, also
present in the water storage and filter layers, has a certain impact
due to production processes and to the considerable energy costs
associated with them, as well as inability to find these materials
near to installation place. The impact quantification is only
comparable to the Resources damage categories, but Ecosystem
quality and Human health are identified by significantly lower
values.
• Filter layer – The environmental cost for this layer is about
18,3%. Specifically, the polymeric materials production is the
almost totality relative to Carginogens impact, resulting mainly
harmful to Human health, while a contribution is almost nil on
Ionizing Radiation.
• Culture and vegetated layer - The environmental cost of such a
two layers is respectively equal to 13,8% and 13,5%. Compared
to previous layers, these have very low impact values linked
to the remaining damage’s categories. Being materials phase
on the road by lorries, whose energy class is not particularly
competitive. The impact due to this aspect is increased by
higher volumes required for the transport of culture layer with
respect to the materials constituting the previous stratigraphy.
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Figure 2: Life cycle assessment output for green roof sector 1.
The LCA application has highlighted that there are substantial
contributions also for the layers consist of natural material, which
have an impact on the total due to the use of transport type on the
road. The polymeric materials life cycle is due to the non-renewable
sources of energy supply used (this aspect show the importance of
Resource Damage Category in Figure 2) and types of transport by
lorries whose energy class is not particularly competitive.
Life Cycle Assessment of the reuse system
In the Figure3 is evident that the greatest contribution is related
to human health [34]. It is associated a high environmental cost to
polymeric materials (PRFV and PVC), whereas the iron cast and gres
pipes have smaller impact. Figure 3 shows a low overall contribution
of the damage category Ecosystem quality and the comparable total
related to Climate change and Resources. Related to Human health,
the impact associated with the test materials has similar values,
excluded Steel, PVC and PRFV which have the greater impacts.
Concerning Ecosystem quality category, the impact associated with
the test materials assumes a values similar, excluded Steel. With
regards to Climate change, the impact values associated with the
test materials are similar excluded gres and iron cast which present
the lower impact. Regarding Resources, the impact associated with
the test materials has a comparable values excluded Steel, PVC,
PRFV, PE and PP, which have the greater impacts.

Figure 3: Life cycle assessment output for reuse system.

Conclusion

To carry out the sustainability estimate for the GRWRSthe LCA
method is used. This evaluation is focused on materials analisys to
demostrate that the sustainability level of LID depending also from
the materials life cycle study. The impacts details of this analysis
depend on the choices made and for this reason cannot be considered
an absolute assessment for the GRWRS. With this work it has been
shown that the sustainability level of the low-impact infrastructure
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does not depend only on the operational phase, but also on what is
before and after this step.
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