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Abstract: Green roof systems, a technology which was used in major ancient buildings, are currently
becoming an interesting strategy to reduce the negative impact of traditional urban development
caused by ground impermeabilization. Only regarding the environmental impact, the application
of these biological coatings on buildings has the potential of acting as a thermal, moisture, noise,
and electromagnetic barrier. At the urban scale, they might reduce the heat island effect and sewage
system load, improve runoff water and air quality, and reconstruct natural landscapes including
wildlife. In spite of these significant benefits, the current design and construction methods are not
completely regulated by law because there is a lack of knowledge of their technical performance.
Hence, this review of the current state of the art presents a proper green roof classification based
on their components and vegetation layer. Similarly, a detailed description from the key factors
that control the hydraulic and thermal performance of green roofs is given. Based on these
factors, an estimation of the impact of green roof systems on sustainable construction certifications
is included (i.e., LEED—Leadership in Energy and Environment Design, BREEAM—Building
Research Establishment Environmental Assessment Method, CASBEE—Comprehensive Assessment
System for Built Environment Efficiency, BEAM—Building Environmental Assessment Method,
ESGB—Evaluation Standard for Green Building). Finally, conclusions and future research challenges
for the correct implementation of green roofs are addressed.

Keywords: green roofs; biological coatings; hydraulic performance; thermal performance; sustainable
construction certification; LEED; BREEAM; CASBEE; BEAM; ESGB

1. Introduction

Due to its multiple benefits, biological coatings on buildings (i.e., green roofs and walls) were
used by different human civilizations [1,2]. According to the scientific community, there is testimonial
evidence of the use of biological coatings on Babylon’s Hanging Gardens and Babel Tower [2—4].
Similarly, religious buildings called “Ziggurats” were constructed in Mesopotamia using plant growth
on their building surfaces most probably to reduce heat interchange with the environment [3].
Biological coatings were also part of vernacular architecture in Scandinavia. For instance, in Norway,
green roof systems are still used as a thermal isolation system [5].
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Even when green roofs were present on the major buildings of the ancient world, their use
on contemporaneous architecture reappeared only in the 20th century with the Swiss architect Le
Corbusier who included them among modern architecture principal elements [6]. In fact, he stated that
“the garden terrace will be the reunion place preferred by citizens and it will also mean the recovery of
the built surface from the city”. In this sentence, the preoccupation that exists since then about the
accelerated urban development is synthesized. The truth is that the construction of urban infrastructure
with non-permeable materials such as traditional concrete and asphalt significantly reduces rainwater
flow to the soil layers and water table [7]. In a basin, the water cycle alteration can produce floods, river
and lake disappearances, and consequently ecosystem extinction. Biological coatings for buildings
such as green roofs and walls are used to mitigate urban threat and other environmental problems.
In general, the benefits of green roofs and walls can be classified into three categories: environmental,
economic, and social. Aspects such as thermal, moisture, noise, and electromagnetic protection in
buildings, heat island effect reduction, sewage system load reduction, runoff water quality and air
quality improvement, habitat development, and natural landscape reconstruction are among the major
environmental benefits from green roofs and walls. From an economic viewpoint, green roofs and
walls on buildings increase the property’s commercial value, increase waterproof membrane lifespan,
increase fire resistance, and reduce energy consumption. Regarding social aspects, these biological
coatings improve the occupant’s health and wellbeing, while they also help to generate employment
for maintenance and even for food production at the urban scale (urban agriculture).

Recently, the use of green roofs on buildings increased significantly around the world due to
different government incentives and due to pressure exerted by a new market that seeks products and
processes that are more environmentally friendly. However, the lack of a detailed characterization and
guidelines for their design resulted in the implementation of these biological coatings on buildings
being currently based on experience, making them inefficient and even risky. In order to improve this
situation, this review of the state of the art presents a proper green roof classification, which is based
on their components. Similarly, a detailed description of the factors that control the hydraulic and
thermal performance of green roofs is given. Based on these, an estimation of the impact of green
roof systems in sustainable construction certifications is included. Finally, research challenges for the
correct implementation of these biological coatings on buildings are addressed.

2. Components and Classification

2.1. Components

Although the green roof’s most visible part is the vegetation layer, green roofs are multilayer
systems in which each layer has different functions, impact on the complete life cycle (life-cycle
analysis (LCA), and certifications for sustainable construction. This natural-based solution simulates
the natural soil’s characteristics, as presented in Figure 1. The multi-layer components of green roofs
are described below.

(a) Vegetation layer: This can be composed of different biological species, usually plants or even
trees. The respective species selection is based on availability, weather, maintenance conditions, and
the substratum’s depth, which depends on the structural building capacity [9]. Experience shows
that green roof plants need to be chosen with care, as not all plants are suitable for growing in this
way. For example, when choosing plants for a green roof, they need to be able to withstand wind and
frost, be drought-resistant, tolerate living in poor soil, and require low maintenance. Also, green roof
plants should also be attractive and offer food and shelter for wildlife. Although, many plants were
proposed for green roofs in the literature, there is a need for comparisons among various types of
plants to provide design guidelines for selecting the most appropriate vegetative layer for a given green
roof [10]. Interesting research is now being conducted to analyze CO, reduction and O, production
from different plant species; hence, this factor should also be included in the plant selection process for
increasing the positive environmental impact of the biological coatings in life-cycle analysis.
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(b) Substratum: The function of this layer is to physically support the vegetation and to supply
the required nutrients for their development. Also, this layer should have the ability to store and
gradually release excess rainwater, keeping enough moisture to later reduce maintenance activities.
This layer is usually based on a combination of minerals with organic matter and other nutrients
such as nitrogen, phosphorus, potassium, and magnesium [11,12]. Physical properties of a typical
substratum are presented in Table 1.

Natural soil profile Green roof structure

Plants or trees
Soil horizon layer

Bedrock

Figure 1. Green roof’s basic components and their similarity with the natural soil. Modified from
Ovacen (2014) [8].

Table 1. Physical properties of a typical substratum used in green roofs [13].

Physical Property One-Layer System Multi-Layered System
Water retention Minimum 20% Minimum 35%
Water permeability Minimum 60 mm/min Minimum 0.6 mm/min
Air content (fully saturated) Minimum 10% Minimum 10%
pH 6.5t09.5 6.5t0 8.0

(c) Filter: This building protective layer is usually a geotextile; its main function is to block the
substratum’s material flow to the drainage layer and to keep it in the right position. This geotextile,
chemically neutral, has to be resistant to acid and alkaline attacks [3].

(d) Drainage layer: Also known as a drainage system, this layer is composed of granular-based
material layers and pipelines. This is the key to appropriate vegetation growth and control of building
water-associated problems such as filtrations. In particular, the drainage layer is responsible for the
equilibrium between water excess and scarcity. It is normally formed by gravel, which is a natural
crushed rock [14]. Research is now being conducted to reduce the use of natural aggregates to minimize
the negative environmental impact of using nonrenewable resources in green roofs [15].

(e) Anti-root barrier: This high-density polyethylene layer protects the waterproof membrane
from possible tearing caused by roots. It also functions as a second protection from the substratum to
the building [3].

(f) Waterproof membrane: This layer is used to block the water flow to the building slab. Some of
the most used waterproof membranes are thermo-polymer elastomers such as EPDM (ethylene
propylene diene) or thermoplastic polyolefin (TPO), which are also good as root barriers [14].

2.2. Classification

Although there are different criteria to classify green roofs, the most common classification at the
international level is based on the characteristics of the vegetation layer, as presented below [16].

(a) Extensive: This green roof type uses plants with low-moisture needs (Figure 2). As a
consequence, it uses a substratum with thickness between 5 and 15 cm. This biological coating is
usually implemented on places with difficult access for pedestrians, can be moistened with rainwater,
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and can be placed on existing structures when the building has a proper design (i.e., roof live load
considered as indicated in design codes). Its weight varies from 60 to 140 kg/m2 [17].

(b)

Figure 2. Extensive green roofs: (a) Icelandic house [18]; (b) Nanyang Technological University,

Singapore [19].

(b) Intensive: The green roofs belonging to this type have the possibility of using a great variety
of plants and even tree species (Figure 3). Hence, they generally require substratum of great depth,
usually superior to 15 cm. Based on the last aspect, these coatings can allow pedestrian access, require
artificial water irrigation systems, and are placed on structures specifically designed to bear these
additional loads. Their weight varies from 250 to 400 kg/m? [20].

(b)

Figure 3. Intensive green roofs: (a) Chicago City Hall, Illinois [21]; (b) apartment building, New
York [22].

(c) Semi-intensive: This type of green roof considers an intermediate system between intensive
and extensive systems with species that grow over a 10 to 30-cm-deep substratum (Figure 4). It allows
partial pedestrian access and requires artificial irrigation systems. Its weight varies from 60 to
140 kg/m? [23].

(b)

Figure 4. Semi-intensive green roofs: (a) Buenos Aires, Argentina [24]; (b) High Line park building,
New York [25].
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3. Hydraulic Performance

Based on the non-permeable large areas generated by conventional urban development, green
roofs might reduce the negative environmental impact, particularly by partially recovering the natural
water cycle in a basin. These biological coatings on buildings have the ability to store water in the
substratum, in which a fraction is absorbed by plants and returned to the atmosphere via evaporation
and transpiration processes [26,27]. In addition to the efficient management of the evapotranspiration
water fraction, another water fraction is absorbed, infiltrated, and stored inside the system layers.
Depending on the precipitation intensity, substratum type, and depth, studies showed that green roofs
have the capacity to store between 40% and 80% of annual precipitation that falls on them. Additionally,
it was reported that a 12-cm layer takes 12 h to start releasing the stored water during a rain event, and
it continues releasing it during the next 21 h, approximately [28]. Based on Kok et al. (2016) [29] and
Masseroni and Cislagi (2016) [30], the discharge peak from a storm can be reduced by 26% to 35%.
Hence, it is deduced that green roofs, in addition to reducing the magnitude of water volume captured
by rain drainage systems, also delay the water discharge time, because the substratum and other layers
require time to saturate and discharge the stored water, reducing potential flood impacts when used
intensively at the urban scale [26]. In Germany, Spain, Holland, England, and the United States, the
performance of different green roof types was evaluated toward the quantity and quality of urban
runoff water. For example, van Woert et al. (2005) [14] indicated that the implementation of green
roofs reduces the excess of runoff water, and Stovin (2009) [17] found 34% rainwater retention in the 11
precipitation events monitored. In this article, the retention capacity, measured as the water percentage
stored in different green roofs compared with the water that passes through them, is presented in
Table 2. From the results, it can be observed that retention capacities can range from 45% to 78% for
different green roof systems. The variation in the results is associated with the substratum depth, initial
water content, vegetation age and type, and precipitation intensity and distribution.

Table 2. Retention capacity from different green roof systems evaluated worldwide [31].

Rainwater . .
Retention (%), Ranlwater Retention Monitoring Short Description and References Taken
A duri (%), Range for Ti ! Ref [31]
verage during . ime rom Reference
Studied Events

Study Period

Bengtsson et al. (2005) [32] studied a hydrological
function of a Sedum moss thin vegetated roof from
Malmo, Sweden (roof slope 2.6%, substrate thickness
30 mm). The real rain events (mid July 2001 through

46 - 17 months December 2002) and artificial storms were
investigated both on the study in real scale and on
the smaller model of the green roof, designed
identically to the original roof but with the possibility
of changing the slope and the drainage material.

Van Woert et al. (2005) [14] investigated vegetated
roof water retention and its dependence on roof
surface type, slope, and media depth. Three roof
platforms were constructed in a model scale with a
slope of 2%: gravel, vegetated, and un-vegetated
(study period: August 2002 through October 2003).
Vegetated roofs consisted of the following layers:
drainage (15 mm), water retention fabric (7.5 mm),
additional retention fabric as vegetation carrier

(7.5 mm), and 25 mm of growing media. Twelve
additional roof platforms were used to examine roof
slope (6 with slope 2% and 6 with slope 6.5%) and
media depth (for 2% slope 25 mm and 40 mm; for 6%
40 mm and 60 mm).

61 - 15 months
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Table 2. Cont.

Rainwater
Retention (%),
Average during
Study Period

Rainwater Retention
(%), Range for
Studied Events

Monitoring
Time

Short Description and References Taken
from Reference [31]

45

19-98

2 months

De Nardo et al. (2005) [33] investigated stormwater
retention by three green roofs located in
Pennsylvania, United States of America (USA).
The roofs consisted of the following layers:
waterproof membrane, drainage layer of 12 mm,
growing medium 89 mm, plant support medium
25 mm. Rainfall and runoff data were collected for
seven rain events during October-November 2002.

63—Roof 1

18 months

55—Roof 2

15 months

Moran et al. (2005) [34] monitored two green roofs
installed in North Carolina, USA (in Goldsboro:

soil depth 75 mm, flat, and in Raleigh: soil depth
100 mm, slope of 7%) to estimate water retention and
peak flow reduction. Two different commercially
available drainage systems were used: one in
Goldsboro with negligible storage and one in Raleigh
with water storage capacity of 2.4 L/m2. The runoff
data were collected at Goldsboro during April
2003-September 2004 and in Raleigh during July
2003-September 2004. To investigate water quality
(P-tot, N-tot) runoff water samples were collected
during 11 rain events from the Goldsboro green roof
(soil mix consisting of 55% expanded slate, 30% sand,
and 15% compost).

78

39-100

13 months

Carter and Rasmussen (2006) [35] investigated water
retention of a newly constructed green roof plot in
Athens, Georgia, USA. The construction followed a
design of a commercial product. In total,

31 rainfall-runoff events were registered during a
study period of 13 months (November
2003-November 2004). The roof layers included a
root protection sheet of negligible thickness,
4.8-mm-thick moisture retention mat with water
retention capacity of 5 L/m?, 38.1-mm-thick synthetic
drainage panel with water retention capacity of

4 1/m? (both layers provided about 9-mm retention).
The growing medium was 76.2 mm thick.

49

4 storm events

Monterusso et al. (2004) [36] performed a pilot
investigation of water retention (calculated for
individual rainfall events) and water quality of
runoff among combinations of various commercial
growing systems and vegetation types in Michigan,
USA. Twelve roof platforms were installed, each
divided into 3 parts with different vegetation.

All platforms duplicated typical commercial green
roof construction; 4 commercial drainage systems
were installed. Platforms were set at a slope of 2%.
The substrate depth was 100 mm for three types of
drainage systems and 20 mm (Sedum) or 60 mm
(natives) for the fourth drainage system. The soil mix
consisted of 60% heat-expanded slate, 25% grade
sand, 5% aged compost, and 10% peat. Three groups
of vegetation were used, the first consisting of seven
Sedum spp. propagated from seed, the second from
two Sedum spp. planted from plugs, and the third
consisting of 18 species of region (Michigan) native
plants planted from plugs.
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Table 2. Cont.

Rainwater Rainwater Retention
Retention (%), o Monitoring Short Description and References Taken from
. (%), Range for .
Average during Time Reference [31]

Study Period Studied Events

Bliss et al. (2009) [37] monitored a prototype green
roof in Pittsburgh, Pennsylvania, USA. The 1150-m?
extensive green roof consisted of a bitumen built-up
membrane with root barrier, drainage, and filter
fabric layer beneath 140-mm-thick synthetic growing
medium made of expanded shale, perlite, and
coconut husk. Regarding water quantity

- 5-70 6 months investigation, the data were obtained for 13 storms
(August 2006-January 2007). Water quality tests
(phosphorus, sulfate, nitrogen, chemical oxygen
demand (COD) for unfiltered and filtered samples,
pH and turbidity for unfiltered samples and lead,
cadmium, and zinc for filtered samples) were
reported for one of the two selected storms
(17 October 2006 or 1 December 2006).

On the other hand, as mentioned previously for the drainage layer, recent research is evaluating
new material sources to replace natural aggregates traditionally used on green roofs. In this case,
drainage systems composed of PEAD plates (recycled high-density polyethylene), reused PET bottles
(polyethylene terephthalate), and vulcanized recycled rubber particles were evaluated and compared
with basal gravel, the conventional system used as a drainage system (Figure 5). The results indicated
that, for low-intensity precipitations (simulations of 1 and 4 mm) and duration of a couple of hours,
granular drainage systems (rubber and gravel) were very efficient, as they kept almost all precipitation
water, and retention coefficients were about 100%. For the same conditions, reused PET bottles and
PEAD plates retained half of the simulated precipitation, while retention coefficients were about 50%.
For higher-intensity precipitations (simulations around 50 mm), the retention coefficients were near
30% for all green roof systems, except for the system composed of PET bottles, which had a retention
capacity near to 0% [15].

Using the same experimental methodology but including a simulation for the Singapore
precipitation regime, extensive green roofs of 12 cm were not enough to obtain a significant retention
coefficient. The authors concluded that a proper green roof design has to be done for each precipitation
condition [38]. Hence, more research has to be conducted to improve the retention coefficients in
green roofs.

Figure 5. Cont.
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Figure 5. Cross-transversal sections of green roof prototypes evaluated using reused and recycled
materials as their drainage systems: (a) roof with basal gravel (reference); (b) roof with vulcanized
recycled rubber particles; (c) roof with PET (polyethylene terephthalate) bottles; (d) roof with PEAD
(recycled high-density polyethylene) plates [15].

4. Thermal Performance

In general, green roof systems produce a high thermal isolation effect in buildings by increasing
thermal inertia. This interesting property is mainly due to the green roof components which work as
thermal isolation chambers, preventing and delaying the temperature amplitudes due to their high
thermal capacities in hot regions, as well as heat winter loss reduction in cold regions. Indeed, a green
roof can reduce energy consumption from air conditioning in buildings to 50% [39]. In addition to the
good thermal performance of green roofs, they also reduce the surrounding environment’s temperature
via vegetative physiological processes such as evapotranspiration, photosynthesis, and ability to store
water [39]. Scale experiments in outdoor conditions on different green roof systems developed in Cali
(Colombia) showed that, during days where the environmental temperature was high (over 35° C),
there was a temperature reduction between 10.6 and 11.7 °C below the green roof prototypes [15].
These results are similar to those reported in the literature for tropical climates. More details about the
prototype evaluation can be seen in Figure 6.

Figure 6. Green roof prototypes evaluated using reused and recycled materials in their drainage
systems [15].
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Table 3 summarizes results from several researchers about the thermal performance of different
green roof systems. From these results, a trend to evaluate the thermal behavior of green roof systems
during warm and cold seasons can be identified. Although some researchers showed a more efficient
behavior in hot weather compared to cold weather, some others showed almost the same behavior.
Based on the review, more research should be conducted when the substratum is in saturated conditions
during cold weather; then, the isolating effect of green roofs seems to be significantly reduced [40].

Table 3. Relevant work related to the thermal performance of green roofs.

Approach Proposed Major Findings Reference
Long-term experimental =~ Under typical Mediterranean climate conditions, the green roof
analysis to compare system provides different behavior according to the season.
thermal performance The green roof performance is meaningful during warm seasons, [41]
from a conventional roof ~ while this technology does not show a significant difference with
respect to a green roof. a conventional roof during cold seasons.
Model based on energy During the exposure to warm environmental conditions, the
balanced equations S . . . .
. .. evapotranspiration provides evaporative cooling that increases [42]
expressed for foliage soil .
. . . the thermal resistance of a green roof system.
media and simulations.
. . During the winter season, the green roof provides further
Analysis of transmittance . . . oY
isolation even in saturated conditions. In the summer, the green [43]
and heat flux. . . oy
roof decreases incoming heat fluxes and ceiling temperatures.
During warm periods, the evaluated green roof reduced heat
Study during warm and  gain over 90%. During the cold period, the evaluated green roof
cold periods with 3 system reduced heat loss between 70% and 84%. These results [44]
different roof conditions.  are comparable to those obtained with conventional ceramic and
metallic roofs.
Numerical model and . . .. . . .
. . Tps After evaluating extensive, semi-intensive, and intensive green
experimental validation . . . .
for energy savings roofs, the extensive one involved higher cooling energy demand [45]
> than semi-intensive (2.8-fold) and intensive ones (5.9-fold).
(comparison approach).
Mathematical model and Cooling potential of green roofs can bfe z.around 3.02 kW}} per day
. e for an LAI (leaf area index) of 4.5. This is enough to maintain an [46]
experimental validation. o
average room temperature of 25.7 °C.
Experm}ental study for Energy savings (16.7%) for cooling and an increase in energy
measuring energy . . o
S . consumption for heating (11.1%) were observed compared to
savings in cooling for [47,48]

Mediterranean
continental climate.

conventional flat roofs. These results correspond to a 20% to
>85% area covered by vegetation.

5. Certifications for Sustainable Construction

In order to evaluate the impact of green roof system implementation on major sustainable
construction certifications, a preliminary qualitative impact analysis must be developed to assess the
decision process. A suggested impact of the green roof system that varies from not related to high is
presented in Tables 4 and 5, which summarize the impact of green roofs on the overall certification
systems based on the degree of relevance of green roof benefits concerning the main criteria for
each system. Thus, criteria regarding energy and water involve a strong (high impact) relationship
(efficiency, cost reduction), while indoor and outdoor environment improvements involve indirect
benefits (medium impact). Finally, innovation is considered as a less relevant criterion since its
measurement in buildings is still subjective in terms of green roofs, and it can be interpreted as an
indirect benefit or consequence.
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Table 4. Suggested impact of green roof systems in sustainable construction certifications.

Impact Description

In this level, a green roof has a direct influence on the evaluation criteria providing points
High in relation to conventional roofs. There is a strong relation to energy and water efficient
use criteria.

Although, in this level, the implementation of green roof systems has an impact on the criteria,

Medium complementary technologies are required to be explicitly valued.

At this level, the green roof implementation is related to the criteria, but it does not necessarily

Low .
mean a performance improvement.

Not related  The implementation of green roof systems has no impact on the evaluation criteria in this level.

Table 5. Impact of green roof systems on different sustainable construction certifications.

BREEAM— CASBEE— BEAM
Building Research LEED—Leadership =~ Comprehensive g .
: . Plus—Building ESGB—Evaluation
Establishment in Energy and Assessment .
. . . Environmental Standard for
Environmental Environment System for Built J
. . Assessment Green Building
Assessment Design Environment Method
Method Efficiency

Management Sustainable sites

Water efficiency Quality of service Material aspect Energy use

Energy and
atmosphere
Material and
resources

Energy Energy use Water use

Transport Water use Material use

Off-site
environment

. Innovation in Operation
Materials .
design management
Waste Regional priority

Land use and
ecology

Pollution

Innovation

High impact: B, medium impact: N ow impact: ; not related: Ol

From the analysis of the impact of green roofs on construction certifications, it is clear that the
British Accreditation, BREEAM (Building Research Establishment Environmental Assessment Method),
considers the use of this technology more relevant. BREEAM assumes a high impact of green roofs
in energy, water, pollution, land use, and ecology. Contrary to BREEAM, the Japanese Accreditation,
CASBEE (Comprehensive Assessment System for Built Environment Efficiency), does not consider
the use of green roofs crucial for sustainable construction. However, this accreditation system gives
a reasonable importance to green roofs regarding energy resources and materials and in outdoor
environments. On the other hand, LEED (Leadership in Energy and Environment Design), BEAM Plus
(Building Environmental Assessment Method), and ESGB (Evaluation Standard for Green Building)
give a medium impact of using green roofs in their accreditation systems.

In general, for the accreditation systems, green roofs are considered as a low-level innovation,
unless they are integrated with other technologies such as renewable energies, cogeneration, and so on.
That is due to the fact that green roof systems were implemented in many projects worldwide in the
past. However, the real fact is that the impact of the implementation was never properly quantified
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for the hydraulic and thermal performances. Thus, other environmental benefits such as reduction
of the heat island effect and sewage system load, improvement of runoff water and air quality, and
reconstruction of natural landscapes remain to be estimated for each green roof case.

As a reference for the reader, a description of major construction certifications is included in
Table 6.

Table 6. Description of major sustainable construction certifications based on Park et al. (2017) [49] and
Lee (2013) [50].

Certification Systems Characteristics Measuring Method

BREEAM—Building
Research Establishment
Environmental
Assessment Method

Most used certification used worldwide to
measure, organize hierarchically, and certify a
building’s sustainability. More than 250,000
buildings in more than 70 countries have this
certification. Origin: United Kingdom.

Hierarchical criteria credit
system in the following
categories: fulfilling, good,
very good, excellent, and
outstanding.

This certification includes measuring and
hierarchical organizing systems for design,
construction, maintenance, and operation of
green buildings that use some type of related
technologies. More than 80,000 buildings
worldwide have this certification.

Origin: USA.

Certification system based
on points as follows:
platinum: more than 80
gold: between 60 and 79
silver: between 50 and 59
certified: between 40 and 49

LEED—Leadership in
Energy and
Environment Design

This certification system was designed to
measure the impact on people’s life quality,
resource consumption, and environmental
loads caused by buildings. This certification
system is supported by the national
government in Japan. Origin: Japan.

CASBEE—Comprehensive
Assessment System for
Built Environment
Efficiency

Valuation scale from 1 to 5.
The minimal condition
required by law is 3.

The evaluation system has

BEAM Plus—Hong four levels:

This certification covers a wide variety of

Kong Building building impacts on local, global, and indoor b.ronze: over 4(? e crefhts
Environmental ales. Oriein: China silver: over 55% credits
Assessment Method scales. Lngi: ’ gold: over 65% credits

platinum: over 75% credits

This certification has 3
levels:

1 start: over 33% marks
2 starts: over 67% marks
3 starts: over 80% marks

ESGB—Evaluation
Standard for
Green Building

This certification was designed to evaluate
new and existing buildings during the design
and construction stages. Origin: China.

6. Conclusions and Research Challenges

Although green roofs were used in major ancient buildings, their implementation in modern
infrastructure was restricted until Le Corbusier included them among the main building conceptual
design points. However, green roofs became more a landscaping action rather than a technical solution
with significant environmental, technical, economic, and social benefits. This is mainly due to the fact
that there was no proper design, construction, and maintenance of these biological coatings. Intensive,
semi-intensive, and extensive green roofs require a proper conceptualization that allows identification
of each component and their functions for the overall performance.

Currently, the economic benefits from reducing building energy consumption and sewage system
load attracted the attention of urban developers for implementing green roofs on buildings. This review
showed that, only regarding the hydraulic performance, retention capacities vary from 45% to 78%
for different green roof systems reported in the literature. Thus, more research has to be conducted
to estimate the real impact of substratum depth, initial water content, vegetation age and type, and
precipitation regime on the hydraulic performance. Similarly, although thermal gradients up to
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10° were reported using green roofs in tropical climates, more research on the application of green
roofs in cold climates has to be done. In this case, when the substratum is saturated, the isolating
effect is significantly reduced. Therefore, combined models that integrate hydraulic and thermal
performances should be developed. Thermal and hydraulic performances mostly control the complete
green roof system.

Even though most accreditation systems for sustainable constructions do not give significant
importance to green roof implementation, an accurate quantification of the environmental, technical,
economic, and social benefits of green roofs might help to improve this situation, as well as address the
lack of legislation for this technology in most countries.

Finally, from this review of the state of the art, research challenges that can be undertaken in the
short or medium term toward an effective implementation of green roofs are presented in Table 7.

Table 7. Research challenges facing green roofs reported in the literature.

Component Research Topics

(a) Study the vegetation behavior under different climate conditions.

(b) Generate robust databases for plant analysis and its selection. Include CO,
Vegetation layer  sequestration performance.

(c) Study of influence of vegetation on green roof thermal and hydraulic performances.

(d) Analyze the relationship and effect on wildlife.

(a) Develop growth media mixtures able to reduce erosion and increase water content for
Substratum low-depth substratum.
(b) Develop growth media using renewable local materials.

(a) Improve root resistance from waterproof membrane and anti-root barrier.
(b) Increase water retention capacity from the drainage layer materials.

Materials (c) Include reused, reduced, and recycled materials in all components of green roofs.
(d) Durability strategies to increase life span.
(a) Design and implementation of robust policies to promote massive use.
valuate green roof implementation using the life-cycle analysis methodology.
Others (b) Eval g f impl i ing the life-cycl lysis (LCA) hodology.

(c) Analyze the overall performance from a multidisciplinary perspective.
(d) Develop local design and construction guidelines.
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