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INTRODUCTION

This paper is the result of a research carried out by a workgroup coordinated by prof. Paolo Rosato
and prof. Edino Valcovich and composed by PhD eng. Raul Berto, eng. Giovanni Cechet and PhD
eng. Carlo Antonio Stival. The Research Fund of the Trieste University (FRA 2012) grants this
research project.

The decision to develop the topic of green roofs is born from the recognition these solutions as an

expression of the sustainability concept. A complete development of this topic is complex, in fact is



more frequently to treat separately the different aspects of sustainability, studying individually a
solution, an idea, a system as an expression of it. The green roofs produce effects in the
environmental, technological, social and economic spheres, so it is possible to analyse each of these
effects in accordance with a comprehensive vision.

The scientific production, that is about the green roofs topic, reveals the excellence of these solutions
according to the various aspects debated. However, based on the idea that in this historical moment is
very important to increase the value of the existing buildings, we realized the need to evaluate the
potential implementation of these kinds of top closures on existing buildings. For this reason, insights

on the technological aspects developed with this main goal.

1. STATE OF ART

The overall performance offered by green roof solutions are still under discussion: the variety of
effects brought from greening the top covers of buildings in different areas of performance, and the
difficult in scientific proof of such effects, make complex the measurement of these effects in order to
demonstrate the environmental, social and economical advantage.

However, in scientific research, is a widespread belief that the green roof technologies really increase
the users’ well-being, in particular because the compensation between the green surface positioned
over the roofing and the natural ground replaced by buildings is consider how a positive effects.

In recent decades, the need to reduce negative effects generated by ground anthropization and
increasing of energy consumption related to the technical services of the buildings, has led to the
implementation in building envelopes of technical and architectural forms tipically of natural
environments. We can speak, in different scene, of Green Architecture and Green Technology.

With Green Architecture meaning the inclusion of specific planning strategies — from urban scale to
building shell — of technical elements able to reduce energy consumption from non-renewable energy
sources, emissions of carbon dioxide in atmosphere and environmental impacts in general, the last
ones descend from using of determinates construction materials.

With Green Technology, instead, we consider the mitigation of architectural and aesthetic impact. In
particular, we consider the beneficial effects of some design solutions on technological scale, using,
for example, an actual version of vernacular architecture, turning this one into an integration of build
volume in a context of high natural connotation.

Greenery establishes the path to restore — at least in part — the natural value of original environmental
system in particular location, allowing camouflage of constructions, as a valid alternative to hypogeum
buildings. The continuity of green surface, compared with natural ground, can create specific habitat

for plants and small animals.



2. METODOLOGY

Evaluating of the potential in relation to place a green roof in a new building or to implement it in an
existing construction, as replacement or as an integration of the previous coverage, this is the matter
of this research work and it is handled in this scientific paper.

In particular, the performances have been analized in terms of contribution to contain energy
consumption, to control local microclimate and regimentation of rainwater. Also evaluating the
possibility to install green roof over existing building from a structural point of view: outlining critical
issues, describing relationship with the Italian legislation concerning construction and, finally,

proposing a critical analysis in relations to the most common building typologies on the Italian territory.

3. RESULTS

As part of an assessment of the energy performance, a solution of green roof is a highly complex
system. It consists, in fact, of heterogeneous functional layers, in which it changes the moisture
content, coherently with the functions carried out by a natural soil, which is the subsistence from the
nutrients, the water storage, the breathability of the vegetable and cultivation layers.

Consequently, the performance of thermal insulation and thermal inertia are highly dependent, over a
specific period, from climatic factors such as intensity of precipitation, solar radiation and outside air
temperature.

To define the energy behaviour of a green roof, basing on the performances of the individual
functional layers in the worst conditions of humidity, leads to assign performances significantly lower
than those inferred from the experiments do.

Referring only to the thermal conductivity values of the materials forming the solutions of green roof, ir
can be disclosed how the performance levels established by the regulations for top closures, in terms
of thermal resistance, are reachable with a culture layer thickness above 100 cm. These conditions
considerably reduce the chances to implement a green roof, especially in existing buildings, because

we are in presence of high static load.

MATERIALS thermal Reference Minimum
conductivity thermal resistance thickness
W/ mk] [m? - k/wj] [cm]

Expanded cork panels 0,040 + 0,045 3,00 12+14

Expanded polystyrene panels 0,036+ 0,040 10+12

Rock wool panels 0,034+ 0,038 10+12

Fir wood () 0,100 + 0,120 30+ 35
Cultivation layer of green roofs @ 0,400 + 0,900 120 + 300

() 1t assumes an average moisture content in the wood equal to 15%; each percentage point more of
moisture increases the thermal conductivity of a value equal to 1.2% from the base value.

@ It assumes a degree of saturation of the soil equal to 50



Table 1 - Thermal insulation properties comparison of some materials related to a generic cultivation
layer of a green roof.

From above, it results wrong to refer only to the parameter of thermal conductivity of the cultivation
layer to define the properties of heat transmission of a green roof in the winter season. It is also
necessary to underline that, unlike roof “traditional” technological solutions, the calculation of energy
performance indicators in stationary regime is approximate, as the functional layers of a green roof
varying considerably its physical — technical characteristics during the year, especially in terms of
moisture content.

A green roof, in substance, is a complex system not describable through schematization or simplified
models, in particular because it is a system capable of self-regulation as a function of external climate
conditions. We can assume the combination of plant essences, cultivation layer, insulation and
structural support as a layer of non-homogeneous and non-isotropic material, which operate as a
thermal mass for evaporative cooling according physic - technical variables (Moody et al., 2013).

In a formulation of technological performances, a green roof consists in a complex system of
functional layers, in which the significant effects from the point of view of energy performances are

explained, essentially, by the following:

vegetal layer;

cultivation layer;

thermal isolation layer, “warm roof” solutions;

structural layer.

The mutual interaction of these layers defines the complex mechanisms of heat exchange into the
different levels of a green roof: conductive, convective, radiative and latent. The methods of heat
exchange are otherwise attributable to functional layers mentioned above, influencing the design

parameters needed to describe the energy performances of a green roof.

LAYER PARAMETRI SIGNIFICATIVI
Shading Moisture Thermal Weight
content conductivity
Vegetal Ol e AOGo
Cultivation AOGoS A A
Thermal isolation A
Bearing or structural A A
layer

EXANCHANGE TIPOLOGY:
A CONDUCTIVE; CONVECTIVE; B RADIATION; @ LATENT.

Table 2 — Relationships between functional layers responsible of heat transfer in a green roof,
different type of heat transfer and relative significant parameters.



The design of the vegetal layer, as the principal final value from the viewpoint of architectural and
aesthetic of a green roof, also considers the different types of heat exchange in relations with these:

- radiative heat exchanges, related to the control of solar radiation coming from the outside
(depending on the vegetal essence planted) and the absorption within the layer itself;

- convective exchanges between the vegetal layer, the soil and the external environment
through air interposed;

- heat transfer for evapotranspiration of the leaves and the vegetation at ground level,

depending on the parameter of stomatal resistance.

The main parameter that influences the performances offered by a vegetal layer is the Leaf Area Index
(LAI), the ratio of the leaf area projected onto the surface and the surface itself expressed in [m2 / m2].
This parameter is an excellent synthesis to measure the effect of the vegetal layer on the overall
performance of the green roof (Arlunno, 2011), specifically on evapotranspiration exchange and solar
radiation control. The values of the LAl for green roofs are usually in the range 0.5 to 5.0. The
percentage of coverage area protected by the leaves is a parameter directly related to, but not
identical with the LAI (Sailor, 2008), and it affects the radiative heat flows on the surface of vegetal
layer.
Even the vertical dimension of the vegetal layer influences the heat flow crossing the green roof
throughout the year; in particular, in the winter season, the presence of the vegetal layer reduces the
dispersion of heat for extra radiative flow towards the celestial vault (Palomo del Barrio, 1998).
The main energy effects related to the vegetal layer are inherent to the performance of roofing in
summer, as they relate to the thermal inertia guaranteed by the technical element. It has been
measured that the proportion of solar radiation reflected by the vegetal layer deviates significantly from
that offered by a traditional roofing: the values of albedo are respectively equal to 0.23 and 0.10, with
a consequent reduction of the quota transmitted to the massive layers of roof (Lazzarini et al., 2005).
The climatic conditions, in this case, play a decisive role in the entity of the inertial performances: the
average porosity of cultivation and the variation of the voids saturation degree increase the thermal
conductivity of the layer, because the water is a better thermal conductor than air, and reduce its
thermal diffusivity. For the last reason it is possible to verify a reduction into the heat flow through the
roofing in order to increase the volumetric moisture content (Palomo del Barrio, 1998).
For these reasons, to assume constant physical - techniques characteristics of the cultivation layer is
incorrect: in calculations of stationary regime (peculiar of the winter season), for small thickness layers
(less than 6 + 8 cm) it is acceptable even neglecting the thermal resistance (Arlunno, 2011).

It is possible to derive empirical formulas to express the thermal conductivity A [W-m-2-K-"] and
specific heating cp of a cultivation layer [kJ-kg"-K-"] in function of the volumetric content of moisture 6

in the same, expressed in [m3-m-?], according to a linear dependence (Moody et al., 2013):

A=113 9+010[W] = 4,75 9+076[k]]
- T lm-K b= " lkg-K



These empirical formulas are obtained from seasonal average values derived from measurements
of a specimen of ground, initially dried in a furnace, to which subsequently controlled amounts of water
have been added.

Finally, the greater incidence parameters to establish the summer performances of a green roof are

the LAl and the average thickness of cultivation layer. Also specific parameters of the dry soil, such as

density, thermal conductivity, the moisture content and the specific heat affect significantly.

FUNCTIONAL
LAYER

vegetal

cultivation

thermo insulated

structural

IMPACT ON THE ENERGY PERFORMANCES IN THE SEASON

WINTER

reducing convective heat transfer

increase of transpiration phenomena
with consequent increase of heat flows

increase  of thermal resistance
compared to non-insulated roofing

thermal insulation does not exceed the
isolated shells

thermal conductivity variable as a
function of moisture content

negligible contribution for thicknesses
and significant only for intensive green
roofs

necessary to obtain adequate thermal
resistance values

variable performance as a function of
the material constituent

SUMMER

reduction of the solar radiation incident on
the roofing produced by shading (LAl with
= 3)

heat dispersion for evapotranspiration
phenomena

heat flow reduction during the input than
non-insulated roofing

reduction of the temperature at the base
of the layer respect to a traditional roofing

need of higher water content to dissipate
latent energy

significant performance depending on the
material that constitutes it

effects of thermal inertia as a function of
surface mass

Table 3 — Summary statement about the effects of green roofs typical functional layers in the
energy performance determination, for summer as for winter, in mediterranean climate.

About the microclimate mitigation effects in the urbanized contexts, the roof greening are configured
as technological systems able to ensure the continuity of complex ecological system. This is
constituted by flows of energy, materials and information related to the man-made and natural
component, even with significant changes to the scale of individual buildings as to the larger urban
settlement.

In particular, cities are an energy-intensive system that leads to some negative effects on the natural
component, such as the increase of the temperature of the “urban foliage”, waterproofing of surfaces
and reducing the ecosystem biodiversity.

The different morphological characteristics of urban soils (slope class, roughness, surface color), the

mutated heat capacity of an anthropogenic object related to pre-existing conditions of natural soil,



pollution agents emitted into the atmosphere by human activities (primarily traffic, conditioning and
ventilation systems, industrial installations, etc.) result as alterations of radiative and mass fluxes that
characterise an intact atmosphere.

In the proximity of a large urban settlement, you may experience a discontinuity in the atmospheric
layer in direct contact with the Earth surface defined Urban Boundary Layer: in its interior, the layer
enveloping the built volumes is defined Urban Canopy layer. This phenomenon also identified by the
Planetary Boundary Layer, that is the vertical portion of the atmosphere in which activities are
concentrated and the resulting changes induced by them. These features of this air layer depend on
the energy shares of solar radiation reflected and absorbed by surfaces in it included, from the shape
of urban spaces in relation to accessibility solar and widespread human activities.

The anthropogenic surfaces tend to reduce the component of solar radiation reflected, the albedo,
condition that involves a greater share of energy absorption. The albedo of a vegetal surface, usually
equal to 0,20 + 0,30, is lower than the albedo of some surface materials amply diffused in contexts of
high-density population and employed for the realization of roofing finishes. Among these materials we
can identify, for example, the asphalt (albedo: 0.04 + 0.10), pebbles and crushed stones (albedo: 0.10
+ 0.15), tiles and brick tiles (albedo: 0.10 + 0.30), metal sheet (albedo: 0.10 = 0, 15).

Comparing the heat balance of an urban location with heat balance of a rural location, both similar in
size and geographic position, there is a drastic reduction of the heat exchanges of latent heat through
evapotranspiration and an increase of the energy stored in the building (Cleugh et al., 1986).
Considering the plant in its entirety, the interaction among leaves in terms of geometry and orientation,
makes the definition of the energy balance a great complexity operation. It is however possible to
affirm that the global albedo of vegetation decreases with increasing height of its development and
with the apparent height of the sun in the sky.

If the presence of green areas in urban context, also placed on the roof of a building, allows improving
the energy balance, the contribution is not exhaustive, in fact it should be integrated with the larger
scales, also with an optimized landscape design.

The performance more efficacious due to the green roofs is the control of rainwater downflow, in
particular:

- superficial flow control;

- flow rate reduction of rainwater conduct toward disposal system;

- hydrograph peak wave reduction, that is maximum instant water flow over roofing;

- delay on the confluence of peak wave to the disposal system (Ciaponi et al., 2014).

The water systems management of a green roof is allowed by processes of water storage that
regulate the dispersion in the atmosphere, by the evapotranspiration phenomena for a quota that can
exceed 60% of the volume precipitate (Bengtsson, 2005). The drainage system captures a portion of
the remaining meteoric water volume, this quota depends on the inclination of the roofing itself:

- the effects of detention are measured by determining the ratio between the hydrograph peak

output from a waterproof roofing and the output from the green roof in exam;



- the effects of retention are related to the volume of water held.
Essential parameter for the quantification of these effects is the outflow coefficient g, defined as the
ratio between the volume of water going out from the roofing and the volume of water gravitating on it,
in the same time interval. Green cover, in comparison to a traditional waterproofed roofing, presents
an outflow coefficient significantly lower: related to an impermeable surface, for which ¥ = 0,95 + 1,00,
an extensive green, characterized by a layer of a thickness of culture to 10 cm, it reduces the outflow
coefficient to the value W = 0.40 + 0.45. Cultural layers of 40 to 50 cm, adapted to an intensive
greening, show a value W = 0.10 + 0.15 that is closed to the one of the fallow soil.
This performance is of great interest when is compared to the analogue features in a traditional high-
energy performance roofing. Therefore, the flow coefficient is then the most effective parameter to
highlight the contribution of green roofs with the appropriate demands to the environmental protection
class of requirements, even if for arrangement of any public incentive mechanisms.
The green roofs, if they are used on a larger scale of the single building, or rather to neighborhood
scale or more properly of scale to drainage basin, represent an effective strategy for the control of
atmospheric precipitation, even if of considerable intensity. Green roofs prevent possible phenomena
of flooding and restoring the hydrological cycle in contexts with high-density building: this fact
underlines the potential of a diffused conversion to green roofs in an urban area, in particular if this
process is disciplinated by town planning.
The partial transformation of a cover by greening, subordinated to the structural layer residual bearing
capacity, consists in the replacement of the original functional layers with new layers that lead to a
greater reduction in energy consumption and increase in the environmental performance of the
building shell.
The structural performances resulting from the behavior of the technical element of coverage in
existing buildings are referred to two different scales:
. Local: it requires that the coverage bearing structure is capable to withstand the stresses
arising from the overload, induced by the functional layers;

. Global: it requires new performances verification of the overall structural subsystem.

Operating on existing buildings, to determine the extent of overloading results an applicable action
essential in the redaction of design specifications, which can lead to reduce the ranks of technological
solutions applicable or to exclude its implementation, unless significant interventions of structural
reinforcement and structural stiffening. In existent structural system, extensive green roofs typology is
previleged, because it has a smaller thickness and, consequentially, induces a minor overload. In new
building, the cost of realization of green roof is the binding condition.

From the analyzes carried out, we can say that the need to proceed with the evaluation of structure
safety of an existing building, as intervention object for the realization of green roofs, and its possible
structural adjustment, strongly depend on the construction typology of building itself.

For buildings with a large number of stories and a reduced floor area, in fact, the need to evaluate the

safety and the adaption of buildings is less likely than for the ones having a limited number of plans



and a big floor area. Also the type of structure affects in this sense: in case of heavy structures, the
increase of loads on roofings will be less incident than the whole of the loads acting on the foundation;

it is the opposite for buildings with lightweight structures.

building typology Likelihood of having to conduct security
assessment

Type “in line” High

Type “block” Medium

Type “terraced” High

Type “tower” Low

Type “walkway” High

Type “isolated” High

Table 4: Probability of needing to perform an assessment of the sutructural safety for the realization of
a green roof in function of the building typology.

4. FUTURE PROSPECTS

The research work summarized in this paper tries to address some of the main issues that may
concern the green roofs also in order to lay the foundations for future works, which will examine more
in depth the matters discussed.

The need to debate what results in this work by the assessments over one or plus existings buildings
choosed as case of study, rapresents an aim that we want to pursue. Moreover, it results really to
treath also the topic of vertical green, intended as element of vertical opaque enclousure, that can be
integrated into building shell in order to complete green roofing solutions.

The research of a greater continuity between natural environment and antropized environment is a
fascinating challenge for all stakeholders of architecture ad technical discipline, from a point of view of
archievment of environmental preservation objectives.

Definitively, we consider that there a lot of possibilities in the research about this topic and that the
diffusion of this technical solutions of roofing represents the key into the necessary process of building

and urban requalification, one of the greatest challenge of our times.
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