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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/m2 CO2 and 52.4 g/m2 Particulate Matter (PM), and BAPV has the 

potential of mitigating 211 kg/m2 CO2 and 1.2 g/m2 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 CO2 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 
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Resumen 

La protección del medio ambiente es un principio de los Objetivos de Desarrollo del Milenio y del 

desarrollo sostenible, lo que evidencia cuestiones críticas como los gases de efecto invernadero, el 

calentamiento global y la contaminación del aire. Esta contaminación atmosférica es un desafío 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 reducción de la contaminación del aire a partir del potencial sin 

explotar de los tejados, centrándose en reductores de contaminantes y considerando las características 

específicas de los edificios urbanos. El estudio sigue cinco fases: investigación inicial, estudio de viabilidad, 

exploración de soluciones, evaluación de sostenibilidad y optimización a escala ciudad.  

El método de investigación propuesto en esta tesis se valida por primera vez en el contexto de 

Teherán, una megaciudad densamente poblada y altamente contaminada. Los logros clave de esta aplicación 

líder abarcan: alternativas viables, evaluación de la sostenibilidad, soluciones óptimas, 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 evaluación de la sostenibilidad, que combinan 

métodos como el Modelo Integrado de Valor para una Evaluación Sostenible (MIVES), Fortalezas-

Oportunidades-Debilidades-Amenazas (FODA), Proceso Analítico Jerárquico (AHP), Análisis de Ciclo de 

Vida (ACV) simplificado y análisis de sensibilidad. Estos modelos permiten evaluar los reductores de 

contaminantes en términos de su sostenibilidad ambiental, económica y social. Los resultados revelan que 

los tipos más adecuados de GR y PV son los tejados verdes semiintensivos (SIGR) y la energía fotovoltaica 

integrada en edificios (BAPV). El análisis de cuantificación revela que SIGR es capaz de reducir 4,8 kg/m2 

de CO2 y 52,4 g/m2 de materia particulada (PM), y BAPV tiene el potencial de mitigar 211 kg/m2 de CO2 

y 1,2 g/m2 de PM al año. En tercer lugar, se propone una alternativa compuesta (CA), que combina GR y 

PV, como solución óptima, superando las deficiencias individuales de estas tecnologías. La optimización, 

mediante patrones matemáticos, revela una mayor idoneidad de la energía fotovoltaica en comparación con 

la energía renovable para el caso de Teherán. En este sentido, la relación más efectiva para la fase de 

ejecución se simplifica a 3:1 (PV:GR). En cuarto lugar, se adopta una estrategia sinérgica para considerar 

simultáneamente reductores de contaminantes optimizados y edificios objetivo. Utilizando el sistema de 

información geográfica (GIS), el estudio recomienda centrarse en edificios residenciales de mediana altura 

y mediana escala de superficie. En quinto y último lugar, la implementación de la CA optimizada en 

edificios objetivo ofrece un potencial significativo para reducir más del 9% del total de las emisiones de 

PM y CO2 de todas las fuentes y sectores en Teherán. Además, el estudio revela la posibilidad de transformar 

grupos seleccionados de edificios residenciales en edificios Zero-PM en la fase operativa. 

Esta disertación proporciona información valiosa sobre cómo abordar las tecnologías de reducción 

de contaminantes del aire situadas en tejados y también ofrece un enfoque sistemático 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 más apropiadas, contribuyendo a entornos 

urbanos más limpios, más sostenibles y resilientes en todo el mundo. 

Keywords: Cambio climático; Evaluación de sostenibilidad; Contaminación del aire urbano; Edificios 

residenciales; Tejados 
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Resum 

La protecció del medi ambient és un principi dels Objectius de Desenvolupament del Mil·lenni i 

del desenvolupament sostenible, cosa que evidencia qüestions crítiques com els gasos d'efecte hivernacle, 

l'escalfament global i la contaminació de l'aire. Aquesta contaminació atmosfèrica és un desafiament global 

amb greus conseqüències 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 reducció de la contaminació de l'aire a partir del potencial sense 

explotar dels terrats, centrant-se en reductors de contaminants i considerant les característiques específiques 

dels edificis urbans. L'estudi segueix cinc fases: investigació inicial, estudi de viabilitat, exploració de 

solucions, avaluació de sostenibilitat i optimització a escala ciutat. 

El mètode de recerca proposat en aquesta tesi es valida per primer cop en el context de Teheran, 

una megaciutat densament poblada i altament contaminada. Els èxits clau d'aquesta aplicació capdavantera 

abasten: alternatives viables, avaluació de la sostenibilitat, solucions òptimes, grups d’edificis, i impacte a 

escala de ciutat. Primer, tenint en compte la sostenibilitat, l'eficàcia i la viabilitat, l'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'avaluació de la sostenibilitat, que combinen mètodes com el Model Integrat 

de Valor per a una Avaluació Sostenible (MIVES), Fortaleses-Oportunitats-Debilitats-Amenaces (FODA), 

Procés Analític Jeràrquic (AHP), Anàlisi de Cicle de Vida (ACV) simplificat i anàlisi de sensibilitat. 

Aquests models permeten avaluar els reductors de contaminants en termes de sostenibilitat ambiental, 

econòmica i social. Els resultats revelen que els tipus més adequats de GR i PV són els terrats verds 

semiintensius (SIGR) i l'energia fotovoltaica integrada en edificis (BAPV). L'anàlisi de quantificació revela 

que SIGR és capaç de reduir 4,8 kg/m2 de CO2 i 52,4 g/m2 matèria particulada (PM), i BAPV té el potencial 

de mitigar 211 kg/m2 de CO2 i 1,2 g/m2 de PM a l'any. En tercer lloc, es proposa una alternativa composta 

(CA), que combina GR i PV, com a solució òptima, i supera les deficiències individuals d'aquestes 

tecnologies. L'optimització, mitjançant patrons matemàtics, revela una idoneïtat més gran de l'energia 

fotovoltaica en comparació amb l'energia renovable per al cas de Teheran. En aquest sentit, la relació més 

efectiva per a la fase d’execució se simplifica a 3:1 (PV:GR). En quart lloc, s'adopta una estratègia sinèrgica 

per considerar simultàniament reductors de contaminants optimitzats i edificis objectiu. Utilitzant el sistema 

d'informació geogràfica (GIS), l'estudi recomana centrar-se en edificis residencials de mitjana altura i 

mitjana escala de superfície. En cinquè i darrer lloc, la implementació de la CA optimitzada en edificis 

objectiu ofereix un potencial significatiu per reduir més del 9% del total de les emissions de PM i CO2 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 dissertació proporciona informació valuosa sobre com abordar les tecnologies de reducció 

de contaminants de l'aire situades en terrats i també ofereix un enfocament sistemàtic 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 estratègies més apropiades, contribuint a entorns urbans més nets, 

més sostenibles i resilients a tot el món. 

Keywords: Canvi climàtic; Avaluació de sostenibilitat; Contaminació de l´aire urbà; Edificis residencials; 

Terrats 



 4 

 

 
 

 

 چکیده

از مح و و اص  از  ستی ز  طی حفاظت  توسعه هزاره  اهداف  پاهمچنین  ل  بر مسائل ح  داری توسعه   یمانند گازها  یات ی است که 

،  ور نی ااست. از  ستی ز طی مح  یبرا  شدید عواقب با  یچالش جهان   کی هوا  یدارد. آلودگ دی هوا تأک یو آلودگ  ،نی زم ایشگرم، یاگلخانه 

 . باشندمی هوا مواجه  ی کاهش آلودگ یبرا مناسب  یهاکشف راه حل  ی جهت مبرم نیازبا  ی شهر رانی مد

های  دهندهحال تمرکز بر کاهش    نی درع و  هابامپتانسیل بکر پشت به کاهش آلودگی هوا با استفاده از  حاضر  رساله دکتری  

 نماید پیروی می   یاچارچوب پنج مرحله  کی از  مطالعه    نی پردازد. ای م  ی شهر  یهاخاص ساختمان  یهایژگی و در نظر گرفتن و  ندهی آلا

 شهر است.   اس ی در مق ی سازنهی و به ،یداری پا یاب ی حل، ارزراه  کاوش  ،یسنجمطالعه امکان ه،ی اول یکه شامل بررس

پایان  ق ی تحق  روش  این  آلودهشهر پرجمعیت  یک کلان تهران،    محیط بار در    نی اول  ی برانامه  پیشنهادی در  بسیار  ،  با هوای 

دستاوردهاشودیم  یاعتبارسنج پ   نی ا  یمحور   ی .  ، نهی به  یهاحل راه   ی،داری پا  یابی ارز،  ری پذامکانهای  آلترناتیو:  شامل   شروی برنامه 

 نی ، اپذیریتحقق و    ،یاثربخش  ، یداری پاپارامترهای  با در نظر گرفتن  اول،    باشند.می شهر    اس ی در مق  ری تأث ، و  های ساختمانی هدفگروه 

بام )   یهامطالعه  بر  آلترناتیوعنوان  به ( را  PV)  کی فتوولتائ   یهاستمی ( و سGRسبز  مبتنی  در  های ممکن  شناسایی    بامپشت کاربرد 

(، نقاط  MIVES)   یداری پا  یاب ی ارز  ی برا  کپارچه ی مدل ارزش  مانند  هایی  متد   بی با ترک  یداری پا  یاب ی ارز  دی جد  یهامدل دوم،  .  نمایدمی

و    ،(LCAساده شده )  یچرخه زندگ یاب ی (، ارزAHP) یسلسله مراتب  ل ی تحل ندی (، فرآSWOT) دهای ها، تهدقوت، نقاط ضعف، فرصت 

و    ،محیطی، اقتصادی  های آلاینده را از نظر پایداری زیست دهنده  ها امکان ارزیابی کاهشمدلاین  .  یابندمی توسعه    تی حساس  لی تحل

های ( و فتوولتائیک SIGRفشرده )  های سبز نیمه، بامPVو    GRترین انواع  دهد که مناسب نتایج نشان می .  نمایندفراهم می اجتماعی  

  لوگرمی ک  4.8قادر به کاهش    SIGRکه    دهدی نشان م  محاسباتی  لی تحل  که است    یدر حال  نی . ا( هستندBAPVساختمان )  ر ب   پیوست شده

در متر مربع    لوگرمی ک  211کاهش    لی پتانس  BAPVدر سال است و  (  PM)  ذرات معلقگرم در متر مربع    52.4و    2COدر متر مربع  

2CO    گرم در متر مربع    1.2وPM   .آلترناتیوسوم،  در سال را دارد  ( ترکیبیCA که هر دو سیستم )GR   وPV   کند، را ترکیب می

سازی با استفاده از  بهینه  .نمایدها غلبه می های فردی این فناوری شود که بطور موثر بر کاستیحل بهینه پیشنهاد میعنوان یک راه به

، موثرترین  راستادر این  .  شودمحسوب میبرای تهران    GRگزینه مناسب تری نسبت به    PVدهد که درکل،  نشان می الگوهای ریاضی  

استراتژی هم افزایی  چهارم،  .  دگردمی   تعریف  GRقسمت    1و    PVقسمت    3  صورت ساده شدهب   یی،اجرا  مرحلهنسبت ترکیب برای  

اطلاعات  سیستم    ه کمکب مطالعه    نی . اشودمی   های هدف اتخاذهای بهینه کاهش آلاینده و ساختمانآلترناتیوبرای در نظر گرفتن همزمان  

. نمایدمی آل توصیه  عنوان اهداف ایده های مسکونی با ارتفاع متوسط در مقیاس متوسط سطح را به ، تمرکز بر ساختمان(GISجغرافیایی ) 

درصد از کل    9توجهی برای کاهش بیش از    های هدف منتخب، پتانسیل قابل بهینه شده بر روی ساختمان  CAاجرای  درنهایت پنجم،  

های  انداز تبدیل گروه  ، این مطالعه چشم همچنین.  آوردفراهم می را    (هااز همه منابع و بخش )ناشی  در تهران    2COو    PMانتشار  

 .دهدنشان می  برداریبهرهرا در فاز   Zero-PMهای مسکونی به ساختمان منتخب ساختمان 

پشت بام ارائه  کاربرد در  آلاینده هوا مبتنی بر    های کاهش را در مورد پرداختن به فناوری   ارزشمندی  هاینامه بینش   این پایان

های مختلف شهری سازگار شود. چارچوب و  محیط تواند با  که می  بیندتدارک می یک رویکرد سیستماتیک را    عین حالدر،  نمایدمی

  تصمیم یاری  به  های مختلف  برای شهر  ترین استراتژی  تواند در انتخاب مناسبیافته، همراه با کارهای پیشنهادی آتی، می  های توسعه مدل 

 . نمایدپذیرتر در سراسر جهان کمک   و انعطاف  ،تر، پایدارتر  های شهری پاک و به محیط  مربوطه آمدهگیرندگان 

 بام ؛یمسکون  ساختمان  ؛یشهر یهوا  ی آلودگ ؛یداری پا یاب ی ؛ ارزمی اقل ریی تغ : اژهدویکل
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AHP Analytic hierarchy process 

AQCC Air quality control company 

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 

CA Compound alternative 

CAA Clean Air Act 

CdTe Cadmium telluride 

CIGS Copper indium gallium selenide 

CIS Copper indium selenide 

CO2 Carbon dioxide 

CPBT CO2 payback time 

CR Consistency ratio 

CV Coefficient of variation 

DHW Domestic hot water 

DSSC Dye-sensitized solar cell  

DT Decision tree 

EA Extra-large area 

EC Embodied carbon 

EE Embodied energy 

EGR Extensive green roof 

EOL End of life 

EPDs Environmental product declarations 

EVA Ethylene-vinyl acetate 
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FIT Feed-in tariffs 

GHG Greenhouse gas 

GI Green infrastructure 

GIS Geographic Information System 

GR Green roof 

HH High height 

ICE Inventory of carbon and energy 

ICPL Iranian construction price-list 

IEA International Energy Agency 

IGR Intensive green roof 

IPCC Intergovernmental Panel on Climate Change 

IRENA International Renewable Energy Agency 

ISCAUP Iranian Supreme Council of Architecture and Urban Planning 

ISES International Solar Energy Society 

LA Large area 

LCA Life Cycle Assessment 

MA Medium area 

MCDM Multi-Criteria Decision-Making 

MCR Most common roof 

MDGs Millennium Development Goals 

MH Medium height 

MIVES Modelo integrado de valor para evaluaciones sostenibles  

m-Si Mono/single-crystalline silicon 

NCV Net calorific value 

nZEBs nearly Zero-Emission Building groups 

ORI Occupational risk index 

OSC Organic solar cell 

PCM Phase change materials 
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PM Particulate (particle) matter 

PO  Partial outcome  

p-Si Poly/multi-crystalline silicon 

PUR Polyurethane 

PV Photovoltaic 

PV/T photovoltaic thermal 

ROI Return on investment 

R&D Research & Development 

SA Small area 

SAI surface area index 

SH Short height 

SI Sustainability index 

SIGR Semi-intensive green roof 

S-OBJ Specific/sub-objective 

STC Standard test condition 

SWOT Strengths, weaknesses, opportunities, and threats 

TF Thin film 

UHI Urban Heat Island 

UV Ultra-violet 

VF Value function 

WACC Weighted average cost of capital 

WHO World Health Organization 
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Notations (symbols) 

λi Weight/importance coefficient of indicator (i) 

C Criterion 

Ci Severity consequence of risk (i) 

Ci Abscissa approximation for inflection point 

CO2 emission Emitted CO2 during manufacturing 

CO2 saving Avoided/absorbed CO2 emission 

DCv Decreasing concave 

DCx Decreasing convex 

DL Decreasing linear 

DS Decreasing S-shaped 

E consumption Consumed energy during manufacturing 

Eele Electrical efficiency 

EGC Efficiency of GR to reduce CO2 

EGP Efficiency of GR to reduce PM 

Ei Exposure to risk (i) 

Ein Efficiency of pollutant-reducing alternative (i) to reduce pollutant (n) 

EPC Efficiency of PV to reduce CO2 

EPP Efficiency of PV to reduce PM 

E production Produced electrical/thermal energy 

ET Total efficiency 

Eth Thermal efficiency 

I Indicator 

ICv Increasing concave 

ICx Increasing convex 

IL Increasing linear 

IS Increasing S-shaped 

Ki Ordinate approximation for point Ci 
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kWp Peak kilowatts 

Pi Probability occurrence of risk (i) 

Pi Shape factor 

Pin Potential of alternative (i) to reduce pollutant (n) 

R Requirement 

Tn Total amount of the pollutant (n) 

V Satisfaction value 

Xi Abscissa value of the indicator (i) 
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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 

process: 

 

AHP is an MCDM ranking technique as a weighting tool for structuring a 

problem at the different levels of the hierarchy based on pairwise comparison 

logic [2]. 

Building-attached 

photovoltaic: 

 

BAPV is a photovoltaic solar energy system mostly added on top of the 

building's roof [3]. 

 

Building integrated 

photovoltaic: 

 

BIPV is a photovoltaic solar energy system integrated into building 

envelopes such as facades, roofs, skylights, and canopies [4]. 

 

Carbon footprint: 

 

 

The measure of the exclusive total amount of CO2 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]. 

CO2 payback time: 

 

 

CPBT, an environmental indicator, determines the probable speed to 

compensate for the CO2 impact in the solar panels manufacturing process by 

decreasing CO2 emission via energy generation [8]. 

CO2 saving: 

 

 

The potential amount of decreased CO2 in the operational phase of a 

pollutant-reducing alternative during its service time. 
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Direct normal 

irradiation: 

 

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]. 

Dye-sensitized solar 

cell: 

 

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]. 

Embodied carbon: 

 

 

EC is the sum of fuel-related carbon emissions and process-related carbon 

emissions [11]. 

 

Embodied energy: 

 

 

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]. 

Emission factor: 

 

 

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]. 

Energy conversion 

efficiency: 

 

The ratio between the useful output energy that an energy conversion system 

provides and the input [13]. 

 

Extensive green roof: 

 

 

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]. 

 

Feed-in tariffs: 

 

 

FIT is a policy mechanism designed to accelerate investment in renewable 

energy technologies by offering long-term contracts to renewable energy 

producers [15]. 

Glazed/Unglazed solar 

collector: 

 

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]. 

Green infrastructure: 

 

 

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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Heat pump system: 

 

 

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]. 

Intensive green roof: 

 

 

IGR is the deepest, thickest, and heaviest type of green roof, with the ability 

to support many different kinds of plants [19]. 

 

Inventory of carbon 

and energy: 

 

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]. 

Life Cycle Assessment: 

 

 

LCA is a method to assess the potential environmental impacts and resources 

used throughout the life cycle of a product, process, or service [20]. 

 

MIVES: 

 

 

A customizable and agile integrated value model for sustainability 

assessment that enables the holistic objective assessment, precise 

comparison, and ranking of alternatives [21]. 

Multi-Criteria 

Decision-Making: 

 

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]. 

nearly Zero-Emission 

Building groups: 

 

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]. 

Nanotechnology solar 

cell: 

 

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]. 

Nanofluid solar 

collector: 

 

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]. 

Net calorific value: 

 

 

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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Occupational risk 

index: 

 

ORI is an indicator to estimate the level of risk in building projects based on 

the type and volume of activities involved [27]. 

 

Organic solar cell: 

 

 

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]. 

On-grid solar system: 

 

 

A utility-interactive solar system that connects to an electricity network and 

feeds it for electrical energy distribution to where it is demanded [3]. 

 

Off-grid solar system: 

 

 

A stand-alone independent solar system, un-connected to the utility grid, that 

supplies directly only the property's electricity demand [3]. 

 

Particulate (particle) 

matter: 

 

PM is one of the most critical air pollutants, including respirable fine particle 

matter with a diameter of fewer than 10 micrometres (PM10) and fine particles 

less than 2.5 microns (PM2.5) [28]. 

Phase change 

materials: 

 

PCMs are substances that absorb or release large amounts of so-called 

"latent" heat when they change their physical state [18]. 

 

Photocatalysts: 

 

 

Materials that can decompose detrimental substances under the sunlight 

contain UV rays. Mainly, TiO2 is used as a photocatalyst that enables the 

absorption of NO2 in the field of air quality improvement [29]. 

Photovoltaic: 

 

 

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]. 

Return on investment: 

 

 

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

of a system over its life service time. 

 

Semi-intensive green 

roof: 

 

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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Sensitivity 

analysis: 

 

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]. 

Silicon crystalline 

technology: 

 

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]. 

Standard test 

condition: 

 

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]. 

Surface area index: 

 

 

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 index: 

 

 

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]. 

Thin film technology: 

 

 

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]. 

Urban Heat Island: 

 

 

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]. 

Value function: 

 

 

VF of an optimization problem, dependent on the problem's parameters, 

determines the value the objective function achieves at a solution [36]. 

 

Water/Air-based solar 

collector: 

  

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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CHAPTER 1  

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 21st 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: 

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

urban air pollution considering determinant indicators 

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

find the most suitable type for each feasible solution 

• S-OBJ-3: Evaluating the capacity of suitable alternatives to mitigate urban air pollution 

• 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 

• 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 I. 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. Bao et al. (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 12th in PM among the 26 most air-polluted megacities around the world [76]. On the 

other hand, Tehran has been considered 14th 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 

is available in Section 1.6. 

 

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 

SWOT 

 

Phase 3 

Determining alternatives 

Alternatives contribution 

 

SOLUTION 

SURVEY 

REVIEW 

 

 

Phase 2 

Sustainability 

 

Effectiveness 

Viability 
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REVIEW 
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Research objective 

 
Case study 
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SENSITIVITY 
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SENSITIVITY 
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Chapter 2 

 
Chapter 2 

 
Chapter 2, 3 

 
Chapter 2, 4 

 
Chapter 3, 4 

 Relevant chapters 

 

Methods, Techniques, Tools 

 

Figure 1.1. General framework of the current thesis 
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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. 

 

 

Objectives, Boundaries, Methods 

Green roofs 

Article A: Sustainability Model to Assess the Suitability of Green Roof  

Alternatives for Urban Air Pollution Reduction Applied in Tehran 

Solar energy systems 

Article B: Integrated Value Model for Sustainability Assessment of Residential 

Solar Energy Systems Towards Minimizing Urban Air Pollution in Tehran 

Observation & Optimization 

Article C: City-Scale Model to Assess Rooftops Performance  

on Air Pollution Mitigation; Validation for Tehran 

Discussion & Partial Findings 

General Conclusion 

Feasible alternatives & their 

sustainability performance 

Chapter 1 

Chapter 3 

Chapter 4 

Chapter 5 

Chapter 2 

Introduction 
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CHAPTER 2  

 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 NO2 is not a main air pollutant in Tehran, 

photocatalyst materials such as TiO2, which absorbs NO2, 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 CO2 – 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 194th 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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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 249th vol. of Solar 

Energy, the official journal of the International 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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CHAPTER 3   

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 



 73 

 

 
 

 

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 244th 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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CHAPTER 4   

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 1 – 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 m2 (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 g PM/m2 and 4.8 kg CO2/m2 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 CO2 reduction capacity was gauged considering 

the CO2 sequestration potential by shrubs. Consequently, annual decrements of 3,058,526,430 g PM and 

280,170,360 kg CO2 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. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

EGR

IGR

SIGR

SI: Global sustainability index VR1: Economic VR2: Environmental VR3: Social

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 CO2/m2 and 1.2 g PM/m2 per year. The 

potential of avoided CO2 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 CO2 and 70,042,590 g PM are attainable by 

applying PV on only selected potential rooftops with an area of 58,368,825 m2. 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 

(VR1: 26% and VR3: 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 CO2 saving potential, while the PM reduction potential of solar systems is lower than GRs. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

BAPV/T

BAPV

SI: Global sustainability index VR1: Economic VR2: Environmental VR3: Social

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 CO2 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 

CO2 emissions. This is while the compound alternative (CA) offers a unique advantage by simultaneously 

addressing these shortcomings and achieving satisfactory performance in both CO2 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 CO2 emissions and GR efficiency to mitigate PM pollutants, this 

optimal alternative enables a notable increase in CO2 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 CO2 emissions or mitigating PM pollutants. 

 

More than 9% total 
emission reduction

0.00% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00% 35.00% 40.00%

CA

GR

PV CO₂ reduction efficiency

PM reduction efficiency

Figure 4.3. Total efficiency of each alternative using potential residential target buildings on the city-scale 
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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 CO2 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 CO2 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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CHAPTER 5  

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-OBJ-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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2) 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). 

3) 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/m2 CO2 emissions and 52.4 g/m2 particulate matter (PM) per year 

(Ref. to S-OBJ-2 and S-OBJ-3).  

4) Meanwhile, building-attached photovoltaic (BAPV) as a socio-economic alternative obtains 

the highest sustainability level among solar energy systems, capable of reducing 211 kg/m2 

CO2 emissions and 1.2 g/m2 PM pollutants annually (Ref. to S-OBJ-2 and S-OBJ-3).  

5) 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). 

6) In this line, although PV systems are somewhat limited in mitigating PM, and GR faces 

shortcomings in reducing CO2, the compound alternative (CA) efficiently addresses these 

weaknesses, as expected. This way, CA achieved commendable CO2 reduction and PM 

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

7) 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).  

8) 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 CO2 emissions or mitigate PM pollutants (Ref. to S-OBJ-4).  

9) An outstanding unexpected achievement with over a 9% reduction in both total CO2 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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CHAPTER 6  

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. 

• Validation 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. 



 99 

 

 
 

 

• Education 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. 

• Economic 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. 

• 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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