International Journal of Architecture and Planning

Received: 22.05.2025 Accepted: 15.12. 2025

Volume 14, Issue 1/ Published: 30.06.2026 S&%

DOI: 10.15320/ICONARP.2026.353 E- ISSN:2147-9380

Research Article

ICONARP

ICONARP

The Impact of Green Roof Conversion on Energy
Efficiency: A Case Study of KTU Kanuni Campus

Refia Giingor Giinay *
Seda Kalkan **

Ayca Akkan Cavdar ***
Ebru Sanli Karabak ****

Nihan Engin ***+*

Abstract

Green roofs are multi-layered systems constructed on a supporting structure,
with the vegetation layer forming the uppermost layer. They contribute to
ecological, economic, and social sustainability through functions such as
rainwater harvesting, reduction of heat loss, mitigation of the urban heat island
effect, and the creation of aesthetically appealing public spaces. University
campuses—key environments for implementing sustainability principles—play
a crucial role in energy management, circular resource utilisation, and water
management. In this context, this study investigates the impact of converting
the hard-surfaced roof of the “Surveying Engineering Canteen” at Karadeniz
Technical University’s Kanuni Campus into a green roof. Following field surveys
and feasibility assessments, three inverted green roof alternatives (extensive,
semi-intensive, and intensive) were modelled in DesignBuilder to evaluate
energy performance, operational and embodied carbon, construction costs, and
the additional structural load resulting from the soil’s water retention capacity.
The findings indicate that green roof applications reduce annual heating loads
by 36-46%, improve indoor operative temperatures during winter months, and
lower operational carbon emissions by 16-20%. However, embodied carbon
and construction costs increase relative to the existing roof, particularly for
semi-intensive and intensive systems. Structural load analysis revealed that
while extensive roofs fall within acceptable limits, semi-intensive and intensive
systems may exceed standard live-load thresholds due to their higher water
retention loads, requiring reinforcement. Overall, the extensive system emerges
as the most feasible option in terms of cost, embodied carbon, and structural
compatibility, while still providing meaningful energy savings and
environmental benefits.
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INTRODUCTION

Roofs, one of the most critical structural elements that protect
buildings from external influences, play a significant role in building
energy consumption due to their exposure to climatic conditions and
direct environmental effects (Orhan & Bektas Ekici, 2022). Roof areas
constitute 40-50% of the total impervious surface at an urban scale
(Shafique et al,, 2020; Stovin et al, 2012). Green roofs are systems
installed on the roofs of new or existing buildings, providing a substrate
for plant growth while also serving as a protective layer on the roof.
Green roofs possess numerous sustainable features, including rainwater
management, energy efficiency, noise reduction, and biodiversity
support (Cook et al.,, 2024).

In this context, green roofs help mitigate the urban heat island effect
and have the potential to reduce the risk of heat-related illnesses, while
providing comfortable recreational spaces for urban residents (Imran et
al,, 2018). In the context of circular resource management, zero-waste
programs and advanced recycling systems ensure the reuse of growing
media used on green roofs for urban green waste and compost
(Castleton et al, 2010). In terms of water management, intelligent
irrigation systems, greywater recovery projects, and rainwater
harvesting applications contribute to mitigating excessive rainfall and
managing stormwater (Sangkakool et al, 2018; Law et al., 2017). In
addition, green roofs can be integrated with other sustainable building
strategies to enhance overall resource efficiency, such as through their
potential synergy with greywater reuse or rainwater harvesting systems
(Akkan Cavdar & Lakot Alemdag, 2024).

Green roofs have been widely studied for their contributions to
energy efficiency, thermal comfort, stormwater management, and urban
heat island mitigation. However, most existing studies focus either on
new building applications or on evaluating a single performance
criterion, such as energy savings or thermal behaviour. Research that
simultaneously assesses both energy performance and the additional
structural load generated by soil water retention during retrofit
applications remains limited. This gap is particularly notable for existing
reinforced-concrete flat roofs in humid climates—such as those in the
Eastern Black Sea region—where precipitation levels and soil moisture
retention significantly influence structural feasibility.

Addressing this gap, the present study investigates the dual
contribution of green roofs by evaluating both their energy performance
and the additional structural load generated by rainwater retention. In
this context, the study analyses the potential impacts of converting an
existing hard-surfaced reinforced-concrete roof—specifically the low-
slope roof above the canteen of the Department of Surveying
Engineering at Karadeniz Technical University (KTU) Kanuni Campus,
located in a temperate-humid climate—into a green roof. The
assessment examines improvements in thermal insulation during
winter, reductions in heat gain during summer, and the feasibility of the
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resulting structural loads, thereby linking building-scale performance
outcomes with broader campus- and urban-scale environmental
benefits. Based on the findings from this case study and supported by
the literature, the study also aims to provide recommendations for the
campus-wide implementation of green roof strategies, particularly with
respect to energy efficiency and water management.

Green Roof Applications on University Campuses

University campuses play a crucial role in promoting and
implementing the concept of sustainability in urban areas. Berardi
(2016) investigated the benefits of green roof retrofits on the
microclimate and their contribution to building energy savings through
a field study conducted at a university campus in Toronto, Canada. The
study found that green roofs mitigate the urban heat island effect,
enhance indoor comfort, save energy, and provide a greater cooling
effect at the roof level compared to the pedestrian level.

Bevilacqua et al. (2016) conducted an experimental analysis of a
green roof on a building at the University of Calabria in Italy, situated in
a Mediterranean climate region. The study's findings revealed that a
green roof can reduce the temperature at the structural roof interface by
an average of 12°C in summer compared to a black bituminous roof,
while maintaining an average temperature 4°C higher in winter.
Similarly, Zheng et al. (2023) demonstrated significant cooling and
carbon-reduction benefits at the neighbourhood scale in Nanjing
University’s Xianlin Campus.

Nguyen Dang et al. (2022) at the University of Technology Sydney,
who aimed to assess users’ perceptions of a green roof, indicate that
most users feel relaxed and engage in social activities on the green roof.
Furthermore, the frequent use of green roofs has been shown to
enhance social well-being and foster a sense of belonging among users,
compared to those who use them less frequently. Sangita Mishra and
Sakharle (2022) examined green roof systems at Amity University in
Navi Mumbai, aiming to mitigate air pollution caused by the
construction industry. He proposed extensive and intensive green roof
designs for the three selected buildings, providing associated cost
estimates. The study found that green roofs reduce water runoff by
effectively retaining rainwater. It has been reported that water retained
by green roofs can help lower temperatures and improve air quality in
the surrounding area.

Nguyen Dang et al. (2023) conducted a survey with students and staff
to explore users' perceptions of the extent to which a green roof on a
university campus contributes to the Sustainable Development Goals.
They found that participants perceived the social and environmental
benefits of green roofs in different ways. The study found that students
perceived social benefits to a greater extent, whereas the perception of
environmental benefits varied according to participants' level of
knowledge. Dogmusoz (2023) conducted a benefit-cost analysis (BCA)
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using the example of a comprehensive green roof installation at the Cigli
Campus of Izmir Katip Celebi University, aiming to assess the economic
feasibility of green roof projects in Izmir. The analysis results
demonstrated that green roof projects are economically feasible.
Azkorra-Larrinaga et al. (2023) proposed a comprehensive and
environmentally sustainable green roof design for the Faculty of
Engineering building in Bilbao. The primary objective of this study is to
assess the solar energy efficiency of a sustainable green roof, evaluate
its thermal performance, and examine the impact of its implementation
on energy consumption and user thermal comfort. Analyses conducted
in this context have shown that green roofs have a positive impact on
energy efficiency, albeit to varying degrees, in both summer and winter,
as well as under both rainy and dry weather conditions.

These studies indicate that the implementation of green roofs on
university campuses has positive ecological, economic, and social
impacts for all campus users, particularly students.

The contribution of green roofs to sustainability goals, through the
enhancement of building energy efficiency, is being assessed using
various software tools. These software tools, including DesignBuilder,
EnergyPlus, TRNSYS, and THERB, are energy simulation programs that
enable detailed analysis of the effects of green roofs on heat transfer,
thermal comfort, and heating and cooling loads. These software tools
estimate the effects on energy consumption by considering parameters
such as roof layers, plant types, soil thickness, and moisture retention
capacity under varying climatic conditions, and assist in identifying the
most suitable design scenarios. Silva et al. (2016) compared the energy
performance of dense, semi-dense, and extensive green roof types in
Lisbon, Portugal, a city with a Mediterranean climate, using the
EnergyPlus software for their evaluations.

Mahmoud et al. (2017) examined the energy efficiency and economic
feasibility of green roof technology under the hot and humid climate
conditions prevailing in Dhahran, Saudi Arabia. Within this scope, the
current condition of a selected residential building and the proposed
green roof scenario were modelled using DesignBuilder software. The
findings indicate that green roofs offer significant potential for energy
savings under the given climate conditions. He et al. (2020) aimed to
investigate the differences in thermal and energy performance between
green roofs and conventional roofs under the climate conditions of
Shanghai during the summer and winter months. In this context, a
modelling analysis was conducted on a selected public building using
THERB software. The study results are suggested to serve as a guide for
the optimisation and implementation of green roof and cool roof designs
in the Shanghai region. Parker (2021) investigated the potential energy
benefits of green roof applications in buildings in Hong Kong. Within
this scope, a green roof scenario was created for a selected sample
building, and its energy performance was analysed using EnergyPlus
software. Orhan and Bektas Ekici (2022) examined the performance of
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various roof types across different climate zones in terms of heating and
cooling loads. Within this scope, five provinces (Hatay, Bursa, Elazig,
Sivas, and Kars) were considered for a sample building selected
according to the TS 825 standard, and scenarios were created for
pitched roofs, flat roofs, and green roofs. The heating and cooling energy
loads for the scenarios were calculated using simulation methods with
DesignBuilder software.

Recent studies have increasingly focused on adaptive performance
under future climate scenarios. Hu et al. (2024) used EnergyPlus
simulations to assess multilayer green roofs under projected warming
conditions and found that advanced configurations provide superior
thermal resistance and cooling potential, underscoring the importance
of adaptive green roof design. Jia et al. (2024) compared green roofs and
cool roofs across six global cities and reported that green roofs
consistently reduce both heating and cooling loads, making them more
reliable in mixed climates and under climate-change stressors.
Ouldboukhitine et al. (2024) similarly demonstrated that green roofs
outperform conventional roofing systems in regulating building energy
consumption, particularly in warm and temperate climates.

Pragati et al. (2023) investigated the effect of green roofs on thermal
comfort in multi-story commercial building blocks under the tropical
climate of Chennai, India. According to the analysis results obtained
using DesignBuilder software, green roof systems have a significantly
positive effect on improving the urban environment in hot and humid
tropical climates. Tseliou et al. (2023) investigated the potential cooling
effects of green roof and green facade applications during the summer
months in a residential area of Athens. As a result of numerical
modelling performed using ENVI-met software, it has been determined
that the combined application of green roofs and facades increases
thermal comfort to a higher level. Yacob et al. (2024) recommended
implementing green roofs to enhance thermal comfort in buildings in
Batu Pahat, Malaysia, which experiences tropical climate conditions.
Simulation analyses conducted using the IES-VE software revealed that
green roofs have the potential to reduce indoor temperatures,
highlighting their applicability in tropical regions.

In Mediterranean and temperate climates, systematic reviews and
climate-oriented studies highlight the rising importance of multilayer
green roofs. De Cristo et al. (2025) conducted a comprehensive review
and reported that green roofs reduce outdoor temperatures by up to
7.4°C and achieve 10-34.7% annual energy savings, particularly when
innovative multilayer configurations are used. Looking further into
future warming conditions, Liu et al. (2025) showed that green roofs
significantly reduce cooling loads and urban heat under climate-change
scenarios, emphasizing their role as key adaptive strategies for resilient
urban environments.

Literature confirms that green roofs on university campuses offer
multifaceted benefits, including improved energy efficiency, enhanced
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microclimate, improved stormwater management, and a positive user
perception. Studies consistently show that green roofs reduce
temperatures, mitigate the urban heat island effect, and decrease
thermal loads across various climates, confirming a significant energy-
saving potential. However, while most research focuses on new designs
or single benefits, integrated studies that simultaneously assess energy
efficiency and structural load feasibility due to rainwater retention
during the retrofit of existing hard-surfaced roofs remain rare.

In this context, this study presents a novel approach by examining
the potential conversion of hard-surfaced reinforced concrete roofs at
Karadeniz Technical University through a case study. Differing from
existing literature, it assesses not only the energy benefits but also the
feasibility of the additional structural load resulting from rainwater
retention. This integrated analysis allows for the development of
comprehensive recommendations regarding the adaptability and
structural safety of green roof implementation on existing buildings.

Green Roof Types, Garden Roofs, Layers and Materials

The determination of green roof layers depends on the type of roof,
climate conditions, geographical location, cost, and material availability
(Ampim et al., 2010). Although the types and sequence of materials
forming the roof layers may vary, attention should be paid to key
elements such as the drainage layer, waterproofing, and protection
against root penetration.

Existing buildings offer significant potential for green roof
applications. The benefits, such as providing thermal insulation,
enhancing rainwater utilisation, contributing to socialisation, and
protecting the roof from sunlight, lead to cost savings over a 5-10 year
period. Crucially, effective water management increases both economic
and environmental sustainability (Dubbeling et al., 2017). Green roofs
significantly minimise the summer-winter temperature difference (e.g.,
approximately 30°C), preventing the structural stress caused by the
extreme fluctuations seen on conventional roof surfaces (which can
reach 100°C) (Bokalders & Block, 2010). Furthermore, green roofs save
energy and improve comfort conditions (Whittinghill & Rowe, 2011;
Bocanegra et al, 2025; Karimian & Mahdizadeh, 2025), while also
provides sound insulation and supports the spread of biodiversity
(Bokalders & Block, 2010). Especially for green roofs intended for
agricultural purposes, the selection and design of a suitable structural
system capable of supporting the material layers and soil fill is also of
vital importance (Kalkan et al., 2024).

In principle, green roofs consist of four main layers. In general, a
green roof system is composed of four primary layers. Starting from the
top layer, they are, in order: The vegetation layer, including plant cover
and the substrate (growing medium), the drainage layer (filter felt,
drainage system), the root protection layer (protective membrane), and
the weather-resistant layer (waterproofing membrane, edge protection
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layers, leaf catchers, etc.) (Bokalders & Block, 2010). Table 1 provides a
schematic representation of green roof types, the layers they contain,

and their general characteristics.

Table 1. General characteristics and layers of green roof types (Seckin & Segkin, 2016)

Greenrooflayers  Extensive
1-Plant
2-Planting layer
3-Felt filter
4-Drainage layer
5-Protective layer
6-Thermal
insulation

Semi-intensive

Intensive

7-Waterproof
membrane

8- Reinforced
concrete slab

Planting layer 15 cmorless

thickness

Roof slope 2-70%

Weight 60-240 kg/m?

Plant type Moss, Drought-
resistant grass,
Perennial wildflowers,

Moss/Sedum,
herbaceous plant
Drainage Layer

Maintenance and Easy maintenance - low

Expenses cost

Irrigation System  Notrequired

Fertilization Not required
MATERIALS AND METHODS

The methodological framework of this study is organised into three
main stages, consistent with the workflow presented in Figure 1: (i)
Data Identification, (ii) Data Analysis, and (iii) Findings & Discussion.
These stages collectively describe the process of collecting, modelling,
analysing, and evaluating the performance of alternative green roof

15-25 cm

2-10%

180-350 kg/m?
Meadow/Medicinal
plants

Perennial
wildflowers
Woody plants
3-5cm

Maintenance

required - costly
When necessary
When necessary

systems for an existing reinforced-concrete roof.

25 cm or more

2-10%

350-1500 kg/m?

All plants are suitable
for local conditions

Atleast 10 cm

High maintenance -
costly

Required 5 8

Required

Data Data
Analysis

Identification

» Case Study Area
Selection and Current
Situation Analysis

simulation

Design and Green Roof
System Selection
Model Building and
Simulation Parameters
Modelling and energy

Green Roof Soil Water

Retention Capacity

Findings &
Discussion

» Comparative Evaluation
of Alternatives

» The Most Suitable
System Recommendation
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e Data Identification: In the first stage, the architectural, structural,
and environmental characteristics of the case study area were
documented. Field surveys, photographic observations, and project
drawings obtained from the KTU Project Production Center (PUM) were
used to identify the existing roof layers, material properties, and
thermal transmittance (U-values). Additionally, the current
performance issues—such as heat loss during winter, summer
overheating, water leakage, and mould formation—were recorded to
inform the subsequent modelling process. Climatic boundary conditions
were defined using the Typical Meteorological Year (TMY) file for
Trabzon, and these data were prepared for use in the simulation
environment. This stage provided all baseline inputs required for model
creation and performance evaluation.

e Data Analysis: The second stage involved the modelling,
simulation, and evaluation of three inverted green roof alternatives—
extensive, semi-intensive, and intensive—defined according to
literature, industry standards, and site-specific material data. The
architectural, material, and structural characteristics of the cafeteria
building beneath the study roof were first documented through on-site
measurements, visual surveys, and project drawings obtained from the
KTU Project Production Center (PUM). Existing roof layers, construction
materials, and thermal transmittance (U-values) were identified and
incorporated into a detailed DesignBuilder model. For each green roof
alternative, layer configurations, soil depths, drainage and insulation
properties, thermal characteristics, and moisture-retention capacities
were specified and encoded into the software’s construction library,
with soil density and water-retention parameters informed by recent
regional findings (Yiiksek et al, 2024). The building energy model
integrated occupancy schedules, internal gains, natural ventilation (0.5
ach/h), heating setpoints (22°C / 18°C), and the Typical Meteorological
Year (TMY) file for Trabzon to ensure realistic climatic representation.
Annual hourly simulations were conducted using the EnergyPlus engine
to generate monthly and annual heating loads, operative temperature
values, operational CO, emissions, and construction and embodied
carbon estimates for the existing roof and the three alternatives. In
parallel, structural load analysis was performed by calculating substrate
volume, dry soil mass, water-retention-induced load, and saturated
substrate weight for each system, with results expressed in kg/m? and
kN/m? and compared against reinforced-concrete slab capacity limits
reported in the literature (Cascone, 2019), enabling an assessment of
structural feasibility for existing campus buildings.

e Findings & Discussion: In the final stage, the energy and
structural performance results from all scenarios were comparatively
evaluated. Heating-load reduction, operational carbon savings,
embodied carbon, and structural feasibility were analysed together to
determine the suitability of each system. Based on this comparative
assessment, the most feasible green roof type was identified considering



Figure 2. Study Area (KTU site plan
and Google Earth image of the areas
access date: 26.05.2024)
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the specific climatic, environmental, and structural conditions of the
case study area. Finally, recommendations were developed for campus-
scale implementation of green roofs in similar existing buildings.

Data Identification

Case study area selection and current situation analysis

Karadeniz Technical University Kanuni Campus is a complex that not
only hosts scientific research but also houses numerous faculties and
institutes, making significant contributions to the cultural and social life
of the city of Trabzon. In particular, the demands of campus users for
socialising and spending time in landscaped areas align with the
campus's sustainability vision. The view of the study area from the
central pedestrian axis is shown in Figure 2, and its location on campus
is shown in Figure 3.

KTU KANUNI CAMPUS TRABZON TURKIYE
(Master Plan) k.

MAIN GATEA Y

STUDY AREA

(Department of Surveying Engineering Canteen)

The study area is located on the campus pedestrian axis. The
departments of Cartography Engineering, Geophysical Engineering, and
Geological Engineering, as well as the Dean's Office of the Faculty of
Engineering, are located in the immediate vicinity of the area. The
enclosed space under this selected roof area is actively used as a
cafeteria. Images of the current state of the area are provided in Figure
4. A survey was conducted to determine the current situation. The
survey drawings are provided in Figure 5-6.
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(arrow  directions indicate the
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Figure 4. Unused area (right)
identified as suitable for green roofs
and plane tree (left)
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Figure 5. Survey drawings- Plan
(top) and AA Section (bottom)




Figure 6. Survey drawings- East
Elevation (top) and North Elevation
(bottom)
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Data Analysis

Design and green roof system selection

During the preliminary assessment of the study site, several
performance issues were identified in the interior spaces located
beneath the roof areas selected for potential green roof enhancement.
These assessments were informed by the authors’ on-site observations
as well as practical insights shared by the staff working in the canteen
located under the study roof. The identified issues include:

» The space is very cold, especially in winter months,

¢ Problems such as mold and mildew are seen at the ceiling and wall
joints,

» Water leaks from the ceiling into the interior space,

¢ The roof area is very hot, especially in summer months, making it
uncomfortable for sitting and relaxing,

« [t is not considered an alternative recreation area for users.

Within the scope of this study, the energy efficiency and structural
suitability of the existing hard-surfaced roof area will be evaluated to
strengthen the sustainability of the campus and provide solutions to the
problems mentioned above.

The selection of an inverted green roof system and the three
alternative configurations (extensive, semi-intensive, and intensive) was
based on the specific climatic, structural, and functional conditions of
the study area. The temperate-humid climate of Trabzon requires a roof
system that can withstand high annual precipitation while protecting
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the waterproofing membrane; therefore, inverted roofs were prioritised
due to their superior performance in moisture resistance and long-term
durability. Additionally, the problems observed in the cafeteria below—
such as heat loss in winter, overheating in summer, water leakage, and
mold formation—necessitated roof solutions that provide enhanced
thermal insulation and effective rainwater management. For this reason,
the study included extensive, semi-intensive, and intensive green roof
types, allowing a comparative evaluation of soil depth, weight, water-
retention-induced load, cost, and energy performance to determine the
most feasible option for existing campus buildings.

This space, which features a reinforced concrete column-beam
system, has been proposed for a green roof application. Part of the
flooring system is designed as an extensive vegetation cover, while
another part is designed as a walkable roof with wood cladding (Figure
7-9).

# 387

CANTEEN

Figure 7. Proposed green roof
design - Green Roof Plan (top) and
AA Section (bottom)



Figure 8. Proposed green roof
design - Green Roof BB Section

Figure 9. Proposed green roof
design- BB Section A Detail (left), AA
Section B Detail (right)
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The layering details for the three different types of green roofs,
referred to as extensive, intensive, and semi-intensive, are provided
below as the roof layering principle (Figure 9).

s =
P -

N e
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I ——REINFORCED CONCRETE SLAB I ——SLOPE SCREED (%2)
——REINFORCED CONCRETE SLAB
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Model building and simulation parameters

Karadeniz Technical University (KTU) is situated in Trabzon
Province, on the Black Sea coast, and experiences the region's
characteristic humid and rainy climate conditions. Due to the influence
of the Eastern Black Sea climate, high levels of rainfall and humidity are
observed throughout the year. According to data from the General
Directorate of Meteorology (MGM, 2024), the region's average
maximum temperature is 18.2°C, while the minimum temperature is
11.8°C, with rainy days occurring 37.6% of the year. These climatic
characteristics create a favourable environment for sustainable
landscape and building practices.

Currently, the roof is covered with traditional hard surface materials
and has limited performance in terms of thermal insulation and
rainwater retention performance. With the green roof proposal, various
plant species and a layer of soil will be applied to the roof, aiming to
improve the microclimate and reduce energy consumption.
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Modelling and energy simulation

The energy simulation for the existing and proposed green roof
systems was performed using the DesignBuilder software, which
utilized the T-MY (Typical Meteorological Year) weather file for
Trabzon. This file, which was sourced in EPW (EnergyPlus Weather)
format from the Ladybug Tools database and imported directly into the
simulation program, ensures that all energy calculations reflect realistic,
long-term regional climatic conditions, thereby enhancing the reliability
of the comparative analysis.

The technical specifications and U-values of the existing building
elements were entered into the program (Table 2). Architectural and
technical information about the building was obtained through the KTU
Project Production Center (PUM). The cafeteria building is heated by a
central system and does not contain any active cooling system. The
indoor air change rate for natural ventilation was set at 0.5 ach/h
(Conceicdo et al., 2019), which represents a typical value for naturally
ventilated spaces without mechanical systems. This rate approximates
the real operating conditions of the cafeteria, where ventilation occurs
through infiltration and occasional window opening. The ‘Food
Preparation Area’ was selected from the program library for building
activities. The setback temperature (18°C) represents the minimum
allowable indoor temperature during unoccupied hours; the heating
system activates only when the indoor temperature falls below 18°C,
and during occupied hours it heats the space up to the setpoint
temperature of 22°C (Manning et al., 2007).

Table 2. Surveying Engineering canteen building model, components, and materials

Material Total

Elements Layers Thickness thickness U-Value
Gypsum plastering 0,020 m

Exterior Wall Brick 0,200 m 0,250 m 1,714 W/m2K
Cement plaster 0,030 m
Ceramic/clay tiles 0,015 m
Cement mortar 0,020 m
Cast concrete 0,010 m

Ground Floor Reinforced concrete 0,010 m 0,580 m 1,042 W/mK
Brick slips 0,025 m
Clay underfloor 0,500 m

Windows/Door  Lainted wood frame = o0 0,006 m 5,718 W/m?K
Single clear 6 mm
Basalt 0,040 m
Cement mostar 0,030 m
Cast concrete 0,010 m

Roof Felt sheating 0,005 m 0,135 m 1,947 W/m2K
Cast concrete 0,015 m

Reinforced concrete 0,015m
Gypsum plastering 0,020 m
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The DesignBuilder output variables used for the subsequent analysis
included monthly and annual heating loads (for energy efficiency),
indoor operative temperatures (for thermal comfort), operational CO2
emissions (for environmental impact), and initial construction cost
estimates (for economic feasibility).

Heating loads were generated directly by the EnergyPlus simulation
engine as hourly sensible heating energy outputs. Indoor operative
temperature values were also calculated automatically by EnergyPlus
using its built-in formulation, which combines air temperature and
mean radiant temperature. Operational carbon emissions were obtained
from DesignBuilder’s automated post-processing tools, which multiply
annual heating energy consumption by the national grid emission factor.
Construction cost estimates and embodied carbon values were likewise
computed internally by DesignBuilder using its material database,
which includes predefined cost coefficients and life-cycle emission
factors. The model was simulated on an hourly basis for a full year, and
monthly results were automatically aggregated from hourly outputs by
EnergyPlus. No parameters were modified on a monthly basis; observed
monthly variations arise solely from the climatic differences contained
in the TMY weather file.

In the simulation study, three alternatives were proposed to compare
the performance of the hard roof: extensive, semi-intensive, and
intensive green roofs.The characteristics of the green roofs, with soil
thicknesses of 10 cm, 25 cm, and 50 cm, respectively, and the layering
defined within the program are shown in Table 3.

Table 3. Proposed green roof alternatives and thermal transmission properties

Material Total

Alternatives Layers Thickness thickness U-Value
Soil 0,150 m
Filter fabric 0,005 m
. Drenage layer 0,030 m
11§.lternat1ve Felt sheating 0,005 m
! . XPS 0,050 m 0,585 m 0,418 W/m2K
Extensive .
roof Waterproofing mem. x2 0,030 m
Reinforced concrete 0,150 m
Cast concrete 0,150 m
Gypsum plastering 0,020 m
Soil 0,250 m
Filter fabric 0,005 m
Alternative Drenage layer 0,030 m
2: Felt sheating 0,005 m
Semi- XPS 0,050 m 0,685 m 0,401 W/m2K
Intensive Waterproofing mem. x2 0,030 m
roof Reinforced concrete 0,150 m
Cast concrete 0,150 m
Gypsum plastering 0,020 m
Soil 0,350 m
Filter fabric 0,005 m
. Drenage layer 0,030 m
g.lternatlve Felt sheating 0,005 m
II;tensive XPS 0,050 m 0,780 m 0,386 W/m2K
roof Waterproofing mem. x2 0,030 m
Reinforced concrete 0,150 m
Cast concrete 0,150 m

Gypsum plastering 0,020 m
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Green roof soil water retention capacity

The water retention capacity of green roofs plays a critical role in
urban stormwater management by reducing flood risk, decreasing
runoff volume, and filtering pollutants (Burszta-Adamiak, 2012; Fang,
2010). Research has shown that green roofs maintain high retention
rates in different climates and seasons, and that vegetation and
substrate types affect this capacity (Krebs et al., 2016; Todorov et al.,
2018). Furthermore, green roofs help restore the disrupted natural
hydrological cycle by gradually releasing rainwater, contributing to air
quality and biodiversity (Knappe et al., 2023). Yiiksek et al. (2024)
stated that soil samples taken from a forested area in a spruce forest in
Trabzon-Macka, with a bulk density of 0.92 (g/cm3), had a water
retention capacity of up to 43%. This value drops to 31% in landslide-
affected soil. It was decided that the soil water retention capacity to be
used in the study would be taken as an average value of 35%.

Table 4 summarizes the total load imposed on the existing 190 m?
roof by the saturated substrate layer for each green roof type. As the soil
depth increases from extensive (15 cm) to semi-intensive (25 cm) and
intensive (35 cm), both the dry soil weight and the water-retention-
induced load rise significantly. This demonstrates that the water holding
capacity directly influences the structural load, with extensive roofs
adding approximately 190 kg/m?, while semi-intensive and intensive
roofs increase the load to about 318 kg/m? and 445 kg/m?, respectively.

Table 4. Total roof weight by green roof type

Unit Vol. Soil Weight Water Water Water TOTAL
Weight Retentic Volume Weight
n Cap.
Extensive 28.5m3 26.220 kg 9.975m3 9975 kg 36.195 kg
s 3
Semi 0.92 47.5 m? 43.700 kg 35% 16.625m3 16625 kg 60.325 kg

intensive  (g/cm?3)
Intensive 66.5 m3 61.180 kg 23.275m3  23275kg  84.455kg

These results are critical for evaluating the structural feasibility of
green roof retrofits, since they indicate that although extensive systems
generally fall within common live-load limits reported in the literature,
semi-intensive and intensive systems may require additional
reinforcement. Thus, the table links water retention capacity to practical
structural constraints and supports the selection of the most
appropriate green roof type for existing buildings.

FINDINGS AND DISCUSSION

This section presents the findings of the energy performance
simulations and the structural load analysis conducted for the three
green roof alternatives. The results are evaluated in terms of heating
load reduction, indoor operative temperature, operational carbon
emissions, embodied carbon, and the additional load generated by the
water-retention capacity of the substrate. In this regard, energy
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efficiency and roof load issues were examined in the methodology of the
study and in the related headings given in the table below (Table 5).

Table 5. Stages defined for energy efficiency and structural loads

Modeling v" The existing roof structure and the alternative green roof systems
and (extensive, semi-intensive, and intensive) were modeled using
Simulation DesignBuilder software.

for  Energy

Efficiency v" Annual and monthly energy consumption, heating loads, and indoor

temperatures were simulated for the modeled roof systems.

v" The operational carbon emissions and embodied carbon of the
alternative systems were calculated.

v The total cost increase, construction cost, and roof cost for each
alternative were calculated.

Load v" The water retention capacity of the green roof substrate layers and
Analysis on the total roof load were calculated.

the Roof

(water v' The suitability of different green roof types for existing roof
retention conversions was evaluated based on the load-bearing capacity of a
capacity) 200 m? reinforced concrete roof slab.

Results Related to Energy Efficiency

According to the results of the numerical analysis, the extensive (Al-
1-Ex), semi-intensive (Al-2-Seln), and intensive (Al-3-In) green roof
systems proposed as alternatives to the existing flat roof provide
significant advantages in heating loads for most of the year (Figure 10).
Specifically, in January, February, March, October, November, and
December, all alternative roofs offer similar rates of heating load
reduction compared to the existing flat roof (approximately 36%-43%).
In spring and summer months (April, May, June), the reduction in
heating loads is more pronounced, with the lowest values observed in
May (approximately 26%-29%). Negative values are notable in July and
August; during these months, green roof systems appear to create a
disadvantage in terms of heating load. In September, the beginning of
autumn, positive values are observed again, providing a heating load
advantage. Overall, it can be said that alternative green roof applications
offer significant contributions to energy efficiency compared to existing
flat roofs during winter and transitional seasons.
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Jan. = Feb. March April | May June July | Aug. Sep. Oct. Nov. Dec.
™ Existing 11811 8483,57538,72529,7 764,78 276,44 0,752 |4,9217/230,58 2301,3 6909,4 10599
) L i ™ Al-1-Ex 7477,55272,7 4786,3 1683,8 561,22 191,69 4,5887 6,893 209,73 1354,14012,9 6721,5
Figure 10. Building heating loads for
existing roof and alternative green ™ Al-2-Seln ' 7442 5230,2 4743,3 1669,2/543,95 185,56 2,9824 6,6681 203,68 1332,9 3988,1 6688,5
roof systems Al-3-In ' 7407,7 5200,1/4720,9 1682,6 540,84/181,28 3,1684 5,3545 206,47/1311,8 3947,4 6639,6
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When examining its impact on operational carbon emissions, a
significant reduction is observed for most of the year. Particularly
during winter and transitional seasons (October-March and November-
December), all alternative roofs offer carbon emission reductions of
approximately 16% to 20% compared to the existing flat roof. This
reduction drops to lower levels in spring and summer, while in July and
August, there is almost no change in operational carbon emissions, or it
is shallow. At the beginning of autumn (September), a slight advantage
is observed again. These results show that green roof applications are
effective in reducing energy consumption and associated carbon
emissions, especially during periods of high heating demand.

When alternatives are considered, the intensive green roof system
(Al-3-In) stands out as the most successful alternative for most of the
year. Al-3-In provided the highest reduction rates, particularly in winter
and transition months (October-March and November-December). In
September, the semi-intensive roof (Al-2-Seln) was the most successful
scenario. Overall, Al-3-In was also considered the most effective
alternative for reducing carbon emissions from heating loads in most
months.

When evaluating the effect of alternative green roof systems on
indoor operative temperature compared to existing flat roofs, it is
observed that they increase indoor temperature for most of the year
(Figure 11). Specifically, during winter and transitional seasons
(October-March and November-December), all alternative roofs
resulted in an increase in operative temperature of approximately 4% to
6%. While this increase is more moderate in the spring and autumn
months, it reaches negative values in the summer months (June, July,
and August), indicating that an increase in indoor operative
temperature is observed. This increase is highest in July (approximately
3.3%-3.7%). These results indicate that green roof applications
contribute to warmer indoor spaces, particularly in winter, while
slightly increasing indoor temperatures in summer.

30,00 30,00
25,00 e T R 25,00
20,00 - [~ IR 20,00
15,00 i - 15,00
10,00 l ] I 10,00
5,00 5,00
0,00 0,00

Jan.  Feb. Msrc April | May June | July  Aug.| Sep. Oct. Nov. Dec.

w— Al-1-Ex 17,40 17,7518,08/19,77 21,92 23,52 25,87 25,44 23,00 20,33 18,31 17,48
e Al-2-Seln 17,41/17,76 18,09 19,7821,98 23,59 25,95/25,49 23,07 20,36/18,32 17,49

Al-3-In 117,42 17,77/18,10 19,77 22,00 23,64 25,97 25,49 23,01 20,38/18,34 17,50
----- Existing 16,34 16,78 17,20/19,02 21,55 23,84/26,87 26,13 22,90/19,48 17,26 16,48

In the cost assessment, three different green roof alternatives
increased the total building cost compared to the existing flat roof. The

Figure 11. Operative temperatures of
zones for alternative green roof
systems



Figure 12. Building structure costs
(GBP) for alternative green roof
systems

Figure 13. Building operational
carbon (CO2 kg) for alternative
green roof systems
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lowest cost increase occurred in the extensive green roof (Al-1-Ex), with
a 32% increase in roof cost, a 21% increase in construction cost, and a
14% increase in total building cost. The semi-intensive green roof (Al-2-
Seln) caused a 52% increase in roof cost, a 0.34% increase in building
cost, and a 23% increase in total building cost. The highest cost increase
was observed in the intensive green roof (Al-3-In) scenario, with a 71%
increase in roof cost, a 46% increase in building cost, and a 32%
increase in total building cost (Figure 12). In conclusion, although green
roof applications increase costs, the most economical alternative is the
extensive system.

Building Total I 390406
Cost _31 363031

Structure Cost oeeeeeessss——— 2613085
746

Roof Cost
140437,5

100000 200000 300000 400000 500000
B Al-3-In WAI-2-Seln WAI-1-Ex Exis. Roof

When evaluated in terms of embodied carbon, green roof alternatives
are found to increase both the roof and total building embodied carbon
compared to the existing flat roof. The extensive green roof (Al-1-Ex)
increased the roof's embodied carbon by 49% and the total building's
embodied carbon by 16%. For the semi-intensive green roof (Al-2-Seln),
these rates were 50% and 16%, respectively, while for the intensive
green roof (Al-3-In), they were 52% and 17% (Figure 13). The main
reason for this increase is that additional structural elements used in
green roof systems, primarily insulation materials, drainage layers, filter
layers, and vegetation, increase the total amount and variety of
materials. As a result, the lowest increase in embodied carbon was
observed in the extensive system, while the highest increase was
observed in the intensive system.

. . 107657,5
Building Total Em. I 107110
Carbon 106562,5
91972,3

I /57336
N 45186,1
Roof Em. Car. 446386

30048,4
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Water Retention Performance

In the analysis of the water retention capacity of the green roof soil
layer and the loads on the roof, for the existing 190 m?, with a density of
0.92 g/cm? and a water retention capacity of 35%, the following values
were obtained: approximately 36.2 tons (190.5 kg/m?, 1.87 kN/m?) for
an extensive (15 cm) roof, 60.3 tons (317.5 kg/m?, 3.12 kN/m?) for a
semi-intensive (25 cm) roof, and 84.5 tons (444.5 kg/m?, 4.36 kN/m?)
for an intensive (35 cm) roof. Although a comprehensive structural
analysis is required to determine the load-bearing capacity of a 190 m?
roof deck, Cascone (2019) emphasises that in many European countries,
the live load limit for flat roofs on residential buildings is approximately
200 kg/m?, which corresponds to approximately 2 kN/m? These values
indicate that extensive green roofs may be feasible in most structures.
However, semi-intensive and intensive systems may require
reinforcement or special design depending on the capacity of the
existing flooring and structural system.

Evaluation of Suitable Green Roof Type

All three green roof alternatives provide measurable improvements
in heating load reduction and operational carbon savings compared
with the existing flat roof. However, their feasibility varies when cost,
embodied carbon, and additional structural load are taken into account.
While the intensive system demonstrates the highest performance, its
high cost and water-induced load limit its applicability. The semi-
intensive option offers balanced performance but may still require
structural reinforcement. The extensive system, with its lower cost,
lower embodied carbon, and acceptable load levels, emerges as the most
feasible solution for existing buildings on campus (Table 6).

Table 6. Comparative Assessment of Green Roof Alternatives (Summary)

L Extensive (Al-1-Ex) Semi-Intensive (Al-2- Intensive (Al-3-In)

Criteria
Seln)

Heating Load Reduction 36-43% 37-45% 38-46% (Highest)
Operational Carbon ¢ 18% 17-19% 18-20% (Highest)
Reduction
Ind T t Effect

n ?or emperature Effec v I IIY
(Winter)
Summer Overheating Risk Low Moderate Higher
Construction Cost Increase Low . (Most Medium High

economical)

Embodied Carbon Increase Lowest Medium Highest

~318 kg/m? (May require ~445 kg/m? (Generally

. . ) .
Water Retention Load 190 kg/m* (Feasible) reinforcement) requires reinforcement)

Structural Suitability for

Existing Buildings High Medium Low
Perf -oriented
o Most feasible & Feasible with structural eriormance-oriente
Overall Feasibility . but structurally
sustainable checks :
demanding
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The extensive system is identified as the most suitable alternative for
existing campus buildings due to its favourable balance of energy
benefits, cost, embodied carbon, and structural load. The heating-load
reduction (36-46%) and operational carbon savings (16-20%) obtained
in this study align with the quantitative findings of previous research.
For example, Silva et al. (2016) found that dense and semi-dense green
roofs in Lisbon reduced annual energy demand by 6-15%, depending on
roof configuration. Mahmoud et al. (2017) demonstrated that green
roofs in the hot-humid climate of Dhahran yielded up to 25% cooling-
energy savings. He et al. (2020) showed that green roofs in Shanghai
reduced summer roof surface temperatures significantly and improved
indoor thermal stability during winter.

In contrast to most campus-based investigations that focus on
microclimate, user perception, or energy performance alone, the
present study additionally quantifies the structural implications of
rainwater-induced substrate loads and relates them to commonly cited
live-load limits, thereby extending the predominantly energy- and
comfort-oriented literature with an integrated energy-structure
perspective for retrofit applications on existing reinforced-concrete
roofs.

CONCLUSIONS

The use of green roofs provides ecological, economic, and social
benefits, particularly in densely built environments, such as university
campuses. In this study, the walkable hard-surface roof above the
canteen of the Department of Surveying Engineering at Karadeniz
Technical University’s Kanuni Campus was selected, and a proposal was
developed to repurpose it as a green roof. The building was modelled
using simulation software, and data for three types of green roof
designs—extensive, semi-intensive, and intensive—were incorporated
into the program for the roof. General evaluations based on the results
obtained are presented below.

e  Green roofs reduced heating loads by 36-46% and operational
carbon emissions by 16-20%, particularly during winter and
transitional seasons. Although energy savings were highest in May, the
systems provided little to no advantage in July and August due to the
absence of heating demand and increased indoor temperatures.

e The intensive system demonstrated the best overall
performance in energy and carbon reduction, while the semi-intensive
system performed best in September. The extensive system offered
more limited performance but remained advantageous due to its lower
structural load and maintenance needs.

e All alternatives improved indoor operative temperatures in
winter; however, summer analyses showed the highest temperature
increases—especially in July—indicating a potential overheating
tendency.
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e The intensive roof resulted in the highest construction and
embodied carbon increases, whereas the extensive system remained the
most economical and environmentally modest option.

e Extensive roofs met typical European live-load limits, while
semi-intensive and intensive roofs imposed higher water-retention
loads, often requiring structural reinforcement. High retention capacity
supports stormwater management, but feasibility largely depends on
load-bearing capacity.

Overall, the evaluated green roof systems offer varying strengths and
weaknesses in terms of sustainability. The extensive system is
economically and structurally advantageous due to its low cost and
lightweight nature. However, its energy and carbon reduction benefits
are limited, making it suitable for buildings with low load-bearing
capacity. The semi-intensive system offers a balanced performance in
terms of energy savings, carbon reduction, and structural load, making it
ideal for campus-scale applications. The intensive system delivers the
highest environmental benefits but also incurs higher costs, embodied
carbon, and added structural loads. Therefore, selecting a green roof
system at the campus scale should align with environmental and
economic sustainability goals.

In interpreting these findings, it should be noted that this study has
certain limitations. The results are based on simulation outputs rather
than on-site experimental measurements, and cooling performance
could not be assessed due to the absence of an active cooling system in
the existing building. In addition, structural load evaluations relied on
literature-based thresholds rather than a detailed engineering analysis
of the existing slab. These limitations should be taken into account when
evaluating the applicability of the proposed systems.

Future research may focus on developing hybrid solutions that
combine the advantages of different systems to further enhance
performance.
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