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Abstract

Environmental protection is a principle of both Millennium Development Goals and sustainable
development, underscoring critical issues like greenhouse gases, global warming, and air pollution. Air
pollution is a global challenge with severe consequences for the environment. Hence, city managers
encounter an urgent need to explore the proper solutions to mitigate air pollution.

This doctoral dissertation addresses air pollution reduction by harnessing the untapped potential of
rooftops while focusing on pollutant reducers and taking into account specific characteristics of urban
buildings. The study follows a five-phase framework, including initial investigation, feasibility study,
solution exploration, sustainability evaluation, and city-scale optimization.

The research method proposed in this thesis is validated for the first time in the context of Tehran,
a densely populated and highly air-polluted megacity. The key achievements of this leading application
encompass: feasible alternatives, sustainability assessment, optimal solutions, target building groups, and
city-scale impact. Firstly, considering sustainability, effectiveness, and viability, the study identifies green
roofs (GR) and photovoltaic (PV) systems as feasible rooftop-based alternatives. Second, novel
sustainability assessment models are developed, combining methods like the Integrated Value Model for
Sustainability Assessment (MIVES), Strengths-Weaknesses-Opportunities-Threats (SWOT), Analytic
Hierarchy Process (AHP), simplified Life Cycle Assessment (LCA), and sensitivity analysis. These models
enable the evaluation of pollutant reducers in terms of their environmental, economic, and social
sustainability. The results reveal that the most suitable types of GR and PV are semi-intensive green roofs
(SIGR) and building-attached photovoltaics (BAPV). This is while the quantitation analysis discloses that
SIGR is capable of reducing 4.8 kg/m? CO, and 52.4 g/m? Particulate Matter (PM), and BAPV has the
potential of mitigating 211 kg/m* CO; and 1.2 g/m* PM per year. Third, a compound alternative (CA),
combining both GR and PV, is proposed as an optimal solution, effectively surmounting the individual
shortcomings of these technologies. The optimization using mathematical patterns unveils more suitability
of PV compared to GR for the case of Tehran. In this sense, the most effective combination ratio for the
execution phase simplifies to 3:1 (PV:GR). Fourth, a synergistic strategy is adopted to consider optimized
pollutant reducers and target buildings simultaneously. Using the Geographic Information System (GIS),
the study recommends focusing on residential buildings of medium height in medium surface scale as the
ideal targets. Fifth and finally, implementing the optimized CA on selected target buildings provides a
significant potential to decrease over 9% of total PM and CO, emissions from all sources and sectors across
Tehran. Furthermore, the study reveals the prospect of transforming selected groups of residential buildings
into Zero-PM buildings in the operational phase.

This dissertation provides valuable insights into addressing rooftop-based air pollutant reducer
technologies and also offers a systematic approach that can be adapted to various urban contexts. The
developed framework, models, and proposed future works, can assist decision-makers in selecting the most
appropriate strategies, contributing to cleaner, more sustainable, and resilient urban environments
worldwide.

Keywords: Climate change, Sustainability assessment; Urban air pollution; Residential buildings;
Rooftops



Resumen

La proteccion del medio ambiente es un principio de los Objetivos de Desarrollo del Milenio y del
desarrollo sostenible, lo que evidencia cuestiones criticas como los gases de efecto invernadero, el
calentamiento global y la contaminacion del aire. Esta contaminacion atmosférica es un desafio global con
graves consecuencias para el medio ambiente. Por lo tanto, los gestores de las ciudades se enfrentan a una
necesidad urgente de explorar las soluciones viables para mitigarla.

Esta tesis doctoral aborda la reduccion de la contaminacion del aire a partir del potencial sin
explotar de los tejados, centrdndose en reductores de contaminantes y considerando las caracteristicas
especificas de los edificios urbanos. El estudio sigue cinco fases: investigacion inicial, estudio de viabilidad,
exploracion de soluciones, evaluacion de sostenibilidad y optimizacion a escala ciudad.

El método de investigacion propuesto en esta tesis se valida por primera vez en el contexto de
Teheran, una megaciudad densamente poblada y altamente contaminada. Los logros clave de esta aplicacion
lider abarcan: alternativas viables, evaluacion de la sostenibilidad, soluciones 6ptimas, grupos de edificios,
e impacto a escala de ciudad. Primero, teniendo en cuenta la sostenibilidad, la eficacia y la viabilidad, el
estudio identifica los tejados verdes (GR) y los sistemas fotovoltaicos (PV) como alternativas viables en
tejados. En segundo lugar, se desarrollan nuevos modelos de evaluacion de la sostenibilidad, que combinan
métodos como el Modelo Integrado de Valor para una Evaluacion Sostenible (MIVES), Fortalezas-
Oportunidades-Debilidades-Amenazas (FODA), Proceso Analitico Jerarquico (AHP), Analisis de Ciclo de
Vida (ACV) simplificado y analisis de sensibilidad. Estos modelos permiten evaluar los reductores de
contaminantes en términos de su sostenibilidad ambiental, econdmica y social. Los resultados revelan que
los tipos mas adecuados de GR y PV son los tejados verdes semiintensivos (SIGR) y la energia fotovoltaica
integrada en edificios (BAPV). El analisis de cuantificacion revela que SIGR es capaz de reducir 4,8 kg/m?
de CO» y 52,4 g/m? de materia particulada (PM), y BAPV tiene el potencial de mitigar 211 kg/m? de CO,
y 1,2 g/m? de PM al afio. En tercer lugar, se propone una alternativa compuesta (CA), que combina GR y
PV, como solucién 6ptima, superando las deficiencias individuales de estas tecnologias. La optimizacion,
mediante patrones matematicos, revela una mayor idoneidad de la energia fotovoltaica en comparacion con
la energia renovable para el caso de Teheran. En este sentido, la relacion mas efectiva para la fase de
ejecucion se simplifica a 3:1 (PV:GR). En cuarto lugar, se adopta una estrategia sinérgica para considerar
simultaneamente reductores de contaminantes optimizados y edificios objetivo. Utilizando el sistema de
informacion geografica (GIS), el estudio recomienda centrarse en edificios residenciales de mediana altura
y mediana escala de superficie. En quinto y ultimo lugar, la implementacion de la CA optimizada en
edificios objetivo ofrece un potencial significativo para reducir mas del 9% del total de las emisiones de
PM y CO; de todas las fuentes y sectores en Teheran. Ademas, el estudio revela la posibilidad de transformar
grupos seleccionados de edificios residenciales en edificios Zero-PM en la fase operativa.

Esta disertacion proporciona informacion valiosa sobre como abordar las tecnologias de reduccion
de contaminantes del aire situadas en tejados y también ofrece un enfoque sistematico que puede adaptarse
a diversos contextos urbanos. El marco desarrollado, los modelos y los trabajos futuros propuestos pueden
ayudar a los tomadores de decisiones a seleccionar las estrategias mas apropiadas, contribuyendo a entornos
urbanos mas limpios, mas sostenibles y resilientes en todo el mundo.

Keywords: Cambio climatico, Evaluacion de sostenibilidad; Contaminacion del aire urbano; Edificios
residenciales, Tejados



Resum

La proteccié del medi ambient és un principi dels Objectius de Desenvolupament del Mil-lenni i
del desenvolupament sostenible, cosa que evidencia qiiestions critiques com els gasos d'efecte hivernacle,
l'escalfament global i la contaminacid de l'aire. Aquesta contaminacid atmosferica és un desafiament global
amb greus conseqiiéncies per al medi ambient. Per tant, els gestors de les ciutats s'enfronten a una necessitat
urgent d'explorar les solucions viables per mitigar-la.

Aquesta tesi doctoral aborda la reduccié de la contaminacié de 1'aire a partir del potencial sense
explotar dels terrats, centrant-se en reductors de contaminants i considerant les caracteristiques especifiques
dels edificis urbans. L'estudi segueix cinc fases: investigacio inicial, estudi de viabilitat, exploracio de
solucions, avaluacio de sostenibilitat i optimitzacio a escala ciutat.

El métode de recerca proposat en aquesta tesi es valida per primer cop en el context de Teheran,
una megaciutat densament poblada i altament contaminada. Els éxits clau d'aquesta aplicacié capdavantera
abasten: alternatives viables, avaluacio de la sostenibilitat, solucions optimes, grups d’edificis, i impacte a
escala de ciutat. Primer, tenint en compte la sostenibilitat, l'eficacia i la viabilitat, 1'estudi identifica els
terrats verds (GR) i els sistemes fotovoltaics (PV) com a alternatives viables als terrats. En segon lloc, es
desenvolupen nous models d'avaluacié de la sostenibilitat, que combinen métodes com el Model Integrat
de Valor per a una Avaluacidé Sostenible (MIVES), Fortaleses-Oportunitats-Debilitats-Amenaces (FODA),
Procés Analitic Jerarquic (AHP), Analisi de Cicle de Vida (ACV) simplificat i analisi de sensibilitat.
Aquests models permeten avaluar els reductors de contaminants en termes de sostenibilitat ambiental,
economica i social. Els resultats revelen que els tipus més adequats de GR i PV son els terrats verds
semiintensius (SIGR) i I'energia fotovoltaica integrada en edificis (BAPV). L'analisi de quantificacio revela
que SIGR és capag de reduir 4,8 kg/m? de CO, i 52,4 g/m* matéria particulada (PM), i BAPV té el potencial
de mitigar 211 kg/m? de CO, i 1,2 g/m?* de PM a I'any. En tercer lloc, es proposa una alternativa composta
(CA), que combina GR i PV, com a solucié Optima, i supera les deficiéncies individuals d'aquestes
tecnologies. L'optimitzaci6, mitjancant patrons matematics, revela una idoneitat més gran de I'energia
fotovoltaica en comparacié amb l'energia renovable per al cas de Teheran. En aquest sentit, la relacio més
efectiva per a la fase d’execucio se simplifica a 3:1 (PV:GR). En quart lloc, s'adopta una estratégia sinergica
per considerar simultaniament reductors de contaminants optimitzats i edificis objectiu. Utilitzant el sistema
d'informaci6é geografica (GIS), l'estudi recomana centrar-se en edificis residencials de mitjana altura i
mitjana escala de superficie. En cinque i darrer lloc, la implementaci6é de la CA optimitzada en edificis
objectiu ofereix un potencial significatiu per reduir més del 9% del total de les emissions de PM i CO, de
totes les fonts i sectors a Teheran. A més, l'estudi revela la possibilitat de transformar grups seleccionats
d'edificis residencials en edificis Zero-PM a la fase operativa.

Aquesta dissertacio proporciona informaci6 valuosa sobre com abordar les tecnologies de reduccio
de contaminants de l'aire situades en terrats i també ofereix un enfocament sistematic que es pot adaptar a
diversos contextos urbans. El marc desenvolupat, els models i els treballs futurs proposats poden ajudar els
prenedors de decisions a seleccionar les estratégies més apropiades, contribuint a entorns urbans més nets,
més sostenibles i resilients a tot el mon.

Keywords: Canvi climatic; Avaluacio de sostenibilitat; Contaminacio de l'aire urba; Edificis residencials;
Terrats
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Glossary

Air quality index: AQI is an index for reporting air quality divided into six categories. Each
category corresponds to a different level of health concerns and has a specific
colour [1].

Analytical hierarchy AHP is an MCDM ranking technique as a weighting tool for structuring a
process: problem at the different levels of the hierarchy based on pairwise comparison
logic [2].

Building-attached BAPV is a photovoltaic solar energy system mostly added on top of the
photovoltaic: building's roof [3].

Building integrated BIPV is a photovoltaic solar energy system integrated into building
photovoltaic: envelopes such as facades, roofs, skylights, and canopies [4].

Carbon footprint: The measure of the exclusive total amount of CO, emission that is directly
and indirectly caused by an activity or is accumulated over the lifecycle
stages of a product [5].

Circular economy: A model of production and consumption, which involves sharing, leasing,
reusing, repairing, refurbishing and recycling existing materials and products
as long as possible [6].

Concentrator collector: A non-flat plate type of solar collector enables enhancement of the radiation
intensity achieved by solar cells using lens and mirror concentrators [7].

Consistency ratio: CR measures the degree of departure from pure inconsistency. Saaty defines
it as the ratio of a consistency index to the mean consistency index from a
large sample of randomly generated matrices [2].

CO; payback time: CPBT, an environmental indicator, determines the probable speed to
compensate for the CO impact in the solar panels manufacturing process by
decreasing CO; emission via energy generation [8].

CO; saving: The potential amount of decreased CO; in the operational phase of a
pollutant-reducing alternative during its service time.
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DNI is the amount of solar radiation received per unit area by a surface that
is always held perpendicular to the rays that come in a straight line from the
direction of the sun at its current position in the sky [9].

DSSC is a solar cell formed between a photo-sensitized anode and an
electrolyte that benefits low processing costs, flexibility, the ability of screen
printing, incorporation in paints, and semi-transparency [10].

EC is the sum of fuel-related carbon emissions and process-related carbon
emissions [11].

EE is the total primary energy consumed from direct and indirect processes
associated with a procedure or service, i.e. all activities from material
extraction, manufacturing, and transportation [11].

A representative value that attempts to relate the quantity of a pollutant
released to the atmosphere with an activity associated with that air pollutant
in order to estimate emissions from various sources [12].

The ratio between the useful output energy that an energy conversion system
provides and the input [13].

EGR is a type of green roof with a shallow and light layer of soil and the
ability to embrace only a limited range of plants [14].

FIT is a policy mechanism designed to accelerate investment in renewable
energy technologies by offering long-term contracts to renewable energy
producers [15].

A flat plate solar thermal collector can be uncovered (unglazed) or, in order
to protect and minimize heat loss, can be covered (glazed) by an additional
glass at a distance from the absorber surface [16].

GI intends to solve urban and climatic challenges by building with nature,
i.e. issues of climate adaptation, air quality, sustainable energy, heat stress,
stormwater, biodiversity, food, clean water and soil [17].
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An auxiliary system that enables thermal energy to transfer from a lower
temperature source to a hotter sink using mechanical energy and a
refrigeration cycle to improve solar collector efficiency [18].

IGR is the deepest, thickest, and heaviest type of green roof, with the ability
to support many different kinds of plants [19].

ICE database included the EPDs database and follows a cradle-to-gate scope
known as module A1-A3 in the EU-wide standards, EN 15804, and EN
15978 on the construction field sustainability assessment [11].

LCA is amethod to assess the potential environmental impacts and resources
used throughout the life cycle of a product, process, or service [20].

A customizable and agile integrated value model for sustainability
assessment that enables the holistic objective assessment, precise
comparison, and ranking of alternatives [21].

MCDM is an approach that involves various choice analyses in a situation or
research area, which can cover single or multi-objectives as targets to ensure
that defined solutions satisfy the requirements [22].

nZEBs is a nearly free-emission concept aligned with the longer-term climate
neutrality goal by balancing the share of increasing emissions from a building
group with its share of decreasing emissions [23].

A type of PV in the third generation in which some products, such as
nanotubes, quantum dots, and hot-carrier cells, are emphasized due to more
solar radiation absorption ability to improve efficiency [24].

A type of PV/T contains nanoparticles — less than 100 nm — in the base fluid,
e.g., water, glycol, and oil. These materials are used efficiently for solar
energy conversion to improve thermal conductivity [25].

NCV is the amount of usable heat energy released by combustion for a unit
of the biofuel burned in oxygen and such that the amount of heat spent in
transforming the water into steam is not counted in it [26].
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ORI is an indicator to estimate the level of risk in building projects based on
the type and volume of activities involved [27].

OSC is a type of PV in the third-generation category made of organic
semiconductors, which benefits from disposability, flexibility, and
affordability while faces to low efficiency, strength, and stability [24].

A utility-interactive solar system that connects to an electricity network and
feeds it for electrical energy distribution to where it is demanded [3].

A stand-alone independent solar system, un-connected to the utility grid, that
supplies directly only the property's electricity demand [3].

PM is one of the most critical air pollutants, including respirable fine particle
matter with a diameter of fewer than 10 micrometres (PM;o) and fine particles
less than 2.5 microns (PMas) [28].

PCMs are substances that absorb or release large amounts of so-called
"latent" heat when they change their physical state [18].

Materials that can decompose detrimental substances under the sunlight
contain UV rays. Mainly, TiO: is used as a photocatalyst that enables the
absorption of NO in the field of air quality improvement [29].

PV enables capturing solar energy to generate electricity directly. The
photovoltaic effect absorbs photons and releases free electrons through a
light-absorbing material presented within the cell structure [30].

ROl is a ratio between net income and investment to estimate the profitability

of a system over its life service time.

S-IGR is an intermediate type of green roof in terms of medium soil depth
and potential variety for plant selection [14].
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An evaluation of how the uncertainty in the output of a mathematical model
or system can be divided and allocated to different sources of uncertainty in
its inputs [31].

c-Si is the first generation of PV technology that consists of single-junction
crystal solar cells based on silicon wafers and categorized into mono/single
(m-Si) and poly/multi-crystalline (p-Si) silicon cells [24].

STC is a laboratory condition used to rate PV products. STC are 1000 Watts
per square meter of solar irradiance, 25 degrees C of cell temperature, and
1.5 meters per second of airflow speed [32].

SAI is the surface area at the lateral resolution of the measured surface as
compared to a perfectly smooth one. This dimensionless quantity, as the leaf
area index, is used to characterize plant canopies [33].

Sustainability is the ability to maintain or support a process over time such
that SI indicates the level of balance between three core aspects: economic,
environmental, and social [34].

TF is the second generation of PV technology using thin films produced via
thin layers’ deposition on glass/stainless-steel substrates, based on single-
junction sets (i.e. a-Si, CdTe, CIS, and CIGS) [24].

UHI effect occurs in urban areas that experience higher temperatures than
outlying areas due to the built environment, which absorbs and re-emits the
sun’s heat more than natural landscapes [35].

VF of an optimization problem, dependent on the problem's parameters,
determines the value the objective function achieves at a solution [36].

Based on working fluid type, as the heat transfer medium, conventional flat
plate photovoltaic thermal collectors are classified into two categories
water/liquid-based and air-based types [37].
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Introduction

The first chapter presents the main foundation sections of the current doctoral dissertation. This
preamble embraces a summary of the Motivation to perform this research project, the Research questions
as the basis for the results commentary, the Objectives anticipated to be achieved, the Boundaries defined
by the study scope with the limits set, the Methods and tools to attain the goals in a research framework,

and the Dissertation structure.

1.1. Motivation

Environmental protection is one of the eight principles of the Millennium Development Goals
(MDGs) for the 21* century and one of the three pillars of sustainable development [38]. In this sense,
greenhouse gas (GHG) emissions, global warming, and air pollution are often considered leading
environmental problems. The World Health Organization (WHO) estimated that air pollution causes 4.2
million deaths annually and that 91% of the world's population lives in areas where the air quality does not
meet recommended standards [28]. This is despite the fact that the cost of air pollution was estimated to be

225 billion US dollars per year, just from premature mortality [39].

In this regard, reevaluating the future roles that cities can play in order to diminish these negative
environmental impacts is one of the sustainable options that the Intergovernmental Panel on Climate

Change (IPCC, April 2022) emphasizes [40]. Accordingly, city managers face an urgent need to develop a
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proper multi-level strategy and investigate the optimal sustainable solutions on a city scale based on
prospective and practicable uses to reduce urban air pollution. This is while around 37% of global GHG
emissions are attributed to the building sector [41]. At the same time, the building sector has the potential
to significantly contribute to the reduction of urban air pollution. However, it is worth noting that the
emissions generated during the operational phase of buildings constitute the largest share of their overall
life cycle emissions [42]. Accordingly, among different possible strategies identified initially to reduce air
pollution in cities — such as the contribution of urban planning, building utilization, construction technology,
and construction material — this thesis concentrates on the potential of building utilization. To this end,
rooftops, the most effective and promising building envelopes, can be calibrated to contribute to this
decrement [43]. Rooftops are considered convenient context because they are: (a) extremely abundant, (b)
capable of providing vast areas, (c) significantly exposed to sunlight, (d) facile available, and (e)
underutilized [44]. Meanwhile, green infrastructure (GI) emerges as a potential substitute for incorporating
climate resilience into the built environment [43,45,46]. This way, the potential of GI, such as greenery and

renewable energy systems, is also another crucial aspect to help reduce ambient pollution [47].

Additionally, the thesis author’s personal motivation has also powered the aforementioned general
stimulants to perform this doctoral dissertation. With over 20 years of professional experience in different
disciplines of architectural engineering, building construction, and urban management in Tehran, an
example of a heavily air-polluted and problematic megacity, the author can have a realistic perception of
this city's needs and potential available in the building sector and can understand the importance of each
sector's contribution to sustainable urban development. In this area, the author has also published three
research articles as the main author in the Q1 indexed journals, while the subject matter of each paper fits

well with the field and scope of the corresponding journal.

1.2. Research questions

The research questions, provided in the following lines, can serve as a basis for analysing and
discussing the research findings and their implications for air pollution mitigation, sustainability, and urban

planning in air-polluted cities.

1) What are the feasible pollutant-reducing alternatives for rooftop application in urban

environments, and which parameters determine the feasibility of these alternatives?

2) Does combining these technologies provide more effective air pollution reduction compared to

using them separately?
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3) Aligned with the former research question, what is the most effective combination ratio for the

implementation of the optimized compound alternative?

4) Can certain building groups show greater potential for air pollution reduction in the urban

context?

5) To what extent can adopting a synergistic strategy for applying the most efficient alternative to

target buildings contribute to air pollution reduction?

1.3. Objectives

This thesis aims to enhance understanding and investigate the suitability of air pollutant reducer
technologies applicable on rooftops to develop buildings' performance. This research intends to provide
optimal and systematic planning, as a sustainability-based tool, in assisting city managers when

programming for air quality improvement and moving forward to sustainable urban development.

Additionally, the specific/sub-objectives (S-OBJ) that support the aforementioned main objective

— as a broader goal of this thesis — are as follows:

e S-OBJ-1: Determining feasible solutions to apply on buildings’ rooftops in order to decrease

urban air pollution considering determinant indicators

e S-OBJ-2: Aligned with the former objective, developing sustainability assessment models to

find the most suitable type for each feasible solution
e S-OBJ-3: Evaluating the capacity of suitable alternatives to mitigate urban air pollution

e S-OBJ-4: Creating a new model to define city-scale optimal planning via simultaneous

incorporation of potential pollutant-reducing alternatives and potential target buildings

o S-OBJ-5: Assessing the ability rooftops provide to mitigate air pollution on a city scale

This research project and its objectives rely on the relevant technical literature. For instance,
regarding the ability rooftops provide for GI applications, considering Zambrano-Prado et al. (2021) [48],
M. Thebault et al. (2020) [49], S. Toboso-Chavero et al. (2019) [50], D. S. Salvador et al. (2019) [51], K.
Dimond and A. Webb (2017) [52], and M. H. Chung (2018) [44]; in terms of sustainability assessment
model, considering 1. Josa et al. (2020) [53], A. de la Fuente et al. (2019) [54], G. Ledesma et al. (2020)
[55], B. Maleki et al. (2019) [56], S. M. A. Hosseini et al. (2018) [57], and O. Pons et al. (2016) [58]; as for
PV and GR environmental performance, considering D. Pinel et al. (2021) [59], S. S. Korsavi et al. (2018)
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[60], Y. Fu et al. (2015) [61], F. Cucchiella et al. (2015) [62], F. Moran and S. Natarajan (2015) [63], M.
Herrando et al. (2014) [64], J. Yang et al. (2008) [65], and B. A. Currie and B. Bass (2008) [66]; and for the
integration of PV and GR, considering M. E. Abdalazeem et al. (2022) [67], M. C. Catalbas et al. (2021)
[43], K. Baoetal. (2021) [68], A. Jahanfar et al. (2020) [69], M. Ramshani et al. (2020) [70], B. Y. Schindler
et al. (2018) [71], M. S. P. Moren and A. Korjenic (2017) [72], Chr. Lamnatou and D. Chemisana (2015)
[73].

1.4. Boundaries & Study area

The scope and limits of this research project have been rigorously defined as follows:

1) Amongst the growing environmental concerns, air pollution, one of the significant challenges

worldwide, has been considered for investigation;

2) In this regard, this study has focused on reducing urban air pollution as the outdoor type among

outdoor and indoor air pollution, with a more pervasive impact on citizens;

3) To this end, GI alternatives have been considered among others, as environmentally friendly

solutions [45,46];

4) Meanwhile, feasible alternatives with the ability to mitigate air pollution by emphasizing their

sustainability level have been considered in the line of realization of the sustainable development goals;

5) In addition, to apply these pollutant-reducing alternatives, rooftops — which are broadly abundant

and underused — have been chosen among different urban elements [43,44];

6) In this sense, this research project has focused on the performance of rooftops only in their

operational phase, which accounts for around two-thirds of the building sector share in emissions [42].

Additionally, to validate the proposed model during the whole process, Tehran has been considered
as the case study among other megacities due to its remarkable potential of extremely vast-abundant and
underused rooftops, as well as the urgent need to reduce urban air pollution. Tehran is one of the most
densely populated megacities in Western Asia [74], hosting a population of around 8.8 million and an entire
metropolitan area of nearly 15 million inhabitants. Air pollution issues are considered one of the main
challenges that Tehran presently faces. Rapid population growth, industrial development, urbanization, and
fossil fuel consumption increments are the most critical aspects connected to air pollution in Tehran.
Besides, the temperature inversion phenomenon is added to these problems since Tehran is surrounded by

a high mountain range, which traps air pollutants, especially in cold months [75]. During the recent decade,
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the air quality index (AQI) for Tehran has been measured in the moderate or lower range for more than 90%
of days per year. In this regard, Particulate Matter (PM) accounts for Tehran's most critical air pollutants.
The concentrations of PM measured in Tehran have exceeded the standard thresholds annual means so that,
Tehran was ranked 12" in PM among the 26 most air-polluted megacities around the world [76]. On the
other hand, Tehran has been considered 14" among 500 high-carbon footprint cities worldwide. This is
while generally carbon dioxide is the most significant GHG emissions. Regarding the situation and
characteristics of this case study, more extensive information and explanation have been provided in detail
through three publications relevant to this thesis, which are available in the following chapters (Chapters 2

and 3).

Notable that some limitations have been set for this research project as well, as explained in detail
in each corresponding published article. For instance, concerning solar energy systems, this study does not
consider stand-alone/off-grid systems and focuses on utility-interactive/on-greed as domestic solar power
plants and the most common type in Tehran. Additionally, the indirect effect of GR as a passive system that
can help decrease energy use for indoor thermal conditioning is not considered. Moreover, to choose
potential target building groups, non-physical parameters with indirect impacts are not considered in this
research, those are often associated with the occupants' motivations and require other comprehensive

demographic and specialized sociological studies.
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1.5. Methods

This thesis follows the five-phase procedure presented in Figure 1.1, in order to carry out the study
process for the development of the sustainable use of rooftops to reduce air pollution. The framework
complexity requires a partial explanation of the phases in different chapters. The following lines explain in
detail these phases, the targets of each, the methods and tools to reach them, and the relevant chapters
regarding each phase. The organization of chapters and their relevant publications in the current dissertation

1s available in Section 1.6.

[ v v v v N
i Phase 1 ; i Phase 2 ; i Phase 3 ; i Phase 4 P Phase 5 :
: o FEASIBILITY | | o P !
' INITIAL STUDY Vo STUDY bl SOLUTION Vo EVALUATION . OBSERVATION :
1 O B L B O B o | S 1
3 Scope & Limits i 3 Sustainability i 3 Determining alternatives i 3 Assessing sustainability i 3 Optimizing & Planning i
i Research objective f i Effectiveness i f Alternatives contribution i f Selecting suitable type i i City-scale validation :
i Case study 3 i Viability 3 i i i i 3 3
REVIEW SURVEY SwoT MIVES GIS
REVIEW AHP MATH PATTERN
Methods, Techniques, Tools
SIMPLIFIED LCA SENSITIVITY
SENSITIVITY
Chapter 2 Chapter 2, 3 Chapter 2 Chapter 2, 4 Chapter 3, 4

I I

Relevant chapters

Figure 1.1. General framework of the current thesis

Phase 1) Initial study provides general input from each side of the research study scope, limits, and
objective concerning the problem. Additionally, this phase determines a case study involved with the
identified challenges and relevant to the defined scope in order to examine partial and general outcomes in
each step. This first phase performs a comprehensive preliminary study — corresponding to Chapter 2 — to
create a knowledge basis of outstanding technologies and their advancements for roof utilization, which

lead to reducing air pollution.

Phase 2) Feasibility study considers the status of the context and the characteristics of the case
study with its needs and potential. This second phase investigates the sustainability, effectiveness, and
viability of pollutant-reducing alternatives for each specific case study, as presented in Chapters 2 and 3.

This investigation is based on the contribution of professional experts and involved stakeholders — as
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explained in detail in the articles presented in Chapter 2 — as well as performing a simplified literature
review and exploring available technical information on the sustainability and performance of pollutant-

reducing alternatives.

Phase 3) Solution presents possible alternatives of roof refurbishment strategies based on the
previously identified problems and the feasibility study. This middle phase uses a strategic planning
approach to conduct a general analysis of different alternatives considering their strengths, weaknesses,
opportunities, and threats (SWOT) [77], as explained in detail in the articles presented in Chapter 2. This
elementary and straightforward analysis technique provides a clearer insight to support and facilitate the
decision-making process and results in determining solution alternatives as well as identifying their

associated internal and external contributions — that are either favourable or unfavourable — to the field.

Phase 4) Evaluation develops new sustainability assessment models based on the Multi-Criteria
Decision-Making (MCDM) method and applies them to the determined feasible solutions for the case study.
An MCDM approach can cover a single objective or multi-objectives as targets to ensure that the defined
solutions satisfy the requirements [22]. These new models follow the Integrated Value Model for
Sustainability Assessment (MIVES) [58] and the Analytic Hierarchy Process (AHP) [2]. MIVES is a
customizable and agile sustainability assessment model that: 1) enables the holistic objective assessment,
precise comparison, and ranking of alternatives [21]; 2) has the capability of adding up various indicators’
values with qualitative or quantitative results measured by different scales and units [53,58,78]; and 3) has
already satisfactorily applied to a variety of case studies containing architecture and building construction
fields as a comprehensive sustainability assessment tool [58,79]. Meanwhile, AHP, as a supporting tool and
well-known ranking technique: 1) is capable of combining with other methods; 2) benefits from a
straightforward procedure based on the pairwise comparison to weigh several factors at the different levels
of the hierarchy; and 3) has the potential in using the inconsistency index [80]. In addition, an assistant
method to evaluate environmental performance is incorporated into the model. This supplementary tool is
a simplified Life Cycle Assessment (LCA) — based on ISO 14040:2006 and ISO 14043:2006 standards
[81,82] — applied previously in other MIVES models as well [83—85]. Finally, in this evaluation phase, a
sensitivity analysis to examine the outcomes of considering different scenarios — based on the variety of
weighting distributions — leads to robustness proof for the designed model. A comprehensive explanation
of MIVES protocols, combined with AHP, simplified LCA, and sensitivity analysis for sustainability
assessment and determining the most suitable type of each alternative, as well as the outcomes of this

evaluation, are available in Chapters 2 and 4.
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Phase 5) Observation, the ultimate phase in this research project, sets up the proposed model and
defines optimal planning on a city scale via a systematic approach. This multi-objective planning can
recommend the most adequate solutions and assist city managers in surveillance and analysis of the
proposed plan performance to reach the highest achievements from the deployment of possible technologies
for rooftop utilization. To this end, a collaboration of potential target building groups and optimized feasible
pollutant-reducing alternatives are formed with the assistance of mathematical patterns, Geographic
Information System (GIS), and sensitivity analysis as tools. Chapters 3 and 4 embrace the results of this
phase, which is expected to motivate researchers and professionals for further developments in urban

sustainability and air pollution reduction.
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1.6. Dissertation structure

The structure of this doctoral dissertation has been organized into six chapters distributed among
three main parts. The first part, which is Chapter 1, sets the project objectives, boundaries, and methods.
The second part embraces the following Chapters 2 and 3, which contain the results obtained from this
research project. The three published articles relevant to the current thesis are presented in this second part.
The sections containing the aforementioned publications consist of the following information regarding
each research article: (a) a summary, (b) the contribution to the thesis, and (c) the research paper with its
main data, the thesis author contribution and a copy of the published version. Finally, the third analysis part
(Chapters 4, 5, and 6) provides a discussion along with a collection of partial findings, as well as highlights
the main findings and suggests possible future developments. Figure 1.2, as a guide map for readers,

presents a flow chart corresponding to the current dissertation structure.

Introduction——  Chapter 1 Objectives, Boundaries, Methods
{— Green roofs
Feasible alternatives & their Article A: Sustainability Model to Assess the Suitability of Green Roof
Chapter 2 Alternatives for Urban Air Pollution Reduction Applied in Tehran

sustainability performance

; Solar energy systems

Article B: Integrated Value Model for Sustainability Assessment of Residential
Solar Energy Systems Towards Minimizing Urban Air Pollution in Tehran

Results

Chapter 3 Observation & Optimization

Article C: City-Scale Model to Assess Rooftops Performance
on Air Pollution Mitigation; Validation for Tehran

’7 Chapter 4 Discussion & Partial Findings

Analysis Chapter 5 General Conclusion

\— Chapter 6

Future Development

Figure 1.2. Guide map of the current dissertation structure
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Feasible alternatives and their sustainability performance

Determining feasible solution alternatives and their sustainability performance is explained in this
second chapter. This section considers the sustainability, effectiveness, and viability in choosing feasible
alternatives for rooftop installation, as previously mentioned in Section 1.5. In this sense, green roof (GR)
and photovoltaic (PV) systems, identified as two of the highest trending among different urban green
infrastructure (GI), are both sustainable practices that compete in the building sector [52,68,70]. In this
respect, the sustainability level, a key performance indicator in sustainable urban development, has been

considered based on three pillars: economic, environmental, and social [34].

Though other alternatives can also contribute to mitigating urban air pollution, the aforementioned
are identified as effective ones considering the characteristics, requirements, and potential of the specific
case study in this research. For instance, taking into account that NO; is not a main air pollutant in Tehran,
photocatalyst materials such as TiO,, which absorbs NO,, are not adequately effective for this specific case
study [76]. This is while GR and PV systems are considered effective measures to reduce both particulate
matter (PM) and CO; — the most critical emissions in urban areas like Tehran — as described in detail in

articles A and B.

Similarly, wind turbines as renewable energy producers are not viable to install in most residential

buildings due to high expenses, vast needed spaces, structural stability problems in implementation and
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operation, etc. In contrast to wind turbines, GR and PV work securely and noiselessly, integrating with
rooftop environments and maintaining the aesthetic attractiveness of residential areas. Furthermore,
locating appropriate sites with enough wind speeds for wind turbine activity can be challenging in urban
areas like Tehran. This is while Tehran experiences year-round high levels of sun radiation. Accordingly,

Tehran is ideally situated for harnessing sunlight, which helps the viability of PV and GR alternatives.

2.1. Contribution to thesis

This chapter contributes to Phases 1, 2, 3, and 4 of this doctoral dissertation by conducting an initial

study, carrying out the feasibility study, defining solution alternatives, and evaluating defined solutions.

Articles A and B contribute to performing a simplified literature review in the area of outstanding
pollutant-reducing alternatives and their sustainability values in all aspects. This review serves as a
beneficial basis for the remaining steps of this thesis. Moreover, this chapter contributes to providing
convenient knowledge of the capability of feasible technologies to mitigate air pollution. The performed
research studies and their subsequent conceptual frameworks provide a descriptive overview of different
types of each alternative and their specific functions, which are helpful for the author to gain a good
understanding of air pollutant reducers for building applications. Additionally, this chapter develops a new
model specialized in the sustainability assessment for the feasible pollutant-reducing alternatives within the
boundaries of the current research project. Accordingly, the main contribution of this second chapter
through two presented articles is defining novel MIVES-based sustainability assessment models to
determine the most suitable type of GR and PV systems as solution alternatives. Further, the findings of the
thematic analysis in these research studies provide considerable information regarding current and future

study directions. This analysis helps identify which sustainability areas face a gap to explore in this field.

2.2. Article A: Green roofs

Article A, entitled "Sustainability Model to Assess the Suitability of Green Roof Alternatives for
Urban Air Pollution Reduction Applied in Tehran", published in the 194" vol. of Building and Environment,
which is ranked in Q1 among indexed journals (doi: 10.1016/j.buildenv.2021.107683) [86].

The contributions and individual roles of the thesis author as the main author of this paper were
conceptualization, data curation, investigation, methodology, formal analysis, resources, validation,
visualization, writing the original draft, and revising. The other authors of the article are the thesis co-

directors, who mainly supervised and advised the first author and reviewed the manuscript. In this study,
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GR, as a feasible environmentally-friendly alternative that contributes to improving air quality, has been
analyzed and evaluated with its three common types of intensive green roof (IGR), semi-intensive green
roof (SIGR), and extensive green roof (EGR) for urban settlement use. A copy of this research article is

attached in the following.
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Green roofs are environmentally-friendly architectural solutions that contribute to air quality improvement,
especially in an air-polluted metropolis like Tehran, where space is scarce and expensive. At present, there are
different types of green roofs available, with the intensive, semi-intensive, and extensive the most feasible for

Urban agriculture
Sustainability assessment

RM:S‘:.iiulia] buildings urban settlements. This project aims to develop a new model to find the most suitable green roof to reduce air
Air quality e pollution in cities. To achieve this, after an initial study of strengths, weaknesses, opportunities, and threats, this

study combines the agile multi-criteria decision-making method MIVES with an analytic hierarchy process and
sensitivity analysis. This new model has successfully evaluated the suitability of the aforementioned three al-
ternatives in Tehran's residential buildings. This assessment confirmed that this new approach can assist urban
managers, architects, and constructors in selecting the most adequate green roof solution to contribute to
improving air quality in cities. Nevertheless, all three evaluated solutions require improvement in terms of
sustainability. This article recommends, for this specific case study, the application of an optimized version of the
semi-intensive alternative by replacing its most expensive and large embodied energy components with eco-
efficient and cost-effective materials, such as bio-waste and recycled materials.

1. Introduction

According to the World Health Organization (WHO), 4.2 million
deaths every year are related to air pollution exposure while 91% of the
world’s population lives in places where air quality fails to meet
guideline limits [1]. Additionally, air pollution contributes to the
depletion of the ozone layer, the formation of acid rain, and global
climate change [2]; and results in an estimated 225 billion US dollars in
cost, just due to the mortality during a year [3]. Moreover, recent studies
reveal the negative effect of some air pollutants on COVID-19 infection
[4]. Notably, in the 21st century, environmental protection is one of the
eight main points of the Millennium Development Goals and one of the
three pillars of sustainable development [5]. Buildings, which are
responsible for a considerable amount of resource consumption and
greenhouse gas (GHG) emissions [6-9], could instead have positive
impacts on air quality. Architecture can contribute to air pollution
reduction via two different approaches: minimizing their negative
environmental impacts, such as COy-equivalent emissions; and
absorbing air pollutants, such as green strategies in buildings e.g. using

green roofs (GRs) [10-16].

Yang et al. (2008) estimated that 1,835.23 metric tons of all pol-
lutants could be annually mitigated in Chicago if the roofs in this city
were completely covered with GRs [17]. Currie and Bass (2008) quan-
tified the annual air pollution reduction - 7.87 metric tons of air pollu-
tion - for the city of Toronto by 109 ha of GRs [18]. GRs can decrease the
urban heat island (UHI) effect by increasing evapotranspiration
[19-23], which also cools buildings during hot summers [24]. Addi-
tionally, plants’ photosynthesis sequesters carbon dioxide from the air
and stores it as biomass [10-13,17,18,20,23,25]. GRs indirectly reduce
CO,, given off and improve energy consumption through their ability to
insulate buildings [11,23,25,26]. According to Bass (2005), GRs can also
reduce heat loss in winter conditions [27]. GRs allows buildings to better
retain their heat during the cooler winter months while absorbing solar
radiation through photosynthesis and reflecting solar radiation [24].
Therefore, evaluating as well as identifying the most proper GR alter-
native is considered striking in terms of sustainability. In this sense, until
now numerous studies have assessed GR focusing on substrates [28,29],
on energy consumption [26], on stormwater management [30], carrying
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out life cycle assessments [20,31], assessing food-energy-water nexus
[32] or focusing on the sustainability of urban agriculture in a specific
case study [33].

This research project differs from these previous studies because it
aims to develop a new model for the sustainability assessment of
architectural GR alternatives that contributes to minimizing urban air
pollution. This new model has been defined using the integrated value
model for sustainability assessment (MIVES), incorporating the main
sustainability requirements - economic, environmental, and social -.
Therefore, this new model expects to assist municipalities when defining
suitable solutions to improve air quality. In the following pages: a)
Section 2 introduces GR types and components; b) Section 3 presents
and justifies this case study; c) Section 4 explains the methodology used
to define the new model; and d) Sections 5, 6, and 7, show the results,
discussion, and conclusions.

2. Green roofs definition

This article focuses on the GR’s role as an environmentally-friendly
roof refurbishment solution that is partially or completely covered
with vegetation and a growing medium [30]. GRs are mostly categorized
into three types: (1) intensive (IGR), (2) semi-intensive (S-IGR), and (3)
extensive (EGR) [29,34]. This distinction plays a critical role in deter-
mining the depth of the vegetation support course as well as the type of
greening. Even though IGRs as a green park on a rooftop can support
many different kinds of plants and increase the value of the property
[35], this type is the thickest and heaviest GR, which needs additional
structural support due to increasing roof loads. On the contrary, EGRs do
not need to add structural support and can be easily installed during new
construction or retrofitting of buildings due to their shallow and light
layer of soil [36,37], though EGRs can embrace only a limited range of
plants [23]. S-IGR is considered as an intermediate type of GR, in terms
of medium soil depth and a potential variety for plants selected. These
three types of GR have similar layers if they are applied for the same
weather and roof type conditions, except for the planting soil medium,
as shown in Fig. 1. This study has considered the typical minimum
substrate depths from one of the most valid and common global GR
guidelines named FLL [38].

This article considers GR constituted for vegetation, soil, drainage,
root barrier, and other extra layers [20,39,40]. Fig. 1 illustrates, and
Appendix B explains these GR layers on top of existing roof decks.

3. Case study
3.1. Characteristics of the case study - Tehran

The case study focuses on Tehran, one of the most air-polluted and
most populated cities in western Asia [41]. Several investigations

demonstrate rapid population growth, industrial development, urbani-
zation, and increasing fuel consumption as the most important pressure
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points on the air quality in Tehran [42]. Topography and climate cir-
cumstances are the other determinant factors in air pollution since
Tehran is surrounded by a high mountain range (Alborz), which traps air
pollutants. In this sense, temperature inversion prevents diluting the
pollutants, especially during the cold months [42].

Tehran, which has approximately 615 square kilometers area, is
located in the north of Iran (35° 31’ - 35° 57’ N, 51° 4’ - 51° 47’ E), at
high altitudes around 900-1,800 m above sea level. Fig. 2 shows its 22
districts that host a population of 8.8 million. The whole metropolitan
area has 15 million inhabitants with a densely populated core and less-
populated surrounding territories with industry, infrastructure, and
housing [43]. Table 1 summarizes Tehran’s attributes in which climatic
information is collected from the geophysics meteorology synoptic sta-
tion in 2019 [44].

The main components of urban air pollutants are carbon monoxide
(CO), sulfur dioxide (SO32), ozone (O3), nitrogen dioxide (NO3), respi-
rable fine particle matter (PM) with a diameter of fewer than 10 pm
PM, and fine particles less than 2.5 pm PMy 5 [1]. Annual air quality
reports for Tehran during the recent decade [45], reveal that the con-
centrations of CO, SO, O3, and NO3 were within healthy recommended
limits. And in general, the air quality index (AQI) for Tehran measured
in the moderate or lower range for more than 90% days per year, as
explained in Appendix C (Table C.1). However, the concentrations of
PM; 5 and PM;( measured at all air quality monitoring stations in Tehran
exceeded the national standard annual means [45]. PMy 5 causes more
than 4000 premature deaths annually in this city; which is ranked as
12th high PM; levels megacities in the world [42]. PMs pose the highest
risks to health since they are capable of penetrating the lungs and
entering the bloodstream [46]. Sources of PMs emissions come from all
types of combustion, including engines and solid-fuel combustion for
energy production in housing and industry, as well as other industrial
activities [1]. The annual mean of the European Union’s maximum
concentration limits is 25 pg m* for PM3 5 and 40 pug m° for PM;o. The
maximum level of PM proposed by the WHO is 10 pg m ™~ for PM, 5 and
20 pg m~* for PM;. The annual concentration of PMjy 5 in Tehran was
approximately three times more than the maximum range considered by
the national standards and the WHO. Furthermore, the annual ambient
level of PM;( was almost four times more than the WHO's recommended
threshold.

3.2. Potential for using GRs in Tehran

Rooftops are a valuable resource in cities, where large-scale vacant
space is scarce and expensive [47]. Roofs of residential buildings cover a
vast area of Tehran [48] due to the following reasons: 1) 77.32% of
parcels (parts) in Tehran have residential land-use; 2) residential
buildings embrace 78.6% of Tehran’s total built areas; 3) the occupancy
level of building relative to the surface in most residential land is at least
60%.

A rather short reconstruction period for residential buildings in

1. Soil medium (S-IGR: 250 mm, IGR: 450 mm, EGR: 50 mm)

2. Filter fabric aeration mat (3 mm)

ﬂWWMWWV!‘ > 3. Drainage or water retention panel (40 mm)

% Optional thermal insulation just for the ir

(see the case study existing roof deck in

] LITAS S TSRS

erted roof

ollowing section)

> 4. Protection board (2 mm, geotextile)
5. Root barrier and waterproofing (4-5 mm)

» 6. Existing roof deck

Fig. 1. GR layers detail on top of an existing deck. The next section details the roof deck in this case study.
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Fig. 2. Natural side effects and districts in Tehran (Source: TMICTO [48]).

Tehran - on average 50 years -, provides an opportunity to easily and
economically implement some alternatives during the construction
phase. Furthermore, considering the climate conditions in this city, roofs
could be one of the main building envelopes to exchange solar radiation
and heating. Additionally, roofs provide more net area compared to the
already occupied yard areas. All the above-mentioned factors promise
the great potential to implement many GRs alternatives in a vast area
during a short time. Fig. 3 shows the most common roofs (MCRs) in
Tehran without any greening, which consist of some layers over the
structural roof deck including a) nylon vapor barrier, b) polystyrene
thermal insulation (0.05 m), c) light concrete (1.5 kN m ?-0.05 m), d)
cement sand mortar (0.025 m), and e) prefabricated moisture insulation
layer. Average maintenance works imply changing the last layer every
ten years.

3.3. Specifications for GRs in this case study

Some features of GRs need to be customized regarding the Iranian
building codes and local conditions. In this case, the plants selected
should be: a) compatible with Tehran climatic conditions, b) abundant
and economical in the Iranian market, c) preferably be alive during four
seasons of the year to have ongoing advantages, and d) be needle-leaf to
retain more moisture. These requirements are based on the fact that
needle-leaf plants do not need remarkable irrigation most of the time
when minimum sufficient rainfall and humidity are available [49].
Hence, due to the suitable moisture-retaining potential of needle-leaf
plants, watering consumption is not considerable. Therefore, this proj-
ect has selected Cedar shrubs based on the above-mentioned parameters
to determine the type and attributes for plants on GRs, which satisfies
the required specifications. One Cedar shrub with almost 0.05 m caliber
- the diameter at breast height -, 1 m height, and grass has been
considered as a mixture at a ratio of 50:50 for each square meter of S-IGR
and IGR. EGR is covered just by grass without any shrub. The average
depth considered for S-IGR, IGR, and EGR with bottom layers are
equivalent respectively, 0.30 m, 0.50 m, and 0.10 m, respectively. Ac-
cording to the fourth topic of the Iranian National Building Regulations -
section 4.9.7.1.1 -, the height of the roof edge wall should be a minimum
of 1.10 m. In consequence, after adding approximately 0.10-0.50 m as a
GR layer, it is not necessary to build an extension of the facade.
Furthermore, as previously presented in Fig. 3 the finishing layer in MCR
is moisture insulation because the waterproofing layer is usually the last
layer to be installed. Therefore, no layer from MCR would be removed
before the implementation of a GR.

4. Methodology

The following sections explain the methodology this research project
employs, which has two main steps: 1) an initial analysis and 2) the
design of the new model to assess the suitability of GRs for air pollution
reduction in cities.

4.1. Initial analysis

This project conducted an initial analysis to study the feasibility of
using GRs for residential buildings in Tehran. This initial analysis was
based on the strengths, weaknesses, opportunities, and threats (SWOT)
technique [50]. SWOT matrix can assist researchers to identify the in-
ternal and external factors of GRs in Tehran. Additionally, the results of
SWOT, which are obtained based on extensive literature review, are
useful for the definition of sustainability indicators in the following
parts. It should be noted that strengths and weaknesses commonly
follow internal issues, while opportunities and threats often focus on
external factors.

4.2. Model design

Making the most appropriate decision requires a compromise solu-
tion considering all effective factors to approach the ideal alternatives.
In this context, a wide variety of sustainability assessment tools for the
building field are available, such as BREEAM, DGNB, LEED, VERDE, and
CASBEE among others [51,52]. Considering the aforementioned objec-
tives of this research study, MIVES, a multi-criteria decision-making
model (MCDM), was applied to design a new model. MCDMs provide a
systematized and more objective procedure to organize ideas into
criteria and sub-criteria and quantify preferences to make decisions.
Furthermore, MIVES, which was developed in the 2000s based on the
multi-attribute utility theory [53], can use and add either qualitative or
quantitative indicators together, that are measured by different scales
and units. Besides, this method is specific for each deterministic or
probabilistic case along with homogeneous or heterogeneous assess-
ment. MIVES achieves so by using value function and satisfaction con-
cepts [54-56]. This MCDM gives integrated sustainability indexes and
can be combined with other methods and specific mathematical algo-
rithms, thus uncertainly analyses can easily be integrated into the
evaluation [54,55,57]. In consequence, MIVES allows researchers to
carry out agile, objective, specific, and complete sustainability assess-
ments. Also, being a tree-structured, easy-to-use, and straightforward
implementation model, MIVES provides a suitable condition for even
non-experts to comprehend and communicate with its results [55,57].
MIVES has already been successfully applied in numerous research
projects generating holistic sustainability assessment tools in a broad
range of study cases including architectural, civil engineering, and
building fields [54,57,58]; such as: (1) buildings and components [59];
[56]; [60]; [61]; [62]; [55]; [58]; [63]; (2) concrete structures and slabs
[64]; [65]; (3) infrastructure management [66]; [67]; [68]; [69]; (4)
hydraulic structures [70]; [71]; (5) post-disaster housing management
[72-75]; and (6) architecture learning processes [57,76].

MIVES incorporates the aforementioned three main sustainability
requirements [77], as the first level of the decision tree (DT). The most
general and qualitative aspects make the first level - requirements -,
whilst the last level embraces the most specific and quantifiable ones -
indicators -. The middle level is a breakdown, which is established for
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Table 1

Summary of Tehran attributes (Source: [44,45,48]).
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Fig. 3. Existing most common roof (MCR) type in Tehran on top of which a GR
would be installed.

structuring the problem - criteria - [55,70,78]. MIVES approach requires
three fundamental aspects: (1) boundaries to determine the scope of the
analysis, (2) DT involved during the decision-making process, and (3)
value functions to convert the associated units of each indicator into
a-dimensional values [65]. The assessment is based on the value of a
final index, which is obtained through the aggregation of the different
indicators, criteria, and requirements evaluation. Fig. 4 presents the
steps followed when applying MIVES.

According to Alarcon et al. (2011) [79], to determine sustainability
indexes of alternatives, MIVES outlines a procedure consisting of the five
stages: (1) DT design; (2) definition of the tendency - increasing or
decreasing -; (3) determination of the X, and X, points corre-
sponding to the minimum and maximum satisfaction value; (4) defini-
tion of the shape of the value function; and (5) using the mathematical
expression of the value function. In the DT, apart from the previously
mentioned three sustainability requirements, the final number of
criteria and indicators in each tree branch must be the minimum; in
other words, the number of indicators should not be excessive [54].
Moreover, to achieve a reliable assessment, the selected indicators
should be representative to discriminate between the alternatives and be
independent of each other to avoid overlapping. The values belonging to
the different indicators of each alternative can be aggregated to achieve
the global sustainability index (V) by applying Equation (1). V; (x;) is a
value function, which defines the assigned preferences to each value,
obtained by the parameter (x;). V; is generated by Equation (2), and 4; is
the corresponding weight or relative importance coefficients. This for-
mula should be applied to each level of the DT and enables quantifying
the sustainability level of each alternative using value functions. These
functions provide the magnitude that is intended to indirectly measure
the satisfaction level, homogenize the indicators units, and normalize
the variables to enable the aggregation of indicators [56]. Value func-
tions unify indicators’ units on an a-dimensional scale from 0 to 1 as the
representation of the minimum and maximum degree of satisfaction in
terms of sustainability. These functions can adopt several shapes [79],
including (1) concave (Cv: rapid increasing or slight decrease of satis-
faction); (2) linear (L: steady increasing/decreasing of satisfaction ten-
dency); (3) convex (Cx: the contrary of the concave curve case); and (4)
S-shaped (S: the combination of concave and convex functions).

V=% 4.Vi(x) 1)

Equation (2) shows the general expression of the value function (Vi)
used in MIVES, which enables the assessment of each indicator’s value
or satisfaction in terms of sustainability.

Vi— A+ B[l —e Ki-(Xnd-XminlCi) Py @

In Equation (2), X,,;, and X;,q, are, the minimum and maximum
values of the assessed indicator; X; is the abscissa value for the indicator,
which is under assessment - between X,,;, and X;,,4x -; A is the response
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Step 1
Alternatives and
boundaries definition

Step 2 Step 3
Requirements tree, criteria, and
indicators establishment

Weight assignment to each
parameter of the tree

!

Step 6
Make the most
appropriate decision

Step 5 Step 4
Assess the sustainability index
of each alternative

Value function establishment
for each indicator

Fig. 4. The process to implement the MIVES method.

value X,,j, - indicator’s abscissa -, generally A = 0; P; is a shape factor
that defines if the curve is concave (P; < 1), linear (P; = 1), convex or S-
shaped (P; > 1), further this factor approximately determines the slope
of the curve at the inflection point; C; approximates the abscissa at the
inflection point - used if P; > 1, to build convex or S-shaped curves -; K;
tends towards V; at the inflection point and defines the value of the
ordinate for point Cj, in the former case where P; > 1; and B is the factor
that keeps the function within the (0.00, 1.00) according to the satis-
faction range, which is obtained by Equation (3) [54,56,70,79].

B=1/[1-e¢ —Ki . (|Xmax—Xmin|[/Ci ) Pil (3)

5. Results
5.1. Preliminary outcomes

Table 2 presents the SWOT matrix, which demonstrates that GRs
could be proposed as a worthy practice in urban residential buildings,
especially for Tehran as a megacity, which faces the aforementioned
unfavorable effects of urbanization and critical urban air pollution.
Although the initial high construction cost of GRs is an important
challenge, the construction of GRs contributes to the safety of a city, as

Table 2
Initial analysis of GRs by SWOT matrix.

1 1 o

Threats

S S1. Roof heat transfer reduction by shading, evapotranspiration, insulation
(thermal insulation) [23,25,26]
$2. Roof sound transmission reduction (noise insulation) [23,25]
$3. Improvement the visual quality and enabling innovation of design process
[23]
S4. Users’ physical and mental health, as well as their life quality improvement

S5. Users’ motivation due to the shortage of green and open space in apartments
[23]
$6. Revitalization and using the large unused space on buildings [23]
§7. Increasing roof lifespan [23]
$8. Increasing the value of the property [23,25,35]

W WI. Increasing the construction cost of the building [23,25]
W2. Increasing the maintenance costs of the building [23,25,81]
W3. Increasing the static loading of the building [23]
WA4. Interference with traditional water-coolers, which usually are installed on
the roof

O OL. Increasing the per capita of green space [23]
02. Urban Heat Island (UHI) effect reduction [19-23]
03. Quantity and quality of urban sewer by rainfall harvesting and stormwater
run-off reduction [20,25,82]
04. Contribution to employment and job creation [23]
05. Provision of incentives for owners and builders by government and
municipality [23]
06. Contribution to urban biodiversity improvement [2:
07. Air pollution reduction and carbon sequestration [10-
08. Creation of suitable space for urban agriculture [23]
09. Urban landscape improvement [#0]
010. Support for environmental education [80]

T T1. Increasing the cost of housing production in general
T2. Social interactions reduction at the neighborhood (and larger) scale due to
more usage of GR as a non-public space

3]
3,15-18,20,23,25]

well as sustainability and resilience to climate change.

5.2. D tree (DT) def

Table 3 shows the DT, which was designed relying on the experience
of the authors and extensive literature review [54,56,58,59,65,69,73,
84-86]. Additionally, DT and the importance of indexes were decided by
experts during seminars. DT consists of three requirements, six criteria,
and 12 quantifiable indicators. Economic requirement (R ) considers the
investment regarding construction, maintenance, and end life for each
GR embracing two criteria, (C;) cost and (Cz) time. Environmental
requirement (Ry) considers the main environmental impacts for each
roof from their (C3) resource consumption and (C,) emissions. Social
requirement (R3) takes into consideration the crucial (Cs) safety and (Cg)

ibility for the d GRs.

Criterion (C;) encompasses three indicators: (I;) Implementation cost,
(I3) Maintenance cost, and (I3) End of Life (EOL) cost. (1;) Implementation
cost takes into account the construction cost of the GR, such as materials
and labor costs [67]. I; data has been obtained from the average prices
posted by seller companies in Tehran and the Iranian construction
price-list (ICPL) database. The exchange rate of Rials and Euro currency
is based on the official rate of the Iranian Central Bank [38]. (Iy)
Maintenance cost embraces cost of those expected activities during ser-
vice, such as labor cost - for plant management, irrigation, and fertilizing
-, material cost - for fertilizer, additional soil, and pesticide -, and
repairing cost - for reinstalling of GR every 25 years and fixing the main
waterproofing layer before -. As previously mentioned, assuming 50
years as the lifespan of residential buildings in Tehran, and 25 years for
the total life service of GRs. The maintenance costs are based on price
lists posted by Iranian contractor companies. (I3) EOL cost assesses the
costs after the lifespan of the building, such as labor cost for demolition
and waste disposal cost - for loading, unloading, and transportation -.
According to the disposal waste locations in Tehran, the closest one to
the studied cases is approximately 30 km.

Time (Cy) includes (14) Implementation time indicator, that accounts
for the required hours for construction activities, such as installing a root
barrier and extra waterproofing layer, sealing test time, installing other
layers - protection board, drainage or water retention panel, filter fabric
aeration mat -, then providing and filling the mix type soil, and at last
planting. According to the collected data from the interviewed com-
panies, the required time to implement S-IGR, IGR, and EGR are seven,
eight, and six working days respectively. This information is based on
implementing a green area on the top of an ordinary existing residential
roof with almost 300 m? area by a typical contractor team - with an
average of five workers -. Note that the implementation time of MCR by
a typical contractor team, as three working days will be added for all
types of GR. Each working day is considered equivalent to 8 h.

Resource consumption (C3) contains two indicators: (I5) Energy balance
and (Ig) Waste disposal. (Is) Energy balance considers the energy
consumed during the production and manufacturing of materials. En-
ergy inventory based on the technical specification data of common
materials in the Iranian market has been obtained from the Inventory of
carbon and energy (ICE) database (Hammond & Jones, 2011), and
environmental product declarations (EPDs) database [89]. Regarding
the database selection, there is not available a comprehensive national
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Table 3
General requirement tree for sustainability assessment.
Requirement Weight Criteria Weight Indicator Weight
Ry Economic 30% C; Cost 66.7% I Implementation cost 60%
I Maintenance cost 30%
I End of Life (EOL) cost 10%
Cy Time 33.3% I Tmplementation time 100%
Ry Environmental 50% C3 Resource consumption 33.3% Is Energy balance 66.7%
Is Waste disposal 33.3%
C, Emissions 66.7% I CO, balance 40%
Is UHI effect reduction 12%
I PM absorption 48%
Ry Social 20% Cs Safety 33.3% Lo Occupational risk 100%
Co Compatibility 66.7% In Customization potential 50%
L2 Adaptability (to change) 50%

database in this respect in Iran; on the other hand, the ICE database
provided considerable advantages compared with others. The ICE
database retains a cradle to gate (factory) scope. This is known as
module A1-A3 in the EU wide standards, EN 15978, and EN 15804 on
sustainability assessment of construction work. Since another environ-
mental indicator - overheating and UHI effect reduction - has evaluated
the effect of GR to make the roof surface cooler, energy-saving through
decreasing the consumption for air conditioning has not been considered
in Is again. The activity during the operation focuses just on plant
management and gardening. Thus, energy consumption during the ser-
vice time, which is negligible compared to other phases such as
manufacturing and demolition, is not considered. (Is) Waste disposal
takes into account the amount of non-recyclable waste materials. The
data of materials’ recyclability potential has been obtained from 1) the
literature review concerning the environmental assessment of GRs life
cycle and 2) an environmental profiling system for building materials
and components database [20,28,31,90,91].

The emissions (C4) comprise three indicators: the (I7) CO2 balance, (Ig)
UHI effect reduction, and (Ig) PM absorption. (I;) CO, balance determines
the amount of CO; emission as well as CO; saving. Appendix D explains
in detail how this indicator is calculated based on technical literature
[89,92-95] and using Equation (4).

CO; balance = CO; emission — CO; saving 4

Decreasing the roof surface temperature is another advantage GR
provides [96], which has an indirect positive effect on the CO; emission
following an indoor cooling energy consumption decrease. Nevertheless,
the following environmental indicator considers this issue. (Ig) UHI effect
reduction takes into consideration of temperature decrease above the
roof surface during the day, in case of using GRs, through the physical
and biological properties vegetation have such as albedo and evapo-
transpiration among others. Results are based on a recent 70-day prac-
tical study by Moghbel and Salim (2017) [97] in Tehran, which
demonstrates that the average air temperature 1 m above the GR was
3.7 °C cooler than ordinary roofs with bitumen finishing surface. UHI
effect reduction is considered as the potential to improve the outdoor
thermal condition in cities facing overheating and UHI effects [98].
Additionally, due to a photochemical reaction, the UHI effect enhances
heat-stress-related diseases as well as increasing the ozone levels, as one
of the air pollutants [99,100]. (Iy) PM absorption quantifies the capacity
of GRs to absorb ambient PM as a passive way of filtering urban air by
vegetation. To evaluate indicator (Iy), Equation (5), which is suggested
by Powe and Willis (2004) [101] is used, which is relevant to the air
pollutant specifications, plant type, and climatic condition. This Equa-
tion was also used previously to survey the amounts of PM; absorption
by greenery [17]. The annual PM;( absorption by one square meter of
GR covered only by grass in Tehran has been estimated on average, 6.17
gr-m’z- year !, according to the authors’ calculations and previous
studies [102]. Assuming a mixture of grass and needle-leaf trees at a

ratio of 50:50, this amount will be 52.45 gr-m’2~ year", as has been

calculated in this research study. This significant increase is due to the
strongly different characteristics between grass and conifer; especially,
in surface area index (SAI) and deposition velocity. According to Yang
et al. (2008) [17], the annual potential of a medium-size tree to remove
air pollutants could be 19 times more than one square meter of EGR. The
average annual concentration of PM; - during the recent 10 years -, has
been measured 84.5 x 10~° gr-m ™~ [45]. According to a study in the UK,
a GR installation scenario for a 325 ha area of the Manchester City
Centre mitigates almost 2.3% of 9.18 tones PM;o per year [103].
Another recently performed study in Iran estimated the potential of EGR
in absorbing PM;( and shows the same result as the authors’ calculation
[102].

ABSORPTION = FLUX x SURFACE x PERIOD (5)

where:

- FLUX = deposition velocity (m-s~!) x pollutant concentration
(ng-m ™)

- SURFACE = considered land area (m%) x SAI (m? per m? of the
ground area)

- PERIOD = period of analysis (s) x proportion of dry days x pro-
portion of in leaf days

This study, relying on technical literature [17,18,45,101,104], takes
into account the conditions detailed in Appendix E. Considering 50 years
for the life duration of residential buildings, during the lifespan of a
building on average (50 x 52.45), 2622.5 gr of PM;( concentration per
square meter will be absorbed by a combination of needle-leaf trees and
grass. This amount will be (50 x 6.17), 308.5 gr-m 2 when covering
only by grass. PM entrapment occurs when an airstream aero-
dynamically passes rough plant surfaces, while the particles move on in
a straight line and strike the obstacle [101]. The surface resistance de-
pends on the size of the particles, atmospheric conditions, and surface
properties [17]. Although each surface can have some level of PM
removal effect, the absorbent efficiency is mainly affected by surface
roughness, moistness, and stickiness; vegetal leaf surfaces represent a
highly efficient example [17,101]. Hence, concerning the finishing layer
of MCR - prefabricated moisture insulation layer - as a soft surface
without any of the needed properties, the dry deposition is really low.
Furthermore, achieving an effective sink for air pollutants absorption
requires a high surface area index [17]; but the finishing layer of MCR,
which is the only exposed layer, is smooth and achieves the minimum
SAJ, surface per surface of the ground area as depicted in Equation (5).
Accordingly, the PM absorption of MCR - as the basic type of roof in
Tehran -, is negligible compared to the GRs. In this regard, the PM ab-
sorption of MCR is not considered in this research study.

Criterion safety (Cs) has (I10) Occupational risk indicator, which takes
into consideration possible risks during construction activities for each
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alternative. This indicator is based upon probability, the likelihood of
occurrence, the severity of consequences, and exposure to hazardous
situations based on several studies [105-107]. Falls to lower levels or on
the same level are known as one of the most frequent accidents on
construction sites [107,108]. Besides, for roofing projects, hand or
finger, and back injuries due to cutting operations and manual load
handling among others are considered other abundant injuries [109].
Occupational Risk Index (ORI) determines the risk level involved in
construction projects and depends on the type and volume of related
activities, which is derived by Equation (6) [110]. Although the ratings
of probability and consequences depend on: a) the technological
development of the region and construction company and b) the
approach is taken to adopt preventive measures, the mentioned refer-
ence as a guideline can be reliable to compare the specified activities of
the different alternatives, in case all of them are in the similar condition.

ORI = X ORI; = Zi [(P; x Cj) I (max { ; x C; } = 1000)] x E; (6)

Where ORI is ORI of risk i, Pi is the probability of occurrence, C; is the
severity of consequences, and E; is exposure (hours) to risk i.

The compatibility (Cs) embraces two indicators: (I;;) Customization
potential and (I;2) Adaptability (to change). (111) Customization potential
represents the compatibility and adaption of GRs with surroundings and
local characteristics, such as the form and physical space of the rooftop,
climatic condition, market accessibility, and appearance. The percent-
age of customization potential has been estimated, based on dividing the
total scores by the number of different issues in this respect. (I12)
Adaptability (to change) considers the flexibility of alternatives to be
adapted to occupants’ necessities during the operation phase. This in-
dicator is applied to measure: a) the level of GRs disassembling poten-
tial, changing their parts - to renew, replace, and reuse them -, and b)
access to service. The percentage of adaptability is estimated using the
division of the total scores by the number of different issues.

Table 4 presents a summary of quantifications for all indicators
belonging to the different alternatives (S-IGR with 30 cm depth, IGR
with 50 cm depth, EGR with 10 ecm depth, and MCR without any
greening), during the building lifespan - 50 years - in Tehran. Tables F.1
to F.9 in Appendix F present calculations for all indicators in detail.
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5.3. Index weighting - analytic hierarchy process (AHP)

Weightings for the DT’s components have been assigned based upon
the results of the seminars held by multidisciplinary professors and ex-
perts, local characteristics, and previous studies. Besides, as mentioned
in section 5.2, the indicators, criteria, and requirements were discussed
and agreed to by experts in the initial stage of the decision-making
process. The main panel is composed of: a) a professor, founder of the
architectural technology field in Iranian academic organization and
head of UNESCO Chair Program in architecture; b) two deputies and a
consultant to the Tehran mayor in the field of architecture & urbani-
zation and the field of green space and urban services; c) six senior
managers from the Tehran city government in the fields of architecture
and construction, the codification of rules and regulations, construction
supervision, urban detailed plans, urban planning, and environmental
organization; d) a researcher from the Tehran Urban Research and
Planning Center; and e) two supreme experts from the Tehran munici-
pality in the field of architecture and sustainable development. This
approach is followed to define the value functions and final indexes as
well. In this context, objectivity, reality, and complexity are gained to
improve the results in the assessment tool [54,59,69,70]. The weighting
process followed the well-known analytical hierarchy process (AHP)
method [111] and/or direct assignment. As a result, priorities -
weightings - and a consistency ratio (CR ideally< 10%) are obtained
using the fundamental 1-9 AHP ratio scale [111,112]. Table 3 also
shows these requirements, criteria, and indicator weights.

5.4. Value function establishment

The parameters, tendency, and shape for each indicator’s value
function were determined based on scientific literature and the
mentioned experts’ panel. Table 5 presents the constitutive parameters
for these value functions. These functions had the following shapes:
eight decreased, including four convex functions (DCx), two concave
ones (DCv), one S-shaped (DS), and one linear (DL); four increased,
including two concave functions (ICv) and two S-shaped ones (IS). More
detailed descriptions of the indicator value function assignment have
been reported elsewhere, such as [54,79]. Appendix G depicts the value
functions for all indicators (Fig. G.1).

Table 4
Summary of indicators’ quantification during the building lifespan (50 years).
Indicator Consideration MCR S-IGR IGR EGR Impact Unit Reference
Pos/
Neg
1;. Implementation Material and labor cost 16.9 59.4 61.25 56.65 N €m2 ICPL database
cost & Market
I,. Maintenance cost Material and labor cost 19.6 1249.25 1652.1 845.15 N €m2 ICPL database, market & contractors
I;. EOL cost Labor and waste disposal cost 0.7 2.55 .55 1.2 N €m? ICPL database
1;. Implementation On-site implementation 24 80 88 72 N h(s) Contractor companies’ data
time
Is. Energy balance Energy saving and consumption 476 1421.3 1461.2 13815 N MJm~? Hammond et al. [89]
Is- Waste disposal Non-recyclable solid waste 20.5 227 22.7 227 N kg-m 2 Anderson et al. [91], Chenani et al. [25],
Peri et al. [31],
Faraca et al. [90]
1. CO, balance CO, saving and emission 21.5 -197.7 -195.4 395 N kg Hammond et al. [89], Weiler et al. [95],
()()z-m'2 ‘Toochi et al. [94], DeWald et al. [9:3]
Is. UHI effect Overheating reduction 0 3.7 3.7 3.7 P °Cm? Moghbel et al. [97]
reduction
15 PM absorption PM absorption potential - 2622.5 2622.5 308.5 P grm? Mohammadi et al. [102],
Powe et al. [101],
Yang et al. [17],
Currie et al. [18]
1;0. Occupational risk Falls, hand and back injuries 2.61 13.52 14.87 12.16 N Points Casanovas et al. [110]
I;;. Customization Climate, Market, Form, 11.1%  77.7% 88.8% 55.5% P Points Experts seminar and information
potential Appearance
1;,. Adaptability (to Disassembling, Change 16.6%  50% 50% 66.6% P Points Experts seminar and information

change)

elements, Access to service
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Table 5

Parameters and coefficients for each indicator value function.
Indicator Unit Shape X min X max c K 1
I;. Implementation cost €m? DCx 15.21 76.56 60 0.001 25
I,. Maintenance cost €m 2 DS 17.64 2065.12 800 0.8 2.3
I5. EOL cost €m2 DCv 0.63 4.43 2.5 2.6 0.9
1;. Implementation time h(s) DL 21.5 110 22 0.001 1
Is. Energy balance MJ.m 2 DCx 357 1826.5 1300 0.01 2
l- Waste disposal kgm 2 DCx 15.37 28.37 22 0.2 25
I;. CO, balance kg (j()z-m’Z DCx —217.47 49.37 180 0.2 2.2
Is. UHI effect reduction “Cm 2 ICv 0 4.07 1.5 0.9 1
lo. PM absorption grm 2 1Cv 0 2884.75 1350 1.5 1
I 0. Occupational risk Points DCv 2.35 18.58 10.5 3 0.9
13- Customization potential Points IS 0 100 28 0.2 25
I;2. Adaptability (to change) Points 1S 0 100 28 0.2 25

5.5. Sustainability indexes

The previously explained designed model has been applied to eval-
uate global sustainability indexes (SIs) for each GR alternative. Table 6
and Fig. 5 presents the results for SIs, which have been obtained through
the aggregation of the a-dimensional values from requirements (Vg;),
criteria (V¢;), and indicators (V).

6. Discussion

Results demonstrate that, for Tehran, S-IGR is the most suitable
alternative with the highest sustainability index (SI) among all alter-
natives. SI quantifies the four technologies from more to less sustainable:
S-IGR, IGR, MCR, and EGR, with indexes of 0.56, 0.51, 0.45, and 0.37,
respectively, as shown in Fig. 6. Besides, considering air pollution effi-
ciency, S-IGR provides the most proper performance by achieving the
highest satisfaction value for the emissions criterion. In this regard, S-
IGR brings the best function in CO, balance; note that carbon dioxide is
the most significant GHG [113]. Additionally, PM absorption by S-IGR is
at the highest level when compared to the other alternatives; given that
the ambient PM is the most important air pollutant in Tehran [45]. This
alternative presents a suitable performance regarding the reduction of
the UHI effect as well.

Figs. 5 and 6 and Table 6 depict the assessment for the indicators’
satisfaction values for the four alternatives, which shows their strengths
and weaknesses. S-IGR is weak in implementation cost (I;) as all GRs
alternatives; whilst its EOL cost (I3) is satisfactory enough, and main-
tenance cost (I3) causes relatively low pressure on users. In terms of
environmental behavior, the worst attribute of S-IGR is its high energy
consumption - related to (Is) - in the manufacturing of some substrates’
material. In contrast, this alternative causes a significant positive effect
on air pollutants absorption and UHI effect reduction (I, Ig and Io). It
has an acceptable occupational risk (I;p), provides a high potential for
customization (I;1), and has a moderate level of adaptability to change
(I12).

Focusing on the sustainability main requirements, in terms of envi-
ronmental aspects (Vr2), S-IGR and IGR entirely act much better than the
MCR, whereas EGR is almost equal to MCR due to its weakness in PM
absorption and CO; balance. Despite the fact that GRs are feeble in

resource consumption criterion (Vc3), GRs perform successfully in terms
of emissions criterion (V¢4), in accordance with previous studies [20].
From the environmental perspective, the essential defect of GRs is the
energy consumption during the production of some substrates’ material
(Vi5) - in line with previous research projects [28,29] -, while S-IGR and
IGR are appropriate in CO, balance, UHI effect reduction, and PM ab-
sorption (Viz, Vig, and Vi). These potentials of GRs are literally
considered as the valuable and significant advantage concerning this
study, in minimizing urban air pollution. The economic evaluation (Vg;)
indicates that all types of GRs are not affordable in this specific case
study, specifically compared with the usual MCR in which the economic
resources are optimized just to satisfy the slightest demands. This
circumstance is established in both cost and time criteria (C;, C). From
the economic point of view, the greatest incapability of GRs refers to the
implementation cost (V;) due to the expense for substrates, whilst the
most acceptable economic indicator for GRs is EOL cost (Vi3). Contrarily,
GRs are admirable in the social requirement (Vg3) and cause competent
benefits in this sense. Although the safety criteria levels are lower than
the MCR (V¢s), all types of GR satisfy occupants with significant dif-
ferences from the MCR in the context of compatibility criterion (Vcg).
From a social standpoint, the most suitable function of GRs concerns
their customization potential (Vyy).

Finally, this discussion ends by 6.1) studying the potential for
improvement by the most sustainable alternative in future works and
6.2) carrying out a sensitivity analysis to study the variation of the SI in
other possible scenarios with different weights.

6.1. S-IGR improvement potential

According to the results, all alternatives should improve to obtain
higher SIs; since the maximum SI is 0.56 of 1, even though this SI is
higher than the moderate level. S-IGR covers most objectives of this
research study, especially its impacts on air pollution reduction. How-
ever, as previously shown in the results, despite the strength of envi-
ronmental and social performances of alternatives, the principal
weaknesses of GRs are the substrates’ cost and energy consumption
during their manufacturing. In this case, the drainage panel and the root
barrier layer are the most critical components of GRs, which have
considerable impacts on both implementation cost (1;) and energy balance

Table 6
Sustainability Index (I), Requirements (Vg), Criteria (V¢), and Indicators (Vy) Values for different alternatives.
T Via Va2 Vis Va Ve Ves Vea Ves Veo
MCR 0.45 0.95 0.21 0.34 0.95 0.96 0.64 0.003 0.99 0.03
S-IGR 0.56 0.29 0.65 0.76 0.28 0.33 0.08 .94 0.79 0.75
IGR 0.51 0.15 0.64 0.74 0.12 0.24 0.07 0.93 0.69 0.77
EGR 0.37 0.39 0.20 0.78 0.39 0.42 0.09 0.26 0.86 0.75
Vi Viz Vis Via Vis Vie Vi Vis Vi Vio Vin Viz
MCR 0.924 0.999 0.998 0.966 0.845 0.258 0.009 0 0 0.999 0.019 0.053
S-IGR 0.039 0.567 0.882 0.338 0.076 0.109 0.876 0.980 0.985 0.794 0.930 0.578
IGR 0.029 0.160 0.641 0.248 0.062 0.109 0.862 0.980 .985 0.693 0.980 0.578
EGR 0.057 0.880 0.983 0.427 0.092 0.109 0.001 0.980 0.302 0.861 0.674 0.832
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Fig. 6. Sustainability main requirements.

(I5). These two substrates are responsible for more than 55% of energy
consumption and 35% of implementation cost. As shown in Fig. 7, just
by improving the features of these two substrates (layers) related to the
(I) and (Is), the sustainability index could increase by up to 0.67.

Consequently, the development of substrates should move forward to
overcome these important weaknesses [20,28,29,114]. As already
mentioned, it is required to modify the manufacturing process and
probability to use renewable energy sources during the production of the
materials, which this study considers important tasks for the next
research steps beyond this present article. In this sense, it would be
possible to use recycled materials - or preferably bio-waste -, as zero-cost
material, without any manufacturing to decrease direct cost as well as
energy consumption [28,31], instead of producing some substrates. This
strategy could improve GR without subtracting any advantage. Overall,
polymers should be avoided, specifically for drainage panel and root
barrier, due to their high energy consumption. Furthermore, using local
materials could contribute to the improvement of problem-solving by
minimizing the required transportation and the availability of materials.
Developing an optimized alternative from the existing S-IGR, with
cheaper implementation and lower Embodied Energy (EE), would result
in a feasible solution with a significantly higher sustainability index.
This innovative alternative should be established based on these project
results and be suitable for Tehran's particularities and context.

B Augment

70 11

60 11 -
-

40 Root barrier

Drainage panel

6.2. Sensitivity analysis

Additionally, besides the weights assigned by experts (Table 3), other
weighting scenarios have been considered, with the purpose of both
identifying those requirements that govern the sustainability perfor-
mances by alternatives and the SIs of alternatives derived from each
scenario. The weight distribution is based on the experts’ proposals,
including those considered outliers, and weights proposed in the most
widely used sustainability rating system tools for buildings e.g., LEED,
BREEAM, and DGNB [65].

The results shown in Fig. 8 confirm that the trends of S-IGR and IGR
are similar. However, the most suitable alternative (S-IGR), earns the
upper SIs based on all scenarios in which the stakeholders are sensitive
to environmental requirements (equal or higher than 33%). The highest
SI occurs when there is minimum economic sensitivity (15%). Never-
theless, this scenario has unacceptable due to low weights for economic
requirements. None of the scenarios confirm the suitability of EGR even
in comparison with the MCR, as this alternative neither satisfies the

Sustainability Index

Weighting scenarios

Fig. 8. Sustainability Indexes with different requirement weighting scenarios
for each alternative. Ec ic (Ec), Envir | (En), and Social (S).

AR ALIATN BRI VAT Vet L0

<P WVWWWY

S-IGR
MCR New S-IGR

Fig. 7. New S-IGR potential to increase satisfaction value.
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economic nor the environmental requirements. In general, by increasing
sensitivity to environmental requirements (Fig. 8), SIs of S-IGR and IGR
have incremental trends; contrarily, SIs of MCR and EGR have a
decreasing tendency.

7. Conclusion

This research study presents a novel MIVES-based sustainability
assessment model that has been specifically configured to analyze the
suitability of architectural green roof refurbishment alternatives to
reduce urban air pollution. The definition for this model has relied on
SWOT, seminars composed by experts, AHP, and a sensibility analysis,
providing assistance to stakeholders to achieve the objective decision
because it easily gives comparable sustainability indexes for each
alternative within different scenarios. This new model has been first
applied in the air-polluted Tehran metropolis, assessing the sustain-
ability for four architectural roof refurbishment alternatives - S-IGR,
IGR, EGR, MCR - to determine the most suitable solution. This appli-
cation concludes:

e S-IGR, which obtained the highest sustainability index (SI = 0.56), is
the most suitable type of existing GR for this case study considering
air pollution reduction and the most crucial sustainability indicators.
Results indicate S-IGR is an outstanding social-environmental
alternative.

Appendix A. (Abbreviations)

Abbreviations Relevant values

AHP Analytic hierarchy process
AQCC  Air quality control company
AQI Air quality index

DCv Decreasing concave

DCx Decreasing convex

DL Decreasing linear

DS Decreasing S-shaped

DT Decision tree

EC Embodied carbon

EE Embodied energy

EGR Extensive green roof

EOL End of life

EPDs Environmental product declarations
GHG Greenhouse gas

GR Green roof

ICE Inventory of carbon and energy
ICPL Iranian construction price-list
ICv Increasing concave

ICx Increasing convex

IGR Intensive green roof

L Increasing linear

Is Increasing S-shaped

MCDM  Multi-criteria decision-making
MCR Most common roof

MIVES

ORI Occupational risk index

PM Particulate (particle) matter
SAI surface area index

SI Sustainability index

S-IGR Semi-intensive green roof
SWOT  Strengths, weaknesses, opportunities, and threats
UHI Urban heat island
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e The suitability for S-IGR was proven to be robust in different
weighting scenarios with diverse stakeholders’ preferences, and its
sustainability performance was greater when environmental re-
quirements drove the decision-making process.

The resulting SI for S-IGR in this specific case study required an
analysis of the results, which found out that its implementation cost
and energy balance are its main weaknesses. This analysis also
confirmed that it would be possible to increase the SI by 11% by
mitigating these drawbacks. In this regard, future research steps will
develop a new version for S-IGR that solves these problems among
others, to define more sustainable GRs that contribute to reduce air
pollution in urban environs and move towards more sustainable
urban settlements.
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Appendix B
This study has considered, on top of the existing roof deck, the following GR layers:

1. Soil medium, which is soil-covering plants with grass, perennials, and/or shrubs. This is a nutrient-rich soil mix, consisting of lava, pumice,
recycled crushed clay-based products and enriched with compost.

2. Filter fabric aeration mat, consists of superior geotextile, with strength and pressure resistance properties, made of polypropylene. This layer is
capable of high vapor and water permeability.

3. Drainage or water retention panel, which is a light drainage/reservoir board with the appropriate load-bearing capabilities, takes into account
drainage, reservoir, and aeration.

4. Protection board, that should be installed as a separator and protector layer, if compatibility problems exist between the different layers

5. Root barrier and waterproofing can be a sole root resistant and waterproofing membrane, while non-root resistant waterproofing membranes
require a separate root resistant layer.

Appendix C

Table C.1presents the air quality index (AQI) calculated by the methods described in the Iranian National Standards. According to the Tehran
annual air quality report by the Air quality control company (AQCC), the AQI of Tehran - which studied from 21 March 2018 to 20 March 2019 - shows
that there were 28 clean days (AQI < 50), 278 days with healthy conditions (50 < AQI < 100), and 59 days with unhealthy conditions for sensitive
groups (100 < AQI < 150) [45].

Table C.1

Air Quality Index (AQI)
Code AQI
Clean 0-50
Moderate 51-100
Unhealthy for sensitive group 101-150
Unhealthy 151-200
Very Unhealthy 201-300
Hazardous 301-500

Appendix D

Indicator “I7) CO; balance” determines the amount of CO; emission as well as CO, saving. Emission data has been obtained from the technical
specification data of common materials in the Iranian market, ICE database, and EPDs database [39]. Regarding the operation activity, mainly limited
to gardening and plant management, CO, emission during the service time is not considerable. Based on the chemical photosynthesis equation [CO,
(264g) + H20 (108g) — glucose (180g) + O2 (193g)], the plants on GR can fix carbon dioxide in their body and cause it to become dry matter;
moreover, release oxygen at the same time through their photosynthesis process [92]. One of the ways to estimate CO; sequestration by plants is
through the determination of the tree’s dry weight. The average tree is 72.5% dry matter and 27.5% moisture [93]. Therefore, to determine the dry
weight of the tree, multiply the total green weight of the tree by 72.5%. The average carbon content is generally 50% of the tree’s dry weight total
volume [94]. Therefore, in determining the weight of carbon in the tree, multiply the dry weight of the tree by 50%. CO, has one molecule of carbon
and two molecules of Oxygen. The atomic weight of carbon is 12 (u), and the atomic weight of Oxygen is 16 (u). The weight of CO, in trees is
determined by the ratio of CO, to C is 44/12 = 3.67 [94]. Therefore, to determine the weight of carbon dioxide sequestered in the tree, multiply the
weight of carbon in the tree by 3.67 [94]. The green weight is the weight of the tree when it is alive. In a study done by the United States department of
agriculture (USDA) and forest service, which spanned 15 years, the green weight for various species of trees, was weighted in the field and published in
the study. Upon reviewing the data in the study, they find that the 100 Ib. (0.45 kg) per inch caliper rule of thumb holds for small caliper tree - 8 inches
caliper or less -, at heights less than 50 feet [95]. Assuming one shrub with almost 5 cm (=2 inches) caliper in diameter per square meter - and 25 years
as the lifespan - of GR:

W. total green weight = 2 x 100 x 0.45 = 90 kg.

W. dry weight = 0.725 x 90 = 65.25 kg.

W. carbon = 0.5 x 65.25 = 32.625 kg.

W. carbon-dioxide = 3.67 x 32.625 = 119.73 kg.

Annual sequestration rate (Arate = T(coz)/tage) = (119.73/25) = 4.79 kg COz-m 2, year!

To sum up, regardless of the grass’s CO, sequestration - due to inconsiderable weight -, each square meter of S-IGR and IGR will be able to absorb
4.79 kg COym2 year". Therefore, the CO; saving during the lifespan of the building will be 50 x 4.79 = 239.5 kg CO,-m2. As a result, the total CO
balance during the lifespan of the building has been obtained from Equation (4).

CO; balance = CO; emission — CO» saving (4)
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Appendix E
This study, to calculate “(I9) PM absorption™ considers the following conditions:

(1) The deposition velocity of PM; for grasses is 0.001 m-s 1 and for needle-leaf trees is 0.008 m-s ! [101].

(2) The average annual concentration of PM; during the recent 10 years, which is derived from Tehran Annual Air Quality Report, is 84.5 },lg‘m'3
[45].

(3) SAI of grasses and trees are three and six respectively, according to Currie and Bass (2008) [18] and Yang et al. (2008) [17].

(4) 1 m? as the reference land area and one year as the period of analysis are considered.

(5) The average proportion of dry days - with less than 2 mm precipitation -, is calculated by subtracting the number of rainy days for five years.
(6) The proportion of in leaf days is 1, assuming needle-leaf as the evergreen plant.

The PM absorption calculations for the grass case are as follows:

- FLUX = 0.001 ms ' x 84.5 uygm > = 0.0845 pggm 25!

- SURFACE = 1 m® x 3 = 3 m”

- PERIOD = 31,536,000 s x 77.2% x 1 = 24,345,792 s

- ABSORPTION ¢ = FLUX x SURFACE x PERIOD = 6.17 g m? per year
The PM absorption calculations for the conifer case are as follows

- FLUX = 0.008 ms ' x 84.5pgm > = 0.676 pgm 25!

- SURFACE = 1 m* x 6 = 6 m?
- PERIOD = 31,536,000 s x 77.2% x 1 = 24,345,792 s

- ABSORPTION ¢ = FLUX x SURFACE x PERIOD = 98,74 g m? per year
The PM absorption calculation for the combination of grass and conifer - at a ratio of 50:50 - is as follows:

- (ABSORPTION ¢ + ABSORPTION ¢)/2 = 52.45 g m? per year

Appendix F. (Indicators’ quantification)

Table F.1
Implementation cost
Costs’ contents MCR (€/m?) S-IGR (€/m?) IGR (€/m?) EGR (€/m?)
Planting (Included labor cost) - 1.25 1.25 0.35
Soil medium (Included labor cost) - 2.3 4.15 0.45
Filter fabric aeration mat - 10.45 10.45 10.45
Drainage or water retention panel - 9.8 9.8 9.8
Protection board - 3.5 3.5 3.5
Root barrier and waterproofing - 10.85 10.85 10.85
Labor cost for installing GR layers - 4.35 4.35 4.35
Prefabricated moisture insulation 4.9 4.9 4.9 4.9
Cement sand mortar 212 212 212 212
Light concrete (150 kg/m®) 35 1.5 1.5 1.5
Polystyrene thermal insulation 8.17 8.17 8.17 8.17
Vapor barrier nylon 0.23 0.23 0.23 0.23
Sum. 16.9 59.4 61.25 56.65
Table F.2
Maintenance cost during the building lifespan (50 years)
Costs’ contents MCR (€/m?) S-IGR (€/m?) IGR (€/m?) EGR (€/m?)
Gardening (labor and material) - 1200 1600 800
Demolition and waste disposal cost - 1.85 2.85 0.5
Repairing the waterproofing layer 19.6 4.9 4.9 1.9
Reinstalling the GR (after 25 years) - 42.5 44,35 39.75
Sum. 19.6 1249.25 1652.1 845.15
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Table F.3
EOL cost
Costs’ contents Reference cost MCR (€/m?) S-IGR (€/m”) IGR (€/m?) EGR (€/m?)
Labor cost to remove planting 0.3 €/m? - 0.3 0.3 -
Demolition cost 1.8 €/m* 0.25 0.55 0.9 0.18
Waste disposal cost 3.3 €/m* 0.45 1 1.65 0.33
Sum. - 0.7 1.85 + 0.7 2.85 + 0.7 0.5 + 0.7
Table F.4Energy balance
Contents Compounds Density EE (MJ/ MCR (MJ/ SIGR (MJ/ IGR (MJ/ EGR (MJ/
kg) m?) m%) m?) m?)
Planting soil medium Planting loose mix type soil (0.25m® perm?) 1200 kg/ 0.083 - 249 x 2 44.82 x 2 4.98 x 2
3
m
Filter fabric aeration mat Gy ile & Textured Polypropyl 015 kg/m*  99.20 - 14.88 x 2 14.88 x 2 14.88 x 2
Drainage/Water retention lypropyl jecti Iding, Dia Drain-  1.42kg/m?  115.10 - 163.44 x 2 163.44 x 2 163.44 x 2
panel 40
Protection board G ile, formulated Polypropylene, 0.3 kg/m? 99.20 - 29.76 x 2 29.76 x 2 29.76 x 2
VLU300
Root barrier & Waterproofing Polymer Modified Bitumen (PMB) 4.7 kg/m? 51 - 239.7 x 2 239.7 x 2 239.7 x 2
Moisture insulation Prefabricated 4.7 kg/m? 51 239.7 239.7 239.7 239.7
Bitumen film
Cement sand mortar Ratio 1:4 2100 kg/ 1.11 58.27 58.27 58.27 58.27
3
m
Light concrete 150 kg/m* 2350 kg/ 0.49 57.57 57.57 57.57 57.57
3
m
Thermal insulation Extruded PS 1.25kg/m?  86.4 108 108 108 108
Vapor barrier nylon PET film 0.15kg/m?  83.1 12.46 12.46 12.46 12.46
Sum. - - - 476 1421.3 1461.2 1381.5
Note: The life duration of residential buildings in Tehran and the lifespan of GR respectively assumed 50 years and 25 years.
Table F.5
Waste disposal
Contents Compounds Density Recyclability MCR (kg/ S-IGR (kg/ IGR (kg/ EGR (kg/
(%) m?) m?) m?) m?)
Filter fabric aeration mat Geotextile & Textured Polypropylene 0.15kg/m*> 68 - 0.05 x 2 0.05 x 2 0.05 x 2
Drainage/Water retention lypropylene Injecti Iding, Dia 142kg/m* 68 - 0.45 x 2 0.45 x 2 0.45 x 2
panel Drain-40
Protection board ile, formulated Polyprop 3 0.3 kg/m? 68 - 0.1 x2 0.1 x2 0.1 x2
VLU300
Root barrier & Waterproofing  Polymer Modified Bitumen (PMB) 4.7 kg/m? 89 - 0.51 x 2 0.51 x 2 0.51 x 2
Moisture insulation Prefabricated 4.7 kg/m? 89 0.51 0.51 0.51 0.51
Bitumen film
Cement sand mortar Ratio 1:4 2100 kg/ 90 5.25 5.25 5.25 5.25
3
m
Light concrete 150 kg/m* 2350 kg/ 88 14.1 14.1 14.1 14.1
3
m
Thermal insulation Extruded PS 1.25kg/m> 57 0.53 0.53 0.53 0.53
Vapor barrier nylon PET film 0.15kg/m? 40 0.09 0.09 0.09 0.09
Sum. = ] 5 20.5 22.7 22.7 22.7

Note: 50 years as the life duration of residential buildings in Tehran and 25 years as the lifespan of GR have been considered.
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Table F.6
CO; balance
Contents Compounds Density EC (kg COo/ MCR (kg COz/ S-IGR (kg COy/ IGR (kg COy/ EGR (kg COy/
kg) m?) m?) m?) m?)
Planting soil medium Planting loose mix type soil (0.25m* per 1200 kg/ 0.0048 - 1.44 x 2 259 x 2 0.28 x 2
2 3
m*) n’
Filter fabric aeration mat G ile & Textured Polypropyl 0.15 kg/ 297 - 0.45 x 2 0.45 x 2 0.45 x 2
2
m
Drainage/Water retention Polypropylene Injection Moulding, Dia 1.42 kg/ 3.93 - 5.58 x 2 558 x 2 5.58 x 2
panel Drain-40 m?
Protection board G il lated Polypropylene, 0.3 kg/m? 297 - 09 x 2 09 x 2 0.9 x2
VLU300
Root barrier & Polymer Modified Bitumen (PMB) 4.7 kg/m2 0.38 - 1.79 x 2 1.79 x 2 1.79 x 2
Waterproofing
Moisture insulation Prefabricated 4.7 kg/m? 0.38 1.79 1.79 1.79 1.79
Bitumen film
Cement sand mortar Ratio 1:4 2100 kg/ 0.171 8.98 8.98 8.98 8.98
3
m
Light concrete 150 kg/m* 2350 kg/ 0.06 7.05 7.05 7.05 7.05
3
m
Thermal insulation Extruded PS 1.25 kg/ 271 3.38 3.38 3.38 3.38
2
n
Vapor barrier nylon PET film 0.15 kg/ 2.04 0.30 0.30 0.30 0.30
2
m
CO, sequestration Trees - - - —-239.5 -239.5 -
Sum. - - - 21.5 —197.7 —195.4 39.5

Note: 50 years as the life duration of residential buildings and 25 years as the lifespan of GR have been considered to calculate.

Table F.7
ORI for implementation of GRs
Contents P; (Probability) C; (Consequence) MCR SIGR IGR EGR
E; (Exposure) 24 80 88 72
Falls 3 20 60 60 60 60
Hand injuries 6 10 - 60 60 60
Back injuries 6 42 42 42 42
Burm 1 7 4 7 7 7
Sum. 2.61 13.52 14.87 12.16
Table F.8
Point assig for ¢ ization aspects
Consideration and aspects MCR (points) S-IGR (points) IGR (points) EGR (points)
1. Allow different uses in the same roof 0 1 1 1
2. Allow use of p ppropriate to climati diti 0 1 i 1
3. Allow the possibility of using the diversity in the market 1 1 1 1
4. Allow different colors for the roof finishing 0 1 1 0
5. Allow different textures for the roof 0 0 1 0
6. Allow different volumetrics for the roof 0 1 1 0
7. Allow adaptation to the different shapes of the roof 0 1 1 1
8. Allow innovation during the design process 0 1 1 1
9. Allow use of technological fast imp 0 0 0 0
Sum. 11.1% 77.7% 88.8% 55.5%
Table F.9
Point assignment for adaptability aspects
Consideration and aspects MCR (points) SIGR (points) IGR (points) EGR (points)
1. Potential of disassembling 0 0 0 1
2. Ability to change parts 0 1 1 1
3. Possibility of reusing the elements 0 0 0 0
4. Ability to move 0 0 0 0
5. Access to service 0 1 1 1
6. Abundance of spare parts in the market 1 1 i1 1
Sum. 16.6% 50% 50% 66.6%
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2.3. Article B: Solar energy systems

Article B, entitled "Integrated Value Model for Sustainability Assessment of Residential Solar
Energy Systems Towards Minimizing Urban Air Pollution in Tehran", published in the 249" vol. of Solar
Energy, the official journal of the Infernational Solar Energy Society (ISES), which is ranked in Q1 among
indexed journals (doi: 10.1016/j.solener.2022.10.047) [87].

The contributions and individual roles of the thesis author as the main author of this paper were
conceptualization, data curation, investigation, methodology, formal analysis, resources, validation,
visualization, writing the original draft, and revising. The other authors of the article are the thesis co-
directors, who mainly supervised and advised the first author and reviewed the manuscript. In this study,
solar energy — the most abundant, inexhaustible, and cleanest of all renewable energy sources — that
contributes to improving air quality, has been analysed and evaluated with its two common systems of
photovoltaic (PV) and hybrid photovoltaic/thermal (PV/T) for urban settlements. A copy of this research

article is attached in the following.
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ARTICLE INFO ABSTRACT

Keywords:
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Renewable energy applications are lucrative alternatives to minimize urban environmental impacts. Solar en-
ergy, the most abundant, inexhaustible, and cleanest of all renewable sources, provides an opportunity to
transform buildings from energy consumers into active energy producers. Nevertheless, photovoltaic (PV) and
hybrid photovoltaic/thermal (PV/T) are considered the most viable alternatives for urban settlements. This
study, as part of a broader research project, develops a new model to evaluate solar systems’ air pollution
mitigation capacity and assist decision-makers in adopting the most suitable solution. The approach is based on
the integrated value model for sustainability assessment (MIVES), combined with the analytic hierarchy process
(AHP) and sensitivity analysis. This multi-objective tool is applied to residential buildings in Tehran, a megacity
example with unused rooftops, solar energy harvest potential, and air pollution reduction needs. Results reveal
one square meter of PV and PV/T enables avoiding 211 and 488 kg CO, emissions annually, as well as 1.2 and
1.9 g PM pollutants, respectively. Although PV achieves higher sustainability indexes as a better socio-economic
alternative, PV/T can be a robust solution when stakeholders are more sensitive to environmental requirements
and air pollution decrement potential. The critical obstacle to PV/T deployment is the lack of financial in-
centives. However, allocating 38 % of solar electricity feed-in tariffs to solar thermal energy could solve this
issue. Compared to green roofs, solar systems stand out with CO, saving and energy production potential. Re-
searchers expect future solar collectors’ improvements, such as lower resource consumption, thus, becoming
more environmentally friendly and cost-effective solutions.

1. Introduction

Environmental issues — such as global warming, greenhouse gases
(GHG), and air pollution - are considered significant challenges
worldwide. Likewise, the increment of energy demand and exhaustion
of primary sources are other global concerns. In this regard, replacing
fossil fuels with eco-friendly and more sustainable energy sources is
essential as one of the possible solutions (Johnsson et al., 2019; Abas
et al., 2015; Bauer, 2016; Diwania et al., 2020; Barone et al., 2019).
Besides, megacities are significantly responsible for the previously
mentioned problematic issues while millions of people live there. Many
populated and dense urban settlements — where land is scarce and costly
— have remarkable unused space on roofs that provide the potential for
uses that can improve the eco-sustainability in metropolises (Aslani and
Seipel, 2022). This is the case for renewable energy systems imple-
mentation, which is a lucrative alternative that can reduce cities’

* Corresponding author.

environmental impact while contributing positively to socio-economic
issues (Gonzalez et al., 2013; Omer, 2008). In addition to the required
renewable energy application for mitigation of environmental problems
(Johnsson et al., 2019; Abas et al., 2015; Fazelpour et al., 2016; Jia et al.,
2019) , reducing energy needs with measures such as less consuming
devices and machinery (Zhou et al., 2016), and more responsible con-
sumption habits are necessary as well (Paco and Lavrador, 2017).
Meanwhile, both urban air pollution reduction and the supply of eco-
efficient energy sources are considered striking management problems
in metropolises due to urban growth and cities’ expansion trends ((Saez-
Martinez et al., Jan. 2015)). Thus, urban managers need to achieve a
proper strategy and explore the most suitable and sustainable environ-
mental solutions based on potential and feasible applications. In this
context, the significant growth of integrated renewable energy sources
distributed within the built environment is considered one of the driving
capabilities to accelerate the strategy for transition from centralized to
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Fig. 1. Overview of this study methodology framework

decentralized energy systems (Hosseini, 2019). This growth often de-
pends on the accomplishment and popularity of building envelope so-
lutions (Zhang, 2018). Therefore, a suitable identification approach to
decentralized and local energy production could be the most affordable
and logical decision due to its contribution to (a) decrease costs of en-
ergy distribution, (b) reduce energy losses during transitions resulting in
lesser environmental impacts (Seepromting et al., 2020; Sadeghi and
Kalantar, 2013; Shukla et al., 2016); and (c) regain unused urban po-
tentials. To this end, this research study takes into account rooftop ap-
plications to benefit from the aforementioned advantages obtained from
the solar systems’ intervention in the building sector. However, solar
farms as an alternative solution could be used, with their potential and
drawbacks. In this case, rooftop applications are more viable since,
unlike large-scale solar farms, they do not require land acquisition
(Ahmad Ludin et al., 2021). Furthermore, discarding a vast area of un-
used rooftops for solar applications while using extensive solar farm
projects means decreasing the potential for agriculture, as well as losing
the potential for buildings’ self-sufficiency. In comparison, rooftop sys-
tems benefit from a lower cost and lower Levelised cost of energy than
solar farms (Ahmad Ludin, et al., 2021; Mohanta et al., 2015). Addi-
tionally, solar farms are often held by absentee owners who are not
residents in the surrounding communities, which makes maintenance
more complex; Feed-in tariffs (FIT) revenue is also not retained in
communities with minimal involvement in the operation and mainte-
nance of the system (Tongsopit, 2015).

Renewable energy, with its consumption increasing by an average of
2.3 % per year - between 2015 and 2040 - is the fastest-growing energy
source around the world (Barone et al., 2019). In this context, solar
energy has gained outstanding promising interest as the most abundant,
inexhaustible, and cleanest of all renewable energy resources (Barone
et al., 2019; Sathe and Dhoble, 2017; Mishra and Tiwari, 2020). Solar
radiation is mostly harvested via two matured technologies, which
comprise converting this radiation to electrical and thermal energy
(Sathe and Dhoble, 2017; Firouzjah, 2018). Electricity is ranked second
energy type among the total energy consumption worldwide. Therefore,
using solar energy for electrical power generation can significantly
reduce GHG emissions, air pollution, and associated health impacts
(Fazelpour et al., 2016; Korsavi et al., 2018; Adam and Apaydin, 2016;
Coughlin and Kandt, 2011). Additionally, heat is the largest energy end-
use worldwide and contributes to 40 % of global CO; emissions
(“Heating - Fuels Technologies - IEA.” https://www.iea.org/fuels-and-
technologies/heating (2021). In this sense, photovoltaic (PV) as an
appropriate approach enables solar radiation collection to produce
electricity. Besides, solar irradiance can be harnessed by a hybrid
photovoltaic thermal (PV/T) system to generate thermal and electrical
energy simultaneously in one module (Diwania et al., 2020; Jia et al.,

1

2019; Saurabh et al., 2020; Good et al., 2015). Since most radiant energy
cannot be converted to electricity and causes raising PV cells’ temper-
ature, using PV/T increases the systems’ total efficiency. This increase is
obtained via two effects: harvesting more of the incident solar radiation
by thermal energy generation as well as cooling PV panels by extracting
waste heat during photovoltaic operation (Diwania et al., 2020; Barone
etal., 2019; Jia et al., 2019; Sathe and Dhoble, 2017; Good et al., 2015).

Solar energy utilization technologies are improving significantly,
expanding rapidly, and are the object of extensive research. As shown in
Appendix A (Table A.1, which presents a sample of classified outcomes
obtained from a simplified literature review), the logic of providing PVs
on the rooftop leading to sustainability has been previously studied.
However, from reviewing previous related literature to the authors’ best
knowledge, there is no available model for evaluating the sustainability
of solar system alternatives installed on residential buildings while
emphasizing urban air pollution. Accordingly, this research paper’s
main innovation is providing a novel model and systematic approach
that proceeds beyond the previous works, which intends to assist
decision-makers such as municipalities, contractors, and experts in
adopting the most suitable and sustainable residential solar system al-
ternatives to minimize cities’ air pollution. This model comprises the
three essential sustainability pillars — economic, environmental, and
social (Assembly, 2005), based on the integrated value model for sus-
tainability assessment (MIVES). Since the problem solution needs to be
structured as a hierarchy, it is necessary to consider possible decision
criteria and select the most significant criteria concerning the decision
objective. Hence, the analytic hierarchy process (AHP) as a supporting
tool for decision-making used in a wide range of applications is com-
bined with MIVES in this study to make decisions more rationally and
make them more transparent and better understandable. This combi-
nation performs following an initial investigation using a strategic
planning approach to identify strengths, weaknesses, opportunities, and
threats (SWOT) related to project planning. Its purpose is to specify the
project goals and identify the internal and external factors that are
favourable and unfavourable to accomplishing those objectives. Related
to this study, the authors previously defined a model to choose the most
suitable green roof (GR) systems (Banirazi Motlagh et al., 2021). The
present article develops and applies a new model in Tehran, an example
of a megacity with: (a) vast area of infra-used residential rooftops - 78.6
% of the total built-up area is residential (“Tehran Municipality Infor-
mation and Communication Technology (ICT) Organization.” https://
tmicto.tehran.ir/ (2021) —, (b) potential for incorporating solar collector
systems - almost annual 300 sunny days (Firouzjah, 2018; Najafi et al.,
2015; “Solar resource maps and GIS data for 200+ countries | Solargis.”
https://solargis.com/maps-and-gis-data/download/iran (2021) -, and
(c) high necessity for urban air pollution reduction, eco-efficient energy
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supply, and local energy production — ranked 14th among high carbon
footprint cities and 12th amongst PM;, pollutants megacities worldwide
(Heger and Sarraf, 2018; Moran et al., 2018). To sum up, considering the
aforementioned potentials and challenges, as well as the motivations of
Tehran city managers to have a multi-objective tool to evaluate the
capacity of domestic solar energy systems to mitigate urban air pollu-
tion, this research study was conducted. Nevertheless, in this research
study, a new model was developed that could assist decision-makers in
other regions around the world with some modifications — such as index
weights, as explained in the following sections.

A structural overview of this article is as follows: Section 2 explains
the methodology and framework this study used to define its model;
Section 3 provides the results obtained from the different stages of this
research project; and Sections 4 and 5 present discussion and
conclusions.

2. Methodology

The framework for this study is organized into three levels consisting
of the initial analysis, specific analysis, and sustainability analysis. As
previously said, the model developed in this study is a part of a broader
research project to assess feasible rooftop alternatives attending to
urban sustainability improvements with an emphasis on air pollution
reduction. Fig. 1 presents the methodology structure in this article
which is explained in the following subsections. It is worth mentioning
that each section 2.1, 2.2, and 2.3 has corresponding results in sections
3.1, 3.2, and 3.3, respectively. Additionally, the outcomes of each
aforementioned section are used to serve in the next section.

2.1. Initial analysis

This initial analysis process performs a simplified literature review
regarding solar system technologies, specifically for the building sector.
Web of Science, Scopus, and Google Scholar are the databases consulted.
The main search words to find the hundreds of studies analyzed were:
renewable energy, solar system technology/advances/applications,
photovoltaic-thermal, environment, GHG, low carbon technology,
urban air pollution, building, nearly zero-energy buildings (NZEB), life
cycle assessment (LCA), sustainability assessment and multi-criteria
decision-making model (MCDM). Selecting the papers from the afore-
mentioned databases with the assistance of the search strings was based
on the significance of their contribution to the scope and orientation of
the current study in order to perform a simplified literature review. To
this end, a systematic approach was implemented in three major phases:
(1) identification to search within the current technical literature; (2)
screening to determine the eligibility of studies that maintains a smaller
number of eligible papers; and (3) including to extract required data from
the selected studies. This systematic approach enables bringing robust-
ness and specifically filtering the information. The main expected find-
ings from this step are: state of the art, identification of available
alternatives, recognition of the type and characteristics each alternative
has, and definition of boundaries. These outcomes are the basis of future
steps.

2.2. Specific analysis

By means of performing a simplified literature review in the previous
step regarding solar system technologies, this middle stage explores and
provides a more specific determination for feasible alternatives, which
will be assessed in the final step. Reasonable alternatives determination
results by considering: (1) characteristics of the area under study - such
as climatic and air quality attributes —, (2) potentials of the case study for
solar energy applications, and (3) justified selections for the specific
types of solar collectors assessed with this model. This section collects,
organizes, and studies the previous phase’s proper solar systems for the
specific case study, which will be considered in the following sections.
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2.3. Sustainability assessment model

This novel sustainable model has been defined by a combination of
MIVES, SWOT, AHP, simplified LCA, and sensitivity analysis, as shown
in Fig. 1. This principal analysis step assesses the sustainability and
suitability of each specific solar system, which are feasible and available
alternatives for urban buildings. To this end, a preliminary investigation
based on the SWOT method can facilitate and improve the accuracy of
the decision-making process (M. T. C. Team, 2018). SWOT is a
straightforward technique that assists researchers via a feasibility study
in identifying internal and external factors. Although SWOT's strengths
and weaknesses used to be closely related to internal issues, opportu-
nities and threats often focus on more external factors. In this way, a
comparison of advantages with drawbacks can provide a general picture
concerning the feasibility of the subject for decision-makers. Afterwards,
the main evaluation requires a smart user-friendly sustainability
assessment model, which is combinable with other probable supple-
mentary tools in order to obtain objective results. This model should also
be applicable to a variety of scopes, including different contexts and
potential alternatives. In this sense, this study applies the MIVES
methodology, a recent MCDM from the 21st century based on the multi-
attribute utility theory (Keeney, 1993). MCDM permit objective and
systematic procedures to organize concepts into criteria and sub-criteria,
resulting in quantifiable preferences for decision-makers. The capability
of adding up different indicators’ resulting values is the key benefit of
MIVES as a specific method for deterministic or probabilistic instances,
as well as homogeneous or heterogeneous evaluations. These indicators
can be qualitative or quantitative, as well as measured by different scales
and units. This additional ability comes from the use of satisfaction and
value function (VF) concepts (Pons et al., 2016; Josa et al., 2020; Pons
and de la Fuente, 2013). Moreover, MIVES can be used in conjunction
with other techniques and precise mathematical algorithms as well as
provide integrated sustainability indexes (SIs). Consequently, facile
integration of uncertain analysis into evaluation is possible (Pons et al.,
2016; Josa et al., 2020; Pons et al., 2019). Additionally, MIVES has been
already applied to successfully define and apply comprehensive sus-
tainability assessment tools in a variety of case studies containing ar-
chitecture and building construction contexts (Pons et al., 2016; Pons
et al., 2019). For instance: (1) architecture (Josa et al., 2020; Ledesma
et al., 2020; Pons and Aguado, 2012; Maleki, 2019) ; (2) building
structure and urban infrastructure (Pons and de la Fuente, 2013; de la
Fuente, 2019; de la Fuente et al., Jun. 2016; de la Fuente et al., 2016) ;
(3) post-disaster recovery program (Hosseini et al., 2016; Hosseini et al.,
2018; Hosseini et al., 2019; Hosseini et al., 2020; Hosseini et al., 2021);
and (4) active learning in architecture (Pons et al., 2019; Pons et al.,
2019). Relying on the aforementioned MIVES applications, which have
been satisfactorily carried out previously, and by applying the devel-
oped model as an eligible tool for the first time to the specific case of the
current study, the validation of the MIVES model is authenticated.
Overall, MIVES can provide flexible, objective, precise, and compre-
hensive bility assessments that allow even non-experts to
comprehend its results via a simple tree-structured implementation
approach (Josa et al., 2020; Pons et al., 2019).

MIVES method consists of three fundamental stages: (1) boundaries,
(2) decision tree (DT), and (3) value functions (VF) (de la Fuente, 2019).
The first level of DT constitutes the most general and qualitative issues —
requirements —, which frequently incorporate the three basic sustain-
ability pillars (Assembly, 2005). The middle level is a division set up for
structuring the plan - criteria -, whilst the most specific and quantitative
parameters are found at the last level - indicators (Josa et al., 2020; de la
Fuente et al., 2016; Nadal et al., 2018). Each tree branch should not
include an excessive number of criteria and indicators. Additionally, the
defined indicators should be representative to discriminate amongst the
alternatives in order to produce a reliable assessment (Pons et al., 2016).
Generally, the procedure to determine the SIs of each alternative con-
sists of five steps, including (1) DT designing; (2) tendency definition —
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Fig. 2. Different forms of value functions (Note: Xy, and Xjax on the hori-
zontal axis - corresponding to the and maximum satisfaction value on
the vertical axis — are the minimum and maximum abscissa values for the
assessed indicator, quantified and measured by its relevant specific unit, which
is different per each indicator. values for the current study are available in
T'ables D.1, 5, and 6).

Table 1
Parameter’s definition to shape VFs
Parameter  Consideration
Xonin-Xmax The assessed indicator’s minimum and maximum abscissa values
X; Abscissa value of the under-assessment indicator (between X, &
Kinax)
P; Shape factor: concave (P; less than 1), convex or S-shaped (P; greater
than 1), linear (P; = 1)
G Abscissa approximation at the inflection point (used if P; greater than 1)
K; Tending towards V; at the inflection point to define the ordinate value
for point G;

increasing or decreasing —; (3) X and Xj,ax point determinations —
corresponding to the minimum and maximum satisfaction value —; (4)
shape definition for VFs; (5) mathematical expression utilization (Alar-
con et al., 2010). The final index value of each alternative — obtained via
the aggregation of different indicators, criteria, and requirements eval-
uation —, provides the sustainability assessment. This is required to
calculate weights or relative importance coefficients for each branch of
the DT once the value functions have been specified. At first, each re-
quirement’s weight is determined. Then within each requirement,
weights for the related criteria are determined. Afterwards, using a
similar procedure for each criterion provides the relevant indicators’
weights. Index weighting has been applied in each branch of DT based
on the outcomes of seminars held by experts and professors, local con-
ditions, and previous favourable studies. The principal panel involved in
the whole procedure of this study consists of 12 multidisciplinary ex-
perts — including a professor founder of the architectural technology
field in Iranian academic organization; a deputy and a consultant from
the Tehran mayor’s office in urbanization and urban services fields; six
senior managers from the Tehran city government in the fields of ar-
chitecture & construction, codification of rules & regulations, con-
struction supervision, detailed urban plans, urban planning, and
environmental organization; a researcher from the Tehran Urban
Research & Planning Center; and two leading experts from the Tehran
municipality in the field of sustainable development. Discussion and
agreement concerning requirements, criteria, and indicators, as well as
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the definition of VFs, follow the same approach. Utilization of this
approach results in objectivity, actuality, and intricacy to improve the
assessment using this model (Pons et al., 2016; Pons and Aguado, 2012;
de la Fuente et al., 2016). The final weights have been obtained by
eliminating the outliers and then finding the weights’ means. However,
to prove robustness, a final sensitivity analysis considers different
weighting scenarios - taking into account uncertainties — based on the
range of all weights received from the experts. This study’s weighting
process uses the AHP method (Goepel, 2018) and direct assignment.
Using AHP amongst other commonly used MCDM ranking techniques —
such as AHP, CP, ELECTRE, SAW, TOPSIS, VIKOR, and WPM - is due to
its ability as a weighting tool to combine with other methods (Zamani-
Sabzi et al., 2016). In AHP, it is easy to model a problem in a hierarchal
framework based on pairwise comparison logic for structuring a deci-
sion problem and ranking a set of alternatives. Moreover, the potential
to use the inconsistency index distinguishes AHP from other methods.
Overall, AHP is considered a well-known approach due to its straight-
forward and easily-understood procedure, and its main power lies in the
weighting of several factors at the different levels of the hierarchy.
Consequently, priorities, also known as weightings, and a consistency
ratio (CR) - CR ideally less than 10 % — result from using the funda-
mental 1-9 AHP scale factor (Goepel, 2018; Saaty, 1990). Equation (1)
enables the aggregation of the values dependent on different indicators
to establish the global SI (V). V; (x;) is a VF that determines the prefer-
ences allocated to each value; V; is derived by Equation (2), and /; is the
aforementioned corresponding weight.

V=3 Vi) (€8]

V; (x;): Value functions of indicators, criteria, and requirements.

A Weights of indicators, criteria, and requirements.

Equation (1) is the general formula, which is applied to each DT
level. In this equation, factor /; refers to indicators, criteria, and re-
quirements weights when calculating criteria values, requirements
values, and global sustainability indexes, respectively. It should be
emphasized that — when considering different weights received from the
experts — the coefficients of variation (CVs) of each Z; did not exceed 10
%, except for the outliers that were initially rejected. Thus, the mean
values of ii were used throughout the sustainability analysis. In this
way, (1) the contribution of the experts, and (2) using the AHP method,
alongside considering the local condition and relevant previous studies,
the quality of the data and indicators is certified in three rounds of
defining, refining, and weighting.

On an a-dimensional scale of O to 1 as the lowest and highest degree
of satisfaction representation, VFs unify indicators’ units (Pons and de la
Fuente, 2013). This approach provides the magnitude, intended to
indirectly measure the satisfaction level, homogenize indicators units,
and normalize variables to enable aggregation of indicators. As depicted
in Fig. 2, VFs can take on a variety of forms (Alarcon et al., 2010),
including (1) concave (Cv: satisfaction levels may rise quickly or fall
slowly); (2) linear (L: the satisfaction trend is steadily increasing/
decreasing); (3) convex (Cx: in contrast to the situation of a concave
curve); and (4) S-shaped (S: a concave and convex function
combination).

The general expression of the MIVES VF (Vi) is shown in Equation
(2), which allows for the evaluation of each indicator’s value.

Vi=A+B:[1 — e KrTenl/G)"] @

Where A is the response value X,,;, — generally A = 0 — and B is the
factor obtained by Equation (3), which keeps the function’s value within
(0.00, 1.00) corresponding to the lowest and highest satisfaction degree
as a comparable and unifiable a-dimensional (unitless) scale, though
Xmin and Xp,qy for each indicator are initially measured by its relevant
specific unit. The definitions for other parameters are presented in
Table 1 (Pons et al., 2016; Pons and de la Fuente, 2013; de la Fuente
et al., 2016; Alarcon et al., 2010).
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Fig. 3. Sustainability assessment MIVES-based model process

Table 2
Module efficiency and fill factor performance (Source: Solar cell efficiency, Ver. 55, 2020 (Green et al., Jan. 2020)
Classification Efficiency (%) Fill factor (%) Test Centre Description
m-Si 24.4 £ 0.5 80.1 AIST Kaneka
p-Si 204 +£ 0.3 77.2 FhG-ISE Hanwha Q Cells
a-Si 12.3 £ 0.3 69.9 ESTI TEL Solar, Trubbach Labs
CdTe 19.0 +£ 0.9 76.6 FhG-ISE First Solar
CIGS 19.2 + 0.5 73.7 AIST Solar Frontier
Nano c-Si 123 £ 0.3 69.9 ESTI TEL Solar, Trubbach Labs
DSSC 11.9 4+ 0.4 71.2 AIST Sharp
0sC 87 +03 70.4 AIST Toshiba
B=1 /[l — e Kir(Xmax—Xouin )" 3) sustainability assessment MIVES-based model in the current study is

A comprehensive and more extensive explanation of the MIVES
method is available in the specific references concerning its conceptual
formulation (Pons et al., 2016; Alarcon et al., 2010). At the same time,
the contribution of MIVES to establish the proposed new tool in this
study is served in the corresponding following section (3.3). Notable, in
section 3.3 (subsection 3.3.2 for indicators’ quantification), an assistant
method for the evaluation of environmental performance is incorpo-
rated into the model. This supplementary method is a simplified LCA —
based on ISO 14040:2006 and ISO 14043:2006 standards (I. O. for
Standardization, Environmental management: life cycle assessment;
Principles and Framework. ISO, 2006; Lecouls, 1999) — applied previ-
ously in other MIVES models as well (Pons and Aguado, 2012; Hosseini
etal., 2019; Hosseini et al., Oct. 2021). Additionally, in the final step in
this model’s application, a sensitivity analysis to examine the obtained
outcomes is required. This ultimate analysis considers different sce-
narios based on the variety of weighting distributions leading to robust
proof for the designed model. The procedure to implement the
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presented in Fig. 3.
3. Results
3.1. Initial analysis

3.1.1. PV technology

PV includes all technologies capable of capturing solar energy to
directly generate electricity. The photovoltaic effect absorbs photons
and releases free electrons through a light-absorbing material presented
within the cell structure. Sunlight transmits needed energy to electrons
when striking a PV cell, thus raising their energy level and releasing
them. Consequently, the built-in potential barrier in cells acts on such
electrons to generate a voltage. Finally, power generation is achieved by
using solar PV modules comprised of several cells containing photo-
voltaic materials (Shukla et al., 2016; Sathe and Dhoble, 2017; Parida
et al., 2011). PV history returns to Alexandre-Edmund Becquerel’s
observation in 1839 - and similar research by other scientists after
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several decades —, but it was the late 1940 s when the first generation of
solar cells developed the industrial approach to achieve efficiency of 6
%, using solid-state devices (Chapin et al., 1954). Solar systems’ output
power efficiency depends on solar radiation intensity, total horizontal
irradiance on the screen surface, and ambient temperature. In addition,
this efficiency is affected by panel surface area, electronic converter
efficiency, and solar cell efficiency, which also diminishes linearly over
time (Firouzjah, 2018; Fthenakis, 2011). The upward development of PV
technology aims to improve cells’ efficiency and also to optimize mod-
ules’ production costs. In order to make this technology more feasible
for a variety of applications, the current deployment of solar energy also
aims to improve PV environmental quality (El Chaar, 2011). Hence, the
environmental benefits of PV technology, especially its impact on CO2
emissions, have been investigated by many researchers such as Pinel
et al. (2021), Fu et al. (2015), Cucchiella et al. (2015), and Moran and
Natarajan (2015).

While the attempt to develop and improve this kind of energy col-
lector is advancing, different solar cell types are available in the in-
dustry. These cells are mainly comprised of (1) crystalline, (2) thin film,
(3) nanotechnology, and other emerging technologies (El Chaar, 2011),
as described in Appendix B. Table 2 presents the efficiency and fill factor
data from recorded terrestrial modules related to some PV types, which
are considered crucial positive parameters to define the module per-
formance that can contribute as a factor to selecting the most suitable PV
type in the next step. Efficiency is the ratio of the highest power (that
solar PV can generate) to the input power (from the sunlight radiation),
which determines a solar panel’s capacity to convert light energy to
electric energy. Fill factor is the ratio of maximum power to the theo-
retical power (from the product of voltage and electric current), which
shows the actual highest achievable power. These parameters are
measured under the global AM1.5 spectrum at standard test conditions
(STC, 1.0 kW/m? of solar radiation, 25 °C of ambient temperature, and
1.5 m/s of wind speed) (Sathe and Dhoble, Sep. 2017; Green et al., Jan.
2020; Zabihi Sheshpoli et al., Feb. 2021). However, the actual effi-
ciencies during the operation phase would be less than these labora-
tories recorded amounts.

Overall, generating electricity via PV solar system enables more than
80 % emissions reduction compared with grid non-solar electricity.
Conventional grid electricity sources consume much primary energy in
the production, transmission, and distribution processes (Fthenakis
et al., Mar. 2008; Kannan et al., May 2006).

3.1.2. PV/T technology

PV/T concept is based on that most incident sunlight on solar cells is
converted into heat; Thus, the basic idea of PV/T systems is to use this
waste heat from solar cells (Good et al., May 2015; Good, Mar. 2016).
The first studies on PV/T technology were conducted in the mid-1970 s,
and since then, several different concepts and ideas have been studied in
this area (Sathe and Dhoble, Sep. 2017; Saurabh et al., Feb. 2020; Good
et al., May 2015; Good, Mar. 2016). Due to the incremental demand for
electricity and heat worldwide, PV/T technology has come out as a
considerable research area in recent years. A PV/T unit generates elec-
trical and thermal energy simultaneously from a combined system.
Considering that high temperature may damage PV materials and
decrease electrical conversion efficiency, thermal collectors can reduce
PV modules’ temperature and consequently enhance solar cell durability
and improve power generation efficiency as well (Diwania et al., Mar.
2020; Jia et al., Mar. 2019; Sathe and Dhoble, Sep. 2017; Good et al.,
May 2015). Appendix C presents different types of PV/T systems.

Since both electrical and thermal energy are expected to be produced
from PV/T simultaneously, the total efficiency (E7) is needed to deter-
mine the system’s capacity in converting light energy to electrical and
thermal. To this end, Er is obtained from the aggregation of electrical
efficiency (E,.) and thermal efficiency (Ey,). E.j and Ey, respectively, are
the ratio of the highest electrical energy and thermal energy that PV/T
can generate to the input energy from the sunlight radiation. Equation
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(4), commonly used in the literature (Diwania et al., Mar. 2020; Saurabh
et al., Feb. 2020) , shows the Ey formula.

Er = Ege+ Ey 4)

The high temperature of solar cells decreases their electrical effi-
ciency as far as the increase in PV cell temperature - higher than 25 °C -
causes a nearly 0.45 % decrease per °C (Jia et al., Mar. 2019; Sathe and
Dhoble, Sep. 2017; Saurabh et al., Feb. 2020). Consequently, E, in-
creases by cooling PV, whereas — according to Equation (4) — this
increment results in Ey simultaneous improvement (Barone et al., Jul.
2019). Additionally, hybrid PV/T systems efficiency is also affected by
some other factors such as radiation intensity, ambient temperature,
wind velocity, humidity, fluid flow rate, PV type, cooling fluid type,
packing factor, system dimensions, components material, and coolant
temperature (Diwania et al., Mar. 2020; Jia et al., Mar. 2019; Al-Waeli
et al., Sep. 2017).

PV/T technology has a lot of potential including a remarkable
improvement in its total energy efficiency. Compared to combinations
between PV and thermal systems, PV/T brings: space usage optimiza-
tion, roof architectural uniformity, installation cost and time reduction,
smaller raw materials consumption, and low maintenance requirements.
However, it has important drawbacks such as: high initial cost, limited
commercial and market potential, low degree thermal output, lack of
energy generation stability — during all seasons and times —, and weak-
ness of benefits awareness. Overall, in case of overcoming present
challenges, this clean technology could become an appropriate potential
source to fulfil electricity and heat demand as two basic energy needs
worldwide (Diwania et al., Mar. 2020; Barone et al., Jul. 2019; Jia et al.,
Mar. 2019; Sathe and Dhoble, Sep. 2017; Huide et al., May 2017).

3.1.3. Solar system application in buildings

According to the International Energy Agency report (IEA, 2016), the
building industry accounted for approximately-one-third of global en-
ergy use and one-fifth of global GHG emissions. In this sense, solar-
energy application maturity could be an opportunity to transform
buildings from energy consumers into active energy producers (Zhang,
Nov. 2018; Good et al., May 2015; Huide et al., May 2017; Oecd, 2016).

The application of solar PV technology in the building sector started
in the 1970 s, installing aluminum-framed modules on rooftops in
distant places where there was no access to electric power infrastruc-
ture. After around one decade, installing solar PV modules on buildings’
roofs emerged, which were usually grid-connected buildings in
centralized power station areas (Shukla et al., Sep. 2016). These systems
are rated in peak kilowatts (kWp), which determines the amount of
expected delivery of electrical power in case the sun is directly located
overhead on a clear day. PV system components are mainly comprised of
cells, connections, and means of modifying the output electricity (Parida
etal., Apr. 2011). Laminated cells are commonly encapsulated between
a protecting glass cover and a backplane made of aluminum alloy (Jia
etal., Mar. 2019). An active PV/T system to supply Domestic hot water
(DHW) mostly consists of PV components, a blackened thermal absorber
surface, copper coil tubes, a thermal insulation layer, and ethylene-vinyl
acetate (EVA) copolymer used as adhesive. The working fluid flows
through tubes to transport thermal energy for preheating water, with the
help of a circulation pump (Jia et al., Mar. 2019; Huide et al., May
2017). Solar cell systems applied to the building industry are generally
categorized into two groups: (1) called off-grid or stand-alone — which is
commonly suitable for remote areas without access to the electricity grid
—and (2) named on-grid or utility-interactive. On-grid systems are small
solar power plants composed of a PV array, which is a full power gen-
eration system made up of numerous photovoltaic panels and modules.
These on-grid systems feed the produced power to the grid - to earn the
FIT compensation — by metering devices after converting the electricity
via an inverter (Firouzjah, Oct. 2018). This inverter converts the direct
current power produced by the PV array into alternating current power
consistent with the utility grid voltage and power quality requirements.
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Fig. 4. (a) Solar GIS map for direct normal irradiation (DNI-kWh/m?) (“Solar resource maps and GIS data for 200+ countries | Solargis.” https://solargis.com/maps-
and-gis-data/download/iran (accessed Apr. 08, 2021); (b) Share of global CO, emission (2018) (“Each Country’s Share of CO2 Emissions | Union of Concerned
Scientists.” https://www.ucsusa.org/resources/each-countrys-share-co2-emissions#.W2RDa9L-g2x (accessed Apr. 08, 2021) (Tehran latitude: 35°N, longitude: 51°E,

altitude: 900-1800 masl)

On the other hand, buildings can contribute to the utilization of PV/PVT
technology via two different approaches: (1) building attached (add-on)
photovoltaic/thermal-photovoltaic (BAPV/BAPVT) — mostly added on
top of existing roofs —, and (2) building integrated photovoltaic/thermal-
photovoltaic (BIPV/BIPVT) (Shukla et al., Sep. 2016; Debbarma et al.,
Jun. 2017; Peng et al., Dec. 2011). BIPV/BIPVT is the integration of PV/
PVT systems into building envelopes such as facades, roofs, and can-
opies. In other words, the BIPV/BIPVT modules as a part of building
elements serve the dual function of energy generation while replacing
conventional building skin parts (Azami and Seving, Jul. 2021; Shukla
et al., May 2016). In comparison to BIPV/BIPVT over BAPV/BAPVT
modules, BIPV/BIPVT efficiency is lower; since it is usually made of
thin-film technology (TF), which has lower efficiency over Silicon
crystalline (c-Si). Moreover, it is difficult and more expensive to retrofit
older buildings with BIPV/BIPVT considering their higher module costs
and higher labour charges for installation. However, BIPV/BIPVT is
more aesthetically pleasing, enables applications in different parts of
buildings’ skin, and can reduce building materials consumption (Shulkla
et al., Sep. 2016; Peng et al., Dec. 2011; Petter Jelle et al., May 2012).

To achieve the best efficiency, the PV array definition considers
climatic and environmental issues. Energy production increases on cold
and clear days, while hot and cloudy days reduce PV array output. Ar-
rays in dry, dusty, and heavily polluted environments require washing to
avoid an efficiency decrease. While the proper angle of panels can
usually remove snow loads. Besides, surfaces reflecting light such as
snow can contribute to increasing output efficiency. Therefore, location
and orientation are other effectual issues. Thus, proper solar system
applications avoid shade cast by nearby obstacles, for instance, build-
ings and trees, especially during the peak solar radiation collection
period. The most important effect of shading results in the prevention of
receiving maximum exposure to the sun — and consequently, energy
efficiency losses — that occur in the case of horizontal shading (Korsavi
et al.,, Feb. 2018). Moreover, tilted arrays can generate 50 %-70 % more
electrical energy than vertical facades (Shukla et al, Sep. 2016).
Notable, making a separation between panels and nearby walls can in-
crease efficiency via creating air circulation to move heat away from
solar cells (Baljit et al., Nov. 2016).
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Approximately 40 % of PV installation worldwide is on buildings,
and deployment on residential buildings is so significant that many
countries adopt encouragement policies to support residential rooftop
PV development (Pvps, 2017; Masson et al., 2016). Also, most PV/T
systems are applied on buildings, and in consequence, edifices are
recognized as the most suitable application area for PV/T technology.
This application can provide a path toward NZEB due to the supply of
both electricity and heat demand (Barone et al., Jul. 2019; Saurabh
et al., Feb. 2020; Huide et al., May 2017) , especially when the available
space for installation is limited and compact, like in urban residential
buildings (Sathe and Dhoble, Sep. 2017; Good et al., May 2015; Huide
et al., May 2017).

3.2. Specific analysis

3.2.1. Characterization of the area under study

Tehran is one of the western Asiatic most densely populated mega-
cities (Brinkhoff, 2011) with 8.8 million citizens and up to 15 million
inhabitants considering the whole metropolitan area. Although precise
definitions of megacity vary between different sources, the definitions
are based on the area’s population. For instance, the United Nations
Department of Economic and Social Affairs classified urban agglomer-
ations with at least 10 million inhabitants as megacities (“World Ur-
banization Prospects - Population Division - United Nations.™ https://
web.archive.org/web/, 2022), and the Bonn University report stated
that megacities are metropolitan areas have populations of over 10
million (Kotter and Friesecke, 2009). This study follows the aforemen-
tioned references. Tehran has a land area of 615 square kilometers and is
located in the north of Iran (35°N, 51°E), at high altitudes from around
900 to 1,800 m above sea level (“Tehran Municipality Information and
Communication Technology (ICT) Organization.” https://tmicto.teh-
ran.ir/ (accessed Jul. 02, 2021). The average daily solar radiation is 5.3
kWh/m? (Fig. 4a), while mean temperatures in winter and summer
times are 7 °C and 29 °C respectively, relative humidity is 23-66 %, and
wind means speed is 3 m/s with a dominant direction from west to east
(Tehran Province Meteorological Administration.” http://www.tehran-
met.ir/Index.aspxtempname=englishlang=1sub=0 (accessed Nov. 19,
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Table 3
Summarized comparison between BAPV/BAPVT and BIPV/BIPVT
Potentials Drawbacks
BAPV/BAPVT High efficiency High building materials consumption
Suitability to be used on existing roofs Application in buildings limited to their roofs
Minor initial costs Aesthetic aspect weakness and design limitation
Easy to install, replace, repair, and expand
Ability to be disassembled
Potential to move its array
Diversity and abundance of modules on the market
BIPV/BIPVT Greater i 7 ial: pleasant, i d Low efficiency
Potential to be used in different buildings parts Difficult and costly to apply in existing buildings
Low building materials consumption High module costs and high labour charges
Double function: building element & energy generator Less suitability for flat roofs
More complexity
Limited access to service due to narrow market
2020). Energy Efficiency Organization (SATBA) has provided a power purchase

Population growth, industrialization, urbanization, and increases in
fossil fuel use are the most critical aspects connected to air pollution in
Tehran. Besides, the temperature inversion phenomenon is added to air
pollution problems since Tehran is bordered by a high mountain range
that retains pollutants in the air, particularly during the cold months
(Heger and Sarraf, 2018). The previous study embraced extensive in-
formation concerning air pollution in Tehran (Banirazi Motlagh et al.,
2021). Accordingly, Particulate Matters (PMs) are accounted for the
most critical air pollutants in this specific case study (Tehran Annual Air
and Noise Quality Report, period of March, 2020 - March 2021). Apart
from available detailed explanations via the former research project,
Appendix F presents a brief image with this respect in the current study.

3.2.2. Potentials of the case study

Iran has great potential for solar radiation, with almost 300 sunny
days available on two-thirds of its land. In Iran the annual average
daylight duration is 2800 h, and its solar radiation is on average
1800-2200 kWh/m? (Fig. 4a), higher than the global average (Fir-
ouzjah, Oct. 2018; Korsavi et al., Feb. 2018; Najafi et al., Sep. 2015;
“Solar resource maps and GIS data for 200+ countries | Solargis.”
https://solargis.com/maps-and-gis-data/download/iran (accessed Apr.
08, 2021; Motahar and Bagheri-Esfeh, Jun. 2020). On the other hand,
Iran with 0.72 GT of CO, emissions — in 2018 — is ranked 7th among the
highest emitters worldwide (Fig. 4b), and 30th among the high electrical
energy consumer countries. The main provider sources of electrical
energy are fossil fuels (94 %), while hydro generates nearly 6 % and
other renewable energy resources produce less than 1 % (Korsavi et al.,
Feb. 2018). As shown in Fig. 4, the abundance of solar energy and the
high energy demand - resulting in excessive CO, emissions —, makes it
advisable to develop solar energy production in Iran.

The Iranian government has prioritized renewable energy develop-
ment and CO, emission reduction as key goals within its fifth five-year
(articles 133, 138, and 139) and sixth five-year (article 50) develop-
ment plan frameworks (“Renewable Energy and Energy Efficiency Or-
http://www.satba.gov.ir/en/home (accessed Feb. 10,
2021). In this regard, some adopted support policies to develop PV
technologies are: (1) revised FIT, (2) national development funds by
allocating oil and gas revenues to finance renewable energy projects, (3)
budget to purchase electrical energy from renewable resources, and (4)
job creation support in this field (Korsavi et al., Feb. 2018; Gorjian et al.,
May 2019; Asakereh et al., Oct. 2017). However, in Iran, there is still no
incentive plan for solar thermal energy generation from PV/T systems.
The most common short-term support strategies could be investment
subsidies, tax cuts for renewable energy, carbon taxes on fossil fuels, and
governmental loans (Firouzjah, Oct. 2018; Jalilzadehazhari et al., Mar.
2021). Moreover, regardless of some involved issues like Load Factor —
as a measure of the utilization rate or efficiency of electrical energy
usage defined by dividing the average load by the peak load in a spec-
ified period - in a recent encourag t action, R ble Energy and

ganization.”
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agreement model with private investors, which guarantees to purchase
domestic solar-based electricity for at least 20 years. This guaranteed
electricity purchase tariff for domestic solar power plant’s capacity up to
20 kW was 10,400 Rials per kWh in 2020 — and regularly updates every
year corresponding to the inflation official rate —, which is almost ten
times larger than the typical selling tariff to subscribers (“Renewable
Energy and Energy Efficiency Organization.” http://www.satba.gov.ir/
en/home (accessed Feb. 10, 2021).

Apart from the aforementioned solar potentials in this case study,
Tehran residential rooftops provide great potential in this regard, as
described in detail in the former study (Banirazi Motlagh et al., 2021).

3.2.3. Specifications in this study

This subsection analyses solar systems’ main features for the appli-
cation of these systems in residential buildings, based on Tehran con-
ditions and facilities, codes, and policies. In this sense, this study focuses
on BAPV/BAPVT systems instead of BIPV/BIPVT because of the
following main reasons: (1) Tehran’s mostly flat rooftops (“Tehran
Municipality Information and Communication Technology (ICT) Orga-
nization.” https://tmicto.tehran.ir/ (accessed Jul. 02, 2021) could not
take advantage of BIPV/BIPVT capability of adapting to more irregular
surfaces such as complex shaped fagades and pitched roofs; (2) as pre-
viously said, BIPV/BIPVT have lower efficiency due to their TF; (3)
BAPV/BAPVT are better candidates for roof refurbishment and existing
buildings (Jia et al., Mar. 2019; Shukla et al., Sep. 2016). Table 3 pre-
sents a general comparison between BAPV/BAPVT and BIPV/BIPVT.

Grid-connected solar generators are frequently adopted in buildings,
and more than 90 % of the total PV systems are on-grid (Firouzjah, Oct.
2018). This study takes into account on-grid small-scale power plants
instead of stand-alone/off-grid ones due to the following reasons: (1)
favourable Iranian government policies, incentives, and subsidies
(“Renewable Energy and Energy Efficiency Organization.” http://www.
satba.gov.ir/en/home (accessed Feb. 10, 2021), as the largest probable
drivers for solar installations development (Good et al., May 2015),
concern on-grid systems; (2) needless for additional equipment — such as
storage system, backup generator or electricity regulator —, which would
make solar PV systems installation and maintenance more expensive and
intricate; (3) avoiding mandatory size for PV system — to meet the peak
demand energy production of the building —, as well as no need to
provide the appropriate extra space to keep supplementary equipment,
especially for existing buildings (Shukla et al., Sep. 2016). This project
focuses on mono-crystalline (m-Si) technology for PV systems because it
is: (1) the most commonly available in the market (Sathe and Dhoble,
Sep. 2017; “IHS Markit - Leading Source of Critical Information,” THS
Markit. https://ihsmarkit.com/index.html (accessed Mar. 05, 2021) ;
(2) achievement of the highest performance among all PV types in terms
of efficiency and fill factor (Green et al., Jan. 2020; Tomar et al., Jun.
2018) , as described in detail in section 3.1.1 and Table 2; and (3)
appropriately durable and cost favourable (Shukla et al., Sep. 2016).

52



S. Hamed Banirazi Motlagh et al.

Table 4
SWOT preliminary analysis of BAPV and BAPV/T utilization for residential
buildings in Tehran

(Strengths, Weaknesses, Opportunities, Threats)
S S1. Solar irradiance abundance in Tehran due to the climatic condition (
Firouzjah, Oct. 2018; Korsavi et al., Feb. 2018)

$2. Energy bill and financial savings via self-sufficiency (Shukla et al., Sep.
2016; Fikru, Apr. 2020; Fiknu, Nov. 2019;Fikru, May 2019)
$3. Governmental policies, incentives, and subsidies for solar system utilization
(Good et al., May 2015,
Organization.” http://www.satba.gov.ir/en/home (accessed Feb. 10, 2021)
S4. Low operation and maintenance cost (Diwania et al., Mar, 2020; Jia et al.,
Mar. 2019; Firouzjah, Oct. 2018; Parida et al., Apr. 2011; Al-Waeli et al., Sep.
2017)
85. Building revitalization and the use of vast amounts of unused space (Aslani
and Seipel, Jan. 2022; Sathe and Dhoble, Sep. 2017; Huide et al., May 2017)
$6. Fast and upward technological advancement to improve efficiency and
reduce the cost of modules (Shukla et al., Sep. 2016; El Chaar, 2011)
S7. Combination possibility with other energy producer installations in
buildings
$8. Facile installation due to be a modular system
W1. High initial capital costs (Diwania et al., Mar. 2020; Jia et al., Mar. 2019;
Korsavi et al., Feb. 2018; El Chaar, 2011)
W2. Efficiency reduction by overheating, shading, dust, and pollutants (
Diwania et al., Mar. 2020; Barone et al., Jul. 2019; Shukla et al., Sep. 2016;
Good et al., May 2015; Huide et al., May 2017)
W3. Unstable energy production and limited energy generation during sunny
days (Sathe and Dhoble, Sep. 2017; Huide et al., May 2017)
W4. Vulnerability of modules against mechanical and physical damages (
Diwania et al., Mar. 2020; Jia et al., Mar. 2019; Good et al., May 2015)
WS. Interference with chimneys and traditional water coolers mostly installed
on the roofs in Tehran
O OLl. Air pollution and GHG emissions reduction as well as being no direct
emission technology (Fazelpour et al., May 2016; Korsavi et al., Feb. 2018;
Adam and Apaydin, Jan. 2016; Coughlin and Kandt, 2011)
02. More saving of primary energy resources and fossil fuels (Johnsson et al.,
Feb. 2019; Abas et al., May 2015;Bauer, May 2016)
03. Free abundant and inex} ble energy to supply a steady
increment of energy demand (Barone et al., Jul. 2019; Sathe and Dhoble, Sep.
2017; Mishra and Tiwari, Jan. 2020)
04. Generation of two basic and largest energy demands worldwide i.e.,
electricity and heat (Korsavi et al., Feb. 2018; “Heating - Fuels Technologies
IEA." https://www.iea.org/fuels.and-technologies/heating (accessed Mar. 30,
2021)
05. D izing the central equip and reduction of transition/distribution
costs and losses of energy (Seepromting et al., 2020; Sadeghi and Kalantar,
2013; Shukla et al., Sep. 2016)
06. Management of peak electricity demand (reduction of power failures on hot
days) (Jia et al., Mar. 2019; Sadeghi and Kalantar, 2013; Sathe and Dhoble, Sep.
2017; Parida et al., Apr. 2011; Al-Waeli et al., Sep. 2017)
07. Contribution to the creation of jobs and the development of new jobs (
Korsavi et al., Feb. 2018; Gorjian et al., May 2019)
08. Environmental knowledge support (Roberts et al., Apr. 2019)
T T1. Considerable energy consumption and carbon footprint during solar cells
manufacturing (Korsavi et al., Feb. 2018)
T2. High subsidized energy price in Iran, discourages private sectors from
investing in solar systems (Korsavi et al., Feb. 2018; Gorjian et al., May 2019)
T3. Public awareness weakness, insufficient national standards & building
codes (Sathe and Dhoble, Sep. 2017; Korsavi et al., Feb. 2018; Gorjian et al.,
May 2019; “Enabling PV I
Bundesverband Solarwirtschaft e.V, Berlin, Germany, (Forderkennzeichen
FKZ): ZMVI6-, 2016; Roberts et al., Apr. 2019)
T4. Limited access to international finance and high inflation rates in Iran (
Korsavi et al., Feb. 2018; “Enabling PV Iran,” German Solar Association — BSW
Solar / Bundesverband S

“Renewable Energy and Energy Efficiency

=1

serman Solar Association — BSW-Solar /

larwirtschaft e.V, Berlin, Germany,
(Forderkennzeichen-FKZ): ZMVI6-, 2016)

TS. Probability of aggravating the Urban Heat Island effect (Masson et al., Jun.
2014; Brito, May 2020)

Additionally, the solar system in this research project is considered a flat
plate due to its: (1) higher availability on the market; (2) lower initial
and maintenance cost; (3) uncomplicated mechanism compared to
concentrator collectors (Diwania et al., Mar. 2020; Jia et al., Mar. 2019;
Good et al., May 2015). For this case study, the researchers preferred the
water-based PV/T system compared to the air-based type, because: (1) a
water-based PV/T system obtains higher total efficiency (Barone et al.,
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Jul. 2019; Sathe and Dhoble, Sep. 2017; Saurabh et al., Feb. 2020; Good
et al., May 2015) ; (2) is more common (Sathe and Dhoble, Sep. 2017;
Good et al., May 2015) ; and (3) provides ongoing DHW during the year
(Jia et al., Mar. 2019). In this context, this study discards covered PV/T
systems and considers uncovered systems because of their following
strengths: (1) total efficiency; (2) affordability; (3) durability; (4)
availability on the market (Diwania et al., Mar. 2020; Good et al., May
2015; Good, Mar. 2016). It is noted that though bifacial solar panels,
which can produce electricity from reflective light too, are considered an
emerging technology to increase efficiency, their feasibility is not
approved for this specific case study due to their high capital costs and
unavailability in the Iranian market.

Notable, as pointed out before, the value of delivered energy is
inversely related to the system’s lifetime (El Chaar, 2011). Project ex-
pectancy lifetime is assumed to be 25 years on average considering
literature and typical module warranties (Fazelpour et al., May 2016;
Korsavi et al., Feb. 2018; Good, Mar. 2016; “Renewable Energy and
Energy Efficiency Organization.” http://www.satba.gov.ir/en/home
(accessed Feb. 10, 2021; Dehghan et al., Jun. 2021). Normally, a linear
degradation is assumed for the mature PV technologies reaching 80 % of
the initial efficiency at the lifetime end — on average, 0.7 % decrease per
year — (Fthenakis, 2011; Toboso-Chavero, Aug. 2019; “Enabling PV
Iran,” German Solar Association — BSW-Solar / Bundesverband Solar-
wirtschaft e.V, Berlin, Germany, (Forderkennzeichen-FKZ): ZMVI6-,
2016). According to Iranian requirements and policies, the minimum
efficiency of Silicon crystalline PV modules is expected to be 16 %.
Additionally, the output power capacity of modules (Wp) must be at
least 90 % of the initial power during the first ten years of operation, and
the minimum Wp can be 80 % afterwards. Besides, considering technical
and security issues regarding the connection to the grid, the maximum
allowed capacity for the subscribers’ allocated generators is up to twice
their connection capacity — and will be a maximum of 100 kW
(“Renewable Energy and Energy Efficiency Organization.” http://www.
satba.gov.ir/en/home (accessed Feb. 10, 2021). Thus, this study con-
siders a 5-kWp solar system because it is compatible with most resi-
dential buildings in Tehran that utilize at least a 25A monophase
connection, which results in around 5.5 kW capacity. Since the
maximum absorption of radiated energy is in the case of perpendicu-
larity to the irradiant source (Firouzjah, Oct. 2018), PV arrays are usu-
ally mounted at nearly the location latitude angle towards the south to
achieve optimum performance throughout the year (Korsavi et al., Feb.
2018). However, the precise optimum angle will vary from season to
season depending on the solar radiation angle. Typical adjustable
structural supports employ hot galvanized iron bars fastened to solar
panels and assembled using bolts and screws. The minimum distance
between the roof edge and solar panels should be 1 m (“Renewable
Energy and Energy Efficiency Organization.” http://www.satba.gov.ir/
en/home (accessed Feb. 10, 2021).

To sum up, the boundaries and main specifications for the current
project in Tehran employ the (1) BAPV/BAPVT, (2) on-grid, (3) flat plate
system composed of (4) m-Si PV panels, and (5 & 6) water-based &
uncovered PV/T, (7) for residential utilization, (8) during a projected 25
years lifetime. This study considers the PV panel model TBM72-385 M —
from the Iranian manufacturer certified by SATBA and a 25 years war-
ranty. This panel consists of 72 cells with 19.8 % efficiency, dimensions
of 1956 x 992 x 40 mm, and 22 kg weight. The studied PV array consists
of 13 panels with 385 Wp to supply a 5-kWp domestic power plant. The
thermal collector attached to the backside of a module with, on average,
50 % efficiency presumed at STC (Ibrahim, 2009; Jahromi et al., Aug.
2015; Zondag et al., Mar. 2003); consists of a copper absorbing plate,
copper fluid flow pipes — 1.25 cm risers at every 10 cm plus two 2.5 cm
headers, welded to the absorber plate —, 50 mm thickness of poly-
urethane (PUR) as thermal insulation, and 1 mm galvanized iron as a
back end cover. Total area of solar panels is 25.2 m?.
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Indicators

1; Implementation cost 50%

I; Maintenance cost 20%

Sustainability
Index

15 Energy balance

s, Waste disposal

Iy PM reduction 48%

100%

R Social 20%

Iy;, Customization potential 50% ]

Fig. 5. General DT for this sustainability assessment model (ROI: Return on Investment, CPBT: CO, payback time, PM: Particulate Matter)

3.3. Sustainability assessment model

3.3.1. Elementary outcomes

Table 4 presents the SWOT matrix that analyses the feasibility of
BAPV and BAPV/T for residential buildings in Tehran based on a
simplified literature review as well as experts’ panel contributions.
These elementary outcomes can assist to define DT components and
weightings in the next section. Despite the high initial capital cost and
considerable energy consumption during the manufacturing process, the
use of solar systems in Tehran's residential buildings might be suggested
as proper practice. This happens because, as previously said, this city
faces critical air pollution, high energy demand, and great potential for
solar irradiance.

3.3.2. Decision tree definition

This study DT is based on the aforementioned MIVES general
approach for urban rooftop alternatives towards better urban air quality.
This DT planning and its indexes’ importance determination rely on the
authors’ experience, experts’ contributions during seminars, and a
simplified literature review (Pons et al., May 2016; Pons and Aguado,
Jul. 2012; de la Fuente, 2019; de la Fuente et al., Jun. 2016). In this
research paper, DT is customized and regulated in accordance with the
function and characteristics of domestic solar systems. For instance, the
Urban Heat Island (UHI) effect indicator, which is a challenging matter
of study but a neglectable issue for solar panels’ effects on UHI, is not
considered in this study since the utilization of solar systems may have
different roles in micro/macro climatic changes, affected by different
parameters such as energy conversion, making shadow space on the ceil,
decreasing domestic fossil fuels combustion, etc. (Masson et al., Jun.
2014; Brito, May 2020). On the other hand, the performance indicator
used to evaluate the investment profitability over a time period is
maintained, which had been discarded in the previous GR study
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(Banirazi Motlagh et al., 2021). Overall, it is worth mentioning that the
significance of urban air pollution reduction is considered a major
effective parameter in DT establishment and its calibration in this study,
which plays a key role in the whole process. For instance, the importance
of this key performance point specifically affects the defining criteria
and indicators — e.g. Cy, I7, Ig, and Io — as well as weight assignment and
distribution in DT. As presented in Fig. 5, DT comprises three re-
quirements, six criteria, and 12 indicators and their related weighting
coefficients. Economic requirement (R;) takes into account the invest-
ment regarding installation and maintenance for each alternative con-
sisting of two criteria, (C;) cost and (Cy) time. Environmental
requirement (Ry) investigates the significant environmental impacts of
the (Cs) resource consumption and (C4) emissions aspects. Social
requirement (R3) considers the (Cs) safety and (Cs) compatibility for the
solar systems in residential buildings.

Criterion cost (C;) embraces three indicators: (I;) Implementation cost,
(I2) Maintenance cost, and (I3) Return on Investment (ROI). (I;) Imple-
mentation cost takes into account the costs of domestic solar systems
assembly. I; includes panel pieces, electrical and mechanical acces-
sories, and connections costs, as well as labour and skilled workers’
salaries. I; data has been obtained from price lists available from solar
retailers, provider companies, and contractors. However, the PV/T
market is still very limited (Good et al., May 2015), especially in Iran.
Ultimately, the average capital cost to mount each square meter of this
solar system has been estimated. (I) Maintenance cost encompasses costs
of expected activities during the alternatives 25 years’ life service, such
as cleaning of panels’ surface, inspection, and accessories replacement,
for instance, inverter renovation every 10 to 15 years (Fazelpour et al.,
May 2016; “Enabling PV Iran,” German Solar Association — BSW-Solar /
Bundesverband Solarwirtschaft eV, Berlin, Germany,
(Forderkennzeichen-FKZ): ZMVI6-, 2016). Annual operation and main-
tenance cost is commonly assumed on average 1 % of total initial costs
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(Dehghan et al., Jun. 2021; “Enabling PV Iran,” German Solar Associa-
tion —- BSW-Solar / Bundesverband Solarwirtschaft e.V, Berlin, Germany,
(Forderkennzeichen-FKZ): ZMVI6-, 2016). (I3) ROI as a financial ratio
approximates the efficiency of investment over the 25-year service time
of the PV panels via Equation (5). This estimation is based on assuming
continuous solar radiation over the day hours at an average value to
disregard the effect of shading at STC. In this regard, assuming the
average daily solar radiation, the climatical shading effect - like cloudy
times — is considered, while as mentioned in section 3.1.3, prevention of
physical shading should be considered in locating the panels on the roof
to minimize the difference between the actual situation and the theo-
retical estimation.

(Net profit | Total investment costs) x 100 (5)

Where Net profit is guaranteed electricity purchase tariff for domestic
solar power plant and Total investment costs result from adding initial and
operating costs. According to the International Renewable Energy
Agency (IRENA) report (“Renewable Power Generation Costs in, 2020),
the Weighted Average Cost of Capital (WACC) has improved and
declined, especially in the recent decade due to very low-risk premiums
for equity and debt in mature renewable markets. Based on the IRENA
report (renewable power generation costs in 2020) (“Renewable Power
Generation Costs in, 2020), though WACC for non-OECD countries —
except for China — is considered 7.5 % for utility-scale renewable power
generation technologies, this factor is assumed at 5 % for residential
solar PV systems due to lower expected returns required by the owners
in this sector, in which self-consumption is often a significant driver. The
Iranian Central Bank's official rate is used to determine the exchange
rate from Rials to Euros (Central Bank of the Islamic Republic of Iran,
2021).

Time (C2) comprises (I4) Implementation time, generally-one of the
considerable economic resources in the building sector. This indicator
includes the required hours for installation activities, such as roof fixing,
assembly, mounting, cabling, and pipework. The average necessary time
to implement BAPV and BAPV/T is three and five working days,
respectively, based on the data obtained from the interviewed com-
panies. This information refers to a solar system installation on top of an
existing ordinary residential roof by a typical contractor team. A
working day is considered to be 8 h long.

Resource P (C3) consists of two indicators: (Is) Energy
balance and (Is) Waste disposal. (Is) Energy balance determines the total
accessed energy using each square meter of solar panels. To achieve this,
one must calculate the difference between the amount of electrical/
thermal energy produced via harvesting solar energy during the service
life (E production), as well as the amount of energy consumed during the
manufacturing of PV/PVT panels (E consumprion)- This quantification is
derived from Equation (6).

Epatance = Eproduction — Econsumption (6)

Energy inventory has been taken from the Inventory of Carbon and
Energy (ICE) database included the environmental product declarations
(EPDs) database (Hammond et al.,, 2011). ICE database provides
favourable advantages compared to others, and it follows a cradle-to-
gate (factory) scope known as module A1-A3 in the EU-wide stan-
dards, EN 15804, and EN 15,978 on the construction field sustainability
assessment. Electrical and thermal energy production has been esti-
mated considering 5.3 kWh/m? as the average daily solar radiation in
Tehran (1 kWh = 3.6 MJ) and the efficiency allocated to each system at
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STC — which also contains the energy loss when the solar systems
working - during the 25 years’ service time. (Is) Waste disposal considers
non-recyclable solid waste materials belonging to each square meter of
solar panels at their end of life (EOL). Accordingly, the circular economy
concept is taken into account by the current research project in the
environmental context. Recycling potential data has been derived from
Iranian guidelines (“Environmental, Health and Safety Guideline for
Photovoltaic Solar Power Plants, No. 785, Last Edition: 01-11-, 2021) as
well as a simplified literature review concerning solar panels and
building materials waste assessment ((Faraca and Astrup; Kemona and
Piotrowska; Paiano; STEEL IN BUILDINGS AND INFRASTRUCTURE
worldsteel, 2021)). However, there is still considerable photovoltaic
waste deposited in landfills, and few studies have assumed panels’
disposal at EOL (Souliotis et al., Oct. 2018; Bogacka, Dec. 2020). Mod-
ules’ recycling approach in Iran is usually based on the separation of
metal components, chemical and physical activities to extrude EVA and
lamination materials, crushing and separating glass and silicon, and
finally carrying out the recycling processes considering the features of
these separated materials (“Environmental, Health and Safety Guideline
for Photovoltaic Solar Power Plants, No. 785, Last Edition: 01-11-,
2021).

Emissions (C4) criterion includes three indicators: (I;) CO, balance,
(Ig) CPBT duration, and (Ig) PM reduction. (17) CO balance determines the
total avoided CO, using each square meter of solar panels. To do so, one
must calculate the difference between the amount of CO, saved/reduced
via renewable energy generation during the service time (CO2 saving), as
well as the amount of CO, emitted during the fabrication of PV/PVT
panels (CO2z emission)- This quantification is derived from Equation (7).

CO: patance = €O saving — CO2 emission 7)

CO; emission calculations utilize carbon footprint data obtained
from the aforementioned ICE database. Estimation of CO, saving po-
tential relies on a simplified literature review. For instance, according to
Tripanagnostopoulos et al. (2005), thermal energy production can
reduce natural gas consumption to avoid 0.3 kg CO2/kWh (0.08 kg CO2/
MJ), and the electricity generation from the grid accounted for the
emission factor of 0.6 kg CO,/kWh (0.16 kg CO,/MJ) (Tripanagnosto-
poulos et al., May 2005). Another study by Noorpoor and Kudahi (2015)
estimated a similar emission factor for Iran (Noorpoor and Kudahi, Jul.
2015). Taking into account the aforementioned fossil fuels-based elec-
tricity net in Iran — more than 90 % — and the fact that natural gas ac-
counts for almost 85 % of all fossil fuels utilized in the Iranian electrical
energy industry (Jorli et al., Dec. 2017; “Key World Energy Statistics,
2020). (Ig) CPBT duration considers one of the most common indicators
in environmental studies that evaluate solar systems. The CO, payback
time (CPBT) indicator defines a rate to determine solar systems’ envi-
ronmental performance. Ig indicates the probable speed to compensate
for the GHG impact in the panels manufacturing process by decreasing
CO, emission — the most significant GHG (“greenhouse gas | Definition,
Emissions, Greenhouse Effect | Britannica.” https://www.britannica.
com/science/greenhouse-gas (accessed Jun. 13, 2022) - via energy
generation. The present study estimates 1.1 and 0.6 years as the CPBT
rate for the BAPV and BAPV/T, respectively. This estimation is based on
the case study characteristics, national technology, and system effi-
ciency. (Ig) PM reduction indicator intends to measure the capacity of
each square meter of solar panels to reduce ambient PM via energy
production potential. As aforementioned, the most appropriate estima-
tion of avoided PM emission is also via less natural gas consumption for
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Table 5

Each indicator VF's parameters and coefficients
Indicator Unit Shape X min X max C K P
1;. Implementation cost €/m? DCx 422.8 1115.6 942 0.1 1.6
I,. Maintenance cost €/m* DS 105.6 278.8 70 0.7 2
I3. ROI % ICv 160.2 353.75 250 2 0.9
I;. Implementation time hours DL 21.5 50 22 0.01 1
Is. Energy balance MJ/m? ICv 22,309 145,072 83,000 32 0.8
Ie. Waste disposal kg/m* DCx 1.08 13.24 7 0.2 23
I7. CO, balance KgCO, /m? ICv 3957 15,248 9500 12 0.8
Is. CPBT Year DCx 0.45 1.37 1.1 0.1 1.5
Is. PM reduction K/m2 ICv 23.28 60.58 41 1.2 0.8
I10. Occupational risk Points DCv 4.95 11.82 8 1.5 0.9
I;1. Customization potential Points s 0 100 28 0.15 25
I12. Adaptability to change Points IS 0 100 28 0.15 25

Table 6

Sustainability Index (I), Requirements (Vg), Criteria (V¢), and Indicators (V)) satisfaction values

1 Vi Via Vis Vo Ve Ves Vea Ves Ves
BAPV 60.46 % 0.823 0.373 0.856 0.785 0.897 0.460 0.330 0.960 0.803
BAPV/T 55.71 % 0.260 0.845 0.283 0.218 0.346 0.851 0.841 0.535 0.158
Vi Viz Vis Via Vis Vie Vi Vig Vig Vio Vi Viz

BAPV 0.700 0.945 0.820 0.897 0.198 0.984 0.293 0.164 0.404 0.960 0.851 0.755
BAPV/T 0.167 0.355 0.214 0.346 0.909 0.735 0.878 0.773 0.828 0.535 0.109 0.208

both grid electricity generation and domestic boilers. Although thermal-
based power plants are usually located out of municipal regions, their
partial short distance from urban areas makes it logical to consider the
impact of fossil fuel combustion from such power plants on urban air
pollution. According to the EMEP EEA air pollutant emission inventory
guidebook (European Environment Agency, 2019), PM emission factors
for public electricity production using natural gas and residential boilers
burning natural gas are 0.9 g/GJ and 0.2 g/GJ, respectively ("EMEP/
EEA air pollutant emission inventory guidebook, 2019). A recent study
in Iran used the same emission factor as well (Jorli et al., Dec. 2017).
Despite the fact that each surface has some ability to remove PMs, sur-
face roughness, moistness, and stickiness have a significant impact on
absorbent efficiency (Powe and Willis, Feb. 2004), as explained in the
previous study (Banirazi Motlagh et al., 2021). Hence, the PM absorp-
tion capacity of soft and smooth solar panels’ surfaces — without any of

the required features — is extremely poor and, therefore, negligible in
this study.

Criterion safety (Cs) includes (I() Occupational risk indicator, which
considers the main possible risks during installation tasks. Occupational
risk index (ORI) estimates the level of risk in building projects based on
the type and volume of activities involved. However, these two pa-
rameters are affected by regional technologies, companies’ develop-
ment, and the taken approach to adopting preventive measures.
According to several studies, ORI system is based on the likelihood of
occurrence, the severity of the consequences, and the amount of time
spent in risk circumstances (Jannadi and Almishari, Oct. 2003; Hallo-
well and Gambatese, Oct. 2009; Fortunato et al., Apr. 2012). ORI is
derived by Equation (8), where ORJ; is the ORI of risk;, P; is the occur-
rence probability, C; is the consequence severity, and E; is the risk;
exposure (M. del M. Casanovas, J. Armengou, and G. Ramos,
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Fig. 6. Indicators’ satisfaction value
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Fig. 7. Sustainability main requirements
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Fig. 8. SIs based on different requirement weighting scenarios; Economic (Ec), Environmental (En), Social (S)

“Occupational Risk Index for Assessment of Risk in Construction Work
by Activity,” J. Constr. Eng. Manag., vol. 140, no. 1, p. 040, 2014). The
product of frequency, severity, and exposure determines the cumulative
risk. The average number of events per unit of time is referred to as
frequency, severity is the degree of a possible event’s consequence, and
exposure is the length of time spent in contact with a potentially haz-
ardous state. In most cases, frequency is measured in incident rates,
severity is measured in the impact on the worker or company, and
exposure is measured in time units. P; x C; defines the weight of risk;,
and dividing each risk’s weight by the highest possible weight (1000)
results in its standardized value (M. del M. Casanovas, J. Armengou, and
G. Ramos, “Occupational Risk Index for Assessment of Risk in Con-
struction Work by Activity,” J. Constr. Eng. Manag., vol. 140, no. 1, p.
040, 2014).

ORI = Z,0RL; = Z[(P; x C;) / (max {P; x C;} = 1000)] xE; (8)

Electrical works — especially, under wet conditions like rooftops —
and burn, are both significant risks for solar systems mounting. More-
over, hand and back injuries are taken into account as other most
frequent injuries due to hand contact with sharp parts and handling
loads such as solar panels and structural supports (“Environmental,
Health and Safety Guideline for Photovoltaic Solar Power Plants, No.
785, Last Edition: 01-11-, 2021; Fredericks et al., Nov. 2005). Addi-
tionally, falling to a lower or on the same level is considered one of the
most usual dangers as a general risk on construction sites (“Environ-
mental, Health and Safety Guideline for Photovoltaic Solar Power
Plants, No. 785, Last Edition: 01-11-, 2021; Fortunato et al., Apr. 2012;
Winge et al., Feb. 2019).

Compatibility (Ce) consists of two indicators: (I11) Customization po-
tential and (1;5) Adaptability to change. (1;;) Customization potential out-
lines the compatibility of domestic solar systems with their surroundings
and local features, such as rooftop form and physical space, climate,
appearance, and market access. Determination of these parameters took
into account some studies concerning the architectural potentials of
solar technologies and experts’ seminars. For instance, IEA SHC Task 41
(Munari Probst, 2013), which defines the combination of functional and
aesthetic aspects; and Farkas (2013), which describes architectural po-
tentials such as formal flexibility — availability of different shapes,
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colours, and textures among others —, and product system adaptability —
such as components and joints diversity (Farkas and Integration, 2013).
(I;2) Adaptability to change takes into consideration the alternatives’
flexibility to be adapted to the needs of the occupants within the panels’
service life. This indicator considers some parameters such as the po-
tential of disassembling, replacement, ability to move, and access to
service. Carrying out scores’ assignment is based on the outcomes of
experts’ seminars and the installers’ comments concerning the afore-
mentioned parameters. Eventually, the adaptation rate of each alter-
native is calculated by dividing the total acquired scores by the number
of parameters.

Table D.1 in Appendix D summarizes the quantitative analysis of all
BAPV and BAPV/T indicators as domestic solar system alternatives
during their 25 years of life service in Tehran. Briefly, databases and
information resources used for Indicators’ quantification in the current
study are ICE (Hammond et al., 2011), EMEP/EEA (“EMEP/EEA air
pollutant emission inventory guidebook, 2019), a national guideline for
PV (“Environmental, Health and Safety Guideline for Photovoltaic Solar
Power Plants, No. 785, Last Edition: 01-11-, 2021), national policies and
regulations (“Renewable Energy and Energy Efficiency Organization.”
http://www.satba.gov.ir/en/home (accessed Feb. 10, 2021), occupa-
tional risk index in construction work (M. del M. Casanovas, J.
Armengou, and G. Ramos, “Occupational Risk Index for Assessment of
Risk in Construction Work by Activity,” J. Constr. Eng. Manag., vol. 140,
no. 1, p. 040, 2014), relevant previous studies, queries from stake-
holders, and commercial information. According to the national guide-
line for photovoltaic solar power plants (No. 785, November 2020)
(“Environmental, Health and Safety Guideline for Photovoltaic Solar
Power Plants, No. 785, Last Edition: 01-11-, 2021), Iranian PV modules
consist of 76 % glass, 10 % polyethylene, 8 % aluminum, 5 % silicon, and
less than 1 % of other materials — which this study considers neglectable.

3.3.3. Value function (VF) establishment

Determining the tendency, form, and parameters associated with the
VF of each indicator relies on scientific literature, along with conclu-
sions of the aforesaid experts’ panel. These parameters e.g., Xmin, Xmax,
C, K, and P, are presented in Table 5. More detailed descriptions con-
cerning this VF assignment are available in previous literature (Pons
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et al., May 2016; Alarcon et al., Dec. 2010). Functions shapes in this
study are as follows: six decreased, including three convex functions
(DCx), one concave (DCv), one linear (DL), and one S-shaped (DS); six
increased, including four concave functions (ICv) and two S-shaped ones
(IS). Appendix E presents the value function for each indicator derived
from Equations (2) and (3), in which each graph indicates the abscissa
between the minimum and maximum satisfaction values for assessed
alternatives, as well as the VF's shape and relevant coefficient parame-
ters (P, K, and C) as shown in Fig. E.1.

3.3.4. Sustainability indexes (SIs)

Table 6 and Fig. 6. present the alternatives global SIs, which result
from the sum of the a-dimensional satisfaction values of requirements
(Vgi), criteria (V¢;), and indicators (Vy;).

4. Discussion

SI as a global index quantifies domestic solar system alternatives
with a sustainability level of 60.46 % and 55.71 % for BAPV and BAPV/
T, respectively, as shown in Fig. 7. BAPV achieves an overall higher SI.
However, BAPV/T provides more appropriate performance concerning
the air pollution reduction issue by obtaining a higher satisfaction value
for the emissions criterion.

BAPV performances prove admirable in both economic and social
requirements. However, there is still room for improvement regarding
its implementation cost (I;) via the production of more cost-effective
solar cells. This finding is also in accordance with the global strategy
concerning photovoltaic technology development (Shukla et al., Sep.
2016; El Chaar, 2011). On the other hand, BAPV's most significant
drawback is inadequate energy generation efficiency (Raverkar et al.,
2020) since all related indicators’ satisfaction levels are lower than
moderate (50 %). This is the case for example of energy balance (Is), CO,
balance (I7), CPBT duration (Ig), and PM reduction (Ig). Contrarily the
most appropriate function of BAPV/T refers to total energy efficiency
(Is) (Wang, Apr. 2021; Lee et al., Aug. 2019) and its positive impact on
air pollution reduction through (I7), (Ig), and (Iy) indicators perfor-
mance. BAPV/T economic requirement index is highly unsatisfactory,
affected by implementation cost (I;) and Return on Investment (I3).
Likewise, BAPV/T is still weak from the social point of view particularly,
concerning its customization potential (I;) and adaptability (I;5).

Overall, from the viewpoint of this study, solar systems can be
considered worthy alternatives to improve Tehran’s air quality. As
mentioned previously, CO; is the most important GHG, and PM is the
most critical air pollutant in this case study (Tehran Annual Air and
Noise Quality Report, period of March, 2020 - March 2021; “greenhouse
gas | Definition, Emissions, Greenhouse Effect | Britannica.” https://
www.britannica.com/science/greenhouse-gas (accessed Jun. 13,
2022). In this regard, by using BAPV and BAPV/T, authors predict re-
sults capable of avoiding 211 and 488 kg CO,/m? per year, respectively.
Likewise, avoided PM emission via utilization of BAPV and BAPV/T can
reach 1.2 and 1.9 g PM/m? per year, respectively. On the other hand,
compared to other feasible roof refurbishment alternatives and consid-
ering the results of the previous study (Banirazi Motlagh et al., 2021),
the PM reduction potential of BAPV and BAPV/T is lower than GR,
which is able to reduce 52.4 g¢ PM/m? annually. However, GRs’ lower
CO, saving potential — 4.4 kg CO,/m? per year — make solar systems
applications more environmentally friendly due to: (a) these systems’
higher CO; saving potential and (b) their ability to produce energy. In
addition, from the economic point of view, though solar systems need
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much more initial capital costs than GRs, solar systems have consider-
ably lower operation and maintenance costs (Diwania et al., Mar. 2020),
as well as benefits of return on investment, which compensate for this
shortcoming.

In this research project, different sources have been used to obtain
the data for the indicators assessed, as it was impossible to find a single
source which embraces all required data for quantifying the indicators.
Additionally, due to the lack of some local databases for assessing the
indicators, international databases, which are mostly applied to other
regions as well as case studies, have been used in this research study. In
this way, well-known valid international databases and information —
such as ICE and EMEP/EEA - have been consulted for this research
study. Nevertheless, gathering and considering data from different
sources has been done rigorously and with the utmost care, as was
previously performed in other MIVES models as well (Pons and Aguado,
Jul. 2012; Hosseini et al., Apr. 2019). Although most reliable interna-
tional databases were used for this study, the lack of a comprehensive
national database, which is a limitation and obstacle of this current
study, should be considered in future studies. In this regard, it will be
essential to have a comprehensive national database concerning the
sustainability requirements to provide more accurate results in the
future. Moreover, this model could be fed with information from a new
holistic source that will be developed in the future and thus can ensure
more accuracy for the required Tehran data. Nonetheless, this model is
an adaptable tool that could be applicable to other solar system alter-
natives, other contexts, and different boundaries; after studying the
particularities in each case and adapting to them if necessary.

4.1. inability value impr potential

This study takes into account the potential plan of development for
Sls via two approaches in financial and technical contexts as follows.

Considering the significant environmental potential of BAPV/T and
this study’s objective concerning the suitability of sustainable alterna-
tives to air pollution reduction, the BAPV/T sustainability value level
needs to improve so that its utilization becomes justifiable. To this end,
economic issues are crucial since these are the weakest and most sig-
nificant factors in dropping BAPV/T satisfaction levels. Apart from its
high initial cost caused by the global market — which is beyond the scope
of this study —, having a clear and incentive plan in local policies could
remarkably contribute to solving this problem. Literature findings con-
cerning incentives as the most significant drivers to develop solar system
installations (Good et al., May 2015) confirm this assumption. Although
the natural gas bills decrease proportionally to the produced solar
thermal energy amount, this decrement cannot provide sufficient
motivation for renewable thermal energy usage due to the cheap fossil
fuels in Iran (Korsavi et al., Feb. 2018; Gorjian et al., May 2019). In this
sense, assuming the allocation of 38 % of the guaranteed electricity
purchase tariff by the energy ministry in 2020 (“Renewable Energy and
Energy Efficiency Organization.” http://www.satba.gov.ir/en/home
(accessed Feb. 10, 2021), thus solar thermal energy would reach a
further profit of 4,020 Rials per kWh (I3). In this case, the BAPV/T index
value would increase up to 60.5 % and equal to the BAPV index, but with
more environmental benefits and a higher potential to reduce air
pollution. This profit could be applied as a discount on natural gas bills
to prevent hidden costs of using natural gas and air pollution. However,
hidden social costs need another independent investigation and
specialized sociological studies, which is beyond the scope of the present
study. This is a feasible subside proposal since the amounts of generated
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electricity and produced thermal energy have linear relation together,
the electrical and thermal efficiency of each system is known, and
merely certified companies by SATBA are allowed to install and inspect
private solar systems. Additionally, applying this encouragement strat-
egy, which is expected to cause the development and deployment of
BAPV/T installations, will probably also improve the social satisfaction
value as well and consequently enable achieving higher global indexes
over time due to growing up customization potential and adaptability
(I;; and Iyp).

The authors expect that further optimized solar collectors will be
more environmentally friendly systems, with less resource consumption
during the manufacturing process along with higher efficiency during
their operation phase. In this regard, organic solar cell (OSC), which is
still under the research and development (R&D) stage, could be an
appropriate option in the future (Zhao et al., Apr. 2021). In this way,
0OSC would have significantly higher SIs by overcoming its current low
efficiency and low stability during fast and upward technological ad-
vancements (Xiao et al., Mar. 2022). This occurs because OSC has a
small amount of needed material that does not require high temperature
or high vacuum conditions (Shukla et al., Sep. 2016), which results in
higher energy and CO, balance (I5 and I;) as well as lower waste disposal
and CPBT (I and Ig). Moreover, one of OSC'’s strengths is its mechanical
flexibility, which can improve customization potential (I;). Addition-
ally, OSC provides a cost-effective manufacturing process by using
organic materials, which are low-cost raw materials with limited tech-
nical challenges for production (El Chaar, 2011), and can lead to further
improvement of the cost criterion (C;).

4.2. Sensitivity analysis

This study considers different weighting scenarios in order to both
identify: (1) requirements that command sustainability accomplish-
ments by alternatives and (2) the alternatives’ Sls generated from each
scenario. The weight distribution of this analysis considers both weights
suggested in the most extensively used sustainability rating techniques
for the building sector — such as BREEAM, DGNB, and LEED (Pons-
Valladares and Nikolic, Nov. 2020) — and experts’ proposals.

According to Fig. 8, by increasing sensitivity to economic re-
quirements, SIs of BAPV and BAPV/T generally take two different ten-
dencies. Based on all scenarios in which stakeholders are more sensitive
to economic considerations (higher than 25 %), BAPV obtains higher Sls.
On the contrary, the minimum SI for BAPV/T occurs when there is
maximum economic sensitivity (45 %), and the highest SI of this alter-
native is in the case of the highest environmental sensitivity (70 %).
However, this scenario is unacceptable due to the low weight assigned to
economic requirements. Results show that whenever the environmental
weight tends to 55 %, the SIs of both alternatives are almost equal,
whereas, for cases in which the environmental requirements sensitivity
is higher than 55 %, the BAPV/T can overcome BAPV.

5. Conclusion and future projects

To the best of the authors’ knowledge, this study is the first attempt
to develop a new model to assist decision-makers in order to choose the
most suitable domestic solar systems focusing on urban air pollution
reduction and its related environmental concerns, considering the
steady increment of energy demand, and the exhaustion of fossil fuel
resources. This model incorporates MIVES, SWOT, AHP, and sensitivity

Appendix A. (Outcomes of search within the technical literature)

Table A.1.
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analysis and its application evaluates BAPV and BAPV/T utilization on
top of the residential buildings in Tehran, one of the world’s most air-
polluted megacities. Nevertheless, the authors have designed this sys-
tematic approach so that, after studying each specific case and applying
any required changes, it could be applied to different boundaries, cities,
and solar system alternatives. In this sense, compared to GRs — another
feasible alternative for rooftop refurbishment that contributes to urban
air pollution reduction - solar systems’ remarkable CO saving potential
and energy production capability distinguish these systems as more
environmentally friendly solutions than GRs. Objective decision to
determine the most suitable solution obtained from such a novel model
provides comparable SIs for each alternative applying a variety of sce-
narios. The main conclusions of this application are as follows:

e BAPV has earned an overall higher sustainability value (60.47 %)
whereas, results indicate this existing type of solar system is a
distinguished socio-economic alternative for residential buildings in
this case study, though its energy generation efficiency has important
room for improvement.

Although results prove that BAPV/T is neither an economical nor
social alternative yet, it can be a robust solution when stakeholders
are more sensitive to environmental requirements. This is due to this
alternative high energy production performance and significant po-
tential to reduce air pollution.

Results reveal that using each square meter of domestic BAPV &
BAPV/T respectively enables a reduction of 211 and 488 kg CO2/m?
per year. While, utilization of BAPV and BAPV/T can provide the
capability to reduce PM emissions by 1.2 and 1.9 g PM/m? per year,
respectively.

The analysis of the resulting SI found that the most critical obstacle to
BAPV/T development is its lack of a clear incentive plan considering
inadequate motivation to avoid natural gas consumption in Iran. In
this regard, it would be possible to improve BAPV/T's satisfaction
level and provide equality of SI between two alternatives via a profit
guarantee of produced thermal energy, even at the rate of 38 % tariff
approved by the energy ministry to purchase solar electricity, that
can compensate partially hidden costs of natural gas use and air
pollution.

Beyond these two assessed alternatives and the GRs assessed in the
previous study, taking advantage of the capability of this model to
evaluate different rooftop refurbishment alternatives, future
research steps could investigate: (a) new solutions, (b) combination
of alternatives, and (c) applications on different building typologies
to achieve the most suitable and sustainable solution towards urban
air quality improvement.
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Table A1
Sample of classified outcomes obtained from a simplified literature review based on main findings area
Publication PV PV/T Building level Energy/economic Environmental
technologies technologies applications performance assessment
Debberma et al. (Debbarma et al., Jun. 2017) * * *
Sultan & Ervina Efzan (Sultan and Ervina Efzan, Oct. 2018) *
Assoa et al. (Assoa et al., Jun, 2017) ¥
Bhattarai et al. (Bhattarai et al., Aug. 2012) *
Herrando et al. (Herrando et al., Jun. 2014) * * *
Buker et al. (Buker et al., Jun, 2014) * *
Good SPS:refid::bib75 (Good, Mar. 2016) *
Good et al. (Good et al., Dec. 2015) * *
Lamnatou & Chemisana (Chr. Lamnaton and D. Chemisana, “Photovoltaic/ *

thermal (PVT) systems: A review with emphasis on environmental issues,”

Renew. Energy, vol. 105, pp. 270-287, May, 2017)
Chow and Ji (Chow and Ji, 2012) *
Shukla et al. (Shukla et al., Sep. 2016) *
Sathe and Dhoble (Sathe and Dhoble, Sep. 2017) *
Parida et al. (Parida et al., Apr. 2011) ¥
Firouzjah (Firouzjah, Oct. 2018) *
Fthenakis et al. (Fthenakis, 2011) *
El Chaar et al. (El Chaar, 2011) *
Pinel et al. (Pinel et al., Jan. 2021) * *
Fu et al. (Fu et al., Jan. 2015) *
Cucchiella et al. (Cucchiella et al., Jul. 2015) * * *
Moran and Natarajan (Moran and Natarajan, Sep. 2015) » *
Zabihi Sheshpoli et al. (Zabihi Sheshpoli et al., Feb. 2021) *
Fthenakis et al. (Fthenakis et al., Mar. 2008) *
Kannan et al. (Kannan et al., May 2006) *
Good et al. (Good et al., May 2015) *
Saurabh et al. (Saurabh et al., Feb, 2020) *
Diwania et al. (Diwania et al., Mar. 2020) *
Jia et al. (Jia et al., Mar. 2019) *
Barone et al. (Barone et al., Jul. 2019) *
Huide et al. (Huide et al., May 2017) * *

Zhang et al. (Zhang, Nov. 2018) * *
Al-Waeli et al. (Al-Waeli et al., Sep. 2017) *

Azami and Seving (Azami and Seving, Jul. 2021) * *

Peng et al. (Peng et al., Dec. 2011) *

Petter Jelle et al. (Petter Jelle et al., May 2012) *

Shukla et al. (Shukla et al., May 2016) « *

Baljit et al. (Baljit et al., Nov. 2016) B *

Korsavi et al. (Korsavi et al., Feb. 2018) * % *

Appendix B. (PV technology types)

Silicon crystalline structure (c-Si): Crystalline silicon is considered the first generation of PV technology that consists of single-junction crystal solar
cells based on silicon wafers. This PV type is generally categorized into mono/single (m-Si) and poly/multi-crystalline (p-Si) silicon cells. Despite the
lower manufacturing cost of poly-crystalline PV panels, the efficiency of such cells is measured less than the mono-crystalline type (El Chaar, 2011). Si
wafer-based PV technology accounted for more than 90 % of the total production in 2019 (*“IHS Markit - Leading Source of Critical Information,” IHS
Markit. https://ihsmarkit.com/index.html (accessed Mar. 05, 2021), since crystalline silicon technology has lower costs and higher performance
compared to other solar cell technologies (Diwania et al., Mar. 2020). The share of mono-crystalline — the most common type - is nearly 66 % of the
whole production (“IHS Markit - Leading Source of Critical Information,” IHS Markit. https://ihsmarkit.com/index.html (accessed Mar. 05, 2021).
Mono-crystalline PV cells have provided evidence of reliability, durability, and cost favourability as far as several PV modules installed in the 1970 s
are still operating (Shukla et al., Sep. 2016).

Thin film technology (TF): This second-generation of PV technologies intends to optimize material consumption, based on single-junction sets
generally comprising amorphous (uncrystallized) silicon (a-Si), cadmium telluride (CdTe), copper indium selenide/diselenide or copper indium
gallium selenide/diselenide (CIS/CIGS). This generation utilizes thinner films produced via the deposition of thin layers on glass or stainless-steel
substrates, using sputtering tools to create flexible PV modules. TF technology results in lower manufacturing costs due to the decrease in material
cost; Although the ability to deposit a wide range of materials and alloys has improved TF efficiency significantly, since its layers are much thinner and
contain less photovoltaic material, the light absorption is reduced and consequently results in lower conversion efficiency compared with c-Si cells
(Shukla et al., Sep. 2016; Parida et al., Apr. 2011; El Chaar, 2011).

55

60



S. Hamed Banirazi Motlagh et al. Solar Energy 249 (2023) 40-66

Nanotechnology and other emerging technologies: Third-generation PV technologies have been not generally commercialized so far and are still
following further improvements under the R&D stage. This generation embraces e.g., nanotechnologies for PV cell production, light-absorbing dyes,
and OSC. Nanotechnology provides low-cost but low-efficiency PV cells, following a sustainable economic growth strategy. In this regard, some
products such as nanotubes, quantum dots, and hot-carrier solar cells capable of more solar radiation absorption are emphasized to improve efficiency
(El Chaar, 2011). Dye-sensitized solar cell (DSSC) is a photoelectrochemical system based on a semiconductor formed between a photo-sensitized anode
and an electrolyte zz. DSSC is considered a low-cost TF innovative cell, and Michael Gratzel was awarded the 2010 millennium technology prize for
this invention (Shukla et al., Sep. 2016). The volatile solvents in the electrolyte can permeate across plastic and result in sealing and potential
environmental hazards problems. Thus, such a technology is not appropriate for outdoor usage. Despite some drawbacks such as heat, ultraviolet (UV)
light, and the interaction of solvents, this technology seems futuristic due to some impressive advantages such as low processing costs, flexibility, the
ability of screen printing, incorporation in paints, and semi-transparency. The achievement of more efficient light-absorbing dyes and improvement in
reliability and safety have been considered the current development intentions for this technology (El Chaar, 2011). An OSC or plastic solar cell is a
kind of PV made of thin films - commonly around 100 nm - including organic semiconductors such as polymers and small molecule compounds - like
pentacene, polyphenylene vinylene, copper phthalocyanine, and carbon fullerenes — using organic electronics technology (El Chaar, 2011). The gains
of this technology rely on disposability, mechanical flexibility, and affordability of the manufacturing process — due to using cheap materials and
limited technical challenges without requiring high temperature or high vacuum conditions; Besides, a large amount of solar radiation can be absorbed
by a small amount of material because of the high optical absorption coefficient of organic molecules (E! Chaar, 2011). However, the main challenges
associated with OSC are low efficiency, low strength, and low stability compared with the others, such as silicon solar cells (Shukla et al., Sep. 2016).
Further, a concentrated PV system comprised of a more complex mechanism to concentrate and track solar radiation can be considered another
emerging technology.

Appendix C. (PV/T system types)

Based on working fluid type — as heat transfer medium —, conventional flat plate PV/T collectors are classified into two categories of liquid-based
and air-based types (Barone et al., Jul. 2019; Saurabh et al., Feb. 2020; Good et al., May 2015). An air-based solar collector is fundamentally similar to
a liquid-based type, and the main difference is the substitution of ducts instead of fluid tubes (Jia et al., Mar. 2019). Generally, the most adopted and
popular PV/T systems are liquid-based, and the most common liquid as heat transfer or working fluid is water. Hence, heated air applications are very
few, though there is plenty of work concerning the air or a hybrid system of air-water applications. The overall thermal and electrical performance of
water-based PV/T systems is higher and more stable compared with air-based ones due to much more heat-carrying capacity, density, and con-
ductivity of water. In fact, thermal energy replacement for DHW preparation is considerably more valuable than thermal energy for space heating.
Thus, water-based PV/T collectors are acknowledged as the most efficient way of preheating water over a whole year. However, air-based devices are
simpler and have lower maintenance and capital costs (Barone et al., Jul. 2019; Saurabh et al., Feb. 2020; Good, Mar. 2016). A flat plate PV/T collector
can be covered (glazed) or uncovered (unglazed). Covered PV/T collectors have an additional glass at a distance from the absorber surface to protect
and minimize heat loss. Although glazing usage helps to increase thermal output, experimental and theoretical results demonstrate that uncovered
PV/T collectors obtain higher total efficiency and are beneficial in economic terms as well. Thus, covered types are relatively rare in the market.
Additionally, unglazed systems enable PV surfaces keeping cool, which results in a longer life service (Saurabh et al., Feb. 2020; Good et al., May 2015;
Souliotis et al., Oct. 2018).

Meanwhile, several studies in progress optimize the performance and development of conventional PV/T systems (Barone et al., Jul. 2019; Sathe
and Dhoble, Sep. 2017). While some recent research projects have introduced a few advanced concepts of PV/T technology, such as nanofluid, phase
change materials (PCM), and heat pump integration systems (Diwania et al., Mar. 2020; Jia et al., Mar. 2019; Sathe and Dhoble, Sep. 2017). Nanofluids
generally contain nanoparticle size — less than 100 nm — in the conventional base fluid such as water, glycol, and oil. These materials as heat transfer
fluids can be used efficiently for solar energy conversion and result in thermal conductivity enhancement (Sathe and Dhoble, Sep. 2017). PCM is used
with a PV/T system to reduce the solar cell temperature via a swing between its solid and liquid phases following ambient temperature changes
(Diwania et al., Mar. 2020). Heat pumps enable thermal energy to transfer from a lower temperature source to a hotter sink using mechanical energy
and a refrigeration cycle. Coupling this technic with PV/T to apply solar heating in a heat pump - for auxiliary heating as a part of the energy supply
system — gains a significant efficiency improvement by cooling the PV module attached to the evaporator-collector. Thus, this system obtains higher
energy output and lower power consumption (Diwania et al., Mar. 2020; Jia et al., Mar. 2019). Concentrator collectors need supplementary optical
devices such as reflectors and lenses and intricate systems for sunlight tracking. In consequence, such systems are not suitable or feasible for residential
building applications due to being scarce, costly, and complex compared to flat plate solar collectors (Diwania et al., Mar. 2020; Jia et al., Mar. 2019;
Good et al., May 2015).

Appendix D. (Indicators’ quantification)

Table D.1.
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Table D1
Indicators’ quantification summary over the 25 years’ service time for the studied domestic solar systems
Indicator Consideration BAPV BAPV/T  Impact  Unit Reference
I;. Implementation Modules, accessories, 563.8 892.5 Neg. €/m? Market, manufacturers & providers
cost connections, workers
I,. Maintenance cost  Cleaning, inspection, 140.9 223.1 Neg. €/m? Literature review e.g., (Korsavi et al., Feb. 2018; Dehghan et al., Jun. 2021;
accessory replacement “Enabling PV Iran,” German Solar Association — BSW-Solar / Bundesverband
Solarwirtschaft e.V, Berlin, Germany, (Forderkennzeichen-FKZ): ZMVI6-,
2016)
I3. ROI Profit probability 283 178 Pos. % SATBA organization (“Renewable Energy and Energy Efficiency Organization.”
over a time http://www.satba.gov.ir/en/home (accessed Feb. 10, 2021)
I;. Implementation Roof fixing, assembly, 24 40 Neg. hours Contractor companies’ information
time cabling, pipework
Is. Energy balance Energy-saving 29,746 116,058  Pos. MJ/m? ICE database (Hammond et al., 2011)
and consumption
Is. Waste disposal Non-recyclable 1.2 3.1 Neg. kg/m? National guideline (“Environmental, Health and Safety Guideline for
solid waste Photovoltaic Solar Power Plants, No. 785, Last Edition: 01-11-, 2021),
literature review e.g., (Paiano, Jan. 2015; STEEL IN BUILDINGS AND
INFRASTRUCTURE | worldsteel, 2021; Kemona and Piotrowska, Aug. 2020;
Faraca and Astrup, Jul. 2019)
I7. CO, balance CO, saving 5277 12,199 Pos. kgCO, ICE database (Hammond et al., 2011)
and emission /m?
Is. CPBT GHG impact compensation 1.1 0.6 Neg. Year Literature review e.g., (Tripanagnostopoulos et al., May 2005; Noorpoor and
speed Kudahi, Jul. 2015)
Is. PM reduction PM emission 31.05 48.47 Pos. g/m* EMEP/EEA database (“EMEP/EEA air pollutant emission inventory guidebook,
reduction potential 2019), literature review e.g., (Jorli et al., Dec. 2017)
I0- Occupational Falls, electrical work, burn, 5.5 9.46 Neg. Points Casanovas et al. (M. del M. Casanovas, J. Armengou, and G. Ramos,
risk hand & back injuries “Occupational Risk Index for Assessment of Risk in Construction Work by
J. Constr, Eng. Manag., vol. 140, no. 1, p. 040, 2014), literature e.g.
ental, Health and Safety Guideline for Photovoltaic Solar Power
Plants, No. 785, Last Edition: 01-11-, 2021; Fortunato et al., Apr. 2012;
Fredericks et al., Nov. 2005; Winge et al., Feb., 2019)
I;;. C Market, app 75 25 Pos. Points Experts’ seminar and literature review e.g., (Munari Probst, 2013; Farkas and
potential climate, form Integration, 2013)
I12. Adaptability Disassembling, service, 67 33 Pos. Points Experts” seminar and installers’ information
to change movement, replacement
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Appendix E. (Value functions)

Fig. E.1

1.1 (DCx, P:1.6, K:0.1, C:942)

1
Vi (value)
0.8
—e—VF
06 [ A BAPV
563.8, 0.700 -
® BAPV/T
0.4
r 892.5,0.167
0.2
0 Xi(€/m?)
422 560.6 699.2 837.8 976.4 1115
1.2 (DS, P2, K:0.7, C:70)
1
Vi (value)
0.8
140.9, 0.945 e VF
b BAPV
223.1,0.355
0.4 | BAPV/T
Inflection point
0.2
B Xi (€/m?)
105 1396 1742 208.8 243.4 278
1.3 (ICv, P:0.9, K:2, C:250)
y §
Vi (value)
0.8
\ —e— VF
06 1 283,0.820
- 178,0.214 A BAPV
0.4 @ BAPV/T
0.2
0 Xi (%)

160 198.6 237.2 275.8 3144 353

Fig. E1. Value function of each indicator derived from Equations (2) and (3).
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Fig. E1. (continued).

59

64



S. Hamed Banirazi Motlagh et al.

1.7 (1cv, P:0.8, K:1.2, C:9500)

Vi (Value)l
038 {

Y 12199, 0.878

0.6 5277,0.293

0.4

0.2

3957 6215.2 8473.4 10731.6 12989.8

1.8 (DCx, P:1.5, K:0.1, C:1.1)
1
Vi (value)

0.8
|
0.6 !

0.6,0.773
0.4

0.2 +

0.45 0.634 0.818 1.002 1.186

1.9(1cv, P:0.8, K:1.2, C:41)
1
Vi (value)

0.8
|

0.6 31.05,0.404 L 48.47,0.828
‘

04
0.2

233 30.76 38.22 45.68 53.14

Fig. E1. (continued).

Solar Energy 249 (2023) 40-66

—e—VF
A BAPV
o BAPV/T

15248
Xi (kg cO, /m?)

—o—VF
A BAPV
o BAPV/T

Xi (vear)
1.37

—e—\VF
A BAPV
© BAPV/T

Xi (g/m?)
60.6

65



S. Hamed Banirazi Motlagh et al. Solar Energy 249 (2023) 40-66

. .10 (DCv, P:0.9, K:1.5, C:8)
Vi (value)

0.8
5.5,0.960 9.46,0.535 e VF
0.6 A BAPV
- o BAPV/T
0.2
0 Xi (Points)
49 6.28 7.66 9.04 10.42 118
1.11 (1S, P:2.5, K:0.15, C:28)
1
Vi (value)
0.8
75,0.851 —e—VF
0.6
A [BAPV
o o BAPV/T

25,0.109 ¢ Inflection point

0.2

Xi (Points)
0 20 40 60 80 100

1.12 (15, P:2.5, K:0.15, C:28)

1
Vi(Value}
0.8
——VF
0.6
67,0.755 2 leapv
o |BAPV/T
0.4 33, 0.208
© |Inflection point
0.2
5 Xi (Points)
0 20 40 60 80 100

Fig. E1. (continued).

Appendix F. (Air pollution standards and values)

The data presented in Table F.1 and Figs. F.1 and F.2 is derived from the 10th Tehran Annual Air and Noise Quality Report (Tehran Annual Air and
Noise Quality Report, period of March, 2020 - March 2021), which provides a comprehensive assessment of Tehran's air quality — during the period of
March 20, 2020, to March 20, 2021 — alongside an investigation of the spatial and temporal variations in air pollutant concentrations. This report
published by the Air Quality Control Company includes a summary of the performance evaluation of the Tehran Air Pollution Forecasting System for
different time intervals.
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Table F1

Solar Energy 249 (2023) 40-66

Air pollution international standards based on Air Quality Index (AQI)
(Tehran Annual Air and Noise Quality Report, period of March, 2020 -

March 2021)

Air pollution level AQI
Clean 0-50
Moderate 51-100
Unhealthy for sensitive groups 101-150
Unhealthy 151-200
Very Unhealthy 201-300
Hazardous 300 ©
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Fig. F1. AQI in Tehran during different months of March 2020 — March 2021 based on the days’ number (Tehran Annual Air and Noise Quality Report, period of
March, 2020 - March 2021) (Clean: 17 days, 5 %; Moderate: 226 days, 62 %; Unhealthy for sensitive groups: 107 days, 29 %; Unhealthy: 16 days, 4 %)
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Fig. F2. Mean concentrations of Particulate Matter (the most critical air pollutant in Tehran) measured at different districts’ monitoring stations (period of March
2020 — March 2021) (Tehran Annual Air and Noise Quality Report, period of March, 2020 - March 2021)

Appendix G. (Variables & Symbols)

Nomenclature Relevant values
DCv Decreasing concave
DCx Decreasing convex
DL Decreasing linear
Ds Decreasing S-shaped
Icy Increasing concave
ICx Increasing convex
IL Increasing linear
Is Increasing S-shaped
I Indicator

Cc Criterion

R Requirement

12 Satisfaction value

(continued on next page)
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(continued)
Nomenclature Relevant values
A Weight/importance coefficient of indicator i
Xi Abscissa value of indicator i
P; Shape factor
Ci Abscissa approximation for inflection point
Ki Ordinate approximation for point C;
Er Total efficiency
Eee Electrical efficiency
En Thermal efficiency
kwp Peak kilowatts
E production Produced electrical/thermal energy
E consumption Consumed energy during panels’ manufacturing
CO2 saving Avoided CO, by renewable energy generation
CO2 emission Emitted CO, during panels’ fabrication
Occurrence probability
c Consequence severity
E Risk exposure
Abbreviations Relevant values
AHP Analytic hierarchy process
AQI Air Quality Index
a-Si Amorphous silicon
BAPV Building-attached PV
BAPV/T Building-attached PV/T
BIPV Building-integrated PV
BIPV/T Building-integrated PV/T
CdTe Cadmium telluride
CIGS Copper indium gallium selenide
cIs Copper indium selenide
cv Coefficient of variation
CPBT CO, payback time
CR Consistency ratio
DHW Domestic hot water
DSSC Dye-sensitized solar cell
DT Decision tree
EOL End of Life
EPDs i 1 product decl
EVA Ethylene-vinyl acetate
FIT Feed-in tariffs
GHG Greenhouse gases
GR Green roof
ICE Inventory of Carbon and Energy
IEA International Energy Agency
IRENA International Renewable Energy Agency
LCA Life Cycle Assessment
MCDM Multi-Criteria Decision-Making
MIVES Modelo integrado de valor para evaluaciones sostenibles
(Integrated Value Model for Sustainability Assessment)
NZEB Nearly zero-energy buildings
ORI Occupational risk index
0sc Organic solar cell
PCM Phase change materials
PM Particulate (particle) Matter
PUR Polyurethane
1% Photovoltaic
PV/T photovoltaic thermal
ROI Return on Investment
R&D Research and development
SI Sustainability index
STC Standard test condition
SWOT Strengths, Weaknesses, Opportunities, and Threats
TF Thin film
Urban Heat Island UHI
uv Ultra-violet
VF Value function
WACC Weighted Average Cost of Capital
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Observation and optimization

The results obtained on the building scale in the previous chapter are enriched and become more
practical by monitoring and set-up in order to achieve the highest performance and feasibility on the city
scale, which is followed in this third chapter. To this end, a unified multi-scale and systematic approach for
planning and optimization is the essential prospective strategy developed, in order to facilitate and

accelerate real future accomplishments for the involved stakeholders and decision-makers.

3.1. Contribution to thesis

This chapter contributes to Phases 2 and 5 of the thesis project by considering the feasibility study

and providing an observation and monitoring plan.

Article C contributes to generating an innovative model to define and prioritize optimal planning
on a city scale and recommends the most suitable solutions through a systematic approach. This chapter
investigates the feasibility for choosing potential pollutant-reducing alternatives and also for selecting
potential target building groups to be applied to. Since pollutant-reducing alternatives vary in potential, the
subsequent contribution of this study is suggesting the most efficient set in their combination to attain the
highest total performance. Moreover, this study and its framework also contribute to the definition of a
multi-level indicators tree for target buildings classification and specifying the significant determinative

indicators for the specific case study. In addition, this third chapter contributes to determining the capability
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of rooftops in mitigating urban air pollution and following the concept of nearly Zero-Emission Building
groups (nZEBs) on a city scale. Meanwhile, the planning and future prospects outlined in this research

study can help realize sustainable urban development in general.

3.2. Article C: City-scale planning and optimization

Article C, entitled "City-Scale Model to Assess Rooftops Performance on Air Pollution Mitigation;
Validation for Tehran", published in the 244" vol. of Building and Environment, which is ranked in Q1
among indexed journals (doi: 10.1016/j.buildenv.2023.110746) [88].

The contributions and individual roles of the thesis author as the main author of this paper were
conceptualization, data curation, investigation, methodology, formal analysis, resources, validation,
visualization, writing the original draft, and revising. The other authors of the article are the thesis co-
directors, who mainly supervised and advised the first author and reviewed the manuscript. In this study,
the proposed model incorporates potential pollutant-reducing alternatives with target building groups to

define and evaluate different possible scenarios. A copy of this research article is attached in the following.
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ARTICLE INFO ABSTRACT

Keywords: Cities have a significant role in the current climate change and air pollution crisis; hence, it is urgent to mitigate
Climate change the negative effects of pollution in urban settlements. This situation requires developing agile plans to simul-

Air pollution

Cities

Green infrastructure
Residential buildings
Rooftops

taneously investigate the efficiency of green infrastructures and feedback from their targets. A crucial consid-
eration for these plans is the potential rooftops have — broadly abundant and underused in urban areas — to
harbour sustainable, effective, and viable alternatives. This study aims to develop a new model to optimize the
utilization of feasible pollutant reducers, investigate the ability rooftops present to reduce air pollution and
recommend the most suitable city-scale solutions. The proposed model combines mathematical patterns, GIS,
and sensitivity analysis. This systematic and adaptable approach was first applied to heavily air-polluted Tehran
city, which has vastly unused rooftops. This leading application identified: i) two appropriate pollutant reducing
alternatives — photovoltaic and green roofs —; ii) optimized total performance alternative when simultaneous
mitigation of PM and CO, is required — compound alternative —; iii) three significant indicators for target building
groups — land use, building height, and surface scale —; and iv) the most suitable group - residential medium
height in medium surface scale buildings. Applying a compound alternative with a 3:1 ratio (photovoltaic:green
roof) to all potential target buildings enables a 9% decrease in the total city level for PM and CO; emissions.

urban functions in mitigating the impacts of climate change [1]. The
centrality of cities in the built environment magnifies the imperative for
urban settlements to counteract the adverse effects of pollution on
public health. Furthermore, cities possess the capacity to play a signif-
icant role in ambient emissions mitigation, where rooftops, as effica-
cious building envelopes, emerge as a potent tool [5]. Rooftops provide

1. Introduction

Climate change urgency is highlighted by a significant UN report that
warns of a dangerous path toward global catastrophe unless govern-
ments act quickly and broadly to revise their strategies [1]. The Climate - 5 -
Change Conference (COP27, November 2022, Egypt) amplified this a promising context due to their abundance, extensive coverage, expo-
imperative, urging for a monumental leap in climate ambition and the sure to sunlight, accessibility, and underused potential [6-8]. Alongside
immediate reduction of emissions [2]. This urgency aligns with the ﬂu?’_gree“ LInfr.astructur.e (Gl)_ls a potenle option:to embed climate
commitments by nations under the Paris Agreement (2015) to curtail resilience within the built environment [5,9,10]. This way, the GI po-
greenhouse gas (GHG) emissions [3]. Likewise, the energy crisis attracts tentmI. is an essential con51d.el'at{on {0 ?ontnbute to mitigating ambient
more attention than ever worldwide, especially in the case of severe pollution [11]. Although scientific strides have bolstered the efficacy
dependence on fossil fuels [4]. In this area, the right policies, in- and profitability of GI, their full potential remains unrealized, necessi-
frastructures, and technologies are expected to result in a 40%-70%  tating a holistic, synergistic approach [12]. This has prompted urban
decrease in GHG emissions by 2050 [1]. As such, governments are authorities to invest actively in research and development not only to
compelled to enact prospective strategies equipped with multifaceted enl“mnce the tedfnical Gl eff.icierfcy but also to unravel fee‘dbac.k me.ch-
support systems and regulations to address these pressing challenges. anisms [12]. This sphere of inquiry also encompasses the identification

Aligned with this urgency, the Intergovernmental Panel on Climate of distinct target groups with varying suitability levels, guiding the
Change (IPCC, April 2022) underscored the potential of reevaluating prioritized GI deployment [13].
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Abbreviations

BAPV Building-attached photovoltaic
CA Compound alternative

CAA Clean Air Act

EA Extra-large area

GHG Greenhouse gas

GI Green infrastructure

GIS Geographic Information System
GR Green roof

HH High height

IPCC Intergovernmental Panel on Climate Change

LA Large area
MA Medium area
MH Medium height

NCV Net calorific value
nZEBs  nearly Zero-Emission Building groups

PO Partial outcome
PM Particulate matter
PV Photovoltaic

SA Small area

SH Short height

SIGR Semi-intensive GR

In this context, systematic frameworks are essential, particularly in
heavily air-polluted cities. Thus, this study aims to develop a new agile
model to optimize feasible pollutant reducers utilization, assess the
ability rooftops provide to mitigate air pollution and recommend the
most suitable solutions on a city scale. This objective comes from
reviewing related technical literature and finding gaps. For instance,
scholars such as J. Irga et al. (2022) have critically compared the effi-
cacy of green roofs in ambient air pollutant removal to conventional
roofs [14], while J. Yuan et al. (2022) have scrutinized the sustainability
and energy balance green roofs provide in desert climates [15]. A. F.
Antoniolli et al. (2022) have developed a statistical algorithm to assess
energy yield from large rooftop photovoltaic systems [16], and S. Rafael
et al. (2021) have investigated the direct and indirect impacts green
roofs have on air quality [17]. Other studies have delved into the
technical feasibility of combining urban agriculture, rainwater collec-
tion, and solar systems on rooftops [18], examined green roof species for
urban air pollution mitigation [19], and evaluated photovoltaic energy
balance for rooftop scenarios [20]. The exploration extends to the use of
ENVI-met models to improve urban air quality through green roofs and
green walls [21], the assessment of rooftop suitability for solar in-
stallations based on criteria like economy, aesthetics, and energy [22],
and the proposal of rooftop area determination techniques for solar PV
deployment [23]. Furthermore, innovative concepts such as roof mo-
saics have been introduced to examine the feasibility of collecting food,
energy, and rainwater from rooftop installations [24] and the potential
of rooftop installations in urban self-sufficiency projects [25]. The
multifaceted potential rooftops provide include photovoltaic panels for
electricity production [26], rooftop greenhouses for schools [27], and
considerations in choosing between vegetated roofs and solar systems
[28]. Overall, these previous studies concluded that rooftop installations
like green roofs (GR) and photovoltaic panels (PV) provide multiple
benefits, including urban air quality improvement, energy balance, and
other diverse functionalities.

Nevertheless, to the best of the authors’ knowledge, this research
project is the first attempt to develop an approach for simultaneously
considering potential target buildings and feasible pollutant reducers,
furthermore combining them in the most efficient ratio. It is expected
that this multi-scale approach can provide clearer insights for decision-
makers and professionals in developing performance-based and place-
based knowledge in the field. This novel approach is first applied in
Tehran, a city with untapped rooftop potential and a serious air pollu-
tion problem. While the immediate focus rests on Tehran's unique
characteristics, specific pollutant-reducing alternatives, and existing
technologies, the applicability of this approach could extend beyond its
current boundaries — embracing diverse case studies, pollutant reducers,
and technological solutions — after considering the particularities of each
case study and applying the necessary modifications to the approach
steps.

A structural summary of this study is as follows. Section 2 defines the
framework, methods, and proposed model for this project, which

combines different tools, such as mathematical patterns, Geographic
Information System (GIS), and sensitivity analysis. Section 3 presents
the area under study by evaluating the potential and needs of the case
study, as well as determining the inclusive domain of the study. Section
4 applies this model to the case study and provides initial results by
presenting the feasible alternatives selection, optimization for these al-
ternatives, main indicators determination, data classification, and po-
tential scenarios definition. Section 5 aims to analyze these initial results
and discuss the final outcomes through performance assessment, prior-
itization of scenarios, sensitivity analysis, and investigation nearly zero-
emission building groups (nZEBs) on a city scale. Finally, Section 6
draws conclusions based on the significant interpretations and key
findings supported by the data presented while proposing future
research projects.

2. Methodology

The framework for the current research project has three main
phases, as presented in Fig. 1. First, the Boundaries phase specifies the
area under the study (Section 3). Second, the Model setting develops the
novel model through three steps (Section 4). Finally, the Results com-
mentary accomplishes analysis (Section 5). Notably, as shown in Fig. 1,
in the application process of this model, each step has partial outcomes
(PO) that are considered in the next steps.

Phase 1 (Boundaries, including step 1): this first phase determines the
requirements and capabilities of the case study while considering the
study scope. The PO for this step is the need for the city to reduce its air
pollution, the potential roofs provide to reduce air pollution for each
specific case study, and the limits determined for this research project.

Phase 2 (Model setting, including steps 2-4): the selection and opti-
mization of feasible alternatives in step 2 lead to the determination of
different potential pollutant-reducing alternatives. Then, the main in-
dicators determination and data classification in step 3 result in the
determination of different potential target building groups. Step 4 de-
fines different potential scenarios to attain initial general results by
combining potential pollutant-reducing alternatives with potential
target building groups considering their possible permutations with
each other. In step 4, initial general results are obtained by means of (a)
results from feasibility studies to quantify the performance of each
pollutant-reducing alternative; (b) mathematical patterns to optimize
the combination ratio of these alternatives; and (c) GIS to combine
different data layers and surface quantification as well, on target
building groups; as explained in detail in Section 2.1.

Phase 3 (Results commentary, including step 5): follows the model
planned in the previous phase to evaluate and examine the results.
Analysis in this step intends to (a) assess the capability of defined sce-
narios to mitigate air pollution on a city scale, (b) suggest proper pri-
oritization to find the most suitable scenarios in the area under study,
and (c) prove the robustness of the proposed model with the help of
sensitivity analysis. Finally, decision-making is achieved by applying the
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proposed model and finalizing the findings investigation to adopt the
optimal solutions and approach nZEBs on a city scale.

2.1. Model setting

The presented method in Fig. 2 involves two research steps (steps 2 &
3) to define the potential scenarios in step 4, as described in the
following paragraphs.

This model selects the feasible pollutant-reducing alternatives for
each case study by considering (a) sustainability, (b) effectiveness, and
(c) viability, following the research within available technical literature,
according to the environmental assessment, performance evaluation,
stakeholder engagement, and relevant standards. More explanation
regarding feasible alternatives selection for the case study is presented in
the corresponding results section (Section 4.1.1). Additionally, since
different pollutant-reducing alternatives vary in their potential and ad-
vantages, a suggestion to use both systems simultaneously can result in
the highest benefits. In this regard, by defining the proper combination
ratio, sustainability activities may be better coordinated to improve
their fit under varied and unique settings to optimize performance ef-
ficiency [28]. The aforementioned step 2 applies mathematical patterns
for optimizing and determining the most efficient combination ratio. An

example of the way to utilize mathematical patterns in optimizing the
combination of feasible pollutant-reducing alternatives for the case
study is available in detail in the corresponding results section (Section
4.1.2).

This study determines potential target building groups for prioriti-
zation of the rooftops to apply because it is an essential strategy to
achieve the highest performance by facilitating and accelerating the real
future implementation [22]. This acceleration is obtained by concen-
trating governance supporting systems and incentives, such as facilities,
special regulations, tax exemption, financial loans, extra education, etc.
Defining these potential target buildings is done based on the charac-
teristics of each case study regarding the applicability of rooftops in the
area under study. To this end, it appears that determining suitable
building groups to apply pollutant reducers necessitates considering
nuancing and a variety of relevant parameters [29]. To achieve this, the
determinant indicators are defined generally, and then the significant
ones for each specific case study are investigated and determined.
Choosing the crucial indicators also makes the proposed model agile to
apply by the stakeholders. A more detailed explanation of the way to
define general determinant parameters is presented in the following.

The categorization of different indicators to determine target build-
ings is established on three aspects of urban, building, and construction,
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as shown in Fig. 3. This consideration and its investigation are based on to attempt to discriminate enough when defining each indicator to avoid
authors’ knowledge, seminars held by multidisciplinary experts, and overlapping and similarity. Additionally, some parameters without sig-
current technical literature. Overall, along with influence, it is necessary nificant effects, such as building geometry, or some factors with a similar
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Fig. 3. Indicators tree for rooftops selection by physical/direct-impact parameters.
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impact on the whole city, like urban form, are not considered in this
study.

This research project focuses on physical indicators with a direct
impact that is summarized in the following lines. (U;) Land-use zone
includes, for example, residential, services, etc. (U;) Topography can be a
considerable factor for some alternatives, such as wind turbines affected
by wind force to work since the intensity and direction of airflow are
influenced by the topography of the region [30,31]. (Us) Urban Road
width would be effective when two buildings of different heights are
located on opposite sides of a road’s edges. Consequently, the shorter
building can be in the shadow of the taller one. (B;) Building height is the
number of storeys and approximates the height scale of the building.
(By) Project surface scale is the plot area and indicates the surface scale of
the building. (B3) Roof shape in cities may contain different forms in
section - i.e., flat, pitched - or in the plan - i.e., rectangular, U-shape.
(C1) Roof finishing takes into account the building materials which cover
the external layer of the roof. (Cy) Roof loading ability is considered a
technical matter to adding rooftop installations, which can become a
barrier for buildings without enough structural stability to accept new
dead loads [32]. (C3) Structure type of buildings can play a role in the
compatibility of rooftop applications with underlayers for installation
and utilization [32].

After determining the main indicators for each specific case — which
is described specifically for the case study in the corresponding results
section (Section 4.2.1) — the aforementioned step 3 uses GIS for data
screening. Because of that, screening and data classification based on
various indicators need a tool capable of combining different data layers
— belonging to different indicators - at the same time. In this sense, GIS
as a location-based platform provides the required possibility [33,34].
To do so, it is needed a detailed urban plan with the specific attributes of
each parcel (lot) in the GIS format. After determining the main in-
dicators for the target buildings of the case study, it is necessary to
generate a data layer based on the first indicator and extract the parcels
that have the chosen feature relevant to this first indicator. Then filter
the generated layer by assigning the next indicator values and extract
the parcels have the chosen feature relevant to this second indicator
again, and continue this approach until applying the last indicator. In
this way, the final level provides an overlapped analysis of various data
layers containing diverse information. GIS is used again to quantify the
roof area of target building groups as well. An example of applying this
approach to the case study is available in the results section (Section
4.2.2).

3. Area under study
3.1. Case study

Tehran, the most populated and largest city in Iran [7,8], is consid-
ered the case study in this research project (Fig. B.1). Tehran is one of
the most heavily air-polluted megacities on the globe due to urbaniza-
tion, population growth, industrial development, and increasing fossil
fuel consumption [35,36]. The air pollution situation in Tehran —
explained in detail in the former study [7] - reveals that particulate
matters (PMs) are the most critical urban air pollutant in this case study;
meanwhile, CO, emissions account for the most significant GHG in
general [37,38].

According to a world bank report (April 2018), Tehran was ranked
12 worldwide in terms of PMq air pollutants among 26 megacities
[35]. This occurs while Tehran’s ranking has been 9" across the same 26
megacities in terms of PMy 5 in 2021 [39]. Moreover, among 500 high
carbon footprint cities, Tehran was ranked 14™ in the world [40]. Air
pollution not only poses critical problems for citizens’ health and life
quality but also causes a force on economic costs [41-46]. In this sense,
more than 4000 annual premature deaths are caused merely by PM3 5
emissions, and 2.6 billion US dollars in losses per year are due just to the
side effects air pollution has on human health in Tehran [35].
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Accordingly, Tehran faces an urgent need for a proper strategy to
mitigate urban air pollution in different sectors. For instance, the
transportation and traffic department head for the Tehran municipality
carried out the “proposed plan to mitigate Tehran’s air pollution” from
its specific viewpoint. Meanwhile, there is considerable potential in the
building sector for unused rooftops to contribute to improving air
quality in Tehran, which has not been addressed yet. This occurs while
city managers in Tehran require such a contribution since the air
pollution problem has always been one of the government’s serious
concerns. In this regard, Iran passed its first national clean air regulation
in 1975 and 20 years later adopted its first Clean Air Act (CAA) in 1995
[47]. The last CAA version was approved by parliament and announced
by the president in 2017 [48]. Moreover, significant potential sunlight is
available in Iran, with nearly 300 sunny days on most of its land. The
average daylight duration is 2800 h per year, higher than the universal
mean [49].

3.2. Study scope

Besides the geographical scope defined in the case study section
(Section 3.1), the main study scope considered in this research project
focuses on rooftops in different urban areas. In this sense, this study also
focuses on feasible pollutant-reducing alternatives, among available
pollutant reducers, to install on rooftops.

Moreover, it is important to note that this research considers the
simultaneous need to mitigate PM and CO; emissions as the main pol-
lutants of interest for the case study. Additionally, this research project
focuses on environmental outcomes, though economic assessment con-
cerning costs and benefits from different aspects can examine the
model’s acceptability for implementation from the financial viewpoint.

Furthermore, as mentioned in Section 2, only physical parameters
are considered to determine potential target buildings in this study. Non-
physical parameters with indirect impacts are often associated with the
occupants’ needs and motivations, which require other demographic
evaluation and specialized sociological studies beyond this study.
However, since all criteria can be useful and bear weight for other
boundaries, a brief description concerning examples of non-physical
indicators is provided in Appendix A.

4. Results

This section explains in detail the second phase of the research
framework for the validation case, as defined in the methodology section
(Section 2).

4.1. Pollutant-reducing alternatives

This section determines pollutant-reducing alternatives for the case
study (step 2, PO 2) by selecting feasible alternatives (Section 4.1.1) and
optimizing these alternatives (Section 4.1.2).

4.1.1. Feasible alternatives selection

Following the aforementioned in Section 2, (a) sustainability, (b)
effectiveness, and (c) viability are considered to choose feasible
pollutant-reducing alternatives in this study, as described here.

(a) Sustainability: GR and PV systems, two of the highest trending
options, are both sustainable practices that compete in building
projects [12,28,50]. Previous relevant studies have already
developed models capable of selecting the most sustainable do-
mestic GR and PV applications for the case study [7,8]. The
sustainability level, a key performance indicator in sustainable
urban development, was considered based on three pillars; eco-
nomic, environmental, and social aspects [51]. Accordingly,
building-attached photovoltaics (BAPV) and semi-intensive green

78



S.H. Banirazi Motlagh et al.

roofs (SIGR) represent the most suitable types with the highest
sustainability level in each alternative group for the case study.

(b) Effectiveness: GR and PV systems are considered effective mea-
sures to mitigate both PM and CO, emissions in urban areas like
Tehran due to the following reasons:

PM reduction: 1) GRs possess the capability to alleviate PM levels by
acting as filters. The layers of vegetation on GRs capture and absorb PM
from the air, reducing its presence. The plants’ foliage plays a crucial
role in capturing airborne particles [7]. 2) PV panels do not directly
contribute to PM reduction; However, their generation of clean elec-
tricity offers an indirect benefit. By diminishing reliance on fossil
fuel-based power plants, which are significant PM emitters, PV systems
can help decrease PM emissions associated with electricity generation.
This transition to solar energy can also substitute the habitants’ con-
sumption of fossil fuel-based resources, such as natural gas [8].

CO; reduction: 1) GRs indirectly contribute to CO, reduction by
acting as carbon sinks. Through photosynthesis, the plants on GRs
absorb carbon dioxide, thus mitigating its concentration in the atmo-
sphere [7]. 2) PV panels play a direct role in reducing CO; emissions.
They generate electricity from sunlight, a renewable and sustainable
energy source, thereby replacing fossil fuel-based electricity generation.
Additionally, PV systems can substitute the consumption of fossil
fuel-based end-use resources like natural gas, resulting in further CO,
reduction [8].

Results from relevant previous studies revealed that BAPV enables
avoiding 211 kg/m2 CO, emissions and 1.2 g/m? PM pollutants annu-
ally; Likewise, SIGR can mitigate 4.8 kg/m? CO; emissions and 52.4 g/
m? PM pollutants per year [7,8]. In this sense, some other alternatives,
like photocatalytic materials — such as TiO2, which absorbs NO; pol-
lutants [52] — are not effective for Tehran since NO; is not a critical air
pollutant in this specific case study [53].

(c) Viability: Although other alternatives can contribute to urban air
pollution mitigation, GR and PV are known viable ones for Teh-
ran city as a specific case study. For instance, wind turbines as
renewable energy producers are not viable nor affordable to
apply to most residential buildings due to their high costs, vast
needed spaces, and structural stability problems in implementa-
tion and operation. Unlike wind turbines, GR and PV operate
silently and safely, seamlessly integrating with the rooftop envi-
ronment and preserving the visual appeal of residential areas.
Additionally, it can be challenging to find suitable locations with
sufficient wind speeds for wind turbines in urban areas, such as
Tehran. Bear in mind that Tehran has a predominantly high solar
irradiation level throughout the year. As a result, Tehran is an
ideal location for harnessing sunlight, which helps make PV and
GR viable options for residential rooftops.

It is important to note that while PV and GR as feasible alternatives
provide environmental benefits, the magnitude of their impact on
reducing air pollution depends on various factors, such as coverage,
implementation scale, and the potential of their combined use.

4.1.2. Optimization of alternatives used in combination

Since the potentials of PV and GR vary, determining the most effi-
cient set in their combined use would be necessary to achieve the highest
total performance. Several studies have been conducted in the PV and
GR integration area. For instance, M. E. Abdalazeem et al. (2022) [54],
M. C. Catalbas et al. (2021) [5], K. Bao et al. (2021) [50], A. Jahanfar
et al. (2020) [55], M. Ramshani et al. (2020) [12], B. Y. Schindler et al.
(2018) [56], M. S. P. Moren and A. Korjenic (2017) [57], Chr. Lamnatou
and D. Chemisana (2015) [58], Chr. Lamnatou and D. Chemisana (2014)
[59] submit studies. Unlike these studies, mixing two alternatives
(installing PV panels in the lawn area) is not taken into account in this
research. Because of that, the integration of SIGR — consisting of shrubs —
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with BAPV panels in the same platform faces problematic technical is-
sues for implementation and maintenance in this case study, as well as
interference in the function of each system. Compound alternative (CA)
in this study puts potential alternatives together for simultaneous utili-
zation side by side. According to the statistical information relevant to
Tehran city, the total annual carbon footprint is 104.4 x 10° kg COy
[40], and total PM emission is 8.601 x 10° g PM per year [60,61].
Considering the ability of each alternative to reduce air pollutants — as
mentioned in Section 4.1.1 — calculating the annual efficiency of one
square meter of each alternative to reduce emissions is derived from
Equation (1) as follows:

Ew=Pu/Ta @

where Ej,, is the annual efficiency of pollutant-reducing alternative (i) to
reduce pollutant (n) per square meter; P;, is the potential of alternative
(i) to reduce pollutant (n) per square meter per year; and T, is the total
amount of the pollutant (n) emitted in the case study per year.

o Efficiency of BAPV to reduce COy: (Epc) = 211/(104.4 x 10 9) —
(2.021 x 10°) %

o Efficiency of SIGR to reduce COy: (Ege) = 4.8/(104.4 x 10 9=
(0.046 x 10°) %

o Efficiency of BAPV to reduce PM: (Epp) = 1.2/(8.601 x 10 %) =
(0.139 x 10°) %

o Efficiency of SIGR to reduce PM: (Egp) = 52.4/(8.601 x 10 9) =
(6.092 x 10°°) %

Assuming a combination of two alternatives at a ratio of x% GR (Eg(,
Egp) with y% PV (Epc, Epp), total efficiency to mitigate CO, and PM is
obtained from two functions of f (x, y) and f* (x, ¥) (Equation (2)),
respectively as follows:

f(x,y) =x-Ecc+Yy-Epc 2)
f(x,y) =x-Eqp+y - Epp

Where the aforementioned efficiency factors are constant values, and
(y= 1-x); Consequently, these two functions are simplified as follows
(Equation (3)):

f(x) = (2021 -1.974 - x) x 107° 3)

f'(x) = (0.139 +5.951 - x) x 107°

Both total efficiencies to reduce CO, and PM emissions must be at the
highest possible levels at the same time to find the best combination
ratio, considering that simultaneous mitigation of PM and CO, are
required in this case. In other words, simultaneously indicating the
highest value points of two functions is required. To do so, it is necessary
to draw two functions’ graphs and then specify their intersection points.
The graphs would be in a linear model since, as aforementioned, it is
assumed each alternative has a specific potential to reduce pollutants,
and the total amount of the pollutants emitted in the case study is
specified as well; thus, efficiencies would be as constant values
depending on its contribution share in the CA, which would vary be-
tween 0% and 100%, as illustrated in Fig. 4. The area under graph f (x)
indicates the possible efficiency to reduce COg; In the same way, the area
under graph f* (x) shows the possible efficiency to reduce PM. As a
result, the highest total efficiency value is measured at a point of 24%
SIGR - and consequently 76% BAPV — in the case of sharing two sets.
Likewise, when converting the variable of x to y, where (x= 1-y), a
similar outcome will be obtained from the integration of f (y) and f* ()
functions. Accordingly, by considering the aforementioned ratio and
each alternative’s ability, an optimized CA is capable of preventing
161.5 kg/m? CO, and 13.5 g/m? PM per year. To sum up, a 3:1 com-
bination ratio can be assumed to simplify the executive stage to achieve
the most efficient set.
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Fig. 4. Adaptive graphs to determine most efficient combination ratio.

4.2. Target building groups

This section determines target building groups for Tehran (step 3, PO
3) by determining the main indicators (Section 4.2.1) and presenting the
data classification in detail (Section 4.2.2).

4.2.1. Main indicators determination

According to the strategy described in Section 2, determining the
main indicators in this study is obtained based on the authors’ knowl-
edge, technical literature — such as Chung (2018) [6] & Thebault et al.
(2020) [22] -, and the experts’ panel contribution. The main panel
contains twelve multidisciplinary experts, including environmental
scientists, engineers, urban planners, city and policymakers,
the same as consulted — and explained - in the relevant previous studies
[7,8]. As a result, the three determined main indicators for the case
study are: (U1) land-use zone, (B1) building height, and (B2) project surface
scale.

1) Included indicators: (U1) Land-use zone is a crucial parameter for
rooftop applications because, besides the dependency of occupants’
requirements and stimulants on the usage type [62], it is necessary to
determine the most common zone type to achieve the highest per-
formance and feasibility on the city scale. (B1) Building height is a
significant indicator considering that the sun exposure rate is a vital
issue for rooftop applications and short height buildings have a
greater probability for less sun exposure due to lying in the shadow of
more surrounding obstacles than taller ones [63]. (B2) Project surface
scale is also a substantial issue in this study since the availability of
the area needed on a rooftop affects the feasibility and performance
of the applications.

2) Excluded indicators: The other indicators have not been considered
as main issues for this specific case study due to the following reasons
— however, they may be considered for other potential case studies
depending on the characteristics of each case: (U2) Topography is
excluded after considering GR and PV systems as feasible alternatives
relying on previous studies [7,3], as described in detail in Section
4.1.1. (U3) Urban Road width, in this case, the narrower the pathway,
the more intense this effect will be. However, regardless of minor
diversities in the buildings’ form, it is assumed that normally all
buildings on each side of the road comply with a similar general
pattern in typology and are placed together without distance — as in
Tehran. According to Tehran’s detailed urban plan, by default, the
built area must locate on the north side of the land — unless in

exceptional cases — as shown in Fig. 5. Such planning results in
creating courtyards as buffer areas between buildings located on
opposite sides of the road thus can considerably neutralize the road
width effect. Hence, in this regard, there is usually no serious prob-
lem for this specific case study. (B3) Roof shape is not chosen for this
case study considering that the vast majority of Tehran's roofs are
flat and other shapes are scarce. (C1) Roof finishing is not considered
for this case study because most buildings in Tehran use cement tiles
or asphalt as roof finishing, and both of them are suitable pavements
for rooftop installations. (C2) Roof loading ability, according to the 8™
topic of the Iranian Building National Regulations (Section 8.5.5.2),
buildings with less than three storeys — in which the roof level is not
higher than 8 m from the ground’s average level — do not need
reinforcing structure and can be constructed by masonry materials
[64]. Therefore, there is more probability of loading capability
weakness for buildings of less than three-storey. Hence, excluding
this indicator depends on considering or discarding less than
three-storey buildings for this case study, which is explained in the
following section (Section 4.2.2). (C3) Structure type is not considered
for this case study because most building structures in Tehran are
concrete or steel frames, both of which are suitable for rooftop
installations.

4.2.2. Data classification
The data used for this classification is obtained from Tehran's
detailed urban plan, approved by the Iranian Supreme Council of
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Fig. 5. Typical arrangement of buildings (built area) and courtyards (open
area) in Tehran urban planning.
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Architecture and Urban Planning (ISCAUP). Using GIS to overlap
different data layers - containing diverse information on U1, B1, and B2
as significant indicators - results in the building groups categorization
for this case study, as shown in Appendix B and explained in the
following lines.

(U;): Land-use general zones in Tehran’s detailed urban plan are
demonstrated in Fig. B.2. Residential zone, including 84.15% of the
total number of parcels, is the most common land-use type in Tehran,
as presented in Table B.1. Hence, this study chooses the residential
land-use zone due to the following reasons: 1) being the most
abundant and common type, this usage format enables the highest
performance achievement for rooftop applications on a city scale; 2)
inhabitants’ permanent motives and needs can help rooftop revital-
ization and usability - especially in the case of residential apartments
faced with a shortage of open spaces; 3) a rather short reconstruction
term for residential buildings in Tehran (on average 50 years), allows
for the quick and cost-effective implementation of rooftop in-
stallations during the construction stage.

(B1): Building height features based on Tehran’s residential detailed
urban plan are shown in Fig. B.3; Additionally, Table B.2 presents the
corresponding classification in this study. The current study focuses
on medium height (MH) and high height (HH) residential buildings.
Short height (SH) buildings are not considered suitable cases for
rooftop applications in this study due to these reasons: 1) it is highly
probable these short buildings are located in the shadow of adjacent
taller buildings or obstacles [6]; 2) as previously mentioned in Sec-
tion 4.2.1, buildings without the reinforced structure are mostly less
than three-storey, which face construction loading capability prob-
lems to add more loads; 3) according to the 15™ topic of the Iranian
Building National Regulations (Section 15.2.1.2), buildings with a
vertical path length of more than 7 m from the main entrance
(normally, more than three-storey) require an elevator [64]. There-
fore, most SH buildings have no elevator, thus causing difficulty in
rooftop access for occupants; 4) SH buildings include one, two, or
three storeys — that accommodate one or a limited number of families
— usually do not provide enough motivation for occupants to use
rooftops due to the simple access to their private courtyard. Fig. B.4
shows examples of SH, MH, and HH buildings in Tehran.

(B2): Project surface scale classification, derived from plots area
scale, is presented in Table B.3 for medium height (MH) and high
height (HH) residential buildings in Tehran. This study focuses on
residential buildings located in medium, large, and extra-large area
plots (MA, LA, and EA). Buildings in the small area (SA) plots are not
considered suitable cases in this study due to the shortage of avail-
able rooftop space after subtracting the courtyard surface (the
courtyard usually encompasses at least 40% of the plot area). This
problem becomes more apparent considering interference by eleva-
tors & staircases, chimneys, air conditioning equipment, etc., on the
roof. Notable, the small area plot definition in this research is based
on the ISCAUP standards.
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Further information on building regulations for Tehran residential
zone is available in Appendix C.

4.3. Potential scenarios

Based on the data provided previously in Section 4.1, it is possible to
consider three pollutant-reducing alternatives consisting of PV, GR, and
CA. Likewise, what was mentioned in Section 4.2 leads to defining six
potential residential groups (Uy), including different potential features
of height (B;) and surface scale (B;). These possible target building
groups consist of medium height buildings in medium area plots (MH-
MA), medium height buildings in large area plots (MH-LA), medium
height buildings in extra-large area plots (MH-EA), high height buildings
in medium area plots (HH-MA), high height buildings in large area plots
(HH-LA), and high height buildings in extra-large area plots (HH-EA).
Consequently, the integration of potential pollutant-reducing alterna-
tives with potential target building groups results in 18 possible sce-
narios, as presented in Table 1. This way, the ability of each potential
scenario to reduce CO; and PM is estimated by means of 1) the capability
of each pollutant-reducing alternative as explained in detail in Sections
4.1.1 & 4.1.2; 2) a combination of different GIS-based data layers on a
city scale for quantitation of each scenario’s land area; and 3) building
regulations for each specific 3-digit residential code, available in
Table C.1, to estimate total roof area for each scenario. In theory, for
quantitation, it is assumed the entire roof is covered by a pollutant-
reducing alternative, though in the executive stage, some obstacles
can arise, such as chimneys, elevator rooms, and air conditioning
equipment. Quantities in the last column in Table 1 indicate the total
potential of the residential sector (R) — excluding SH and SA residential
groups — using each pollutant reducer in the entire city of Tehran.

5. Analysis and discussion
5.1. Performance assessment & prioritization of scenarios

In terms of different pollutant-reducing alternatives, as presented in
Fig. 6 strength of the PV alternative is in reducing CO, emissions, while
its weakness is in mitigating PM pollutants. Contrarily, the GR alterna-
tive is outstanding in PM pollutant mitigation, whilst its defect is in CO,
emissions reduction. Nevertheless, a CA appears strongly significant in
both CO3 and PM decrement. The results demonstrate that in the case of
applying an optimized CA to six groups of potential residential build-
ings, it is possible to obtain a crucial achievement of more than a 9%
reduction in both total CO; and PM emissions in Tehran at the city level.
In this sense, total CO; and PM emissions imply CO, and PM emitted
from all sectors, i.e. the building sector in both operation and con-
struction phases, the industry sector, the transport sector, and others.

This way, though CA causes a decrease in PV efficiency to reduce COy
emissions as well as GR efficiency to mitigate PM pollutants, this optimal
alternative enables a significant increase in CO, reduction potential
compared with GR alternative (more than 33 times) meanwhile provides

Table 1
Potential of different scenarios to reduce CO, & PM pollutants in Tehran per year.
MH-MA MH-LA MH-EA HH-MA HH-LA HH-EA Total

Roof area (m?) 29,566,807 10,681,285 17,952,911 2078 237 165,507 58,368,825
Pollutant reducing
PV
CO, (kg) 6,238,596,277 2,253,751,135 3,788,064,221 438,458 50,007 34,921,977 12,315,822,075
PM (g) 35,480,168.4 12,817,542 21,543,493.2 2493.6 284.4 198,608.4 70,042,590
GR
CO, (kg) 141,920,673.6 51,270,168 86,173,972.8 9974.4 1137.6 794,433.6 280,170,360
PM (g) 1,549,300,686.8 559,699,334 940,732,536.4 108,887.2 12,418.8 8,672,566.8 3,058,526,430
CA
CO, (kg) 4,775,039,330.5 1,725,027,527 2,899,395,126.5 335,597 38,275.5 26,729,380.5 9,426,565,237
PM (g) 399,151,894.5 144,197,347 242,364,298.5 28,053 3199.5 2,234,344.5 787,979,137
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Fig. 6. Total efficiency of each alternative using six groups of p

a remarkable increase in PM mitigation potential compared with PV
alternative (more than 11 times), as shown in Fig. 6. Notably, the total
efficiency of each alternative was obtained by dividing its total potential
estimate (quantities in the last column in Table 1) by the total amount of
the pollutant (n) emitted in the case study per year (T}, as mentioned in
Section 4.1.2).

In terms of different target building groups in the residential zone (Uy),
the results presented in Fig. 7 reveal that MH-MA (medium height
buildings in medium area scale) is the most appropriate collection for all

20.00%
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| target buildings on the city-scale.

three alternatives - i.e., PV, GR, and CA - either to reduce CO;, emissions
or to mitigate PM pollutants. Regarding the building height indicator
(By), the residential HH group (high height) could not be as effective as
the residential MH group (medium height). Additionally, when consid-
ering the project surface scale indicator (By) for the MH group, resi-
dential MA (medium area) is the most effective group, and the
subsequent priorities are EA (extra-large area) and LA (large area),
respectively, for all pollutant-reducing alternatives to both CO2 and PM
decrement. From the viewpoint of different pollutants: 1) in the case of
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exploring CO; reduction, the three first-ranked scenarios are PV/MH-
MA, CA/MH-MA, and PV/MH-EA, respectively; 2) while in the case of
tracking PM mitigation, GR on MH buildings in all potential area scales
accounts for the best solutions (GR/MH-MA, GR/MH-EA, and GR/MH-
LA, respectively).

5.2. Robustness proof (sensitivity analysis)

This study considers a variety of ratios to combine pollutant-
reducing alternatives besides the optimized ratio acquired in the re-
sults section (Section 4.1.2). This assumption, as additional analysis,
provides more evidence to prove the validity and reliability of the results
and check the possibility of findings an investigation error. In this way,
the stacked bar chart presented in Fig. 8 demonstrates the proportion
between the contribution of each assumed CA in reducing CO; and the
contribution of the same option in mitigating PM. This investigation
reveals the combination ratio of 3:1 (PV:GR) is the optimum option
when the stakeholders require efficiency to mitigate PM and CO;
emissions simultaneously. Additionally, the optimized CA is closer to the
PV alternative, which confirms that, generally, PV is more suitable than
GR in Tehran as a specific case study. However, a higher rate of PV
presence in CA leads to more satisfactory solutions when stakeholders
are more sensitive to reducing CO,; meanwhile, a higher rate of GR
presence in CA results in more reliable solutions when stakeholders are
more sensitive to mitigating PM. The equality of contribution share in
the case of optimized CA to decrease PM and CO; emissions (50:50)
verifies the optimization accuracy attained by this study. In other words,
when optimized CA is approached, more balance will appear in overall
performance. This way, despite the highest achievement of CO; reduc-
tion using PV, this alternative is not acceptable enough due to the low
PM mitigation ability. Likewise, though GR coincides with the maximum
PM mitigation, this alternative cannot be adequate alone due to its
feeble capability to reduce CO; emissions. This fact reconfirms that the
CA can achieve an acknowledged apt performance in both CO, and PM
mitigation while enabling compensation for the weaknesses of PV and
GR simultaneously.

B

5.3. Approaching r
(nZEBs)

ial nearly zero ilding groups

Different strategies developing to attain nZEBs are of major impor-
tance and require swift application in the real economy, especially given
that the building sector is responsible for around 37% of global GHG
emissions [65]. This is while, among the operation and construction
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phases, the operational accounts for around two-thirds of the building
sector share, and among the residential and non-residential, the resi-
dential operation is responsible for 63% of emissions in the buildings’
operational phase [66]. Considering that the emissions related to the
building utilization process account for the highest proportion of the
total life cycle emission, they have drawn great research attention in
recent years [67]. The nZEBs approach in this study follows the corre-
lation between the share of increasing and decreasing of the most sig-
nificant 1s by the residential sector in the operation phase. This
concept intends to identify a group of residential buildings — on a city
scale — capable of balancing its share of the household sector in emitting
by its possible positive role in pollutant mitigating. As mentioned pre-
viously, CO, and PM account for the most significant pollutants in this
study; Therefore, compensation for their emissions can lead to reaching
nZEBs in this research project. Two parameters must be taken into ac-
count to determine the share of CO, and PM relevant to the household
sector: 1) the emission factors on combustion by power plants to supply
electricity, as well as from domestic natural gas consumption; 2) the
amount of electricity and natural gas consumption in the household
sector. It is worth mentioning that fossil fuels account for 94% of all
sources of electricity generation in Iran [68], and natural gas is by far the
dominant fossil fuel type used in Iranian power plants [69,70].

1) Emission factors: According to international emission inventory
guidelines — such as IPCC and EMEP EEA [71,72] — and related
technical literature — e.g. Refs. [8,69,73,74], — the emission factors
relevant to this study are as follows.

e CO, emission factor by powerplant electricity generation: 6 x 10 B
kg/GWh

e CO; emission factor from domestic natural gas consumption: 3 x
10 ° kg/GWh

o PM emission factor by powerplant electricity generation: 3.2 x 10
3 g/GWh

e PM emission factor from domestic natural gas consumption: 7.2 x
102 g/GWh

2) Energy consumption: According to the official Iran Energy Balance
Sheet, the annual shares by the household sector for energy con-
sumption in Tehran are as follows [75].

e Domestic electricity consumption: 12058.1 GWh/year
e Domestic natural gas consumption: 11169.6 x 10 ° m®/year

Additionally, based on the IPCC guidebook, the Net Calorific Value
(NCV) for natural gas is estimated at 35.7 MJ/. m? (equal to 9.91 kWh/m®
or 9.91 x 10 © GWh/m®) [72]. As a resuilt, estimating the annual CO,

50% 60% 70% 80% 90% 100%

H Contribution share to reduce PM (%)

ptions (on

ion ratio) to CO, and PM reduction efficiency.
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and PM emissions shares by the residential sector in Tehran, derived
from Equation (4), which presents the basic idea of emission calculation
using process-based methods [76], is as follows.

Emission share = Emission factor x Activity level data (4)

Where the emission factor refers to the emissions per unit of energy
used depending on the building energy types, and activity level data
refers to the items consumed in each sector (e.g., residential, industry,
transport, and others).

o Share of the household sector in CO; emissions: 40,442,080,800 kg/
year
o Share of the household sector in PM pollutants: 118,283,250 g/year

Comparing the aforementioned quantities to the contents of Table 1
reveals that utilizing an optimized CA in each residential MH group
enables a well-acceptable balance of the household share in PM emis-
sions. In other words, the residential MH group in each potential plot
area scale (MH-MA, MH-LA, and MH-EA) can singly account for a Zero-
PM Buildings collection. This occurs while applying a CA to six groups of
potential residential target buildings (MH-MA, MH-LA, MH-EA, HH-MA,
HH-LA, HH-EA) at the same time can compensate for around one-fourth
of the household share in CO;, emissions. Accordingly, considering two
aforementioned parameters (emission factors and energy consumption),
in order to achieve Zero-CO Buildings collection, it is necessary to: 1)
replace fossil fuels with other clean energy sources; 2) decrease energy
demand by revising some measures, such as using less consuming &
higher efficiency devices [77] and modification of consumption patterns
while adopting more responsible consumption habits [78,79].

6. Conclusion

In conclusion, this study advances the current related literature
presented in the introduction by offering an innovative approach to air
pollution mitigation through rooftop utilization. The findings under-
score the potential of integrating feasible technologies while considering
specific urban characteristics. This research project investigates the
performance of rooftop installations to mitigate urban air pollution and
recommends optimum solutions on a city scale via a systematic
approach. Taking into account the proposed model, technical literature,
and specific findings, the novelty of this study relies on considering
feasible pollutant reducers and combining these feasible alternatives at
the most efficient ratio, meanwhile considering potential target build-
ings to achieve optimal city-scale solutions. This forward-thinking
strategy reflects a trend in contemporary literature that advocates for
synergistic approaches to environmental challenges [80-82]. Related to
Tehran, the first application for this new approach, the main specific
findings are as follows.

1) PV and GR are determined as sustainable, effective, and viable
pollutant-reducing alternatives, while the significant indicators to
categorize target building groups are land-use zone, building height,
and project surface scale.

2) Considering the weaknesses of GR - in reducing CO; — and PV - in
mitigating PM — the CA concurrently enables compensating for their
flaws while achieving an acceptable performance in CO, reduction
and PM mitigation.

3) The analytic mathematical outcomes reveal more contribution by PV
than GR in an optimized CA, which generally discloses more suit-
ability by PV for the specific case study of Tehran. In this way, the
most efficient ratio for the executive stage is simplified as 3:1 to
combine PV and GR.

4) Residential medium height in medium surface scale is the most
suitable target building group for all three pollutant-reducing alter-
natives (PV, GR, and CA), either in reducing CO, emissions or in
mitigating PM pollutants.
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5) Residential medium height in each potential surface scale is singly
capable of being a Zero-PM Buildings collection; this occurs while
applying CA to all six groups of residential target buildings enables
compensating for approximately one-fourth of CO, emitted by the
household sector.

6) It is conceivable to accomplish a significant achievement of more
than a 9% reduction in both total CO, and PM - emitted by all re-
sources and sectors in Tehran city — provided an optimized CA is
applied to six groups of potential residential target buildings.

By presenting a quantitative model that estimates the potential
reduction in emissions across different building groups, this study con-
tributes to the emerging field of urban air quality modelling. This sys-
tematic approach has satisfied the initial aim of being applicable to
different boundaries, locations, and air pollutant-reducing alternatives —
even new emerging options — in order to assist decision-makers and city
managers when programming to mitigate air pollution by providing new
insights and advancing the subject matter understanding. This adapta-
tion requires considering the particular boundaries, requirements, and
characteristics of each case study.

In light of the multidimensional nature of urban air pollution, the
proposed future directions for research align with the broader trend
toward integrated and data-driven decision-making [83,34]. Future
research projects are expected to follow and enrich the developed
approach by considering how different target buildings are distributed
throughout the city, as well as the concentration of air pollutants in
various urban regions. The coordination of these two data sets will lead
to more accurate local decision-making, as well as improve general
performance at the city level. In this sense, while maintaining the total
city-scale ratio to combine pollutant-reducing alternatives (for instance,
3:1 for PV:GR in this case), the assignment of dynamic ratio to specific
locations based on local parameters, such as type and source of the
critical pollutant, would be a beneficial possibility. Moreover, future
research regarding several critical urban air pollutants with various
coefficients is expected to incorporate multivariable equations and more
complex mathematical patterns. These are expected to be the next steps
towards an optimal city-scale model to assess rooftops performance on
air pollution mitigation. As the field of urban air quality management
continues to evolve, this study serves as a foundational stepping stone
toward more effective and tailored pollution reduction strategies in
cities.
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Appendix A. (Brief description of non-physical/indirect-impact indicators for roof selection)

At the urban level, per-capita income can affect the supply of the financial needs to develop environmentally friendly applications in the private
sector. In this regard, the high initial cost to implement most rooftop alternatives is a significant obstacle [85]. Residents’ financial afford, with the
assistance of local city management’s economic power, can solve this problem to equip buildings, whether for self-use or for increasing the property
value [86]. Population density & growth rate may become effective indicators when city managers and urban planners program per-capita urban
services, especially green spaces. In this regard, GI roof applications can be considered supplementary opportunities [87]. Public awareness helps to
deploy and develop rooftop environmentally friendly alternatives [88,59].

At the building level, family size & age range in the building scale are effective parameters for the rate of rooftop facilities usage. Large families,
elders, and children need more such facilities as GRs, thus resulting in a higher possibility of their implementation. Private/Multi-family usage affects
the inhabitants’ needs and motivation for the implementation and operation of rooftop facilities. Apartments’ inhabitants, consisting of multi-families,
are more faced with a shortage of open space [87] than private buildings, which can provide the desired area in the courtyard.

At the construction level, common rebuilt periods in each city ecosystem can affect owners’ motivation for rooftop revitalization. The short time for
buildings reconstruction makes it hard to justify the economic investment in old buildings more exposed to demolition and vice versa.

Appendix B. (Data classification for the case study)
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Fig. B.2. Detailed urban plan based on land-use general zones in Tehran.
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Table B.1

(Indicator U,): Land-use general zones in Tehran’s detailed urban plan

Building and Environment 244 (2023) 110746

Zoning Land-use Parcels number (No) Portion (%)
S Services 48152 5.32

R Residential 761013 84.15

M Mixed 83256 9.21

G Green 11968 1.32

Total 904389 100

i) SH Short height
| | MH Medium height
] HH High height

Fig. B.3. Residential detailed urban plan based on height features in Tehran.

Table B.2
(Indicator B;): Building height classification for the residential zone (R) based on Tehran's detailed urban plan
Specific 3-digit code Parcels number (No) Portion (%)
SH (storeys <3) Ri11, Rz, Ra1n, R212, Raz1, Raan, Roa 64148 8.43
MH (4 < storeys <6) Ry21, R122, Rys1, Rasy 696698 91.55
HH (7 < storeys) Ro61, Ros2, Ross 167 0.02
Total 761013 100

Note. SH = Short height; MH = Medium height; HH = High height.
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Fig. B.4. The proximity of buildings with different height features in the existing part of the city (marked in Fig. B.3 in yellow) & Demonstrating examples of real SH,
MH, and HH buildings in Tehran city.

Table B.3
(Indicator By): Plot area classification for (MH) and (HH) residential (R) based on Tehran's detailed urban plan
Parcels number (No) Area (m?) Portion, S (%)
SA (S < 200 m?) 487908 52491147 34.59
MA (200 m? < § < 500 1!12) 172340 50348843 33.18
LA (500 m? < S < 1000 1112) 26876 18155249 11.97
EA (1000 m? < S) 9741 30732677 20.26
Total 696865 151727916 100

Note. SA = Small area; MA = Medium area; LA = Large area; EA = Extra-large area.

Appendix C. (Specific building regulations for 3-digit residential codes)

Table C.1
Residential (R) zone classification in Tehran's detailed urban plan
2" Jevel zoning Sub-zone Specific 3-digit code Number of storeys (No) Built area ratio (%) Density (%)
R, (General residential) Ry (Low density) Rin 2 60 120
Rixd 3 60 180
R;2 (Medium density) Rz 4 60 240
Ring 5 60 300
Ry3 (High density) Rya) 6 60 360
R (Special residential) Rz (Rural valuable) Ry 2 50 100
Rapz 3 40 120
Ry (Historical valuable) Ra2p 2 50 100
Ra3 (Contemporary valuable) Ra3p Stabilization of current status
Ry4 (Green valuable) Roa; Extremely limited under special instructions
Rys (Special central zone) Rasy 5 50 250
Ras (Special axles & zones) Rae) 7 40 280
Rasz 9 35 315
Rogs 12 & more 30 Up to 600
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Discussion and partial findings

This chapter contributes to Phases 4 and 5 of this research framework by evaluating the results and
observing optimized planning on a city scale. Both the collaboration and complicity of the organized and
relevant publications in this thesis project lead to a unified analysis of findings and achieve an applicable
evaluation. Overall, this research highlights the pressing problem of environmental degradation, with a
focus on air pollution in urban areas. It emphasizes the significance of addressing these issues in line with
global development goals and sustainable development principles. The study underscores the need for cities
to take proactive measures, including optimizing rooftops and implementing green infrastructure (GI), to
reduce air pollution and contribute to a more sustainable future. In this sense, after the definition of the
boundaries and context of this research and following the first specific/sub-objective (S-OBJ-1) —
mentioned in Chapter | — feasibility studies resulted in determining green roof (GR) and photovoltaic (PV)
systems as feasible alternatives for the specific case study. Determinant parameters considered to specify
feasible pollutant-reducing alternatives were (a) sustainability, (b) effectiveness, and (c) viability, as

explored in the first research question — mentioned in Chapter 1 —and explained in detail in the publications.

Following S-OBJ-2, the next step was analyzing the suitability of different types of GR to reduce
urban air pollution via developing a new MIVES-based sustainability assessment model. The definition for
this model relied on aids of SWOT, AHP, and sensitivity analysis to assist stakeholders in achieving the

objective decision since it gives easily comparable sustainability indexes (SI) for each alternative within
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different scenarios. This novel model was first applied to assess the sustainability of three GR alternatives
— semi-intensive, intensive, and extensive GR (SIGR, IGR, and EGR) — to determine the most suitable
solution for the air-polluted Tehran city. Results revealed that SIGR is the most suitable type for this case
study, obtaining the highest global SI (56%) with an ability to increase by up to 67%. As presented in Figure
4.1, SIGR provides the best performance among others in terms of environmental requirements (Vr2: 65%).
Taking into account the most crucial indicators in reducing air pollution, this alternative achieved the
highest satisfaction value for the emission criterion (94%). This is while, after excluding non-residential
lots, short-height buildings, and small-area plots, Tehran has 208,957 potential rooftops with an area of
58,368,825 m? (as explained in detail in article C). Following the S-OBJ-3, relevant analysis based on
Tehran’s characteristics and specifications estimated that each square meter of SIGR is capable of reducing
52.4 ¢ PM/m? and 4.8 kg CO,»/m? per year. The capacity to absorb PM was calculated taking into account:
1) flux — considering the deposition velocity and pollutant concentration, 2) surface — considering surface
area index (SAI) and surface area under analysis, and 3) period — considering the analysis period, proportion
of dry days, and proportion of in leaf days. Meanwhile, the CO, reduction capacity was gauged considering
the CO:; sequestration potential by shrubs. Consequently, annual decrements of 3,058,526,430 g PM and
280,170,360 kg CO, are possible by applying SIGR on merely selected potential rooftops. From the
sustainability aspects point of view, SIGR accounts for an outstanding social-environmental alternative as
shown in Figure 4.1. The suitability for SIGR was proven to be robust in different weighting scenarios with
diverse preferences. Whilst, its sustainability performance was greater when environmental requirements
drove the decision-making process. The analysis of the resulting SI for SIGR in this specific case study
found that the implementation cost — with a satisfaction value of 3.9% — and energy balance — with a
satisfaction value of 7.6% — are the main weaknesses of this alternative. Nevertheless, this analysis also

confirmed that it would be possible to achieve 11% higher SI in the case of resolving these flaws.
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Figure 4.1. Sustainability main requirements for green roofs
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In the same way and also following S-OBJ-2, a model to assist decision-makers in choosing the
most suitable domestic solar energy systems was developed focusing on urban air pollution mitigation. This
model incorporated MIVES, SWOT, AHP, and sensitivity analysis to evaluate building-attached
photovoltaic and building-attached photovoltaic/thermal (BAPV and BAPV/T) utilization for Tehran
residential rooftops. The objective decision to determine the most suitable solution, obtained from this new
model, provides comparable SIs for each type of solar system applying a variety of scenarios. This
assessment revealed that BAPV is a more suitable option than BAPV/T for this case study, obtaining a
higher sustainability value with a global SI of 60.5%. Taking into account S-OBJ-3, results revealed that
for the context of Tehran BAPV is capable of mitigating 211 kg CO»/m? and 1.2 g PM/m? per year. The
potential of avoided CO, and PM were estimated considering: 1) emission factors of each on combustion
by power plants to supply electricity, and 2) emission factors of each for domestic boilers burning natural
gas. Consequently, annual avoiding of 12,315,822,075 kg CO; and 70,042,590 g PM are attainable by
applying PV on only selected potential rooftops with an area of 58,368,825 m?. As presented in Figure 4.2,
from the sustainability aspects viewpoint, this type of solar system accounts for a prominent socio-economic
alternative for residential buildings, though its energy generation efficiency still has significant room for
improvement. Although findings proved that BAPV/T is neither an economical nor social alternative so far
(Vri: 26% and Vrs: 28%), it can be a reliable solution when stakeholders are more sensitive to
environmental requirements (Vr2: 84.5%) considering its high energy production ability and significant
potential to reduce air pollution. This is while the analysis of the resulting SI found that the most critical
obstacle to BAPV/T development in Iran is the lack of a clear financial incentive plan to avoid natural gas
consumption. In this regard, it would be possible to improve the BAPV/T satisfaction level up to the SI of
the BAPV through a purchase guarantee of produced solar thermal energy, even at the rate of 38% tariff to
purchase solar electrical energy. Overall, compared to GRs, solar energy systems are outstanding in energy

production and CO; saving potential, while the PM reduction potential of solar systems is lower than GRs.
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Figure 4.2. Sustainability main requirements for solar systems
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It is crucial to note that while PV and GR are feasible alternatives with positive environmental
effects, the magnitude of their actual impact on air pollution mitigation will rely on various parameters,
including their potential for combined use, implementation scale, and coverage. This way, the immense
potential of seamlessly integrating feasible technologies while taking into account specific urban
characteristics was highlighted in this step. To do so, the proposed synergistic strategy examined feasible
pollutant reducers and combined these alternatives at the most efficient ratio, meanwhile considering
potential target buildings. Developing this model followed S-OBJ-4 and delved into the performance of
rooftop installations in alleviating urban air pollution and proposed optimal city-scale solutions through a
systematic process. Related to Tehran, which validated this new model being its initial application, the
significant indicators to categorize target buildings were land-use zone, building height, and project surface
scale — after refining a variety of direct-impact indicators in different levels. Whilst, the PV alternative's
primary strength lies in its ability to reduce CO, emissions, it falls short when it comes to mitigating PM
pollutants. Conversely, the GR alternative excels in mitigating PM pollutants but has a weakness in reducing
CO; emissions. This is while the compound alternative (CA) offers a unique advantage by simultaneously
addressing these shortcomings and achieving satisfactory performance in both CO; reduction and PM
mitigation. This statement responded to the second research question. As shown in Figure 4.3, even though
CA decreases PV efficiency to reduce CO, emissions and GR efficiency to mitigate PM pollutants, this
optimal alternative enables a notable increase in CO; reduction potential compared to GR (more than 33
times) and provides a remarkable increase in PM mitigation potential compared to PV (more than 11 times).
Notably, the mathematical analysis indicates that PV contributes more than GR in the optimized CA,
suggesting its greater suitability for Tehran's specific case. Consequently, the most effective combination
ratio for the implementation stage simplifies to 3 parts PV and 1 part GR in response to the third research
question. In terms of target buildings to clarify the fourth research question, residential medium height in
medium surface scale stands out as the most appropriate target building group for all three pollutant-

reducing alternatives (PV, GR, and CA), either in decreasing CO; emissions or mitigating PM pollutants.

PV CO; reduction efficiency

PM reduction efficiency

GR
CA More than 9% total
emission reduction
0.00% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00% 35.00% 40.00%

Figure 4.3. Total efficiency of each alternative using potential residential target buildings on the city-scale



94

Following the S-OBJ-5, by adopting this novel model, a significant milestone is achievable, as
demonstrated in Figure 4.3 — a reduction of over 9% in both total CO, and PM emissions from all sources
and sectors across Tehran — which was in response to the fifth research question. This achievement is
possible by applying the optimized CA to six groups of potential residential target buildings. Ultimately,
aligned with the concept of nearly Zero-Emission Building groups (nZEBs), the analysis of the results
revealed that residential medium height in each potential surface scale holds the ability to become
individually a collection of Zero-PM Buildings in the operational phase via applying CA. Moreover, the
application of CA to all six groups of residential target buildings has the potential to offset roughly one-

fourth of the CO, emissions stemming from the household sector in the operational phase.

As a result, this approach can lead to substantial mitigation of pollutant emissions, offering a
promising solution in the field to the city's air pollution challenges. Reducing air pollution by applying the
proposed model provides the potential to bring about economic savings, improve social well-being, and

contribute to a cleaner and more sustainable environment.
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Conclusion

This study highlights the significant potential for sustainable technologies like green roofs (GR)
and photovoltaic (PV) systems to mitigate air pollution in cities. The systematic approach in this thesis
project represents a crucial step in strategies and solutions development for the contribution of urban
buildings to improve air quality, which can be adopted by the potential of rooftops. The models developed
to assess the feasibility and sustainability of these technologies offer decision-makers valuable tools to
select suitable plans based on specific urban contexts, stakeholder priorities, and environmental
requirements. This is while the value of considering specific urban characteristics to implement these
technologies is also underscored. The proposed framework has been intentionally crafted to be adaptable
across various contexts, including different boundaries, cities, and pollutant-reducing alternatives — even
any novel options that may emerge — after considering the particularities in each case and adapting to them
if necessary. Related to Tehran, the initial case to apply this systematic approach, and considering the
specific objectives mentioned in Chapter 1 (S-OBJ-1 to S-OBIJ-5), the key findings and main achievements

are as follows.

1) Underlining feasible urban solutions for rooftop applications to address the detrimental issue
of air pollution and contribute to urban environmental improvement. Greenery, solar energy
systems, and optimized rooftop utilization were specified as integral strategies in this pursuit

(Ref. to S-OBJ-1).
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As expected, reconfirming that MIVES is a flexible sustainability assessment method which
allows the use of different resources adapted to the context of each analysis, enables facing the
challenges through prevention strategies, and can contribute to achieving sustainable

development goals (Ref. to S-OBJ-2).

Applying this new model to the specific case of Tehran revealed that semi-intensive green roof
(SIGR) as a social-environmental alternative accounts for the most sustainable type of GR and
enables mitigating 4.8 kg/m? CO, emissions and 52.4 g/m? particulate matter (PM) per year
(Ref. to S-OBJ-2 and S-OBJ-3).

Meanwhile, building-attached photovoltaic (BAPV) as a socio-economic alternative obtains
the highest sustainability level among solar energy systems, capable of reducing 211 kg/m?

CO; emissions and 1.2 g/m? PM pollutants annually (Ref. to S-OBJ-2 and S-OBJ-3).

As expected, the results on the building scale were enriched and more practical by monitoring
and set-up on the city scale to obtain the highest performance via developing a novel

quantitative model to define optimal planning (Ref. to S-OBJ-4).

In this line, although PV systems are somewhat limited in mitigating PM, and GR faces
shortcomings in reducing CO,, the compound alternative (CA) efficiently addresses these
weaknesses, as expected. This way, CA achieved commendable CO, reduction and PM

mitigation outcomes (Ref. to S-OBJ-4).

As expected, PV emerges as the more suitable choice than GR for the specific case of Tehran.
In practical terms, the most efficient ratio for CA implementation is simplified to 3:1,

combining PV and GR (Ref. to S-OBJ-4).

Furthermore, residential buildings of medium height in medium surface scale are the most
appropriate targets in this case for all three pollutant-reducing alternatives (PV, GR, and CA),
whether the goal is to reduce CO; emissions or mitigate PM pollutants (Ref. to S-OBJ-4).

An outstanding unexpected achievement with over a 9% reduction in both total CO; and PM
emissions — emitted from all sources and sectors — can be attained by applying an optimized

CA to the selected potential residential target building groups (Ref. to S-OBJ-5).

10) Following the nZEBs concept, an unexpected achievement revealed that residential buildings

of medium height in each potential surface scale have the possibility to form a group of Zero-

PM Buildings in the operational phase via applying CA (Ref. to S-OBJ-5).
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Future works

As urban air quality management continues to evolve, this research serves as a foundation — to be
further explored — to develop more efficient and customized pollution reduction strategies in urban areas.
Accordingly, partial future works were proposed in the included publications; for instance, suggesting: 1)
increasing the sustainability value of GR by reducing its manufacturing energy consumption and
implementation costs, 2) enhancing the energy generation efficiency of PV, and 3) considering the
distribution of different target buildings across the city and the concentration of air pollutants in various
urban regions to make more precise local decisions and enhance overall city-level performance. Thus,
investigating the possibility to improve the efficiency of pollutant-reducing alternatives in different
districts. In this way, aligned with the effort made in this thesis project, holistic recommendations and

suggestions for future works and research directions are provided in the following lines.

o Jalidation and expansion of models: Validating and broadening the sustainability assessment
models (e.g., MIVES) developed in this research via testing these models in various urban
contexts and under varying circumstances to ensure their robustness and applicability in diverse

settings.
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Technological advancements: Staying updated with the latest advancements in GR
technologies, PV systems, and other sustainable urban alternatives. Research and development

of novel technologies that can further enhance their effectiveness in addressing air pollution.

Long-term monitoring: Undertaking long-term monitoring and evaluation of the implemented
pollutant reducers to investigate their real-world performance in mitigating air pollution. This
can provide valuable data for refining models and improving the efficiency of these

technologies.

Optimizing urban planning: Investigating the integration of the methodical approach proposed
in this study into urban planning and development processes. Collaborating with urban planners
and policymakers to incorporate rooftop utilization strategies into city planning and zoning

regulations.

Interdisciplinary research: Encouraging cross-disciplinary research that involves experts from
various fields, such as architectural engineering, building construction, urban planning,
decision analysis, environmental science, sociology, and economics. This approach can foster
a more comprehensive understanding of multifaceted challenges and opportunities associated

with sustainable urban development.

Community engagement: Exploring approaches to actively involve local communities and
stakeholders in adopting sustainable rooftop alternatives. Acquiring insights into the social and

cultural factors that might influence the acceptance and implementation of these solutions.

Policy development: Advocating to develop policies and incentives that promote the
widespread adoption of green infrastructures (GI) in urban areas. Collaborating with

governmental bodies and organizations in order to establish supportive regulatory frameworks.

Scaling up.: Exploring strategies to scale up the implementation of sustainable rooftop solutions
in cities beyond the initial case study. Considering how these strategies can be adapted to the

different cities and regions with varying characteristics and challenges.

Integration with the smart cities: Investigating the integration of sustainable rooftop
technologies into the broader concept of smart cities. Exploring opportunities for data-driven
decision-making, automation, and optimization of these technologies within urban

environments.
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o FEducation and awareness: Developing educational programs and awareness campaigns to
inform the public about the advantages of GI solutions. Fostering a culture of sustainability and

environmental responsibility within urban communities.

e FEconomic analysis: Undertaking a comprehensive economic study to assess the cost-
effectiveness of applying these plans on a larger scale. Investigating financing options and

incentives for individuals and businesses to invest in this area.

e Global collaboration: Promoting international collaboration and knowledge exchange among
researchers, practitioners, and policymakers engaged in sustainable urban solutions. Drawing
insights from successful initiatives in diverse regions worldwide and adapting best practices to

local circumstances.

By pursuing these future works, research directions, and recommendations, it will be possible to
further advance the use of sustainable technologies on rooftops in urban areas, contributing to cleaner, more

sustainable, and resilient urban environments on a global scale.
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