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Abstract:

The green roof systems (GRS) seek to meet the environment and energy efficiency requirements
in buildings, where inadequate performance is provided by the conventional roof systems. Some types
of green roof have been commercially launched, but challenges, such as high initial cost, complex
maintenance, and application limitations, prevent their widespread use. Most of these challenges can be
overcome, but no GRS are likely to overcome all of them at once. This research reviews the advantages
and disadvantages of green roofs and discusses the challenges associated with their utilization within
buildings. The main consumer properties of green roofs have been systematized. The research makes
the capabilities and limitations of the different GRS clearer for both architects and users, and discusses
the challenges and promises facing developers and designers.

1 Introduction

The biggest challenge in building design is to optimize the use of natural energy to provide human
comfort and consume less energy [1], [2], [3]. Within the target to reduce the energy demand of buildings
and preserve the environment, innovative technical solutions have to be proposed and adopted [4], [5],
[6], [7], [8], [9]. Among the systems available in the sustainable and bioclimatic architecture context,
green (vegetated) roof technologies have been developed for approaching comfort and sustainability
aspects [10], [11], [12], [13], [14], [15]. Green roofs are an effective contribution to resolving several
environmental problems at the building and urban levels [8], [17], [18], [19].

Green roofs are complex systems, with a vegetation layer covering the outermost surface of the
building envelope. An effective design may confer environmental and energy benefits [20], [21]. Also, the
green roofs can be viewed as a tool to enhance aesthetic appeal of any building [22]. Compared to bland
and utterly boring flat roofs, green roofs are more pleasant to experience or view from other buildings
[23]. Comparing with a traditional black roof, many other advantages of a green roof can be noted, such
as storm-water management [24], high water run-off quality [25], improving urban air quality [26], high
thermal and acoustic performances [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], etc.

The main barrier relates to difficulties in performance quantification and evaluation of buildings with
green roofs. There is a lack of holistic performance criteria based on testing, assessment and monitoring
of green roofs systems. There are no best-practices assessing and documenting the performance of
green roofs. Design and construction of buildings with green roofs tends to transcend multiple
engineering disciplines, expecting a high degree of coordination among all the actors involved [37]. There
is no evaluation of green roofs consumer properties. In addition, in the scientific literature, there is
practically no data on the systematization of the main types of green roofs systems. This knowledge gap
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is significant and requires being addressed by the scientific community in order to simplify the evaluation
of green roofs based on solid science.

As a contribution to addressing the mentioned barriers, the purpose of this research is to identify
the gaps related to systematize the main consumer properties of green roofs systems, and to provide
insights into current trends and future challenges in this domain.

2 Materials and Methods

Our research methodology combines mixed methods of research involving collecting, analyzing
and integrating quantitative and qualitative research.

A literature review was conducted to identify elements found in scientific literature relevant to green
roofs performance evaluation. In order to elaborate the review, Google Scholar, Scopus and Web of
Science database searches were conducted. The aim here was to collect articles exploring studies which
may have performed evaluation of green roofs. The literature review identifies and describes a knowledge
gap on the assessment and systematization of consumer properties of green roofs systems.

The retrospective data analysis was carried out to identify real-world uptake using domestic and
foreign construction experience. Based on a detailed analysis of the green roofs consumer properties,
their properties were differentiated.

The integrated scientific approach in analysis of green roof performance has been suggested. This
approach has been division into the following main steps: a) identify existing advantages; b) identify
existing disadvantages and limitations; c) based on the analysis of disadvantages, formulate the study
issues; d) based on the solution of these challenges, the suggestions to optimized roof system design
can be developed.

The generic steps of these processes are presented in Figure 1.
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Fig. 1 — Agenda methodology

The main challenges of green roofs system have been summarized based on challenging ratio
technique. This approach is generic and reflects the most important aspects in the design process.

3 Results and Discussion

3.1 Green roof elements

The green roof is a complex building component. Depending on the location and requirements,
green roofs generally comprise of several functional elements as demonstrated in Figure 2.
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Fig. 2 — The elements of the flat green roof Fig. 3 — View of the sedum-tray garden roof
(scheme): 1 - plants and growth substrate; 2 —

filter and drainage layers; 3 — insulation; 4 —

protection layer ; 5 —water proofing membrane; 6

— primer bitumen layer; 7 — reinforced cement

screed coat; 8 — light-weight expanded clay

aggregates; 9 —slab

The green roof specification is listed in Table 1.

Table 1. Green roof specification

Elements

Requirements

Vegetation

Growth substrate

Filter layer

Drainage layer

Insulation
Protection layer
Typical roof design

Plants improve runoff quality, air quality and thermal performance;

Plants must be adapted to withstand drought and frosts;

Plants must survive even with minimal nutrients in the substrate and have good
ground coverage;

Short and soft roots of some plants (such as succulent species) prevents the
penetration of roots into the roof deck;

Plants retard weed growth as well as soil erosion when built on sloped roofs.
It is important to keep the weight of substrate as low as possible;

Substrate surface should not be exposed to direct sunlight and wind;

Water holding capacity of substrate components is crucial for the survival of
plants under drought conditions;

Improved aeration and capillary properties of substrate are essential for plant
growth.

The main function of a filter layer is to separate the growth substrate from the
drainage layer, and there by prevent small soil media particles from entering
and clogging the drainage layer below;

Geotextiles fabrics are often used in green roofs;

The filter fabric also acts as a root-barrier membrane for plants that have soft
and short roots.

Drainage layer provides an optimal balance between air and water in the green
roof system;

Drainage layer aids in removal of excess water from substrate to ensure
aerobic substrate condition;

Drainage layer protects water proof membrane and improve thermal properties
of green roof;

The basic type of drainage layer is drainage granular materials (such as light-
weight expanded clay aggregates, crushed brick, expanded shale and coarse
gravel);

More efficient systems are drainage modular panels.

Thermal protection

Moisture protection and root barrier

Building component
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The main advantages of green roofs are summarized below.
3.2 Existing advantages of green roofs

3.2.1 Storm-water management

Green roofs are known to retain rainwater and delay peak flow, thereby reduce the risk of flooding
in urban areas [37]. When rain water enter green roof, a portion of water will be absorbed by growing
substrate and retained in the pore spaces (Figure 4).
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—
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Fig. 4 — Water balance in the tree (scheme)

It can also be taken up by the vegetation and either stored in plant tissues or transpired back into
the atmosphere [28]. A portion of water leaves the roof surface as a runoff. The remaining water passes
through filter fabric and then enters drainage element. Due to potential to store water between pores (in
the case of drainage granular materials) or compartments (in the case of drainage modular panels), water
will be detained. After complete utilization of drainage space, the overflow will drain. The retained water
inside green roof will evaporate or be used by plants during dry periods. It is the evaporated and
transpired water that explains the runoff retention potential of green roofs. In general, the retention
potential of any green roof depends on type and thickness of growth medium, type of drainage element
and its storage capacity, type of vegetation and coverage, volume of rain event and time of previous dry
period, and slope of green roof. Considering that most of the components that comprise green roof
substrate are light weight volcanic materials, The moisture holding capacity of modern green roofs is
usually high, since porous substrates and water-retaining drainage layers are often used.

Plants play a significant role in the runoff reduction depending on each plant’s capacity for water
interception, water retention and transpiration. The average runoff retention of 65.7% can be achieved
on an intensive green roof [37].

The water balance in the plant is the most important component of the water conditions during
operation of the green roof. The water conditions in the plant include water losses during transpiration,
water absorption, and water balance within the plants. So, the water balance in the plant is given by
simple equation:

B=(WA-E)+W, (1)

where B is the water balance in the plant, A is the amount of water absorbed by roots, E is the liquid
losses during transpiration (evapotranspiration) and W is the water reserves in the plant.

The simplicity of this equation is apparent; the main difficulty is to accurately determine the
components A, E and W. The complex process of mass transfer in the plant is accompanied by energy
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transfer. The vegetation is closely related to the roof structure. Therefore, it is necessary to consider the
processes of combined heat and moisture transfer in green roofs.

3.2.2 Water run-off quality

Green roofs retain pollutants thereby produce good quality storm-water run-off. Both green roof
substrate and vegetation could act as a particle trap for dust and airborne particulates removing them
from the rainwater. The substrate medium also performs as an ion exchange filter for nutrients and metals
in the rain water. On the other hand, the discharge of nutrients from green roofs can be directly associated
with the usage of fertilizers [37]. Conventional fertilizers cause higher nutrients concentrations in runoff.
It is known that intensive roof pollute runoff significantly higher than extensive green roof due to higher
substrate depth. However, compared to other environmental benefits, enhancement of water quality
through green roofs needs extensive research.

3.2.3 Urban air quality

The green roof technology is a popular approach that could help to mitigate air pollution in urban
environments and significant improves urban air quality. Urban air often contains elevated levels of
pollutants that are harmful to human health and environment. Among several mitigation technologies,
the ability of plants to clean the air is considered practical and environmentally benign technique. In
general, plants mitigate air pollution through direct and indirect processes, i.e. directly consume gaseous
pollutants through their stomata or indirectly by modifying microclimate. The research of He Y. et al. [23]
demonstrated that a total of 1675 kg of air pollutants was removed by 19.8 ha of green roofs in one year
with Oz accounting for 52% of the total, NO2 (27%), PM1o (14%), and SO: (7%). On the other hand,
Johnson and Newton [10] estimated that 2000 m? of uncut grass on a green roof can remove up to 4000
kg of particulate matter. In a sunny day, a green roof may lower the CO, concentration in the nearby
region as much as 2% [10]. Planting trees in urban areas have been shown to provide better benefits in
mitigation of air pollution, consequently the intensive green roofs are more favourable in terms of
minimizing air pollution than extensive roofs, owing to the possibility of installing small trees and shrubs.

3.2.4 Reducing the effects urban heat island (UHI)

The temperature of cities goes up as a result of urban heat island (UHI) which deteriorates comfort
conditions of habitants. Green roofs can be viewed as a perspective technology to mitigate UHI effect
i.e. to decrease ambient air temperature in urban areas. UHI intensifies the current energy issues of
urban spaces not only in summer, but in winter. Green roofs are components that combat UHI and
increase the albedo of urban areas. On the plants surface, the sensible heat flux is small because of the
large latent heat flux by evaporation, although the net radiation is large. Green roofs repeatedly
demonstrated functional and efficiency in reducing UHI and cooling the temperature of a particular area
[31]. Berardi et al. [15] indicated that albedo of green roofs ranges from 0.7 to 0.85, which is much higher
than the albedo of bitumen roofs (0.1-0.2). For comparison, white roof reflects 55—-80% of incident
sunlight [14]. Also these structures can increase the city’s albedo whereby, 0.1 increase of the albedo
can decrease the average ambient air temperature around 0.3 K and decreases the peak ambient air
temperature around 0.9 K [14], [16]. Likewise, some simulation studies demonstrated that green roofs
may reduce the average ambient temperature between 0.3 and 3 K in city scale and reduce UHI effects
[31]. Consequently, green roofs are very important in mitigation of UHI; the reflective strategies and
vegetative methods are scientifically sound and effective [10].

3.2.5 Reducing heating and cooling loads

Green roofs are known to improve building energy efficiency by reducing energy used for cooling
and heating [23], [25], [27], [28], [35], etc. These are passive construction systems for energy savings.
They reduce energy demand in buildings through improvement of building thermal performance under
different environmental conditions.

In a Mediterranean to continental climate, green roofs can reflect 27% of the solar radiation, absorb
60% of it through photosynthesis and transmit as much as 13% of the remainder to the growing medium
[35], [28]. Field measurements conducted during summer in Japan showed that green roofs can decrease
the surface temperature of the roof from about 60 °C to 30 °C [10]. A study in Greece revealed that green
roofs reduce the energy utilized for cooling by 48% with an indoor temperature reduction up to 4 K [10].

Green roofs protect roof membrane from extreme heat, wind and ultra violet radiation. Due to the
presence of vegetation and thick substrate layer, the daily expansion and contraction of the roofing
membrane can be avoided.

Korniyenko S.V.
Advantages, limitations and current trends in green roofs development. A review;
2021; AlfaBuild; 20 Article No 2002. doi: 10.57728/ALF.20.2


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

This publication is licensed under a CC BY-NC 4.0

Improvement of thermal performance is basically due to increment of shading, better insulation,
and higher thermal mass of the roof system [37]. The plants shade the roof and provide transpiration
cooling. Surfaces under shrubs, trees and turfs demonstrated better thermal performance and low heat
gain in comparison to surface under bare hard roofs over a typical day [38] (see Table 2).

Table 2. Results of heat gain and heat loss per meter square for various roof tops [38]

Top surface Total amount of heat gain over a Total amount of heat losses
day (kJ/m?) over a day (kJ/m?)

Shrub 0 104.2

Turf 29.2 62.1

Tree 15.6 53.3

Bare soll 86.6 58

Hard surface 366.3 4.2

Thermal properties of various green roof substrates are listed in Table 3.

Table 3. Thermal properties of various green roof substrates under dry condition [4]

Sample Bulk density (kg/m®) Heat storage capacity =~ Heat conductivity
(JI(kg-K)) (W/(m-K))

Substrate 1 788 873 0.138

Substrate 2 922 760 0.145

Substrate 3 1360 773 0.196

Substrate 4 545 748 0.199

Substrate 5 376 724 0.158

The thermal and energy benefits of green roofs depend on many factors, including the thermal and
moisture properties of the green roof substrate. Thermal conductivity values of various types of
substrates can be measured through steady-state and transient techniques under moisture conditions.
Specific heat capacities of the green roof substrates can be also measured with a transient technique.
As arule, steady-state measurements demonstrate more consistency than transient measurements [30].
Thermal conductivity and heat storage capacity are differed among substrates, as demonstrated in Table
3. The substrate thermal conductivity increased when moisture content varies, ranged from 0.13 to 0.75
W/(m-K) [30]. The experimental values of substrates samples allow calculating the thermal transmittance
(U-value) or thermal resistance (R-value) in steady-state, the heat accumulation, and the dynamic
thermal response under a daily thermal oscillation (the thermal stability coefficient and time lag) for green
roofs.

The research team from the University of Cérdoba, Southern Spain, reported that annual
reductions of energy gains and losses were obtained in the three green roofs, with annual average
reductions of 66% and 63%, respectively, compared to the traditional black roof. These results were
mainly related to the composition of the substrates, their capacity to retain water and the quantity of
vegetation in each plot. This study indicates that the use of green roofs contributes significantly to reduce
the energy demand of existing buildings under warm climatic conditions.

Most field studies evaluating green roof performance have been conducted in warmer climates with
few studies of full-scale green roofs in cold regions. The work of Schade et al. [27] demonstrate the heat
flow and thermal effect of an extensive green roof versus a black bare roof area on a highly insulated
building (passive house) in the sub-arctic town of Kiruna, Sweden. Measured temperature and heat flux
values were consistently higher and more variable for the black roof than the green roof, except during
the snow-covered winter months when the responses were similar. Snow is a peculiar filter that equalizes
fluctuations in temperatures and heat flux on a low-isolated building. The cumulative heat flux showed
that the net heat loss was greater through the black than the green roof, but the values remained low.
Overall, the study confirms that the energy benefit of a green roof on a highly insulated building in a
subarctic climate is low.

In Russia, no long-term experimental analysis of thermal performance of green roofs was carried
out. The main barrier relates to difficulties in performance quantification and evaluation of buildings with
green roofs.

3.2.6 Noise abatement

Green roofs reduce noise from road, rail and air traffic. Increasing the thickness of the substrate
increases the total weight of the roof, which leads to improved airborne noise insulation. The plants and
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green roof substrate absorb impact noise, such as “rain hammer”. Also, sound waves are partially
absorbed due to the diffraction of sound on the surface of the roofs. The green roofs improve the acoustic
performance of buildings. This improvement happens because green roofs provide additional mass, low
stiffness and induces damping effects. The biggest modification on the final acoustic absorption and
insulation capability (about 20 dB when the 80 mm samples of substrates) was produced by increasing
the water content of the system from 10% to 30% RH. On the contrary, the conditioning at 90% RH does
not procedure significant differences of the final acoustic behavior of the substrates [32]. However,
research studies on the acoustical benefits of green roofs are rather limited. It is also worth noting that
the sound performance of green roofs is more pronounced in low-rise buildings, because growing layer
should be exposed to the direct urban sound field to be an effective absorptive surface [10].

The identified advantages create the necessary conditions for the further development of green
roofs.

3.3 Existing disadvantages of green roofs

3.3.1 High cost

First and foremost hindrance factor is the high cost of green roof [39]. Installation of green roof
requires significant investment and the cost varies with type of green roof, location, labor and equipment.
Maintenance of a green roof is not directly related to energy but it is one of the parameters of its life-cycle
analysis. In addition to the above, operation, maintenance and ultimate disposal incur additional cost.
The installation cost of green roofs is 27% higher than that of conventional roofs [10]. However,
considering the benefits over the life time (40 years) of the green roof, the net present value of the green
roof is about 25% lower than that of a conventional roof. Imported green roof components often lead to
high installation cost or possible failure due to non-compatibility issues. It was determined that disposal
costs correspond to only 4.6% of the total costs (36.1% initial capital cost and 59.3% maintenance cost)
[10].

3.3.2 Complex maintenance

Maintenance of green roofs is another important barrier that confuses building owners. Green roof
needs constant watering, at least during drought climates, and occasional fertilization which in turn
promotes weed growth and thus require regular maintenance check. In order to decrease irrigation
interval, the plant selection often limited to a few succulent species.

Any roof has the potential to leak. Leakage protection is particularly important for green roofs in
which the substrate is often in a saturated wet state.

Restrictive maintenance procedure is need for green roof.

In general, extent and frequency of maintenance depends on the type of green roof. For extensive
green roof, relatively simpler tasks such as plant protection, drainage check and weed removal are
sufficient. On the other hand, intensive roofs require detailed maintenance operations. Irrespective of the
type of green roof, weeding presents serious and time-consuming maintenance operation. It is also
recommended to explore materials that can replace the current use of polymers, especially in filter and
drainage layer, to enhance overall sustainability of green roofs.

3.3.3 Local research

Research on green roofs performance is local; therefore there is significant knowledge gap which
prevents green roof to gain more popularity than it is now.

Research on green roofs is restricted to only few countries in Europe, America and Asia. Hence,
the only option for other countries is to import green roof components, which usually results in high cost
or ultimate failure due to adaptability issues. Considering that each country has different climatic condition
and form of urbanization, local research is utmost important for success of green roofs. It is important to
prepare growth medium using locally available materials and screen native plants for eventual success
of green roof. In addition, life-cycle and cost-analysis should be performed.

The existing disadvantages of green roofs constrain widespread practical application of these
building components.

3.4 Quantification of green roofs
The main challenges associated with the demonstrated green roof system have been summarized
in Table 4.
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Table 4. Roof systems and the associated challenges

Challenge Green roof system  White roof system  Black roof system
(GRS) (WRS) (BRS)

Storm-water management Very high Low Low

Water run-off quality High Low Low

Urban air quality Very high High Low

Reducing the effects UHI High Very high Low

Reducing heating loads (in winter) High High High

Reducing cooling loads (in summer) High Very high Low

Noise abatement Very high High High

Initial cost Very high High Low/Medium

Technology Complex Medium Simple

Maintenance Complex Medium Simple

Research Local Mid-scale Large-scale

Positive image Very high High Low

For comparison, black roof and white roof systems also have been considered [40], [39], [41]. For
the purpose of comparison, the degree of challenge has been assigned a numerical value, regardless of
the relative weight of each one (see Table 5). In this rating the minimum numerical value of each point is
1; maximum numerical value of each point is 4. The minimum numerical value is assigned when the
challenge is not resolved (or poorly resolved). The maximum numerical value is assigned when the
challenge is completely resolved. The maximum numerical value for all points is 48.

Table 5. The challenging ratio of the roof systems

Challenge Green roof system  White roof system  Black roof system
(GRS) (WRS) (BRS)

Storm-water management

Water run-off quality

Urban air quality

Reducing the effects UHI

Reducing heating loads (in winter)

Reducing cooling loads (in summer)

Noise abatement

Initial cost

Technology

Maintenance

Research

Positive image

Total 32 30

The data from Table 5 is visualized as shown in Figure 5.
Figure 5 show that the challenging ratios, which are the sum of all degrees of the challenging

values, demonstrated maximum value for green roof system in comparison with white roof and black roof
systems, which indicate that the green roofs are more promising to overcome the challenges and become
widely used in warm climates. The main drawback is their limited applications due to the initial cost,
installation difficulties and complex maintenance. The limited research is another major challenge for
application of green roofs in different climates.
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Fig. 5—The challenging ratio chart of the roof systems

The data obtained above correlate with data provided by the research team from the Lawrence
Berkeley National Laboratory, USA [39]. According to these data, owners concerned with local
environmental benefits should choose green roofs, which offer built-in storm-water management and a
“natural” urban landscape esthetic. At the same time, owners concerned with global warming should
choose white roofs, which are more effective than green roofs at cooling the globe. The authors strongly
recommend building code policies that phase out dark-colored roofs in warm climates to protect against
their adverse public health externalities.

3.5 Future research

In summary, we propose three main aspects to improve the performance of green roofs.

The first aspect is reduction in the cost of green roofs. The locally available plants and substrate
medium must be adapted to use in green roof systems. It is crucial to reduce the capital and operating
costs of green roofs. The use of import substitution green roof technologies is highly recommended. It is
important to keep the interdisciplinary research in close cooperation of architects, designers, biologists.
The selection of plant and substrate type for green roofs should be performed according to the local
climatic conditions and nutrient availability as well as the impact of plant on the ecosystems. The green
roof costing assessment must be applied at all stages of the life cycle of buildings.

The second aspect is simplification of the maintenance procedure of green roofs. This is main
practice aspect. Water-proofing is fundamental for success of any green roof. It is a pre-requisite during
any green roof installation to prevent leaks. It is very difficult to find leaks through the waterproofing layer
of the roof, which is covered with insulation and growth substrate. A single drop of water leakage in roof
often considered as a failure of green roof. The detailed research on sustainable materials for roof
membrane is required. These materials should be more reliable and durable, at the same time should
produce less environmental impact during its life cycle. Plant watering must be minimized. The use of
artificial intelligence modeling to optimize green roof irrigation is efficiency [24].

The third aspect is increase role of scientific research of green roofs performance under various
climates. Comprehensive study on the performance of green roofs in winter, mid-season and summer
for different climates is highly recommended. The effectiveness of this study is particularly high in
summer, when the green roof as a passive technology is often used for reducing cooling load. To solve
this issue, the combined heat and mass transfer simulation, based on new models in heterogeneous
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structures of large-scale extensive green roofs, and comprehensive long-term experimental analysis of
these elements in various climates must be carried out. The result of this issue is new efficient design
solutions of green roofs.

Building or energy usage regulations are also another valuable “tool” in this regard.

At the same time, it should be emphasized that green roofs can act as an important building
component to create more sustainable, biopositive and energy efficient buildings. Hybrid Photovoltaic
(PV)-green roofs is a new trend that provides benefits of green roofs as well as improve PV electrical
yield [10]. Green roofs cool the surface and ambient air which in turn improve the performance of PV
cells. PV panels also counter help green roofs by shading the parts of surface and thereby reduce the
sun exposure and high evaporation rates normally experienced on green roofs. Green roofs could utilize
grey water from laundry, bathroom and kitchen activities as an irrigation source. Grey water usually rich
in nutrients hence minimize fertilization requirement of green roof.

4 Conclusions

Based on a review of literary sources and analysis of scientific data, the main consumer properties
of green roofs were systematized. The green roof elements and the requirements for them were
considered in detail. Key advantages of green roofs are storm-water management, water run-off quality,
urban air quality, and reducing the effects urban heat island. Other benefits of green roofs are reducing
heating and cooling loads and noise abatement. The identified benefits create the necessary conditions
for the further development of green roofs. On the other hand, the existing disadvantages and limitations
of green roofs, such as high cost, complex maintenance and local research, constrain widespread
practical application of these building components. In summary, three main aspects to improve the
performance of green roofs have been suggested. These include: reduction in the cost, simplification of
the maintenance procedure and increase role of scientific research of green roofs performance under
various climates. Green roofs can act as an important building component to create more sustainable,
biopositive and energy efficient buildings. Thus, the green roof technology is fully response to modern
challenges. This is a progressive technology of the near future.
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