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A B S T R A C T   

Green roofs are artificial ecosystems that provide a nature-based solution to environmental challenges such as 
climate change and the urban heat island. Green roofs aid in the conservation of both cooling and heating energy; 
deposition of particulates and mitigation of air pollution; control of runoff and water pollution; promotion of 
biodiversity; and provision of aesthetic and health benefits. This research is a holistic review of the green roof 
literature and provides a global perspective of the subject with a classification of modelling studies; and an 
extensive review of contributions to energy conservation, carbon sequestration, mitigation of air pollutants, 
runoff control; and urban noise reduction. The review covers the system’s thermal performance modelling 
through several methodologies; experimental studies; parametric studies to assess the impact of various pa
rameters on the system’s energy efficiency using several configuration parameters such as leaf area, foliage 
height and density, plant coverage, roof insulation, soil thickness, and irrigation; energy benefits; and envi
ronmental benefits including air pollutants mitigation, carbon sequestration, runoff control and urban noise 
reduction. Finally, review was complemented with a life cycle assessment study of green roofs, which examined 
the extraction of raw materials, manufacturing and construction, transportation, and disposal. 

Green roofs can reduce the cooling load by up to 70%, decrease the indoor temperature achieving an indoor air 
temperature reduction up to 15 ◦C, and provide a significant improvement of thermal comfort conditions. The 
environmental benefits of green roofs were focused on decreasing pollutants concentrations (e.g. PM2.5, PM10, 
O3, NO2), sequestering carbon and reducing urban noise.   

1. Introduction 

Urban sustainability has become one of the greatest challenges 
during the last few decades, as climate change, anthropogenic activities, 
and increased urbanization have resulted in a number of negative 
environmental consequences such as global warming, air pollution, 
stratospheric ozone depletion, the Urban Heat Island (UHI) effect, 

excessive noise, and a decline in biodiversity decrease [1–3], contrib
uting to a degradation of human mental, psychological and physical 
health [4]. To mitigate these issues, many sustainable approaches, 
nature-based solutions, practices, methodologies, and algorithms have 
been designed and implemented, including energy efficient buildings, 
use of renewable energy sources, air and water pollution mitigation 
techniques, urban green spaces, an expansion of green infrastructure, 
etc. [5,6]. Nature-based solutions include mitigation and adaptation 
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strategies primarily aimed at creating and maintaining a balance be
tween biotic and abiotic ecosystem components by enhancing biodi
versity, expanding green infrastructure, and supporting the 
sustainability transition of cities by creating a livable built environment 
[7–12]. Mitigation and adaptation strategies and techniques, which 
include the significant increase of green areas as well the exploitation of 
natural heat sinks such as ground, sky, and water for excessive heat 
dissipation [13–16], are challenging to implement in the urban areas 
due to augmented urbanization, a phenomenon that results in a 
dramatically increased demand for buildings, space, water, and energy, 
thereby exerting pressure onto rural lands, which are predicted to shrink 
by 30%, affecting livability [17,18]. Thus, considering that rooftops in 
urban areas are primarily unused impervious surfaces, the green roof 
technology, a widely documented, technical, and nature-based solution 
for improving sustainability in the built environment, has been applied 
to increase building energy efficiency, but also to achieve many envi
ronmental, aesthetic, psychological, physiological, and economic ben
efits able to transform an aesthetically indifferent space like a rooftop 
into a viable, multi-functional and sustainable area using soil, vegeta
tion, and plants [19–21]. 

Green roofs (GR) are designed and implemented as artificial eco
systems that improve urban sustainability by performing numerous 
functions and providing a vast array of interacting services and benefits 
at various scales [22–24]. Thus, the scientific literature of the last few 
decades has revealed a remarkable number of associated benefits 
spanning a broad range of sustainability areas and making GR a popular 
engineering application worldwide for combating climate change, 
mitigating UHI, and improving urban air and water quality. The benefits 
offered by GR can be categorized as follows [17,25]:  

(a) Energy benefits: numerous theoretical and experimental studies 
have assessed the energy conservation potential of GR systems 
[26–33]. Energy benefits directly expressed through the reduc
tion of the cooling and heating load depend strongly on building 
characteristics and heat transfer processes, which are primarily 
determined by the U-values of roof components. Moreover, 
climate type, system configuration parameters and especially 
plant canopy characteristics as expressed by the Leaf Area Index 
(LAI), which influence shading, evapotranspiration, and latent 
and convective heat fluxes, have a significant effect on the energy 
behavior of a system [31,34–36].  

(b) Environmental benefits and air quality: green infrastructure, 
including GRs, contribute to air pollutant deposition enhance
ment to vegetated areas, thus reducing their concentrations and 
purifying the air [37,38], as well as to carbon dioxide (CO2) 
concentration reduction primarily due to reduced building en
ergy consumption through evapotranspiration and also because 

plants and vegetation absorb significant quantities of CO2 
through photosynthesis [39].  

(c) Environmental benefits and water quality: vegetated roofs present a 
significant regulating effect on runoff water volume, thereby 
contributing to pluvial flood mitigation as well as runoff water 
quality improvement and to the reduced presence of urban 
stormwater pollutants as plants and the soil substrate absorb and 
filter pollutants and act as sinks for nitrate and ammonia nitrogen 
[40–42].  

(d) Ecosystem benefits: GR can provide important ecosystem services 
for urban sustainability primarily related to an increase in 
biodiversity and the renaturing of cities [43,44].  

(e) Social-aesthetic and psychological benefits: GR could provide a 
refuge of peace and tranquility in the heart of urban environment 
with less noise and pollution, thereby contributing to psycho
logical, physical health, and well-being improvements [4]. 

This article is primarily a bibliographic review of the scientific pro
cesses, models, and optimization methods that describe the thermal 
performance of a GR system holistically, as well as system benefits. The 
review covers the following topics: (i) old and recent advances and 
trends in green roof scientific data from different disciplines; (ii) 
modeling system thermal performance with a focus on the type of model 
assumptions and experimental validation; (iii) parametric studies to 
assess the impact of system configuration parameters on thermal effi
ciency; and (iv) case studies and data collected from applications at 
different scales, including a description of system benefits and an eval
uation of environmental impacts through life cycle assessment. 

The novel aspects of this research may be summarized as follows:  

(a) It provides a comprehensive critical perspective of the thermal 
performance modeling of GRs, classifying theoretical approaches 
according to the underlying fundamental scientific principles. 
Model presentation is enriched with an extensive review of 
parametric studies, thereby examining the effect of the configu
ration parameters of the main system on its energy performance 
and thermal fluxes.  

(b) It offers a critical presentation of the most important findings 
regarding the benefits of energy systems, mentioning concur
rently the most significant problems, limitations, and 
assumptions.  

(c) It reviews the most notable contributions of GRs to air quality 
improvement, combining carbon sequestration through photo
synthesis with pollutant concentration reduction through 
evapotranspiration and deposition processes, as well as signifi
cant GR contributions to the improvement of runoff water 
quality. 

List of abbreviation 

ADP Abiotic depletion potential 
ANN Artificial Neural Networks 
CBA coal bottom ash 
DAI Dissolved Aluminum 
EGR Extensive Green Roof 
EN European Norm 
FAAs fly ash-based aggregates 
GR Green Roof or Green Roofs 
GR-a: alternative green roof 
GR-c: conventional green roof 
GRWRS Green roof and water reuse system 
GWP Global warming potential 
HMW hydrophilic mineral wool 

HVAC Heating, Ventilation, and Air Conditioning 
IGR Intensive Green Roof 
LAI Leaf Area Index 
LAD Leaf Area Density 
LCA Life Cycle Assessment 
LCIA Life Cycle Inventory Analysis 
LDPE Polyethylene 
ODP Ozone depletion potential 
PMV Predicted Mean Vote 
POCP Photochemical ozone creation 
SIGR Semi-Intensive Green Roof 
TGBR Traditional Gravel Ballasted Roof 
THR Traditional Horizontal Roof 
TOC Total Organic Carbon 
WRR White Reflective Roof  
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(d) Finally, in addition to reviewing the aforementioned GR research 
topics and activities, it outlines future scientific directions of 
system engineering applications, providing a comprehensive 
view of research advancements. 

The article is structured as follows: Section 2 presents the main 
modeling approaches used to describe the thermal performance of a GR 
system as well as an analytical parametric study illustrating the impact 
of the main system parameters on its efficiency. A GR benefits presen
tation is also included, highlighting research progress in system energy, 
environmental and noise reduction (Sections 3, 4, and 5, respectively). 
The holistic approach of this research is concluded with: (a) a Life Cycle 
Assessment (LCA) review, (Section 6), (b) an analysis of plants selection 
and water scarcity issue (Section 7), and (c) engineering applications 
subjects (Section 8). 

2. Attributes and processes 

In recent decades, many GR applications have been documented and 
may be categorized into three primary groups [19,41]: (a) extensive [20, 
21,50], identified as one of the most efficient solutions to implement 
sustainability in the building sector, characterized by shallow soil depth 
(less than 20 cm) and vegetation (e.g. short plants, grasses, herbs, 
short-grasses and mosses) requiring little maintenance and no perma
nent irrigation system, which could be considered a cost effective sys
tem; (b) simple or semi-intensive [5,19,22], characterized by small plants, 
grasses, lawns, and small shrubs, requiring moderate maintenance and 
occasional irrigation; and (c) intensive [18,19,23], characterized by deep 
substrates reaching a depth of 1 m, capable of supporting bigger plants 
such as large shrubs, grassland, flowerbeds, and even trees, requiring 
systematic maintenance and irrigation. 

GRs are not designed and implemented as conventional roof gardens, 
but rather as engineering structures consisting of the following compo
nents [22,23,49]:  

(1) Vegetation: plants play an important role in improving air and 
runoff quality [50,51] as well as conserving energy [26].  

(2) Soil layer: the growth substrate characteristics are crucial GR 
parameters [52].  

(3) Filter layer: separates soil and drainage material [53].  
(4) Drainage material: provides the necessary balance between air and 

water systems and improves the thermal characteristics of GRs 
[50].  

(5) Root barrier: prevents roof structure damage by plant roots [54]. 
(6) Waterproofing layer: is the most essential component for GR pro

tection [54]. 

The filter layer and the drainage material could be considered the GR 
support layer, whereas the root barrier and the waterproof layer could 
be considered the insulation layer [55]. Fig. 1 illustrates the layers of a 
typical GR [56]. 

Section 2 consists primarily of the main modeling approaches 
describing the thermal performance of GR system (sub-section 2.1), and 
secondly of an analytical parametric study demonstrating the impact of 
the main system parameters on its efficiency, (sub-section 2.2). 

2.1. Modeling the thermal performance of a green roof system 

As depicted in Fig. 2, thermal processes in GRs are rather complex, 
dynamic, and interactive phenomena, involving several dominant 
mechanisms that are strongly related to GR components. These com
ponents succeed in providing a unique thermal material capable of 
combining different and interactive thermal processes, such as con
duction; convection; evapotranspiration and evaporative cooling; radi
ative cooling; shading; thermal storage, etc. [55]. 

The aforementioned thermal processes can be summarized as follows 
in relation to their respective GR components:  

(a) GRs support the structure layer (including all layers from the 
bottom to the soil layer): their material is regarded as solid and 
heat transfer can be described using the Carslaw and Jaeger 
conductional processes [57,58].  

(b) The soil layer is a complex medium consisting of both solid state 
and fluid components (mainly water, air, and water-vapor). In 

Fig. 1. Typical green roof layers [56].  
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solids, conduction is the predominant heat transfer mechanism, 
while convection is predominant in fluids (sensible heat flux). 
Latent heat transfer due to water evaporation (latent heat flux) 
should be considered, as evaporative cooling would contribute 
significantly to GR energy performance, while simultaneous heat 
and mass transfer due to soil moisture migration should not be 
disregarded [31,58,59]. Also, long-wave radiation exchange be
tween the soil surface, foliage, and ambient air may play a sig
nificant role in the thermal behavior of GRs, particularly under 
clear sky conditions, when the atmospheric window operates 
effectively and radiative cooling can be achieved via the GR 
system [52]. Due to its high thermal capacity and time lag effect, 
soil is also capable of functioning as a thermal storage mass [19].  

(c) The canopy layer (consisting of foliage and ambient air) is very 
significant because of its impact on the mitigation of the UHI and 
is characterized and influenced by many environmental param
eters and thermal processes, such as: (1) solar radiation absorbed 
by the foliage; (2) long-wave radiation emitted by foliage into the 
ambient air and exchanged between the foliage and the air as well 
as the soil; (3) convective heat transfer phenomena occurring 
between the air and the foliage as well as between the soil surface 
and the ambient air of the canopy layer; (4) evapotranspiration 
and shading occurring in the foliage [60]; and (5) convective heat 
transfer phenomena between the canopy and the ambient air [19, 
31,58,61]. 

Modeling of GRs is challenging because it involves sensible and 
latent heat exchange as well as all the heat transfer phenomena shown in 
Fig. 2. In order to assess and predict the thermal and energy balance of 
GRs, different modeling approaches have been developed over the past 
few decades. In this research, models are classified into three groups: (a) 
based on improving the thermal transmittance coefficient (U-value) 
through a GR [26–28,30]; (b) based on describing and calculating the 
energy balance of a GR system [29,31,34,46,58,59,61–70]; and (c) 
data-driven models aiming to predict the GR thermal behavior using 
historical data [32,71,72]. In Table 1 and the following paragraphs, the 
principal characteristics of the models simulating the thermal perfor
mance of a GR system are summarized. 

2.1.1. Thermal transmittance coefficient (U-value) 
The simplest approach for calculating the thermal performance of a 

GR system consisted of its representation by a proportional reduction of 

the U-value coefficient. Niachou et al. [26] presented an analysis of the 
thermal performance of a GR system and its significant reduction of the 
cooling load reduction of buildings, based primarily on the increase in 
the thermal capacity of the roof and the decrease in heat losses. 
Consequently, those authors provided an extensive evaluation of the 
thermal properties of GR systems by conducting experiments and 
developing mathematical models. Those authors estimated the thermal 
transmittance coefficients of various types of roofs constructed from 
different materials, over which a GR was installed; the building energy 
performance was simulated for one year with and without the GR sys
tem, resulting in the calculation of the GR’s contribution to the reduc
tion of the cooling load and energy savings. Comparing theoretical to 
experimental figures, it was determined that the model was sufficiently 
accurate. 

In [27], the effect of a GR system on the energy consumption and 
cooling load reduction of a hypothetical multi-story commercial build
ing in Singapore was studied and presented. The methodology was based 
on the thermal resistance coefficient (R-value), and the calculation for 
each layer of various GRs included various soil and plant types. All types 
of GRs were coupled with the building and their annual energy perfor
mance were simulated using the DOE-2 energy simulation program 
[73]. Model results were successfully validated against experimental 
values. Additionally, the U-value method was used in Ref. [25] and in 
Ref. [27]. 

2.1.2. Energy balance 
The majority of mathematical models describing the thermal per

formance of GRs are predicated on the expression and calculation of the 
energy balance of the different components of the system. Numerous 
mathematical formulations for the energy balance of a GR system have 
been considerably influenced by two research studies. In the first such 
study, Palomo del Barrio [58] presented one of the first basic mathe
matical models calculating the thermal performance during the summer 
and the cooling effect of a GR system, using simplifications of its tran
sient thermal processes. The model took into account three GR compo
nents: (1) structural support layer, (2) soil layer, and (3) canopy layer. 
For the first component, the author assumed solid homogeneity with 
constant thermal properties, and the heat transfer process was described 
by the following one-dimensional heat conduction equation in solids 
[57]: 

Fig. 2. Heat transfer processes in green roofs [19].  
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ρ • Cp
∂Ts(z, t)

∂t
= λs

∂2Ts(z, t)
∂t2 (1)  

where Ts(z, t) represents the temperature field, ρ the density, Cp the 
specific heat, and λs the thermal conductivity of the material. 

The soil is considered to be a porous medium with three phases: 
solid, liquid (water), and gas. Thus, heat transfer mechanisms were 
expressed as sensible and latent heat via conduction in solids and con
vection in fluids. Temperature differences in the soil result in a simul
taneous migration of soil moisture, which is caused by heat transfer. 
Consequently, simultaneous heat and mass transfer processes in the soil 
were described by a set of coupled, one dimensional, transient differ
ential equations with two dependent variables, temperature and mois
ture content: 

ρ • Cp(ω,T)
∂T(z, t)

∂t
=

∂
∂z

{

[λ(ω, T)+Λ • DvT(ω,T)]
∂T(z, t)

∂z
+Λ

• Dvw(ω, T)
∂ω(z, t)

∂z

}

(2)  

∂ω(z, t)
∂t

=
∂
∂z

{

Dw(ω,T)
∂ω(z, t)

∂z
+DΤ(ω,T)

∂Τ(z, t)
∂z

}

−
∂Κ(z, t)

∂z
+ φ(z, t)

(3)  

where 
T(z, t): local temperature in the porous medium domain (◦C) 
ω(z, t): local volumetric moisture content in the porous medium 

domain ( − ) 
ρ • Cp(ω, t): weighted heat capacity (J⋅kg− 1⋅K− 1) 
λ(ω, t): effective thermal conductivity (W⋅m− 1) 
Λ: latent heat of vaporization (J⋅kg− 1) 
DvT(ω, Τ): non-isothermal vapor diffusivity coefficient 

(kg⋅m2⋅s− 1⋅K− 1) 
Dvw(ω,Τ): isothermal vapor diffusivity coefficient (kg⋅m2⋅s− 1⋅K− 1) 
Dw(ω, Τ): isothermal mass (vapor and liquid) diffusivity coefficient 

(m2⋅s− 1) 
DT(ω, Τ): non-isothermal mass (vapor and liquid) diffusivity coeffi

cient (m2⋅s− 1⋅K− 1) 
K(z, t): hydraulic conductivity (m⋅s− 1) 
φ(z, t): water sink representing the root extraction term (s− 1). 

Table 1 
Main characteristics of models simulating the thermal performance of a GR 
system.  

Reference Short description Validation mode 

[46] Based on energy balance 
calculations. A comprehensive 
energy budget description taking 
into account photosynthetic 
processes during plant respiration. 

Authors conducted extensive 
experimental investigations to 
validate model accuracy. 

[26] Based on U-value coefficient 
calculations. 

Experimental data were 
compared to theoretical results, 
and the model was determined 
to be accurate. 

[31] Authors calculated the energy 
balance equations for two GR 
layer-components, namely foliage 
and soil. Based on [61]. 

Author model was based on 
[61], which was validated 
successfully. 

[58] One of the earliest transient, 
numerical models to calculate the 
GR energy balance for the 
structural, soil, and canopy layers. 

Authors made no mention of a 
validation process. 

[59] Authors took into account the 
primary heat and mass transfer 
processes. Based on [61]. 

Author model was based on 
[61], which was validated 
successfully. 

[61] One of the most comprehensive, 
straightforward and concise energy 
balance-based approaches in the 
scientific literature. It has been 
used extensively by several 
researchers. 

The model was validated 
successfully against an 
comprehensive set of 
measurements. 

[62] Based on energy balance. Authors 
emphasized the importance of 
evapotranspiration. 

Model results were validated 
successfully against 
experimental values. 

[32] Data-driven. An ANN model 
predicted that a GR system would 
reduce the cooling load. 

Model results were found 
accurate against numerous 
experimental values. 

[71] Data-driven. An ANN model 
predicted the mitigating effect of a 
GR system on the UHI. 

Urban characteristics and 
morphology parameters 
generated from satellite photos 
and light detection and ranging 
data were used to train and 
evaluate the outputs of ANNs. 

[72] Data-driven. An ANN approach for 
estimating the GR impact on the 
winter warming effect. 

The ANN model was trained and 
tested using experimental 
values, and it was determined to 
be accurate. 

[34] Based mainly on [58] and an 
energy balance. A transient, 
numerical mathematical model 
was solved using the finite-volume 
method. 

The model was thoroughly 
validated against experimental 
data and determined to be 
sufficiently accurate. 

[63] Based on energy balance and the 
principles of heat and mass 
transfer. 

The accuracy of the model was 
determined by experimental 
validation. 

[64] Based on energy balance. One- 
dimensional, transient model 
incorporating both biotic and 
abiotic GR components. 

It was determined that the 
model was sufficiently accurate 
after comparing theoretical 
results to an extensive set of 
experimental data. 

[65] Based mainly on [61] and an 
energy balance. Using the 
principles of evaporative cooling, a 
water balance model was created 
and connected with a thermal 
model. 

Authors presented a 
comprehensive analysis and 
validation of experimental data. 

[29] Based on energy balance. A 
transient, one-dimensional model 
that describes heat and mass 
transfer processes in the structure, 
air, soil, and canopy. 

Model was successfully 
validated against literature 
results. 

[66] Based on energy balance. 
Photosynthesis and 
evapotranspiration processes of the 
plants were also considered. Finite 
differences were used to solve 
differential equations numerically. 

Successfully validated against 
experimental data.  

Table 1 (continued ) 

Reference Short description Validation mode 

[67] Based mainly on [61]. Model results presented in 
Ref. [61] were successfully 
validated. 

[68] Based on energy balance. One- 
dimensional model that calculated 
heat and mass transfer processes in 
plants, soil, and structure layers. 

Model results were validated 
successfully against 
experimental data. 

[69] Based on energy balance. Authors 
used heterogeneous materials in 
each GR layer. 

Model results were validated 
successfully against literature 
and experimental data [46]. 

[70] Based on energy balance. Using 
highly nonlinear differential 
equations, the finite-differences 
method was used to numerically 
and explicitly solve heat and mass 
transfer processes. 

Multiple test cases, including 
the canopy and soil layers, as 
well as a realistic multi-layered 
GR system were used to validate 
the model. 

[27] Based on R-value coefficient 
calculations. 

Model results were validated 
successfully against 
experimental values. 

[28] Based on U-value coefficient 
calculations. 

The model was validated 
successfully against 
experimental data. 

[30] Based on U-value coefficient 
calculations and on [27,28]. 

The models presented in Refs. 
[27,28] were validated 
successfully using experimental 
data.  
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The canopy model was based on several thermal processes, including 
heat and mass transfer, with the following being the most important: (a) 
solar radiation absorbed by the foliage; (b) convective processes be
tween the soil surface and the canopy air, between the foliage and the 
canopy air, and between air in the canopy and the free air; (c) evapo
transpiration in foliage; (d) evaporation/condensation at the soil sur
face; and (e) long-wave radiation exchanges between the leaves, the soil 
surface, the sky, and in the foliage. Thus, the energy and vapor balance 
equation was expressed as follows: 

(ρ • C)p • dLAI
dTp

∂t
= φrad,sol + φrad,TIR + φtrans,p− a

(ρ • C)a • L
dTa

∂t
= φconv,a− p + φcon,a− g + φconv,a− ∞

ρ • a • L
dθa

∂t
= φvap,a− p + φvap,a− g + φvap,a− ∞

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(4)  

where 
Tp: leaf temperature (average in the control volume) (K) 
Ta: air temperature (average in the control volume) (K) 
θa: air specific humidity (average in the control volume) (kg− 1) 
(ρ • C)p: leaf specific thermal capacity (J⋅m− 3⋅K− 1) 
d: average leaf thickness (m) 
(ρ • C)a: air specific thermal capacity (J⋅m− 3⋅K− 1) 
ρa: air density (kg⋅m− 3) 
L: canopy layer thickness (m) 
φrad,sol: solar radiation absorbed by leaves (W⋅m− 2) 
φrad,TIR: net thermal radiation flux on leaves (W⋅m− 2) 
φconv,p− a: sensible heat flux between the foliage and the canopy air 

(W⋅m− 2) 
φtrans,p− a: energy flux due to leaf transpiration (W⋅m− 2) 
φconv,a− p: sensible heat flux between the canopy air and the foliage 

(φconv,a− p = − φconv,p− a) (W⋅m− 2) 
φconv,a− g: sensible heat flux between the canopy air and the ground 

surface (W⋅m− 2) 
φconv,a− ∞: sensible heat flux between the canopy air and the outdoor 

air (W⋅m− 2) 
φvap,a− p: vapor flux between the canopy air and the foliage (kg⋅m− 2) 
φvap,a− g: vapor flux between the canopy air and the ground surface 

(kg⋅m− 2) 
φvap,a− ∞: vapor flux between the canopy air and the outdoor air 

(kg⋅m− 2). 
In addition to the three energy balance formulations mentioned 

previously (support, soil, and canopy), the authors proposed two 
coupling models based on the heat flux continuity equation at each 
interface as real boundary conditions at the two interfaces, (support-soil, 
and soil-canopy). Numerical analysis with the finite volume method was 
used for discretizing and solving the differential equations. Further
more, an comprehensive sensitivity analysis with numerous examined 
parameters was offered. 

The second influential study describing the thermal behavior of GRs 
using a comprehensive, clear, and concise mathematical model [61]. 
The model was completely developed and implemented inside the 
EnergyPlus buildings simulation program [74] and has been used 
extensively by various researchers for parametric studies and experi
mental validation. This model is based on the energy balance of a typical 
GR, which is primarily influenced by the following environmental pa
rameters: absorbed solar radiation; sensible heat from convective pro
cesses in the soil and plants; latent heat from evapotranspiration; heat 
transfer from conductional processes in the soil; and long wave radiation 
exchanges between soil and foliage. Taking into account these param
eters, two energy budgets were developed: one for the foliage layer, 
which was expressed as follows: 

Ff = σf

[
І↓s
(
1 − af

)
+ εf І↓ir − εf σΤ4

f

]
+

σf εgεf σ
ε1

(
Τ4

g − Τ4
f

)
+Hf + Lf (5)  

and a second one for the soil surface, which was described as follows: 

Fg =
(
1 − σf

)[
І↓s
(
1 − ag

)
+ εgІ↓ir − εgΤ4

g

]
−

σf εgεf σ
ε1

(
Τ4

g − Τ4
f

)
+Hg + Lg +Kv

×
∂Tg

∂z
(6)  

where 
af : albedo (short-wave reflectivity) of the canopy 
ag: albedo (short-wave reflectivity) of the ground surface 
ε1: εg + εf − εf εg 

εf : emissivity of the canopy 
εg: emissivity of the ground surface 
Ff : net heat flux to foliage layer (W/m2) 
Fg: net heat flux to ground surface (W/m2) 
Hf : foliage sensible heat flux (W/m2) 
Hg: ground sensible heat flux (W/m2) 
І↓s : total incoming short-wave radiation (W/m2) 
І↓ir: total incoming long-wave radiation (W/m2) 
Kv: von Karmen constant (0.4) 
Lf : foliage latent heat flux (W/m2) 
Lg: ground latent heat flux (W/m2) 
Tf : foliage temperature (K) 
Tg: ground surface temperature (K) 
σ: Stefan-Boltzmann constant (5.67 × 10− 8W/m2⋅K4) 
σf : fractional vegetation coverage. 
Using heat transfer analysis and empirical formulas, sensible 

(convective) and latent (evaporative) heat fluxes were calculated for 
both layers, and final equations were linearized and solved within the 
EnergyPlus program. A comprehensive set of experimental data was 
used to test and successfully validate model results. Finally, a sensitivity 
analysis was conducted to conclude that research. Models [58,61] have 
been cited and used extensively in the scientific literature. To evaluate 
the cooling potential of a GR system [31], considered the basic algo
rithms of [58], whereas [28,59,65,67] were significantly influenced by 
Ref. [61]. 

The following may also be classified as models based on the devel
opment and calculation of GR energy balances. Initially [62], presented 
a numerical model for predicting the cooling effect and potential of GR 
systems was presented in. To estimate the energy performance of a 
building equipped with a GR, the model was developed inside the 
TRNSYS building simulation environment. Those authors highlighted 
the importance of evapotranspiration in reducing cooling loads, while 
their predictive module relied heavily on empirical and semi-empirical 
formulas from the scientific literature to calculate latent heat fluxes 
due to evapotranspiration. Model results were successfully validated 
against experimental values. 

Alexandri and Jones [29] developed a one-dimensional transient 
model with variable humidity that describes heat and mass transfer 
processes in the structure, air, soil, and canopy of a GR system. Model 
results were validated extensively and successfully against experimental 
data. Feng et al. [46] presented and analyzed a significant method for 
modeling the energy balance in extensive GRs. According to those au
thors, the energy income and balance equation for an extensive green 
roof may be expressed as follows: 

qsr + qlr + qcv + qem + qtp + qep + qsp + qss + qtf + qps + qrp = 0 (7)  

where qsr is the heat gain from solar radiation, qlr is the heat gain from 
long-wave radiation, qcv is the sensible heat transferred by convection, 
qem is the emitted heat loss, qtp is the heat loss due to transpiration, qep is 
the heat loss due to evaporation, qsp is the heat stored by plants, qss is the 
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heat stored by the soil, qtf is the heat transferred into the building, qps is 
the solar heat converted by photosynthesis, and qrp is the heat generated 
by plant respiration. In order to calculate the energy balance for this 
model, only eight environmental parameters were required: incident 
solar radiation, ambient air temperature, dew point, wind velocity 
above the canopy, soil moisture content, foliage temperature, soil tem
perature, and the heat transferred into the building beneath. Extensive 
experimental studies were conducted and accurate theoretical results 
were reached. 

Using Newton’s cooling law [75], Ayata et al. [63] calculated the 
energy balance and sensible heat fluxes in a GR. The following equation 
was used to estimate an energy balance and associated heat fluxes: 

Rn − G − L − H = 0 (8)  

where Rn represents the net radiation, G represents the soil heat flux, L 
represents the latent heat flux, and H represents the sensible heat flux. 
The sensible heat flux was calculated using Newton’s cooling law and by 
modifying the Nusselt number for forced and free convection. That 
research included an extensive experimental analysis, and the model 
was successfully validated. 

Іn [64], a one-dimensional mathematical model simulating the 
thermal performance and the cooling and insulating effects of the abiotic 
components of GRs (soil, water storage, roof support) was developed 
and presented. Calculations of heat fluxes at the soil surface accounted 
for conduction, convection, radiation, and evaporation flows that affect 
the soil surface temperature. For calculating sensible and latent heat 
fluxes due to convection and evaporation processes, Newton’s cooling 
law and Penman’s modified empirical formulas were used [65,75]. The 
basic energy balance at the soil surface may be expressed as follows: 

q0 + qar − qsr = qe + qc + qd (9)  

where q0 is the solar radiation absorbed by the soil, qar is the long-wave 
radiation emitted from the ambient air to the soil, qsr is the long wave 
radiation emitted from the soil to the sky, qe is the heat loss due to 
evaporation, qc is the heat loss due to convection, and qd is the 
conductive heat from the soil surface into the soil. All of the afore
mentioned factors were expressed using theoretical principles of heat 
transfer and latent heat fluxes in the atmospheric boundary layer, to 
develop the model’s heat diffusion equations, which were solved 
numerically using finite differences. It was determined that the model 
was sufficiently accurate after comparing theoretical results to an 
extensive set of experimental data. Finally, theoretical and experimental 
results demonstrated that the abiotic components of a GR contribute 
significantly to the reduction of the cooling load. 

The authors of [66] presented a complex set of heat and mass transfer 
equations that describe the thermal behavior of a GR system by 
considering simultaneously the four involved components (air, plants, 
soil, and structure). The description of heat and mass transfer in plants 
and the calculation of plant metabolism took into account that the en
ergy balance of plants is dependent on both evapotranspiration and 
photosynthesis. Finite differences were used to solve differential equa
tions explicitly. When compared to the experimental values of [29], the 
model was found to be accurate. 

Chen et al. [68] developed a simplified one-dimensional mathe
matical model to estimate the energy potential of a GR system particu
larly during the design stage. That model took into account the plant 
layer, the soil, and the structure and was designed to operate in two 
steps: (a) calculate the energy balance between plants and the soil sur
face, and (b) calculate the conductional process from the soil surface to 
the structure. During the first step, all heat fluxes were balanced and 
calculated in the two layers. For the second step, conductional and 
diffusion processes described in Ref. [57], assuming two conditions 
regarding the soil temperature: (i) constant soil temperature at the 
adiabatic depth, and (ii) agreement with the ambient air temperature at 
the surface. Model results were successfully validated against 

experimental values. 
Models of GR system assume that layers are composed of homoge

neous materials with fixed thermal properties. The authors of [69] used 
heterogeneous materials with different thermal properties for each in
dividual GR layer. This makes the heat transfer analysis more compli
cated, with the methodology comprising the following steps: (a) 
considering that the soil layer consists of two materials, solid and water, 
while the green layer consists of plants and air; (b) assuming the layers 
are homogeneous and developing heat transfer equations in terms of 
average variables; (c) developing a mathematical model consisting of 
two average equations for each layer (soil-water layer, and plants-air 
layer); (d) proposing closure relationships to reduce unknown problem 
variables; (e) estimating a numerical solution based on control volumes; 
and (f) conducting validation. All in all, model results were validated 
successfully against experimental and published data [46]. 

In order to evaluate the energy performance of GRs, the authors of 
[70] developed and presented a transient, numerical, mathematical 
model based on coupled heat and mass transfer processes through a GR 
system. Highly nonlinear differential equations describing heat and 
moisture transport phenomena in the structural layer, the soil, and the 
canopy were used to simulate the system. Equations governing heat and 
mass transfer were developed for the canopy air layer, and for the soil as 
a porous medium. The initial boundary and interface conditions for 
temperature and moisture were established, the soil was coupled with 
the canopy, and the soil was coupled with structure as a boundary 
element. Using the finite differences method, a set of coupled highly 
nonlinear differential equations was solved numerically and explicitly. 
Various test cases, including canopy and soil layers, and a realistic 
multi-layered GR system were used to validate the model. 

2.1.3. Data-driven models 
Data-driven models are computing systems based on historical data 

rather than the mathematical expressions of deterministic models. 
Artificial Neural Networks (ANNs) are data-driven computational sys
tems that imitate biological neurons and perform learning, predictions, 
and estimations. Data-driven models rely solely on historical data, 
which may offer significant benefits such as efficiency (fairly complex 
nonlinear systems and processes that can be modeled with sufficient 
accuracy), simplicity (all they require is training and testing with his
torical data), and computational speed. 

Pandey et al. [32] designed and trained a ANN to predict reduction in 
cooling load caused by a GR system. The ANN architecture consisted of a 
feed-forward network with multiple layers that was based on a 
back-propagation algorithm with a 0.1 learning rate coefficient. The 
training input parameters were the dry bulb temperature values, relative 
humidity, average solar intensity, and wind speed, while the ANN 
output was a reduction in heat gain. Many experimental values were 
used to test the network’s performance, and the ANN was found to be 
sufficiently accurate. The results demonstrated that GR systems can be 
remarkably effective at reducing summer cooling loads. 

Using backpropagation methods, a multilayered feed-forward ANN 
was designed, trained, and evaluated to estimate the mitigating effect of 
a GR system on the UHI [71]. The ANN was trained with the help of 2D 
and 3D urban characteristics and morphology parameters derived from 
satellite images and light detection and ranging data. It was determined 
that greening 3.2% of all building rooftops would result in an average 
decrease of 1.96 ◦C in soil surface temperature, indicating a substantial 
achievement in UHI mitigation. 

Wei et al. [72] presented an ANN approach for estimating the impact 
of a GR system on the winter warming effect. Extensive experimental 
research was conducted in a subtropical climate in China, with three 
experimental buildings outfitted with GR systems for measuring the 
Roof Outer Surface Temperature (ROST) in the winter. An ANN was 
designed and trained with outdoor temperature, relative humidity, wind 
speed, solar radiation, soil moisture content, and soil layer thickness 
being the input parameters, and ROST being the output. It was 
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determined that a genetic algorithm backpropagation ANN model that 
was trained and tested with experimental values, was accurate. It was 
shown that a maximum ROST of 13.5 ◦C could be attained with a 20 cm 
soil thickness and 3.9% soil moisture content. 

Lately, Mazzeo et al. [76], used an artificial intelligence-based 
approach to develop a forecasting model that predicts the cooling ef
fect of green roofs on buildings and the surrounding area. The model was 
trained using data from experimental tests and simulations of green 
roofs’ thermal performance under different environmental conditions. 
The study found that green roofs can significantly reduce the surface 
temperature of buildings and the surrounding area and improve the 
buildings’ energy efficiency. The authors conclude that the developed 
forecasting model can help in the design and optimization of green roofs 
to maximize their potential in mitigating the urban heat island effect and 
improving building thermal performance in the Mediterranean area. 
Overall, the article offers valuable insights into the use of green roofs as 
a sustainable solution to urban heat island effect and energy efficiency in 
the Mediterranean region. 

Many experimental studies have been conducted and presented 
globally, with the goals of (a) quantifying energy savings and air quality 
improvement leading to UHI mitigation, and (b) validating the author’s 
mathematical formulations for the thermal performance of the GR sys
tem. Table 2 summarizes several representative experimental studies of 
GR systems, with an emphasis on model validation and energy efficiency 
quantification. 

2.2. Parametric studies 

After investigating, analyzing, and modeling the energy performance 
of a GR system, most researchers have enriched and concluded their 
studies with sensitivity analyses and parametric studies that primarily 
investigated the effect of several configuration parameters on the GR 
system’s energy performance and thermal fluxes. Parametric studies 
have accounted for numerous variables including both system configu
ration and climatic parameters. Researchers have examined the 
following system configuration parameters: leaf area index, foliage 
height and density, plant coverage, roof insulation and insulation layer 
thickness, soil layer thickness, and irrigation, among others [26,30,31, 
34–36,58,61,77,81,82]. Among the climatic parameters were absorbed 
solar radiation, ambient air temperature, air relative humidity, evapo
transpiration rate, and wind speed [36,81,83]. 

According to the scientific literature, one of the most significant 
system configuration parameters determining the energy performance 
of a GR system is the Leaf Area Index (LAI), a key structural element that 
characterizes the plant canopy. LAI is a dimensionless quantity, defined 
as the ratio of the (one-sided) leaf area to the unit ground surface area 
[84]. Due to its large contribution to shading and evapotranspiration, a 
substantial number of researchers cited the LAI among as one of the 
primary GR system variables impacting the thermal behavior of the 
system, [34–36,58,61,82,85]. 

Table 3 summarizes the quantitative findings of many research 
studies focusing on parametric analyses and using several parameters, 
including LAI, soil layer thickness, insulation thickness, irrigation, fo
liage height and density, type of planted roof, plant coverage, etc. The 
following aspects of these studies are highlighted:  

(a) LAI was found to be the most important parameter affecting the 
thermal behavior of the GR system. An increase in LAI led to a 
significant reduction in the solar transmittance of the canopy and 
an improvement in the shading effect, hence reducing the 
amplitude of temperature fluctuations in the canopy air and the 
energy demand.  

(b) The thickness of the insulation layer may have a significant 
impact, as its increase reduces the cooling capacity of a system.  

(c) An increase in soil thickness leads in greater energy savings 
because it is considered an additional layer when calculating the 
U value of the roof.  

(d) An increase in GR plant coverage led to a decrease in substrate 
surface temperature, resulting in a reduction in cooling load and 
sensible heat flux to the atmosphere.  

(e) The influence of foliage height was found to be an important 
system characteristic only when combined with vegetation 
density. 

(f) The relative humidity of the atmosphere played the most signif
icant influence in determining evapotranspiration.  

(g) An increase in wind speed decreased humidity, hence increasing 
evapotranspiration and the cooling capacity of the system.  

(h) Finally, the greatest annual energy savings were achieved for 
non-insulated buildings equipped with a GR system. 

3. Energy benefits and thermal comfort conditions improvement 

It is worth noting that 20% of the total urban surface is comprised by 
roofs, providing a significant benefit for greening space in the urban 
environment [86–89]. Numerous studies have investigated the role of 
GRs in the reduction of energy demand for heating and cooling, as well 
as indoor air temperature, resulting in a decrease of energy consumption 
and an improvement of thermal comfort. The thermal behavior and 
energy efficiency of buildings are dependent on the characteristics of the 
building envelope. Consequently, GRs as part of the building envelop 
play a significant role in energy efficiency [90–92] and thermal comfort 
[56,93–100]. The energy performance of GRs depends on the type of GR 
(intensive, extensive, etc.), the type of vegetation, the climatic condi
tions, and the shape and characteristics of the building [14,25,101]. 

The reduction in outdoor temperature is proportional to the surface 
area of the GR and its vertical distance from the pedestrian level. The 
effect of the GR on the indoor thermal comfort depends on the reduction 
of the roof temperature and is confined to the floor where the green roof 
is installed. Regarding thermal comfort, the majority of publications 
discuss the reduction in indoor air or surface temperature. 

Table 4 provides a summary of the most important quantitative 
findings pertaining to the reduction in energy consumption and the 
improvement of thermal comfort. The following may be highlighted 
from these findings:  

(a) GRs contribute to a substantial decrease in the cooling load and 
an increase in annual energy savings.  

(b) The cooling load was reduced by up to 70% was achieved, while 
annual energy savings ranged from 10 to 60%.  

(c) GRs can reduce the indoor air temperature significantly. In 
several cases, this reduction was measured or projected to reach 
15 ◦C.  

(d) GRs with trees outperformed simple GRs, even when the latter 
had greater coverage.  

(e) By shading a building with nearby trees, it was possible to reduce 
further the internal temperature.  

(f) The combination of GR and green walls can achieve a greater 
reduction of indoor temperature and improve thermal comfort. 

4. Environmental benefits 

The environmental benefits of GR have been well documented by 
various researchers. In this section the key aspects of the environmental 
performance of GRs are analyzed. These include an improvement in air 
quality; a significant controlling effect on the runoff water volume and 
contribution to pluvial flood mitigation; an impact on indoor environ
mental quality; and a reduction in environmental noise. 

Environmental benefits as presented in section 4 consist of air quality 
improvement (sub-section 4.1), and improving runoff water quality 
(sub-section 4.2). Moreover, air quality improvement (sub-section 4.1) 

G. Mihalakakou et al.                                                                                                                                                                                                                          



Renewable and Sustainable Energy Reviews 180 (2023) 113306

9

Table 2 
Summary of the main constructional and operational characteristics, experimental period, location, measured parameters, and main results of experimental GR studies.  

Reference Construction and operational 
elements 

Experimental period Location Measured parameters Main results 

[3] Roof lawn garden. A planting layer 
made of non-woven fabric instead 
of soil, a drainage layer, and a root 
barrier layer. The lawn size was 
about 4 × 9 m, the thickness of the 
fabric layer was about 8 cm 
(including the drainage and root 
barrier layers), while the lawn 
thickness was 3 cm. 

Summer 1991 Osaka, Japan Outdoor air temperature and 
relative humidity, solar radiation, 
rainfall, and concrete slab surface 
temperature 

Significant reduction of indoor 
temperature in the space underneath the 
roof lawn garden. The slab roof surface 
temperature decreased by 30 ◦C during the 
summer thus expecting a heat flux 
reduction of up to 50% entering the room 
(under the roof). 

[77] An extensive GR system covering 
the 40% of the total roof area was 
installed in a two-story nursery 
school building. 

Three months (4/9/ 
2002–12/12/2002) 

Athens, 
Greece 

Ambient air temperature, indoor 
air temperature values in the two 
building floors, and indoor and 
outdoor relative humidity 

The GR system contributed to a significant 
reduction of cooling load during the 
summer, which ranged from 6 to 49% for 
the entire building, and from 12 to 87% for 
its last floor. 

[78] Two test cells were constructed: (a) 
A “concrete” test cell made of 
simple grey pavement, and (b) a 
“green” test cell with the planted 
roof. 

5 days, August 2004 Cardiff, UK Indoor and outdoor surface 
temperature and relative humidity 

The external concrete surface temperature 
fluctuated between 14 and 38 ◦C; the 
internal concrete surface temperature 
varied from 16 to 38 ◦C; the external green 
surface temperature varied from 22 to 
27 ◦C; and the internal green surface 
temperature fluctuated between 23 and 
28 ◦C. 

[79] The canopy layer was about 7 cm in 
depth with 100% coverage ratio, 
while the LAI was equal to 4.6 

11 days, July 2009 Guangzhou, 
South China 

Global solar radiation, wind speed, 
ambient air temperature, dew 
point, soil and plant temperature, 
soil water content, and heat fluxes  

(a) Theoretical values were in good 
agreement with experimental results.  

(b) When soil water content was high, 
solar radiation was responsible for 
99.1% of the total heat gain, while 
convective fluxes represented only 
0.9%.  

(c) Evapotranspiration was responsible for 
58.4% of dissipated heat, longwave 
radiative exchange between the 
canopy and the ambient air for 30.9%, 
photosynthesis for 9.5%, while the rest 
1.2% was stored by soil and vegetation 
or was transferred into the space 
beneath. 

[80] A GR consisted of a concrete slab, 
beams, a drainage layer, and a filter 
layer. The LAI was found equal to 2. 

Cooling and heating 
periods (21–30 January 
2013 for heating, and 
5–11 July 2013 for 
cooling) 

Lisbon, 
Portugal 

Outdoor and indoor temperature 
and relative humidity, global solar 
radiation, surface temperature, 
and heat fluxes 

Theoretical results were compared with 
experimental ones and the relative model 
was successfully validated 

[40] A GR system covered an area of 
10,000 m2 and hosted 16,000 
indigenous aromatic plants of 14 
different kinds. It was installed in a 
three-floor office building which 
was fully insulated. 

Summer 2013 Athens, 
Greece 

Indoor and outdoor air 
temperature, upper floor indoor 
roof surface temperature, surface 
temperature of the surroundings of 
the planted area, surface 
temperature of the plants and 
canopy area 

GR system surface temperature was 15 ◦C 
lower than that of a conventional roof. 

[45] Measurements were performed in 
two experimental rooms, one 
equipped with a GR system and 
another covered with a common 
roof. The experimental GR system 
was an extensive green roof 
containing 36 prefabricated 
greenery modules. The soil 
substrate, about 4 cm in thickness, 
consisted of 60% peat soil, 10% 
powdered perlite, 20% vermiculite 
aggregate, and 10% organic 
fertilizer. 

Summer 2014 Shanghai, 
China 

Temperature values at different 
layers, indoor and outdoor 
temperature, wind speed, solar 
radiation, rainfall, relative 
humidity, heat fluxes, and 
volumetric content of soil 
moisture 

Solar radiation was strongly correlated 
with the cooling effect of the GR system, 
which is higher during sunny days. 
Moreover, GR systems contributed to a 
reduction of the outer surface temperature 
amplitude variation by 32.5 ◦C, while the 
roof temperature difference between green 
and common roof increases was up to 5 ◦C. 

[46] An extensive roof covered an area 
of 5600 m2. The soil substrate was 
based on minerals with 4–8% 
organic elements. 

September 2013 to 
September 2015. 

Syracuse, 
New York, 
USA 

Air temperature, soil moisture, 
relative humidity, wind speed and 
direction, incoming solar radiation 
and rainfall-snowfall 

Heat fluxes varied between − 5.76 Wm-2 to 
9.46 Wm-2, with negative values during the 
summer and positive during the winter, 
when accumulated snow may act as extra 
insulation 

[47] Three house-like cubicles had 
identical dimensions with the 
following characteristics: the first 
had a conventional insulated flat 
roof, while the other two had 
extensive GRs 9 cm deep instead of 

Heating and cooling 
period in 2012 and part 
of 2013 

Puigverd de 
Lleida, Spain 

indoor ambient air temperature 
and humidity, indoor wall 
temperatures, electrical 
consumption of heat pumps, total 
solar radiation, and outdoor air 
temperature and humidity 

Experimental results showed a significant 
reduction of the energy consumption in the 
extensive GR cubicles compared with the 
reference one, reaching 16.7% during the 
summer. During the winter, the energy 
consumption in the two GR cubicles 

(continued on next page) 
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includes pollutants deposition (4.1.1), carbon sequestration (4.1.2), and 
indoor air quality (4.1.3). 

4.1. Improvement of air quality 

With their leaves, branches, and foliage, plants create an excellent air 
pollution sink [126,127]. Plant species possess the following significant 
abilities to reduce air pollution and limit emissions [128–131]: (a) they 
remove air pollutants (O3, NO2, SO2) and capture particles and dust 
matter through leaf stomata with deposition processes [5,132,133]; (b) 
they can decrease surface temperature values by shading or natural 
cooling through evapotranspiration, thereby reducing photochemical 
reactions responsible for creating air pollutants, and contributing to 
energy savings for cooling thus reducing CO2 emissions [129,130]; and 
(c) they play a key role in carbon sequestration through photosynthesis 
[134]. 

Although vegetation use as a filter for polluted urban air has been 
extensively studied and documented, the contribution of GRs to the 
reduction of air pollution has not been adequately addressed in the 
scientific literature. 

4.1.1. Deposition of pollutants 
The reduction of air pollution through the stomata of leaves has been 

researched and quantified using measurements and deposition models. 
Yang et al. [132] quantified the reduction in air pollution effected by 

170 extensive, semi-intensive, and intensive GRs in Chicago using a dry 
deposition model. The model was based on the calculation of leaf sto
matal resistance, which is a function of photosynthetically active radi
ation, air temperature, leaf water potential, and vapor pressure deficit 
[135]. Nitrogen dioxide (NO2), sulfur dioxide (SO2), ozone (O3), and 

particulate matter smaller than 10 μm (PM10) were studied as pollutants. 
Different GR planting scenarios that account for the reduction of air 
pollution have supplemented research. It was determined that 19.8 ha of 
GRs cleared a total of 1675 kg of air pollutants over the course of one 
year, with 52% pertaining to O3, 27% to NO2, 14% to PM10, and 7% to 
SO2 concentrations. 

In [51], an experimental investigation of the ability of four GR 
vegetation species to capture PM10 was presented and analyzed. 
Creeping bentgrass (Agrostis stolonifera), red fescue (Festuca rubra), 
ribwort plantain (Plantago lanceolata), and sedum (Sedum album) were 
the vegetation species. Two GRs were chosen for an experimental 
investigation in Manchester, UK. Plants were transplanted into the GRs, 
and the efficiency of vegetation species to filter particulate matter was 
compared. Species A. stolonifera and F. rubra were shown to be more 
efficient in capturing PM10 particles. Finally, a scenario was developed 
for the center of the city of Manchester, calculating the annual PM10 
removal potential under the assumption that all flat roofs in a particular 
area were vegetated. This scenario was shown to allow for a PM10 
removal of 0.21 tons. 

Tong et al. [136] performed an experimental case study analysis of 
the vertical profile of particulate matter smaller than 2.5 μm (PM2.5) 
along an elevation gradient at a vegetated rooftop farm in the US, 26 m 
above the ground, under different meteorological conditions. Experi
ments and observations showed a 7–33% reduction of PM2.5 concen
trations in comparison to curbside levels. 

Gourdji [137] reviewed the impact of extensive and intensive GR 
vegetation species on the reduction of air pollution (especially PM, O3, 
and NO2), and gave specific recommendations for GR vegetation species 
for Montreal, Canada. It was concluded that intensive GRs are preferable 
for the removal of air pollutants; PM could be captured and removed 

Table 2 (continued ) 

Reference Construction and operational 
elements 

Experimental period Location Measured parameters Main results 

an insulation layer. All cubicles 
were equipped with an HVAC 
system for heating/cooling 
purposes. 

increased by 11.1% compared to the 
reference one. 

[48] Two identical house-like cells were 
constructed, with only the 
following difference: one cell was 
covered with a roof made of a bare 
concrete slab without insulation, 
while the other one was covered 
with an extensive GR above an 
insulation 15 cm thick, with a soil 
substrate thickness of 5 cm. 

Cooling periods in 2015 
and 2016 

Chongqing, 
China 

Outdoor and indoor air 
temperature, outdoor and indoor 
relative humidity, solar radiation, 
wind speed, concrete slab surface 
temperature, leaf temperature, soil 
temperature, roof heat fluxes, 
optical thermal properties in the 
canopy layer 

Experimental results showed that a 
significant reduction of indoor air 
temperature and heat gain was obtained 
with the combination of a GR system with 
night ventilation. The combination of a GR 
and night ventilation led to a heat gain 
reduction of up to 79%. 

[22] Seven extensive GR systems, with 
the same dimensions, installed on 
the roof of a one-story school 
building. A part of the roof was 
covered by a conventional white 
gravel for comparison purposes. 
The GRs consisted of a 2 cm 
thickness drainage layer, a cloth 
layer of 0.3 cm, and a soil substrate 
layer with vegetation. The substrate 
layer with a root barrier was 3.5 cm 
thick while the vegetation was a 
mixture of stonecrop (sedum) 
species. 

2010 to 2015 Utrecht, 
Netherlands 

Outdoor air temperature, solar 
radiation, wind speed, and 
rainfall, air temperature above the 
ground at 15 and 30 cm at the 
center of each green roof, soil 
temperature 2 cm under each GR 
surface and under the gravel layer, 
soil moisture in the substrate layer 
and runoff 

Compared with a conventional gravel roof, 
the ambient air above GRs was colder 
during the night and warmer during the 
day, thus displaying a beneficial cooling 
effect during the night when the UHI effect 
is stronger. 

[23] Four plots of a surface 50 m2 each 
were constructed on a roof, leaving 
one plot with conventional roof 
surface as a “reference” plot for 
comparison. The other three plots 
were experimental extensive GR 
systems with small differences 
regarding vegetation, insulation 
layer thickness, and hydraulic 
properties of materials used. 

2016 to 2017 Calabria, Italy Ambient air temperature, total 
solar radiation, longwave 
radiation, relative humidity, wind 
speed and direction, rainfall, 
atmospheric pressure, soil 
substrate temperature, and 
volumetric water content 

The annual energy savings for a non- 
insulated GR reached 34.9% in continuous, 
and 34.7% in intermittent operation, with 
the higher energy saving obtained in the 
summer  
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more effectively by pines; O3 could be removed more efficiently by 
drought tolerant, deciduous broadleaved trees; and small cold-tolerant 
magnolias were effective plants for the removal of NO2. Taking into 
account the pollutant emissions in Montreal, it was determined that an 
88% GR coverage with Pinus mugo var. pumilio (dwarf mountain pine) 
could remove 92.37 kg of PM10 annually (35.10 kg of which were 
PM2.5). 

Dry deposition modeling was used in Ref. [138] to evaluate the po
tential of GRs to reduce tropospheric O3 concentrations and improve the 
outdoor air quality around a building. It was shown that the Ο3 con
centrations attained were reduced by 0.25–1.8 μg/m3. 

4.1.2. Carbon dioxide reduction and carbon sequestration 
The reduction of atmospheric CO2 by GRs could be achieved with 

two main processes: (a) through the natural process of photosynthesis, 
where carbon sequestration is obtained in plants and foliage; and (b) 
through evapotranspiration, which provides a significant reduction of 
the surface temperature, resulting in a decrease in energy demands, and 
mitigation of the urban heat island [133]. Selecting the appropriate 
plants species as well as the depth and composition of the substrate, can 
increase the amount of net carbon sequestered. Several studies in the 
scientific literature have demonstrated that vegetation type and soil 

Table 3 
Summary of results of parametric studies.  

Reference Parameters Results 

[58]  (a) LAI  
(b) Thickness of soil layer  
(c) Evapotranspiration  

(a) An increase of LAI from 2 to 5 
led to a strong reduction of 
the solar transmittance of the 
canopy.  

(b) The thermal diffusivity of the 
soil was affected by the soil 
layer’s thickness, density, and 
moisture content.  

(c) Evapotranspiration 
influenced both the state of 
the hydrothermal canopy and 
the energy flow through the 
GR system. 

[34] LAI An increase of the LAI from 0.5 to 
3.5 could result in reducing the 
canopy fluctuation amplitude of 
the air temperature from 11.6 ◦C 
to 3.6 ◦C, thus reducing the energy 
demand by 4 W/m2. 

[61]  (a) LAI  
(b) Irrigation  

(a) An increase in the LAI led to 
an improvement in the 
shading effect and a 
minimization in the cooling 
load, but had a negative effect 
during the winter.  

(b) Increased irrigation during 
the summer period had a 
slightly beneficial effect on 
energy savings. 

[85]  (a) LAI  
(b) Roof insulation  

(a) For the summer period, an 
increase of LAI resulted in a 
decrease of the cooling load.  

(b) When a GR system was 
installed on the uninsulated 
roof, a 48% reduction in 
heating demand was 
achieved. 

[82]  (a) LAI  
(b) Soil thickness  
(c) Insulation thickness  

(a) & (b) LAI and insulation 
thickness had the greatest 
impact on cooling energy 
savings.  

(c) A non-insulated GR system 
could be very energy efficient 
during the summer but less so 
in the winter. 

[35]  (a) LAI  
(b) Soil layer thickness  

(a) A LAI increase from 0.001 to 5 
resulted in cooling energy 
savings from 6.30 GJ to 11.82 
GJ, while the heating energy 
savings decreased from 6.16 
GJ to 3.76 GJ.  

(b) An increase of soil thickness 
from 0.05 to 0.7 m resulted in 
an increase of the cooling 
energy saving from 8.28 GJ to 
12.19 GJ, while the heating 
energy savings were also 
increased from 2 GJ to 5.96 
GJ. 

[36] LAD Simulations results showed that 
an increase of LAD led to a 
remarkable reduction of the 
cooling load. 

[81]  (a) GR system parameters: 
foliage height and density, 
soil layer thickness, type of 
planted roof, and thickness 
of the insulation layer.  

(b) Climatic parameters: air 
relative humidity, and wind 
speed.  

(a) The influence of foliage 
height was not found to be a 
significant system 
characteristic by itself, but in 
conjunction with vegetation 
density. The thickness of 
insulation layer can play an 
important role, as its increase 
results in a decrease of the 
cooling potential of the 
system. The thickness of the  

Table 3 (continued ) 

Reference Parameters Results 

soil layer was not found to 
have a significant 
contribution to the cooling 
efficiency of the system.  

(b) The relative atmospheric 
humidity plays the most 
significant role, as it is 
strongly correlated with 
evapotranspiration. A wind 
speed increase resulted in 
reducing humidity, thereby 
enhancing 
evapotranspiration and the 
cooling capacity of the 
system. 

[77] Plant coverage An increase of the plant coverage 
of a GR decreased its substrate 
surface temperature, resulting in a 
reduction of the cooling load. 
There was an increase in the 
heating load as plant coverage 
increased. However, this increase 
was much lower than the decrease 
of the cooling load. 

[83] Climatic parameters: incident 
solar radiation, 
evapotranspiration rate, ambient 
air temperature, and wind speed. 

Linear correlations were found 
between the indoor air 
temperature and the incident 
solar radiation, and between the 
evapotranspiration rate and both 
the ambient air temperature and 
wind speed respectively. 

[26] Roof insulation The greatest annual energy 
savings were achieved for a non- 
insulated building equipped with 
a GR system and amounted to 
37%. For a moderately insulated 
building, the annual energy 
savings ranged from 4 to 7%, 
whereas for a well-insulated 
building the annual energy 
savings were less than 2%. 

[30] Roof insulation During the summer, the reduction 
in cooling load due to the GR 
system varied between 15 and 
49% for non-insulated, and 
between 6 and 33% for insulated 
buildings. The impact of GR on 
heating load was negligible.  
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Table 4 
Summary of the main implementation methods, investigation modes, and main energy efficiency results for GR studies.  

Reference Implementation method Investigation mode Experimental or theoretical 
calculations 
area 

Energy efficiency results 

[26] Simulation and experimental Cooling effect for 
experiment and entire 
year for theoretical 
calculations 

Near Athens, Greece  (a) Energy savings of 37% for the entire year were 
calculated for a non-insulated building with GR, 
which reached 48% when night ventilation was 
also applied.  

(b) Indoor air temperature values for a typical 
summer day and for the building with GR were 
found to be significantly lower than those without 
the GR. 

[27] Simulation and experimental Cooling effect for 
experiment and entire 
year for theoretical 
calculations 

Singapore  (a) Energy savings of 17–79% were found in the 
cooling load and savings of 1–15% in the annual 
energy consumption.  

(b) Clay soil was found to be the optimum solution 
for energy conservation, achieving energy savings 
of 64% for space cooling, 71% for the peak space 
load, and 3% for the annual energy consumption.  

(c) The optimal type of vegetation was determined to 
be shrubs, which resulted in energy savings of 
79% for space cooling and 15% for annual energy 
consumption. 

[28] Simulation and experimental Cooling effect for 
theoretical calculations 
and the autumn period for 
experiment 

Athens, Greece  (a) A cooling load reduction of 6–49% was found for 
the entire building, and 12–87% for the last floor.  

(b) An insignificant increase of heating load was 
observed. 

[29] Simulation Cooling effect Different climates: London, UK; Montreal, 
Canada; Moscow, Russia; Athens, Greece; 
Beijing, China; Honk-Kong; Mumbai, India; 
Brasilia, Brazil; Riyadh, Saudi Arabia  

(a) The air temperature at the roof level decreased a 
to a maximum of 26 ◦C, and an average of 
12.8 ◦C.  

(b) Green walls inside the urban canyon had a 
stronger cooling effect than GRs. 

[30] Simulation Cooling effect Athens, Greece A remarkable 40% reduction of the cooling load was 
achieved. 

[32] ANN model and experimental Cooling effect Sustainable city, Ujjain, India A GR system was effective in reducing the indoor air 
temperature and energy consumption during the 
summer. The mean indoor air temperature did not 
exceed 28 ◦C, while the cooling potential of a GR in a 
typical summer day in India was 1.25 kW. 

[33] Simulation Cooling effect European climates: Crete, Greece; Rome, 
Italy; London, UK 

Green and cool roofs proved to be excellent 
technologies for the mitigation of the urban heat 
island effect and could contribute significantly to both 
the amelioration of the urban climate and the 
reduction of building energy demands. 

[36] Simulations and experimental Cooling effect Continental Mediterranean climate  (a) The GR cooling effect was strongly depended on 
LAD.  

(b) An indoor air temperature reduction up to 2 ◦C 
was found when there were trees nearby the 
examined building apart from the GR. 

[78] Experimental Cooling and heating effect Athens, Greece  (a) A GR can function satisfactorily as an insulation 
layer.  

(b) The surface temperature values of planted area 
were significantly lower than those of the 
conventional roof, contributing to the reduction 
of global warming.  

(c) The overall annual energy reduction during the 
cold and hot periods was found to be significant, 
reaching 15.%, with the reduction of the cooling 
load reaching 18.7% and of the heating load 
reaching 11.4%. 

[79] Simulation Cooling effect Tropical climate, Singapore On a summer day, GR can reduce heat gain by 13.14 
kWh/m2 (31%). 

[80] Experimental Cooling effect Utrecht, Netherlands A sedum-covered GR offers a slight warming effect at 
daytime and a significant cooling effect at nighttime, 
contributing to the mitigation of nocturnal urban heat 
island. 

[59] Simulation Cooling and heating effect Warm and cold European climates  (a) In warm climates, GRs can contribute to a 
reduction of the cooling load without a significant 
increase of the heating load, offering an annual 
energy demand reduction up to 11%.  

(b) For cold climates, GRs offered a decrease in both 
heating and cooling energy demand, contributing 
to energy savings up to 7%. 

[66] Simulation Cooling effect – Compared to a building with a conventional roof, a 
building with a GR system exhibited a significant 

(continued on next page) 
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Table 4 (continued ) 

Reference Implementation method Investigation mode Experimental or theoretical 
calculations 
area 

Energy efficiency results 

decrease in indoor air temperature., leading to a 
remarkable reduction of the cooling load. 

[67] Simulation and case study Cooling and heating effect Three different climates of Iran  (a) GR systems contribute to a decrease of energy 
consumption for cooling and heating, which 
could be greater for higher LAI values.  

(b) An increase of the soil layer thickness resulted in 
an increase of cooling and a decrease of heating 
energy consumption.  

(c) The combination of a GR with fewer building 
floors could be more effective for energy savings. 

[85] Simulations and testing in three 
cities with different climates, 
(Athens, La Rochelle, and 
Stockholm) 

Cooling and heating effect La Rochelle, France  (a) It was observed that GR systems had a remarkable 
52% impact on cooling demand.  

(b) A GR system did not have a significant impact on 
heating demand.  

(c) A reduction of the total annual energy demand 
was observed, amounting to 32% for Athens, 6% 
for La Rochelle, and 8% for the cold climate of 
Stockholm. 

[102] Simulation and Experimental Cooling effect Osaka, Japan  (a) A decrease of GR slab surface temperature from 
60 to 30 ◦C was observed.  

(b) A 50% reduction of heat fluxes into the room 
underneath was also observed. 

[103] Simulation and experimental Cooling and heating effect Lisbon, Portugal  (a) The energy performance of three GR types was 
investigated: extensive, intensive, and semi- 
intensive.  

(b) As regards heating requirements, the three types 
presented a similar energy efficiency behavior. In 
terms of cooling requirements, semi-intensive and 
intensive green roofs required 36 and 17% less 
energy than extensive green roofs, respectively. 

[104] Simulation and experimental Cooling and heating effect Athens, Greece  (a) The surface temperature difference between a 
green and a conventional roof was measured to be 
up to 15 ◦C.  

(b) Indoor air temperature values during the summer 
decreased by up to 0.8 ◦C.  

(c) A significant reduction of the annual energy 
consumption was calculated, which was up to 
19% for the cooling and up to 11% for the heating 
load. 

[105] Field experiment Cooling and heating effect Shanghai, China  (a) A GR presented a remarkable cooling effect 
during the summer period, with a maximum heat 
flux difference between the GR and a 
conventional roof up to 25 W/m2.  

(b) A GR contributed to a reduction of the amplitude 
fluctuations of the outer surface temperature by 
23.5 ◦C. 

[106] Simulation and experimental Cooling and heating effect Syracuse, New York, USA Heat fluxes varied between − 5.76 Wm-2 to 9.46 Wm-2 

with negative values during the summer and positive 
during the winter, when accumulated snow acts as an 
extra insulation layer. 

[107] Experimental Cooling and heating effect Spain Experimental results showed a significant reduction of 
the energy consumption in the extensive GRs 
compared to the conventional one, reaching 16.7% 
during the summer. During the winter, the energy 
consumption in the GR increased by 11.1% compared 
to the conventional one. 

[108] Simulation and experimental Cooling effect Three different climates of China A combination of a GR with night ventilation could 
achieve a reduction of the heating gain of 75–79%. 

[109] Simulation and experimental Cooling and heating effect Calabria, Italy The annual energy savings for a non-insulated green 
roof were 34.9% in continuous and 34.7% in 
intermittent operation, with the highest energy 
savings obtained in the summer. 

[110] Simulation and case study Cooling and heating effect Republic of Korea  (a) A GR reduced the annual energy demand by a 
maximum of 90.9 GJ (3.7%).  

(b) A GR contributed to a significant reduction of the 
cooling load and a smaller reduction of the 
heating load. 

[111] Simulation Cooling and heating effect Chinese climates  (a) If applied to non-insulated roofs, a GR can 
contribute to a significant reduction of the cool
ing and the heating loads.  

(b) If the GR system was installed on a roof that was 
already insulated, the reduction in heating and 
cooling loads was minimal. 

(continued on next page) 
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Table 4 (continued ) 

Reference Implementation method Investigation mode Experimental or theoretical 
calculations 
area 

Energy efficiency results 

[112] Simulation and experimental Cooling and heating effect Near Athens, Greece  (a) High energy savings were achieved for heating 
(21.4–21.8%) when compared to a non-insulated 
roof.  

(b) Energy savings for heating were drastically 
reduced when a GR was applied to a well- 
insulated roof.  

(c) Significant cooling energy savings ranging from 
60.5 to 62.5% were obtained, compared to a non- 
insulated roof.  

(d) All examined GR systems presented high energy 
savings for cooling, compared to well insulated 
roofs, because of the evapotranspiration cooling 
effect. 

[113] Simulation Cooling and heating effect Amman, Jordan Green roofs in their simplest applications could offer 
an annual energy saving of up to 17%, which could be 
increased if more complicated and advanced GR 
systems are used. 

[114] Simulation and case study Cooling and heating 
effects 

London, UK  (a) GR systems could reduce heating and cooling 
load. However, the energy reduction for cooling 
depends strongly on the irrigation status.  

(b) Regarding the reduction of the cooling load, GRs, 
are more effective at nighttime. 

[115] Simulation and experimental Cooling effect Chicago, USA The daytime roof temperature decreased with 
increasing GR coverage, from less than 1 ◦C for 25% to 
3 ◦C for 100% green roof. 

[116] Simulation and case study Cooling and heating effect Toronto, Canada  (a) The average reduction in indoor air temperature 
for the entire building was calculated to be 0.4 for 
an LAI of 1 and 0.7 for an LAI of 2.  

(b) The reduction of the total energy consumption 
varied from 1.8 to 2.9% for an LAI equal to 2 and 
a soil depth of 30 cm. 

[117] Simulation and experimental Cooling and heating effect Shanghai, China  (a) The energy savings of a GR system combined with 
ventilation reached 26.7%.  

(b) The indoor air temperature for a building 
equipped with GR combined with intermittent 
ventilation was kept below 29 ◦C for the air- 
conditioning season. 

[118] Simulation Cooling effect Four different climates: Hong Kong, Paris, 
Cairo, and Tokyo 

A cooling load reduction of 5.2% was observed for the 
hottest day of the year in the hot-dry climate and with 
the full intensive GR system, while energy savings of 
at least 0.1% were found for a temperate climate and 
semi-extensive GRs. 

[119] Simulation and experimental Cooling and heating effect Shanghai, China  (a) Compared to a common roof during the summer, 
a GR presented an average cooling effect of 2.9 ◦C 
on the outer deck surface.  

(b) A GR could reduce the cooling and heating energy 
needs at the top floor up to 3.6% and 6.2% 
respectively.  

(c) During the winter, a GR can act as effective 
insulation. 

[120] Simulation Cooling effect Mexico City A GR presented a significant cooling effect during the 
summer, reducing indoor temperature values by up to 
12 ◦C. 

[121] Simulation and experimental Cooling and heating effect Eight cities in Mexico  (a) A GR could reduce the indoor air temperature by 
up to 4.7 ◦C in locations with a warm climate.  

(b) A GR could reduce the cooling energy demands 
by 99% in locations with a temperate climate, 
simultaneously increasing the heating demand by 
up to 25%. 

[122] Experimental Cold and warm periods Sub-arctic climate, Sweden In a subarctic climate and for a fully insulated 
building, the energy benefits of a GR system are 
relatively low. 

[123] Experimental Cooling effect Nanjing, China (sub-tropical climate)  (a) A slight warming effect during the daytime, 
especially midday, was found.  

(b) A significant nightime cooling effect was 
identified  

(c) The most remarkable cooling effect occurred at a 
height of 60 cm. 

[124] Simulation and case study Cooling effect Arid climates (Cairo)  (a) Extensive and intensive GR systems could 
contribute to a reduction of the cooling energy 
demand.  

(b) Compared to extensive GRs, intensive GRs were 
characterized by greater energy savings and 
temperature reduction. 

(continued on next page) 
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substrate properties are the most influential factors on the overall per
formance of a GR in terms of carbon sequestration and pollutant con
centration reduction [133,134,139,140]. 

Getter et al. [134] quantified carbon sequestration for an extensive 
GR in the US over a two-year period. The entire GR, including plants and 
soil substrate, stored 1188 gC/m2, while the net carbon sequestration 
amounted to 378 gC/m2, given that the original substrate contained 810 
gC/m2. 

In [39], a comprehensive investigation of the effect of plant selection 
of a GR on carbon sequestration was presented. The analysis revealed 
that Sedum acre, Frankenia thymifolia, and Vinca major are capable of 
contributing significantly energy conservation and carbon sequestra
tion. The use of these three plants reduced the annual energy con
sumption of a typical building by 8.5, 8, and 7.1% respectively, while 
the annual CO2 absorbed by photosynthesis was 0.14, 2.07, and 0.61 
kg/m2 respectively. In addition, the relative reduction in annual CO2 
emissions caused by evapotranspiration for these three plants was 
calculated to be 28.16, 26.48, and 23.44 kg/m2. 

A three-part investigation was presented in Ref. [141], including (a) 
field measurements of the CO2 concentrations in a GR in the subtropical 
climate of Hong Kong, (b) CO2 absorption velocity and emissions rate of 
plants in a sealed glass chamber, and (c) theoretical calculations of the 
profile of CO2 concentrations around a GR. For a typical sunny summer 
day, the CO2 absorption was shown to be much higher during the day, 
probably because the photosynthetic process is strongly depended on 
the visible part of the solar spectrum. Moreover, CO2 absorption depends 
on the species and condition of plants, the position of the GR, and the 

ambient airflow. It was found that, on a sunny day, the vegetated roof 
could reduce CO2 in the surrounding area by almost 2%. 

In [142], the annual surface-atmosphere exchange of CO2 above an 
extensive GR in Berlin, Germany, was measured using the Eddy 
covariance technique. The results showed that the GR acted successfully 
as a carbon sink at a rate of 85 gC/m2. The authors concluded that water 
availability, appropriate vegetation, and soil substrate could maximize 
carbon sequestration. 

In Chengdu, China, Luo et al. [143] studied the carbon sequestration 
of a GR with six segments, two types of soil substrates, three substrate 
depths (20, 25, and 30 cm), and three different native vegetation species 
(Ligustrum vicaryi, Neottia auriculata, and Liriope spicata) over the 
course of a year. The average carbon sequestration was determined to be 
6.47 kgC/(m2⋅yr). The best carbon sequestration configuration was that 
of L. vicaryi, reaching 7.03 kgC/(m2⋅yr). 

In [144], the carbon sink potential of a GR in Japan was evaluated for 
three different grass species and soil substrates. The results showed that 
the annual CO2 reduction due to energy savings varied from 1703 to 
1889 kgCO2/(m2⋅yr). Biomass ash raw material coupled with wheat 
straw and sludge as a GR substrate, may be used for the manufacture of 
CO2 solid adsorbents for CO2 capture as well as for CO2 absorption 
directly [145]. 

Table 5 provides a quantitative summary of the findings of research 
studies on the benefits of GRs in reducing air pollution. The analysis of 
the literature organized in Table 5 shows clearly the combined effect of 
GR systems in tackling various environmental challenges, such as 
improving urban air quality by significantly reducing pollutant 

Table 4 (continued ) 

Reference Implementation method Investigation mode Experimental or theoretical 
calculations 
area 

Energy efficiency results 

[56] Simulation Cooling effect Subtropical climates (Brisbane, Australia)  (a) The effect of the a GR on reducing the 
temperature was greater inside a buildings than 
outside, and the use of GRs with trees could 
reduce the indoor temperature by up to 7.2 ◦C, 
and air-conditioning electric load by up to 60%.  

(b) The performance of a GR with trees was superior 
to that of a simple roof, even if the latter had 
greater coverage. 

[93] Experimental (combination of a 
GR and a radiant/evaporative 
system) 

Cooling effect Los Angeles, USA Even when the outside temperature was above 40 ◦C, 
the system was able to achieve indoor temperatures 
that were 9–13 ◦C cooler than those outside. 

[94] Simulation (shading in the 
building also provided by 
neighboring trees) 

Cooling effect Porto Alegre, Brazil  (a) A comparison of the indoor temperature of a 
building with and without a GR in a treeless 
environment revealed a difference of 2.8 ◦C 
during the summer months.  

(b) This difference increased by up to 4.3 ◦C when 
trees were present. 

[95] Experimental (combination of 
GR and green walls) 

Cooling effect Xiangtan, China The maximum difference in operational temperature 
was 2.1 ◦C, and this difference was greater during the 
day. 

[96] Simulation Cooling effect Seoul, South Korea An improvement in thermal comfort by 0.18–2.18% 
(using the PPD index) was noted. 

[97] Simulation Cooling effect Esch-sur-Alzette, Luxembourg; Palermo, 
Italy 

It was estimated that the decrease in ceiling 
temperature by 2 ◦C in Esch-sur-Alsace and 5 ◦C in 
Palermo led to an improvement in the Predicted Mean 
Vote (PMV) index (from values greater than 0.5 to 
values less than 0.5). 

[98] Experimental and simulation Cooling effect Rome, Italy During a typical summer week (from August 10 until 
August 17), the PMV index remained within the − 1 to 
1 range. 

[99] Measurement and simulation Cooling effect Dhaka, Bangladesh, (tropical climate) Applying a GR to an industrial plant could reduce the 
indoor temperature by 2.5–3.5 ◦C. 

[100] Simulation Cooling effect Palermo, Italy On the top floor, the effect of the GR was found to be 
significant, with the interior air temperature 
decreasing by a maximum of approximately 3 ◦C 
when both apartment doors and windows were open. 

[125] Experimental and simulation Heating and cooling effect Subtropical monsoon climate: Nanning, 
China 

Eight GRs were experimentally tested in commercial 
and residential buildings. A reduction of the annual 
energy consumption ranging from 30 to 55% was 
demonstrated for various soil thicknesses.  
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concentrations (e.g. PM2.5, PM10, O3, NO2) and sequestering carbon, 
thereby making a substantial contribution to climate neutrality. 

4.1.3. Indoor environmental quality 
GRs have a positive impact on indoor and outdoor thermal comfort. 

Concerning outdoor comfort, this refers to the reduction of surface and 
ambient temperature, particularly during the summer, along with a 
reduction in the cooling load. Various studies have investigated indoor 
and outdoor comfort conditions [146–150]. GRs can also have a positive 
impact on the indoor temperature, as demonstrated by Ref. [151], which 
compared indoor temperature measurements of a single story building 
in Malaysia equipped with a white and a green roof. Similar conclusions 
were drawn in Ref. [26], through experimental and simulation analyses 
during the summer in Greece. 

The interaction of GRs with indoor air, as particles from the substrate 
and vegetation are suspended and entrained in the local rooftop air flow, 
has not been studied extensively. In Ref. [152], a load of HVAC filters 
was examined on the roof of a big-box retail store in Portland, US. Re
sults revealed the potential for increased concentrations of volatile 

organic carbon compounds (VOCs), especially methanol; however, the 
authors noted that it was difficult to detect trends of VOC fluxes or other 
selected compounds, due to temperature, relative humidity (RH), or 
seasonality. In Ref. [138], the impact of green roof-O3 interactions near 
the exterior ventilation air supply of a building was evaluated for the 
roof mentioned previously; the effect of GRs on reducing rooftop-scale 
O3 levels was moderate. 

4.2. Improving runoff water quality 

Numerous research studies have examined the ability of GRs to 
retain urban rainfall runoff [5,20,40,133,153–158]. Stormwater reten
tion, which typically ranges between 40 and 60% of total rainfall, de
pends on several factors, such as GR type, substrate depth, composition 
and humidity, vegetation species, plant size, as well as rainfall duration 
and intensity [159,160]. 

Although the ability of GRs to manage the quantity of urban runoff 
has been well documented in the scientific literature, the impact of GRs 
on the water quality of runoff has been inadequately defined and 

Table 5 
Summary of the cited research studies regarding the reduction of air pollutants by GRs.  

Reference Methodology Location Pollutant Results 

[132] A dry deposition model was used for 170 extensive, semi- 
intensive, and intensive GRs. 

Chicago, USA NO2, SO2, O3, 
PM10 

1675 kg of air pollutants were removed by 19.8 ha of GRs in one 
year with 52% pertaining toO3, 27% to NO2, 14% to PM10, and 
7% to SO2. 

[51] An experimental investigation aiming at comparing four GR 
vegetation species as regards their ability to capture PM10 

(Agrostis stolonifera, Festuca rubra, Plantago lanceolata, 
and Sedum album). 

Manchester, 
UK 

Particulate 
matter (PM10)  

(a) A. stolonifera and F. rubra were more efficient in capturing 
PM10 particles.  

(b) A scenario calculating the annual PM10 removal potential 
was developed for the center of Manchester, considering 
that all flat roofs in a selected area were vegetated. 
According to this scenario, a PM10 removal equal to 0.21 
tons was achieved. 

[136] An experimental investigation of the PM2.5 vertical profile 
along an elevation gradient at a vegetated rooftop farm in 
the US, 26 m above the ground under different 
meteorological conditions. 

Brooklyn 
Grange, USA 

Particulate 
matter (PM2.5) 

Experiments and observations showed a 7–33% reduction of 
PM2.5 concentrations compared to curbside concentrations 
levels. 

[137] Authors reviewed the impact of extensive and intensive GR 
vegetation species on the reduction of air pollution. 

Montreal, 
Canada 

NO2, O3, PM10, 
and PM2.5 

Intensive GRs is preferred for air pollutants removal. PM could 
be more effectively removed by pines; O3 by drought tolerant, 
deciduous broadleaved trees; and NO2 by small cold-tolerant 
magnolias. Calculations showed that an 88% GR coverage with 
Pinus mugho var. pumilio can remove 92.37 kg of PM annually 
(35.10 of which is PM2.5). 

[138] Field measurements and dry deposition modeling. Portland, USA O3 Achieved Ο3 concentration reduction varied from 0.25 to 1.8 
μgr/m3. 

[134] Experimental quantification of carbon sequestration 
provided by an extensive GR. 

USA Carbon 
sequestration 

Τhe entire GR, including plants and soil substrate, stored 1188 
gC/m2, while the net carbon sequestration was found equal to 
378 gC/m2, taking into account that 810 gC/m2 existed in the 
original substrate. 

[39] An experimental investigation of the impact of GR plants on 
carbon sequestration 

Mashhad, Iran Carbon 
sequestration 

Sedum acre, Frankenia thymifolia, and Vinca major could provide 
an excellent contribution to carbon sequestration. The use of 
these three plants offered an annual energy consumption 
decrease for a typical building reaching 8.5, 8, and 7.1% 
respectively, while the annual CO2 absorbed by these three 
plants through photosynthesis equalled 0.14, 2.07, and 0.61 
kg/m2 respectively. The relative reduction of the annual CO2 

emissions caused by the evapotranspiration provided by the 
three plants, was 28.16, 26.48, and 23.44 kg/m2 respectively. 

[141] Field measurements in a green roof in the sub-tropical 
climate of Hong Kong, of plants’ CO2 absorption velocity and 
emissions rate in a sealed glass chamber, and theoretical 
calculations of CO2 concentrations profile around a green 
roof. 

Hong Kong Carbon 
sequestration  

a) For a typical sunny summer, the CO2 absorption was much 
higher during the daytime, because of photosynthesis.  

b) The absorption of CO2 depended on plant species and 
condition, the GR position, and ambient airflow.  

c) For a sunny day, the vegetated roof was able to reduce CO2 

in the surrounding area by almost 2%. 
[142] The Eddy covariance technique was used for measuring the 

annual surface-atmosphere exchange of CO2 above an 
extensive GR. 

Berlin, 
Germany 

Carbon 
sequestration 

The GR succeeded in playing the role of a carbon sink with a 
rate of 85 gC/m2, while the authors concluded that water 
availability, appropriate vegetation, and soil substrate could 
optimize carbon sequestration. 

[143] A GR consisted of six segments with two kind of soil 
substrates, three substrate depths, (20, 25, and 30 cm), and 
three vegetation species. 

Chengdu, 
China 

Carbon 
sequestration 

The average carbon sequestration equaled 6.47 kgC/m2⋅yr. The 
best carbon sequestration configuration was that of L. vicaryi 
and was equal to 7.03 kgC/m2⋅yr. 

[144] The sink potential of a GR in Japan for carbon sequestrating 
was measured for three different grass species and different 
soil substrates. 

Japan Carbon 
sequestration 

Annual CO2 decrease caused by energy savings varied from 
1703 to 1889 kgCO2/m2⋅yr.  
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remains ambiguous. The fundamental argument relates to how a GR 
impacts the quality of runoff water, i.e. how it affects pollutants and 
effluents, and whether it acts as a sink or a source of pollution. 

Table 6 summarizes the findings of several research studies 
regarding the effect of GRs on runoff water pollution, focusing on how a 
GR system impacts water pollution. 

5. Noise reduction 

A GR on a building contributes to noise reduction in both the urban 
environment outside the building as well as the living, working, or 
recreational environment inside the building. The former is attributed to 
the increased sound absorption characteristics of a GR compared to a 
standard (non-vegetated) roof, while the latter to the increased trans
mission loss provided by a vegetated roof compared to a standard roof. 
The increased transmission loss is discussed in section 5.1 and the effect 
of increased sound absorption in sections 5.2 and 5.3. 

Sound reaches the roof of a building from a multitude of sources, 
such as air-traffic (particularly for houses close to airports or heliports 
and/or directly below the flight paths), elevated ground-transportation, 
ground-traffic (reaching the edge of the roof either directly or after 
reflection on the facades of higher buildings), and sound trapped in 
urban canyons. 

5.1. Indoors sound - transmission 

Part of the sound energy that eventually reaches the roof of a 
building is transmitted through the multiple layers of a GR. The trans
mission loss, TL, or the sound reduction index, R, computed or measured 
for each frequency, show the sound energy lost during transmission at 
the specific frequency. The range of frequencies typically considered for 
indoor sound is 125− 4000 Hz. The overall weighted sound reduction 
index, Rw, is a single number over all frequencies. High TL, R, or Rw 
values, all measured in dB, indicate improved sound insulation and a 
quieter environment inside the building. 

5.1.1. Models 
Based on the lumped-element approach and the theory of sound 

transmitted through a thin Euler-Bernoulli plate, the spectrum of 
transmission loss may be separated roughly in three parts. The first part 
(starting from lower frequencies) is controlled by the stiffness of the 
plate, the second by its mass, and the third by its damping. Between the 
first and second part, there is an area of resonance yielding low trans
mission losses. Inside this latest part of the spectrum, the mass loading 
and the bending stiffness of the plate create the effect of coincidence, 
which is characterized by very small transmission losses around a fre
quency (the critical frequency of coincidence). A GR adds mass and 
damping to the system without changing its stiffness considerably. As a 
result, a GR should increase the transmission loss in the mass controlled 
area, weaken the coincidence effect, and/or move the critical frequency 
of coincidence outside the frequency range of interest. 

5.1.2. Experimental evidence 
Published experimental data are scarce and they regard only light

weight extensive GRs. Nevertheless, they clearly verify the above stated 
hypothesis. Connelly and Hodgson [164] showed that lightweight 
extensive vegetated roofs may increase transmission loss by up to 10 dB 
at low frequencies and up to 20 dB at mid-range frequencies. The noise 
reduction at low frequencies is important, as it cannot be achieved easily 
by other means (for example, by adding a ceiling underneath the roof). 

Based on small sample experiments, Galbrun and Scerri [165] 
showed that the overall weighted sound reduction index achieved by 
GRs, Rw, is comparable to those of standard roofs. Specifically, a GR on 
plywood panel has a weighted sound reduction index comparable to a 
standard pitched roof with tiles on felt (Rw from 43 to 47 dB). Addi
tionally, a GR with an 80 mm cavity underneath should achieve a sound 

Table 6 
Summary of cited research studies regarding the runoff water pollutant reduc
tion effects by GRs.  

Reference Location GR Type Main Results 

[161] Connecticut, 
USA 

248 m2 extensive GR  (a) The GR acted as a sink 
for NH3–N, Zn, and 
Pb, but also as a 
source for Cu, NO3+

and NO2–N, TP, 
PO4–P, Hg, and Zn.  

(b) The GR increased the 
pH values of runoff 
water to 7 or 8, thus 
neutralizing the 
effects of acid-rain. 

[40] Japan and 
Sweden 

Intensive GR in Japan 
and extensive GR in 
Sweden  

(a) Both GRs acted as a 
sink for nitrate and 
ammonium nitrogen 
(NO3–N, and NH4–N).  

(b) Both GRs acted as a 
source for organic 
carbon and 
potassium.  

(c) Only the extensive GR 
contributed to 
phosphorous release.  

(d) An increase of the pH 
of runoff water was 
observed, thus 
neutralizing the 
effects of acid rain. 

[50] India Pilot-scale GR, with 
different soil 
substrates, and four 
different system 
configurations, 
including planted and 
unplanted systems, 
and various artificial 
rain conditions  

(a) GRs acted as 
contaminant sink for 
several metals, such 
as Ca, Mg, Al, Fe, Cr, 
Cu, Ni, Zn, Pb, Cd.  

(b) GRs increased the pH 
of acidic rain.  

(c) Soil substrate and 
vegetation choices 
were an additive 
factor influencing 
water quality. 

[162] Chongqing, 
China 

Pilot-scale GR  (a) A satisfactory level of 
retention was 
achieved, ranging 
from 35.5 to 100%, 
with an average of 
77.2%.  

(b) A neutralization of 
the pH of rainwater 
was achieved.  

(c) The GR acted as a sink 
for NH4 +-N and as a 
source for NO3–N, 
K+, Si4+, Ca2+, TOC 
(Total Organic 
Carbon), and DAI 
(Dissolved Al 
(Alouminium)). 

[156] Beijing, China 9 types of extensive 
GRs, with different 
soil substrates and 
depths, vegetation 
types, planting time 
and rainfall 
characteristics  

(a) GRs contributed to 
the reduction of the 
concentration of some 
nutrients.  

(b) GRs increased the 
concentration of total 
nitrogen, ammonia 
nitrogen (NH4+− N), 
and nitrate nitrogen 
(NO3–N). 

[163] Dingxi, Gansu 
Province, 
China 

Extensive green roof  (a) The extensive GR 
acted as a source for 
the majority of 
pollutants in the 
stormwater runoff.  

(b) The substrate 
material effect was 

(continued on next page) 
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reduction index comparable to a 100 m concrete roof (Rw equal to 50 
dB). In that regard, green roofs may be seen as a replacement or as a 
re-enforcement of existing roofs. 

5.1.3. Parameters 
Both studies mentioned in the previous section [164,165] showed 

that the depth of the substrate (and the corresponding mass it adds to the 
system) is one of the primary parameters affecting the noise insulation 
offered by a GR. The moisture or the compaction of the substrate did not 
seem to play a role. Indeed, Galbrun and Scerri [165] provided an 
empirical curve to predict the transmission loss as a function of surface 
density. 

Several other design parameters of the GR have also been tested and 
seem to require further investigation. For example, Connelly and 
Hodgson [164] noticed the effect of the different plant roots to the 
overall sound insulation. Galbrun and Scerri [165] investigated the ef
fect of different drainage systems (membrane, gravel, and pebbles). A 
particularly interesting experimental finding was that adding a cavity to 
the system increased the overall weighted sound reduction index by 13 
dB. 

5.2. Outdoors sound - absorption 

A green roof is a sound absorbing surface. Only part of the sound 
energy that reaches the roof is redirected back into the urban environ
ment. The sound absorption coefficient, a, expressed as a percentage or 
as a fraction between 0 (no sound absorption) and 1 (complete sound 
absorption), characterizes the amount of sound that is absorbed by the 
GR. The higher the value of a, the quieter the urban environment. The 
sound absorption coefficient is measured (or computed) either for 
normal incidence (sound arriving normal to the roof) or for random 
incidence (sound arriving to the roof from random directions). The 
former is measured by the impedance tube method, while the latter by 
means of reverberation room measurements or, alternatively, by anal
ysis of the normal incidence values [166]. In general, sound absorption 
increases with frequency and layer thickness. The typical range of fre
quencies for the applications at hand is 125 to 4000 Hz. 

5.2.1. Experimental evidence 
Published measured data substantiate the good acoustic performance 

of GRs as sound absorbing surfaces: Horoshenkov et al. [167] measured 
very high values of the normal incident absorption coefficient for winter 
Primula vulgaris atop (but not planted) a low density substratum (above 
0.8 for all frequencies above 200 Hz). Yang et al. [168] reported that a 
layer of topsoil (i.e. the naturally occurring uppermost layer of soil that 
is relatively high in organic matter and nutrients) with 100% plant 
coverage reaches almost complete absorption at 1000 Hz for random 
incidence. Measurements for two types of commercial GRs (alveolar and 
hexa) showed high absorption coefficient (a equal to 0.7) for medium 
and high frequency and low absorption (a equal to 0.2) for low fre
quencies [169]. 

Pittaluga et al. [170] reported the values of the normal incidence 

sound absorption coefficient to be 0.5 at about 500 Hz for extensive GR 
samples, 0.85 at 450 Hz for semi-intensive, and 0.4 for common soil. For 
comparison, the absorption coefficient of a concrete roof is almost equal 
to zero. Connelly and Hodgson [171] reported that the random inci
dence absorption coefficient for the various vegetated roof plots that 
were tested was 0.2–0.3 at low frequencies and 0.5− 0.6 at 1000 Hz. The 
noise reduction coefficient, NRC, of seventeen different vegetated roof 
plots that were tested ranged from 0.20 to 0.63. For comparison, the 
NRC of an exposed roof is 0.06. The NRC is the average of the sound 
absorption coefficients in the 250, 500, 1,000, and 2000 Hz octave 
bands. 

5.2.2. Models 
The mechanisms of sound absorption are not entirely understood. 

Possible mechanisms include the ground effect, the thermoviscous ab
sorption in the soil and the boundary layer of air at the surface of the 
leaves, scattering from stems and leaves, and stem and leaf vibration. 
GRs are composed of a porous substrate and a plant layer. The two layers 
are modeled separately and very few models exist for their combined 
effect. 

Specifically, the substratum is treated as a porous material described 
by various parameters. The model of Zwikker and Kosten [172] 
employed three parameters: porosity (volume fraction of air), flow re
sistivity of the porous material, and a structure constant (accounting for 
the specific structure of the pores and the frame of the material). The 
model of Attenborough [173] was based on porosity, flow resistivity, 
grain shape factor, pore shape factor ratio, and tortuosity (accounting 
for the total deviation of pore axes from a normal to the surface). The 
empirical model by Delany and Bazley [174] and Chessel [175], later 
adjusted by Miki [176], required only the flow resistivity. Recently, 
Connelly and Hodgson [171] presented a regression model with the 
parameters volumetric water content at wilting and field capacity, 
compaction, percentage of organic matter, and porosity. 

The models for sound absorption by plants are noticeably fewer. 
Watanabe and Yamada [177] investigated sound propagation through 
vegetation (which is applicable in the case of sound propagation at 
near-grazing incidence through a GR). They considered the leaf as a flat 
plate and yielded a model for sound absorption, which was found to be 
proportional to the square root of the frequency and a constant. The 
larger the leaf area, the higher the sound absorption. Horoshenkov et al. 
[167] showed that the effective tortuosity of a plant is theoretically 
related to the dominant angle of leaf orientation. They also presented 
two empirical expressions to predict the effective flow resistivity (and 
thus the sound absorption) based on leaf area density, for small and large 
dominant angles of leaf orientation. The larger the leaf area density and 
the larger the dominant angle of leaf orientation, the higher the values of 
the acoustic absorption coefficient. 

The combination of soil and plant layer is even more complex to 
model. In order to predict the absorption coefficient of a leaf in front of 
the surface of a porous substrate, Ding et al. [178] employed the 
equations from Biot’s elastic frame porous medium model [179,180] 
and the isotropic plate vibration theory, and solved them using a 
finite-difference time-domain approach. Horoshenkov [181] modeled 
both the soil and the plant layer by employing the Miki empirical model 
[176]. The acoustical absorption of the plant-soil system was deter
mined using a transfer matrix approach. In both cases, the plants/leaves 
were considered to lay on top of the soil. The effect of the roots growing 
into the soil was not modeled. 

5.2.3. Parameters 
Parameters that affect the sound absorption of GRs are: moisture; 

compaction; organic matter in the substrate; plant coverage; leaf area; 
leaf density and orientation; leaves on the ground; and plant develop
ment. The sound absorption of the bare substratum increases inversely 
to its moisture [171,181], increases with its depth [171,178], increases 
with the percentage of organic matter in the substratum [171], and 

Table 6 (continued ) 

Reference Location GR Type Main Results 

quite high on pH, 
electrical 
conductivity (EC), 
F− , NO3− , and 
NO2–N 
concentrations.  

(c) The vegetation type 
influenced the 
concentration of Cl− , 
SO4

2− , and total 
phosphorus (TP).  
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decreases with compaction [171]. The moisture contained in the sub
stratum seemed to be the most important parameter. Conelly [171] re
ported considerable differences in sound absorption when testing 
oven-dried soil, soil in the wilting stage, and soil at field capacity. 
Horoshenkov et al. [182] reported that the difference in the absorption 
coefficient between moderately dry and heavily wetted soil specimens 
can be 5 to 10 times greater. Yang et al. [168] reported a slight increase 
with substratum depth, while Connelly [171] reported a more notice
able increase, both for random incidence. Several soil types including 
sand, compost, pumice, and various mixes have been tested, and the 
effect of the percentage of organic matter in the substratum seem to be of 
interest [171]. 

Leaves on top of a substratum increase sound absorption. A leaf on 
top of a porous substrate increases the absorption coefficient in the 
middle frequencies and decreases it at high frequencies [178]. The in
fluence of a leaf becomes more pronounced when the leaf is added to a 
low-permeability substrate. A large pack of leaves on a porous substrate 
was measured to increase the absorption coefficient at all frequencies 
[183]. 

The absorption coefficient of vegetation increases with leaf size 
[168], and seems to be controlled by leaf area density and the angle of 
leaf orientation [167]. Connelly and Hodgson [171] reported that the 
absorption coefficient of GRs decreases as plant establishment pro
gresses. Finally, a variability of the acoustic properties of GRs with time 
is expected, as the water saturation changes, plants develop, and the 
substrate gets compacted. 

5.2.4. Variability and engineering 
Published measurement data on the sound absorption of GRs and 

their elements show a considerable variability with regard to sound 
absorption. The various parameters of the samples tested as well as their 
combination seem to affect the acoustic performance of a GR signifi
cantly. This variability allows one to consider the possibility of engi
neering a GR in order to achieve specific noise reduction goals. 

5.3. Outdoors sound - diffraction 

Diffraction is the mechanism by which sound penetrates into an 
acoustical shadow zone. Consider a building situated between a noise 
source (such as road traffic) and a receiver (a person in the backyard of 
the building). The receiver is located in an acoustical shadow zone, as 
the direct sound from the road is blocked by the building. However, 
sound reaches the receiver, propagating as follows: (i) starting from the 
road, it diffracts on the upper edge of the building facing the road, (ii) it 
propagates at grazing incidence over the top surface of the building, and 
(iii) it diffracts again on the upper edge of the building facing the 
backyard, eventually reaching the receiver in the backyard. This is a case 
of double diffraction, as sound diffracts on two edges to reach the 
receiver. In other configurations, such as a higher building behind the 
one that faces the road, sound reaches the receiver directly after it dif
fracts on the first edge (single diffraction). 

The exposed facade of the building and the roof form a right-angled 
wedge. So do the roof and the backyard facade of the building. For 
diffraction on wedges, the following are known. In general, the 
diffraction contributions are much smaller than direct sound contribu
tions. Double diffraction contributions are much smaller than single 
diffraction contributions. Diffraction contributions are important for 
receivers in an acoustical shadow zone. The diffraction contribution is 
reduced when a receiver is positioned deeper into the acoustical shadow 
zone (i.e. further down from the roof) or when the frequency is 
increased. Finally, diffraction contributions over acoustically rigid 
wedges are usually larger than corresponding contributions over sound 
absorbing wedges. 

GRs are sound absorbing surfaces and can mitigate sound produced 
by diffraction in the urban environment. Therefore, diffraction contri
butions over GRs, as compared to conventional acoustically rigid roofs, 

are smaller and contribute to a quieter urban environment. 

5.3.1. Models 
The theory of single wedge diffraction is quite developed, and 

analytical solutions exist for rigid wedges, e.g. Oberhettinger’s exact 
solution for spherical incident signals [184] or various approximate 
solutions [185,186]. Analytical solutions for diffraction on a sound 
absorbing right-angled wedge [187] as well as approximate expressions 
for double edge diffraction [188] also exist. Semi-empirical formulas for 
single or double diffraction and rigid or sound absorbing wedges are also 
available [189]. Additionally, numerical methods have been widely 
employed to account for the combined effects of propagation mecha
nisms (including diffraction) in complex environments (beam-tracing 
methods, ray-tracing methods, finite difference time domain models, 
etc.). The accuracy of all models and solutions depends highly on the 
accuracy of the sound absorption coefficient of the faces of the wedge (i. 
e. the GR). 

In the problem of sound diffraction over a GR, it is the relative po
sition of source-green roof-receiver that determines the sound field in 
the shadow zone past a GR. In general, the higher the frequency and the 
deeper into the shadow zone the receiver is located, the longer the 
propagation path interacts with the GR, and the better the noise 
shielding is. The final benefit of a GR also depends on its sound 
absorbing performance, and thus on water content, vegetation coverage, 
etc., as discussed in the previous section. 

5.3.2. Experimental evidence 
Yang at el [190]. conducted measurements in an anechoic chamber 

for GR systems on a low-profiled structure at street level, such as above 
underground parking lots. The sound field attenuation in the shadow 
region increased as the number of rows of the green roof trays grew. 
Compared to empty trays, the extra sound field attenuation caused by 
substrates can be up to 9.5 dB at certain frequencies. The depth and type 
of substrate did not play a significant role. Prune leaves improved the 
noise shielding at high frequencies. 

Van Renterghem and Botteldooren [191] carried out in-situ mea
surements before and after the placement of GRs for various geometry 
configurations involving single and double diffraction. It was shown 
that, compared to non-vegetated roofs, GRs can reduce the noise levels 
at receivers in the shadow zone, and thus improve the shielding effect of 
buildings. A single diffraction configuration resulted in an improvement 
above 10 dB in the shielding effect for frequencies between 400 Hz and 
1250 Hz. In other cases, GRs improved while in others deteriorated the 
shielding provided by non-vegetated roofs, depending on the frequency. 
A double diffraction configuration yielded up to 8 dB of improvement. 
For double diffraction cases, the GR improvement was less 
frequency-dependent. Furthermore, results showed that the extra 
benefit of a GR (compared to a non-vegetated roof) is stronger for re
ceivers deeper into the shadow zone. It was also reported that for high 
frequencies, a small substrate thickness and/or the presence of vegeta
tion seems to be positive, while for low frequencies a thicker substrate 
seemed to be required. 

5.3.3. Parameters 
Van Renterghem and Botteldooren [192] conducted an in-situ 

experiment involving single edge diffraction with an extensive GR 
exposed to natural precipitation. It was shown that, for frequencies 
between 250 and 1250 Hz, sound diffraction was especially sensitive to 
the substrate’s volumetric water content. The difference in the GR’s 
noise attenuation between a relatively dry and fully saturated state 
varied by up to 10 dB. Other parameters that affected the sound 
absorbing characteristics of the GR, such as the thickness of the substrate 
and the fraction of the roof coverage, have been studied numerically for 
the diffraction problem [193] as well as, in the case of a 
diffraction-specific parameter, the shape of the roof [194]. 
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6. Life cycle assessment of green roof systems 

According to the ISO 14040 and 14044 standards, life cycle assess
ment (LCA) studies are generally conducted in four distinct phases. Goal 
and scope definition is the first step of the analysis. In the majority of 
published studies, the lifespan of a GR was set to be between 40 and 50 
years [54,195–203]. The functional unit differed among the reviewed 
studies, with the most common being one square meter of roof area and 
others examining the area of the entire building roof [195,198,199,201, 
202]. Τhe system boundary incorporates the extraction of raw materials, 
fabrication of GR layers, transportation, assembly, operation, and 
disposal or recycling of GR components. In only two papers [195,204] 
the boundary was set from cradle to gate, excluding the use and 
end-of-life phases. Several studies performed LCA of GRs from cradle to 
grave, with the end of life cycle being disposal [205,206] and/or recy
cling [54,195,196,200,202,207]. Other studies included specific phases 
of the entire GR [54,198,200,205] or GR layers [54,208]. 

Life Cycle Inventory Analysis (LCIA) was the subject of investigation 
in the second step of the assessment. Among the reviewed studies, 70.6% 
used the ecoinvent database (https://ecoinvent.org/) [54,195–198,200, 
204,205,207–210]. In life cycle impact assessment, the focus of the 
study determines the chosen assessment methodology. All of the articles 
assessed in this review presented (at least) the CO2 emissions or Global 
Warming potential (GWP) or Carbon footprint of the examined GRs or 
the GR layers. In many cases, several other impact categories were also 
included, i.e. human health, ecosystem quality, climate change, re
sources, photochemical ozone creation, abiotic depletion potential, and 
eutrophication potential [195,197,198,203]. An LCA is concluded with 
the interpretation of results so that a more informed decision may be 
made [211]. 

While GRs provide additional environmental benefits and have 
proved to be more sustainable options for urban planning compared to 
conventional roofs, some authors have reported that GRs have greater or 
nearly the same environmental impacts as conventional roofs. It has 
been argued and substantiated that with a 53% lower contribution in the 
respiratory organics impact category, EGRs result in a lower environ
mental impact than TGBRs [195]. Other studies have demonstrated that 
EGRs perform better than TGBRs for almost all impact categories, 
excluding carcinogens and water scarcity [201]. Compared to flat roofs, 
it has been shown that they have a more favorable environmental 
footprint, in particular with lower values for embodied energy, GHG 
emissions, and waste material. These savings vary from 55 to 28% for 
EGRs and IGRs respectively [199]. Another study assessed four main 
impact categories: human health, ecosystem quality, climate change and 
resources, with steel and concrete being the most polluting components 
for both THRs and EGR. Due to the fact that EGR is a more complicated 
technology, the emitted CO2 was primarily affected by the thermal 
insulation material, the root barrier, and the asphalt component. The 
environmental impacts CO2 emissions, human health, ecosystem qual
ity, and also resources in both studied roofs were significantly reduced 
[198]. Other research found that GRs may reduce environmental im
pacts, particularly during the use phase, but this effect is offset by the 
increase in additional layers over their construction [203]. 

This review considers all life cycle phases of the investigated prod
ucts as well as their environmental impacts. Table 7 provides an over
view of LCA studies of GRs, reporting on the kind of study (comparison, 
or case study), type of investigated GR (EGR, IGR, SIGR or conventional 
roof) or GR layers (root barrier or substrate), chosen life span, functional 
unit, and system boundary, along with the environmental impact cate
gories, methods and the corresponding key outcomes. 

The phases of materials production and roof construction dominated 
the environmental impacts of the studied roof assemblies. The manu
facture of low density polyethylene and polypropylene as well as the 
polyethylene of extruded polystyrene had significant environmental 
impacts [54,204]. The manufacture of polymers required substantial 
amounts of energy, which had a detrimental impact on climate change, 

while NO2, SO2, O3 and PM10 emissions were major pollutants [54,205]. 
It is worth mentioning that the primary input for the fabrication of 
polyester was the felt for irrigation [204]. The production of cement was 
the dominant factor in global warming potential, resource consumption, 
and human toxicity [209]. While, the fabrication of hydroponic mineral 
wool had the greatest environmental impacts, it was shown that using 
this element as a substrate replacement reduced the impacts of the use 
phase, concluding that the current material was similar to natural sub
strates [210]. Likewise [202], revealed a negative value of the same 
element, contributing to carbon storage in the production of drainage 
layer in GR-a. 

However, while for all the roof elements, the uppermost burdens 
(impacts) raised from the production stage in the case of clay tiled roof, 
impacts mainly came from clay bricks, tiles, and concrete due to the use 
of non-renewable primary energy in the furnace and the consumption of 
natural resources [197]. The fabrication processes of the materials that 
composed a roof, accounted for more than half of the roof’s global 
environmental impacts across all categories. Specific values such as 95, 
90, 90, 80 and 70% were noted for freshwater aquatic ecotoxicity, 
marine aquatic ecotoxicity, terrestrial ecotoxicity, photochemical 
oxidation, and eutrophication, respectively [204]. 

In the transportation phase, it was identified that IGRs were affected 
eight times more than EGRs in all impact categories [209]. Other out
puts showed that, due to the energy class of the transport trucks, the 
categories of climate change and human health were highly impacted in 
the case of bituminous membrane, culture and vegetated layer respec
tively [205]. Locally produced materials for the studied substrates were 
beneficial [200]. Findings at the assembly level showed that ready 
mixed concrete, reinforced metal bars, and mastic asphalt were the most 
significant contributors to the environmental profile of TGBR and EGR, 
polluting the drainage layer and vegetation in the case of EGRs [8]. 

Compared to conventional roofs, all types of GRs had decreased CO2 
emissions during the installation stage [199]. In IGRs, the global 
warming potential was largely driven by the increased quantities of 
concrete used. The IGR was the most impacting roof for all use phases 
considered [195,209], whereas the impact of TGBR and EGRs was 
largely determined by the use phase and the roof components [201]. 
Regarding global warming, a remarkable decrease of 73.3 and 75.74% 
occurred in R2 and R3 compared to R1, resulting from the reduction in 
the energy consumption of the use phase, once the roof was well insu
lated [206]. Using rockwool as a substrate in GRs, resulted in energy 
savings and an equivalent reduction in CO2 emissions [200]. Using a 
brick substrate could reduce the global warming potential to 3139 kg 
CO2eq, whereas cork drainage could reduce it to 441 kg CO2eq. Both the 
GR-c and GR-a configurations had equivalent use stages, but plant CO2 
fixation reduced the GWP significantly to 6828 kgCO2eq [202]. Another 
study found that while ozone depletion increased by 1.3% during the use 
phase of the studied GR, all other environmental impact categories 
decreased [203]. On the other hand, the usage of layers made out of 
recycled polymers resulted in lower values, avoiding toxic air emissions 
in all studied scenarios [54]. Similarly, other studies found that GRs had 
greater LCA values than white roofs in the materials production, con
struction process, and end-of-life stages [195,203]. 

For end-of-life scenarios (recycling and landfilling) and for both 
TGBR and EGRs, the emissions of SO2 and NO from a grid connected to 
an oil powered plant had a considerable effect on the aquatic and 
terrestrial acidification impact categories. In addition, during the recy
cling phase of the aluminum screws in the thermal insulation layer, 
TGBRs released carcinogenic aromatic hydrocarbons and benzo[a]pyr
ene into the atmosphere [201]. Another critical finding was that NO2 
was removed from the air rather than released during the recycling 
process of a GR [54]. The recycling potential for the drainage layers of 
GR-c and GR-a had GWP reductions of 643 and 846 kgCO2eq, respec
tively. Τhe same roofs scored 32 and 55% of the GWP during the de
molition phase [202]. On the other hand, the byproduct evaluation 
approach had a significant impact when layers from a nature-based 
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Table 7 
Cited studies addressing LCA and environmental aspects of GRs.  

Reference Type of 
study 

Type of green 
roof 

Region/country Life 
span 
(yr) 

Functional unit System boundaries Studied 
environmental 
impact categories 
and methods 

Main results/ 
environmental impacts 

[195] Comparison EGR, IGR, 
TGBR, and 
WRR 

Lebanon 45 834 m2 of GR Cradle to gate Human health, 
ecosystem quality, 
climate change, 
resources 
IMPACT 2002+

EGRs had a better 
environmental 
performance for all the 
examined impact 
categories. Compared to 
other roofs, IGRs 
resulted in the worst 
values for carcinogens, 
ionizing radiation, 
ozone layer depletion, 
aquatic eutrophication, 
global warming, and 
non-renewable energy 
impact categories, while 
WRRs scored the 
highest values at the rest 
of the impact categories. 

[54] Comparison EGR, IGR – 40–50 Production of 1 
kg of polymer 

Manufacturing and 
construction 

Eco-Indicator (H) 
v2.06 

The total pollutants that 
resulted showed that 
non-recycled LDPE 
released 2.8 times more 
toxic elements to the air 
than recycled LDPE. If 
100% (rather than 40%) 
recycled PP was used in 
the drainage layer, a 
significant pollution 
reduction would be 
achieved. 

[196] Comparison Two 
lightweight 
EGRs 

Helsinki, Finland 40 1 m2 of GR Cradle to grave CML 2001 The second substrate 
(root barrier with LPDE) 
performed better than 
the first one (root 
barrier with PVC). This 
was largely due to the 
production of expanded 
clay in the first 
substrate, which 
emitted 48% more 
GWP100 than the 
second substrate. 

[197] Comparison 4 different GRs 
compared to a 
standard clay 
pitched roof 

Pisa, Italy 40 1 m2 of GR Cradle to grave CML-IA v4.1 All four studied GRs 
scored lower impacts 
than the clay pitched 
roof, mainly ADP-fossil 
fuels (20–30%) and 
ODP (5–6%), whereas 
the typical decrease was 
5% for all other impact 
categories, except POCP 
(1%) and GWP (2%). 

[198] Comparison THR and EGR Thessaloniki, 
Greece 

15 for 
THR 
and 45 
for 
EGR 

69.271 m2 Construction, 
transportation and 
energy use for the 
construction and 
reservation of both 
roofs 

Human health, 
ecosystem quality, 
climate change and 
resources 

Both THR and EGR roofs 
had similar reductions 
of 61%, 23%, 11% and 
10.5% to climate 
change, human health, 
ecosystem quality, and 
resources respectively. 

[199] Comparison EGR, IGR, SIGR, 
and flat roofs 

4 Greek cities: 
Heraklion, 
Athens, 
Thessaloniki, 
and Florina 

40 for 
GRs 
and 20 
for flat 
roofs 

100 m2 of roof 
area 

Cradle to grave – Compared to flat roofs, 
GRs showed important 
decreases such as 
24–32% and 15–60% in 
CO2 emissions and 
waste production 
respectively. An 
impressive increase of 
279–835% was 
observed in total life 
cycle water 
consumption, due to 
high irrigation needs. 

(continued on next page) 

G. Mihalakakou et al.                                                                                                                                                                                                                          



Renewable and Sustainable Energy Reviews 180 (2023) 113306

22

Table 7 (continued ) 

Reference Type of 
study 

Type of green 
roof 

Region/country Life 
span 
(yr) 

Functional unit System boundaries Studied 
environmental 
impact categories 
and methods 

Main results/ 
environmental impacts 

[200] Comparison EGR and SIGR Athens, Greece 40 – Construction, 
transportation and use 
phase 

Carbon footprint The computation of 
total CO2 emissions (in 
kg CO2et− 1) used the 
means of the intervals 
236.6− 264.6 and 
1544.0− 1584.0 for the 
coarse aggregate 
synthesis, and the high- 
density rockwool 
respectively. 

[201] Comparison TGBR and EGR Lebanon 15 for 
TGBR 
and 45 
for 
EGR 

Installation and 
use of a 650 m2 

roofing system 
for 1 year 

Cradle to grave Water scarcity 
(WULCA) 
IMPACT 2002+

EGRs had a better 
environmental 
performance compared 
to TGBRs for almost all 
impact categories. The 
total water scarcity 
scored 53.3 and 54.5% 
for TGBRs and EGRs, 
respectively. 

[208] Case study A bituminous 
anti-root 
barrier on a GR 

Calabria, Italy – 1 kg of hot- 
worked adhesive 
bitumen 
membrane 

Production, 
transportation, 
operation and disposal 
of bitumen 
membranes 

ReCiPe endpoint 
impact 2002+

As bitumen encloses 
sulfur compounds it 
could develop small 
amounts of toxic sulfur 
gaseous such as 
hydrogen sulfide (H2S). 
An increase of the useful 
life of the membrane is 
essential. 

[205] Case study GRWRS Calabria, Italy – 1 m3 of the 
stratigraphy of 
GRWRS 

Raw materials 
extraction, 
production, and 
transportation from 
the supplier to the 
installation place; and 
energy consumption 
linked to the 
transformation 

Impact 2002+ The total climate change 
impact comes to 17.4, 
18.2, 18.7, 18.3, 13.78 
and 13.5% referring to 
the contribution of the 
layers anti-root 
bituminous membrane, 
water storage, drainage, 
filter, culture-vegetated 
respectively. 

[209] Comparison A lightweight 
EGR and a 
heavyweight 
IGR 

Antananarivo, 
Madagascar 

1, 5 
and 10 

Construction, 
transmission and 
use of 1 m2 of GR 
for a period of 1, 
5 and 10 years 

Extraction of raw 
materials, energy 
conversion-supply, 
manufacture 
transport, and waste 
production during the 
manufacture of 
various layers and use 
of the studied GRs 

CML baseline At the production phase, 
cement emitted 53 kg of 
CO2eq more than wood, 
with steel causing only 
5.3 kg of CO2eq of 
additional burdens. 

[207] Comparison 4 types of EGR Israel 20 1 m2 of roof area Cradle-to-grave (no 
use phase included) 

ReCiPe The corresponding 
values in the production 
and end-of-life phase 
were equal to 88− 94% 
and 6− 12% along with 
93–94% and 6− 7% of 
total LCA in the mass 
allocation and system 
expansion approach 
respectively. 

[204] Comparison An ecological 
roof in 5 winter 
climate 
contexts 

Cádiz, Valencia, 
Vigo, Madrid 
and Soria 
(Spain) 

– 1 m2 of 
ecological roof 

Cradle to gate CML 2000 The structural support 
materials contributed 
95, 90, 90, 80 and 70% 
freshwater aquatic 
ecotoxicity, marine 
aquatic ecotoxicity, 
terrestrial ecotoxicity, 
photochemical 
oxidation, and 
eutrophication, 
respectively. 

[206] Comparison R1: simple roof; 
R2: typical 
reversed roof; 
and R3: GR 

Salerno, Italy – 1 m2 of roof area Cradle to grave Eco-indicator 99 R1, R2, and R3 resulted 
into a total damage of 
almost 106.83, 32.62, 
and 33.14 Pt 
respectively. Damage 

(continued on next page) 
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material (perlite) were replaced by byproducts of the CBA and FAAs 
layers [207]. When recycled materials replaced virgin ones, drainage 
and water retention improved [196]. 

It is worth noting that Peri et al. [212] discuss the challenges of 
disposing of green roofs at the end of their lifecycle. The authors address 
the lack of regulations and guidelines for the disposal of green roofs and 
propose an “Allowed by legislation” end-of-life scenario that considers 
the current waste management regulations and practices. They also 

suggest a methodology for assessing the environmental impact of 
different disposal scenarios. The study found that the environmental 
impact of green roof disposal depends on several factors, such as the type 
of vegetation, substrate, and waste management practices. The authors 
conclude that adopting an “Allowed by legislation” end-of-life scenario 
and conducting a thorough environmental analysis can help facilitate 
the sustainable disposal of green roofs and minimize their environ
mental impact. Overall, the article offers valuable insights into the need 

Table 7 (continued ) 

Reference Type of 
study 

Type of green 
roof 

Region/country Life 
span 
(yr) 

Functional unit System boundaries Studied 
environmental 
impact categories 
and methods 

Main results/ 
environmental impacts 

categories included 
respiratory inorganics, 
caused by the 
particulate matter 
emitted during the 
transportation and 
extraction of materials. 
The climate change 
category was decreased, 
due to the vast 
reduction in consumed 
energy in the use phase. 
In R2, the disposal 
scenario of a specific 
plastic layer increased 
the percentage of 
carcinogens in 
comparison to the other 
roofs. 

[202] Comparison GR-c and GR-a Germany 40 218 m2 of GR Cradle to grave – In the production phase, 
the GWP had a higher 
impact on the GR-c, 
with 3,617, 998, 774, 
and 275 kg CO2eq for 
the substrate, PP- 
drainage PVC-root 
barrier, filter layer, and 
protection layer 
respectively. For the 
GR-a, the GWP values 
were 53 and − 2112 kg 
CO2eq for the substrate 
and drainage layer 
respectively. The filter 
and protection layers of 
both roofs decreased 
GWP by 186 kgCO2eq, 
while the root barrier 
saved another 219 
kgCO2eq. 

[210] Comparison 4 SIGRs Czech Republic 20 1 m2 of roof area Cradle to grave CML 2001 Among the materials 
used, the environmental 
impacts of Assemblies 1 
and 2 were such that the 
intensive substrate 
mixture was responsible 
for − 65.68 and 41.64% 
respectively; in 
Assemblies 3 and 4, the 
HMW was 49.80 and 
79.98% respectively. 

[203] Comparison Conventional 
white roof EGR 

Florida, US 50 – Cradle to grave Global warming 
potential, 
acidification 
potential, human 
health, particulate, 
eutrophication 
potential, ozone 
depletion potential 
and smog potential 

GWP for a conventional 
white roof and GR 
decreased by 9.4% and 
8.58%; 3.28% and 
3.16%; − 0.65% and 
− 0.66%; 2.64% and 
2.57%, in the categories 
of material production, 
construction process, 
and use and end of life, 
respectively.  
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for proper disposal practices for green roofs and the importance of 
considering environmental impact when designing and implementing 
sustainable solutions. 

The different phases of a GR were also compared. The production 
and end-of-life phases saved impacts significantly more than the use 
phase because they were capable of extending the roof’s component life 
cycle, achieving a longevity for 20 years [199]. Maiolo et al. [205] 
analyzed a bituminous anti-root barrier on the GR of a building in the 
University of Calabria in Southern Italy. The phases of extracting raw 
materials and using non-renewable primary energy had a negative 
impact on the category of resources. CO2 emissions had the most sig
nificant impact when compared to the outputs of the two methods used 
(ReCiPe Endpoint and Impact 2002+) [205]. 

According to Rivela et al. [204], the used structural support was 
regarded as a common component of an examined ecological roof, so it 
was not taken into account in the comparative analysis. Τhe elements 
identified as major contributors to the global warming category were the 
insulation and surface finish subsystems. The first subsystem decreased 
significantly the impacts of ozone layer depletion, global warming, 
abiotic depletion, acidification and photochemical oxidation, by 95, 55, 
55, 50, and 45% respectively. The second subsystem contributed the 
most to the categories of human toxicity (65%), marine aquatic eco
toxicity (around 45%), and terrestrial ecotoxicity (around 45%) [204]. 
On the other hand, Pushkar claimed that with the mass allocation 
method, the replacement of nature-based material layers (perlite) with 
CBA and FAAs byproducts in the substrate and drainage layers, was 
environmentally damaging with impacts ranging from 5 to 20% of the 
total impacts. On the other hand, the system expansion approach was 
advantageous for the same procedure, with lower values of around 
20–40% [207]. 

Wrapping up this section, Table 7, which summarized the GR LCA 
review, demonstrates that all major LCA indicators of a GR were sig
nificant smaller than those of conventional structural elements. The 
replacement of the substrates and finishing subsystems with recycled 
and eco-friendly materials underscores the recent trend in the GR in
dustry to minimize environmental impacts and contribute to the circular 
economy. 

7. The role of plants and water scarcity issue 

Recognizing the role of plants in shielding a roof from direct sunlight, 
absorbing some precipitation water, and cooling off the roof surface, it 
may be concluded that the use of plants on a roof improves its func
tionality, aesthetics, and the buildings surroundings [59,102,213]. GRs 
are living systems, and the selection criteria for plant species play a 
crucial role in their effective function, even if the selection is not typi
cally driven by ecological criteria or made according to the structural 
characteristics of the plants [214]. 

Depending on the type of GR (extensive, semi-intensive or intensive), 
native or alien plants, species with different functional traits (annual, 
perennial, succulent or not, shrub or herb, etc.) and specific structural 
characteristics (such as root growth, which can constitute a risk for the 
structural integrity of roofs) could be selected. This is due to the fact that 
on intensive roofs, plants require regular and frequent maintenance, 
while on extensive roofs, plants are often selected from a limited set of 
species (as suggested by the literature). As an example, it is recom
mended to avoid using (a) woody plant species (such as Phanerophytes), 
because they typically have a well-developed root system, which can 
damage the layers of the roof isolation over time, and (b) annual plants 
(such as Therophytes) and biennial Hemicryptophytes, because they are 
short lived and thus do not provide a continuous cover for green roofs. 

Since native plants (a) are better adapted to the prevailing biocli
matic conditions in each study area, (b) provide greater environmental 
benefits, and (c) are more aesthetically pleasing than non-native plants, 
their use has garnered considerable attention in recent years [215]. 

A study is required for the proper selection of plants based on 

synecological, structural, chorological, and autoecological criteria. For 
example, in order to select plants in Italy, synecological information 
derived from studies on natural plant communities were used initially 
[216], followed by a final selection of species typical of habitats with 
affinity to the conditions of the specific roof. It has been suggested to 
select plants that are typical of early successional communities of the 
Mediterranean and capable of colonizing thin (not mature) and compact 
substrates, such as rocks, walls, screes, and dunes. It has been estab
lished experimentally that the usage of various plant species on GRs is 
preferable to monocultures [217]. Consequently, the selection of a sin
gle species or a mix of species is a crucial element of the evaluation and 
selection of plants. 

Depending on the climatic area, the chorology of plants (origin and 
current area of native distribution) should be used as a selection crite
rion to consider the exclusion of alpine, boreal, and mountain species, e. 
g. for a GR in the Mediterranean. Caneva et al. [214] excluded endemic 
species from the list of potential plants, due to their generally narrow 
ecological requirements. One more important selection criterion 
mentioned in Suszanowicz et al. [218] is related to the protection and 
enhancement of biodiversity in urban areas, through the reintroduction 
of native plant species occurring in the urban/semi-urban and wider 
neighboring areas that can be used on GRs (with resistance to stress 
caused by large temperature differences in the summer and the winter, 
long dry periods, or torrential rains). 

According to Monteiro et al. [219], an interesting case is to identify 
aromatic plants that could be used successfully in GRs in Mediterranean 
climates, where extended drought periods in the summer contrast with 
cold and wet winter periods. 

It is obvious that the proper functioning of a green roof system is 
based on the consumption of water not only for the survival of the plants 
but also for the improvement of its properties related to the energy 
savings of the building. Water scarcity has become a real problem due to 
the combination of climate change and population explosion. According 
to the IPCC report on “Climate Change 2022: Impacts, Adaptation and 
Vulnerability” [220], risks in water availability and will continue to 
increase by the mid-to long-term. The solution is the adaptability to the 
aforementioned risks and this affects the design of green roofs. The ul
timate goal is to reduce potable water for irrigation. 

Water consumption in a green roof system depends on the type of 
roof (intensive, extensive), on the used plants, such as the drought 
resistant species of Sedum, the growing medium, and finally the irri
gation method together with the proper design of the retention layers. 
Low volume drip irrigation can lower water consumption considerably. 
The analysis presented by Pirouz et al. [221] showed that the average 
water use of green roofs in the summer (in humid regions) is about 3.7 
L/m2/day, in Mediterranean regions about 4.5 L/m2/day, and in arid 
regions about 2.7 L/m2/day. 

The authors proposed a new GR system that will take advantage of 
water from fog or dew. In arid areas, fog potential is between 1.8 and 
11.8 L/m2/day while dew potential ranges from 0.5 to 0.7 L/m2/day, 
reducing the dependency on urban water infrastructure. In addition 
there are ways to recover condensed water from HVAC systems [222], 
which can be used for irrigation. Fortunately, there are additional ways 
that can close the gap between the irrigation requirements of a green 
roof and the simultaneous reduction of potable water consumption. This 
way, the advantages of a green roof in a building’s energy balance are 
maintained without burdening its water balance. The collection of 
rainwater, the reuse of grey water and desalination (where this is 
possible, especially using solar radiation) are important climate change 
adaptation measures, turning green roofs into profitable investments 
even in areas with potable water availability problem. 

8. Engineering perspectives and future directions 

Researchers have concentrated their attention on particular aspects 
of GRs, assessing their effectiveness primarily in connection to the 
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energy economy in well-defined areas and situations. However, nature 
does not isolate, but rather functions synthetically in multicomponent 
and multidimensional directions. When integrating nature-inspired so
lutions, various components complement one another. For example, 
improving energy efficiency and ameliorating environmental impacts 
through the use of GRs, has a positive effect on the well-being and health 
of people. Moreover, the reduction of carbon emissions and the 
sequestration of carbon by GRs play a key part in climate neutrality. 

Another significant benefit of GRs is that they do not generate solid 
waste at the end of their lifetime. Neither do they emit organic pollut
ants during their active life. Unlike other synthetic polymers and resins 
used in insulation materials, the construction of GRs does not involve 
polluting and energy-intensive industrial processes. The life cycle 
assessment of GRs demonstrates that they have a lower lifetime envi
ronmental impact than conventional insulation materials. Although 
incorporating insulation into buildings has become a high priority, the 
life cycle of insulation materials and how they contribute to the circular 
economy has received little consideration. Therefore, policymakers and 
stakeholders should prioritize the incorporation of GRs in the engi
neering options for the thermal shielding of buildings. 

GRs are an excellent component of the urban environment that can 
be implemented directly. Synergies with other technologies (such as 
cool materials, heating, ventilation and air-conditioning, blue infra
structure, green walls, etc.), which can increase the overall effectiveness 
of GRs and improve other aspects of the urban environment, should be 
exploited. 

As demonstrated by this review, the efficiency of a GR depends on 
several factors. The type of GR, the plants utilized, potential combina
tion with water or green walls, local climate conditions, and building 
materials, all affect the outcome. Moreover, a larger GR is expected to be 
more efficient than a smaller one, given the importance of end effects in 
heat transfer. The height of the building also plays a key role: in the case 
of a tall building, heat absorption by walls can contribute significantly to 
the thermal resistance of the building. Consequently, choosing a lower 
height and fewer-story buildings as an architectural alternative in 
combination with a GR may be viewed as a more integrated solution. 

GR applications may be seen from a broader perspective and stim
ulate research toward discovering synergistic benefits. In terms of en
ergy savings, GRs do not contribute significantly to winter heating 
needs. However, their contribution to reducing point source pollution 
should be considered and researched. Combined systems should be 
designed and implemented to purify the flue gas emissions from a 
building’s HVAC systems. Those gases can be scrubbed using a closed 
recirculation water system that runs through appropriately chosen 
aquatic plants in a water pond of a GR complex. 

Making area-specific choices, exploiting local plants that adapt bet
ter to local climate conditions, and even picking them to preserve local 
biodiversity, may be excellent synergistic options. Creating roof gar
dens, where flowers and vegetables are cultivated, or planting fruit trees 
on a GR are further examples of the combination of GRs with the pho
totherapeutic advantages of horticulture. Research on the plants that are 
best suited to GR applications, absorb specific pollutants, and provide 
more efficient shading, can offer additional benefits, and should be 
explored. 

9. Conclusions 

GRs are nature-based solutions that are designed and implemented as 
artificial ecosystems to reduce energy consumption, improve air quality, 
and promote urban sustainability. This manuscript is a bibliographic 
review of the leading scientific processes, models, and optimization 
methods describing the thermal performance of a GR holistically. The 
review process is complemented with a comprehensive description of 
the primary system benefits, including energy and environmental as
pects. At the same time, it concludes with a thorough review of life cycle 
assessment in order to provide a useful summary of the environmental 

impacts of GR systems. This review demonstrates the effectiveness of 
GRs in various ways. It becomes apparent that GRs can serve several 
purposes. It was demonstrated that GRs can regulate indoor tempera
tures by lowering cooling energy demand during the summer and 
heating energy consumption during the winter, while also contributing 
measurable reductions in noise, local atmospheric pollution, and water 
runoff. 

Concluding remarks are summarized as follows:  

(1) Modelling the thermal performance of GR system: energy models 
were classified into three categories according to the methodol
ogy used: models based on thermal transmittance coefficient 
calculation, models based on energy balance calculation at 
various levels and components of the system, and data-driven 
models.  

(2) Parametric studies: Several system parameters were considered 
such as LAI, soil layer thickness, insulation thickness, irrigation, 
foliage height and density, type of planted roof, plant coverage, 
etc. Among them, LAI was found the parameter affecting more 
considerably the thermal behaviour of the GR system.  

(3) Energy benefits: GRs contribute to a significant reduction of 
cooling load reaching up to 70% as well as to a decrease of indoor 
temperature up to 15 ◦C.  

(4) Environmental benefits: GRs environmental benefits included air 
pollutants concentration reduction PM2.5, PM10, O3, SO2, NO2; 
carbon sequestration through photosynthesis and evapotranspi
ration; runoff water quality improvement; and urban noise 
reduction. Experiments and observations showed 7–33% reduc
tion of PM2.5, and significant reduction in PM10, O3, NO2, while 
GRs showed an excellent contribution to carbon sequestration.  

(5) Life Cycle Assessment: The LCA review showed that all major LCA 
indicators of a GR were smaller than those of conventional 
structural elements. 

In closing, the present manuscript provides: (a) a holistic and inter
disciplinary review of the subject offering a global perception of the 
related information, (b) a critical discussion of several individual aspects 
such as system benefits, and (c) perspectives able to fill the research gap 
between scientific foundation and engineering thinking that may be 
applied and implemented. 
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